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Abstract

Aspergillus fumigatus is a fungus that plays an important role in nature and compost
production by recycling nutrients from decaying organic matter. The spores are found
everywhere —in air and in soil, indoors and outdoors and on every continent except Antarctica
- and it is estimated that humans inhale several hundred spores every day. Due to their small
size and thermotolerance, A. fumigatus spores are able to enter lung cavities where they can
establish and cause infections if not cleared by the innate immune system. It was estimated
that in 2011 there were as many as 250,000 individuals in the UK suffering from aspergillosis,
with diseases ranging from severe allergic reaction to spore inhalation to invasive infections
when spores migrate from the lung into the bloodstream. Aspergillosis is treated with drugs
containing azoles, and the proportion of azole-resistant infections in the UK has increased
from 3-7% between 1999 and 2001 to 14-20% between 2007 and 2009. Azole-resistant
infections result in treatment failure, salvage therapy with more toxic antifungals and
decreased patient survival. A. fumigatus acquires azole-resistance in the patient after long-
term treatment with azoles but azole-resistant A. fumigatus is also detected in patients who
have never been treated with azoles, implying that the infecting spore had acquired
resistance before it was inhaled. This is most likely due to adaptation of A. fumigatus in the
environment to azoles found in agricultural fungicides with similar structures and modes of
action to medical azoles. This thesis seeks to understand the distribution of azole-resistant A.
fumigatus in the UK and the environmental factors that may lead to its adaptation through
natural selection. To do this, a citizen science approach to sample collection was used; with
volunteers in England, Wales, Scotland and Northern Ireland collecting air and soil samples

from which A. fumigatus was cultured.
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Chapter 1: Fungi as Pathogens

Fungi belong to one of the largest, and most diverse, kingdoms of eukaryotic organisms on
this planet. There have been ~120,000 species of fungi discovered but estimates of the total
number in existence range from 2.2 to 3.8 million!, and they are found in every temperate
zone on Earth?. In the tree of life, all cellular life forms are divided into 3 domains: Bacteria,
Archaea and Eukaryota. Bacteria and Archaea are made up of prokaryotes — single-celled
organisms that do not have a membrane-bound nucleus or organelles — whereas Eukaryota
is made up of multicellular organisms whose DNA is contained within a nucleus and who
possess organelles, such as mitochondria, that were once prokaryotes that formed symbiotic
relationships with eukaryotes. The Kingdom of Fungi belongs to the domain Eukaryota along
with the plant and animal kingdoms. An interesting study by Bar-On et al. (2018) showed how
the ~550 gigatons of carbon (Gt C) in the world’s biomass are distributed across these
kingdoms: ~450 Gt C in plants, 12 Gt C in fungi and 2 Gt C in animals, of which 0.06 Gt Cis in
humans3. To put this in perspective, fungi have a combined biomass 200 times greater than
the entire human race. Indeed the largest organism on Earth is Armillaria ostoyae, also known
as “the humungous fungus”, which is a subterranean root pathogen spread across 2,400
hectares in northeast Oregon®. By analysing protein sequences of enzymes, scientists have
estimated that fungi shared a common ancestor with animals that diverged from plants
approximately 1000 million years ago (mya), and that animals and fungi diverged from each
other ~965 mya°. Historically, before such analysis was possible, fungi were regarded as plants
and studied by botanists® and yet it turns out that fungi are more closely related to animals,
and thereby humans, than they are to plants. The exciting implications of this are that
chemicals produced by fungi to protect themselves could have pharmaceutical benefits for
humans, however it also makes fungal infections difficult to treat because of the similarities

between human and fungal cells.

While the focus of this thesis is a fungus that is an opportunist human pathogen, | felt it would
be an injustice to this kingdom, and to the study of mycology, not to talk about some of the
incredible things that fungi are capable of, as well as causing disease. Therefore, in Appendix
2 | have given an overview of the important roles that fungi play in medicine, food production,

industry, bioremediation and in nature generally. In this chapter | will discuss the one-health
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impact of fungi as plant, animal and human pathogens before focussing on Aspergillus

fumigatus as the cause of lung disease in humans, which is the focus of my PhD.
1.1. Plant, animal and human pathogens

Pathogenic fungi constitute a truly one-health issue and currently shape our landscapes,
threaten global food security and present a growing concern for public health. Global trade
and international travel facilitate movement of pathogens between countries and continents,
introducing them into previously naive and susceptible populations. Our warming climate is
expanding the range for current pathogens, and is adapting more fungal species for growth
at mammalian body temperatures’. Improving medical knowledge is increasing the
population of ageing and immunocompromised individuals who are most at risk from serious

fungal diseases.

A holistic approach to combating fungal infections is required otherwise we may see the
solution for one problem causing a problem elsewhere: as is being seen by an increase in lung
infections caused by drug-resistant Aspergillus fumigatus, likely as a result of the
environmental exposure of this fungus to fungicides being used to combat fungal plant
pathogens. It is important that mycologists work together to share their findings and

methods, because it is likely that progress made in one field can help to progress another.
1.1.1. Plant pathogens

We are faced with the challenge of feeding a predicted population of 9.7 billion by 20508, yet
currently 20% of crop yields are lost pre-harvest to viral, bacterial, fungal and oomycete
pathogens and a further 10% post-harvest®. The predominant fungal and oomycete
pathogens affecting calorie crops are Magnaporthe oryzae that causes rice blast, Puccinia
graminis that causes wheat rust, Ustilago maydis that causes maize smut, Phytophthora
infestans that causes potato late blight and Phakospora pachyrizi that causes soybean rust'°.
It is estimated that if severe outbreaks of these pathogens occurred simultaneously there
would only be enough food to feed 39% of the world’s population?®. On the other hand, if
average annual losses due to these pathogens could be mitigated there would be food for an

additional 8.5% of the population?®.
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Fungal infections also threaten production of several cash crops grown in the tropics that
cannot be grown elsewhere. Bananas are ranked as the world’s important fruit and among
the world’s top 10 staple foods, with global exports reaching 18.1 million tons in 2017, but
production is being devastated by Panama disease caused by Fusarium oxysporum*?. Cocoa
beans have been enjoyed for >3,000 years, they provide income for over 40 million people
and support a multibillion-dollar industry3, yet production is threatened by fungal pathogens
Crinipellis perniciosa and Moniliophthora roreri'*, with the former pathogen alone accounting

for yield losses between 50 and 90%*°.

The high water content and low pH of many fruits and vegetables gives fungi a competitive
advantage over bacteria leading to spoilage of a wide range of crops?®. Botrytis cinereal, also
known as grey mould, can be pathogenic to over 200 species of plants including raspberries,
strawberries, pears, peaches, cherries, plums, grapes, kiwi fruit, carrots, lettuce, peas and
beans, while Pencillium sp. cause rot in citrus fruits, apples, pears and onions, and Rhizopus

stolonifera and Mucor piriformis cause rot in raspberries, loganberries and strawberries?®.

As well as direct damage to crops caused by fungal pathogens, crops can be ruined by the
presence of mycotoxins, which are secondary metabolites produced by fungi in response to
stress. There are approximately 400 mycotoxins known to be toxic when ingested, and 25%
of global agricultural products have been reported as being contaminated with mycotoxins'’.
Mycotoxicosis can be acute or can have chronic effects such as reduced growth and
development, immunosuppression and cancer, which predominantly occur in developing
countries following continual low-level ingestion of mycotoxins®®. Aflatoxins are produced by
Aspergillus sp. and found in maize, peanuts, tree nuts and dried fruits, ochratoxin A is
produced by Aspergillus and Pencillium species and found mainly in cereals, and Fusarium-
produced fumonisins and trichothecens are found in maize and grain, respectively®. In
addition to being a public health risk, mycotoxins result in economic losses due to ruined

crops, lost trade revenues and livestock illness?’.

Fungal pathogens are also shaping our landscapes by causing mass tree declines. Ophiostoma
ulmi kills elm trees and is transmitted between trees by elm bark beetles: it has been
destroying forest and urban elms across the US and Canada since its introduction in the 1930s,
and the more virulent strain Ophiostoma novo-ulmi has decimated elms across all continents
since its emergence in the 1960s'°. Hymenoscyphus fraxineus is causing a major dieback in
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common ash across Europe, which is expected to have serious economic and ecological
consequences as ash produces high-quality timber, its leaf litter is easily decomposable and
its foliage lets light through to understorey vegetation, thereby influencing the composition
of forest floor plants?. Eucalyptus trees are one of the most widely planted trees for
commercial forestry worldwide due to their rapid growth and are planted across an estimated
20 million hectares in more than 100 countries; yet they are increasingly threatened by stem
canker caused by Botryosphaeriaceae, Ceratocystis, Chrysoporthe and Teratosphaeria

species??,
1.1.2. Animal pathogens

There are 625 species of fungi known to infect vertebrates??. In vertebrate wildlife, as in
humans, fungi need to be able to grow at mammalian body temperate whilst avoiding
destruction by both innate and acquired immunity, hence fungal infections are often
associated with compromised immunity?2. Aspergillosis, caused by Aspergillus species and
most commonly by A. fumigatus, can affect a wide range of vertebrate and invertebrate hosts
including fan corals, honeybees, reptiles, birds, cats, dogs, cows, horses and primates?3. It can
take the form of allergic disease, localised infection or fatal disseminated infection most often
stemming from the respiratory tract as a result of inhaling spores?3. Mammals can also suffer
from mucormycosis, caused by fungi in the order Mucorales, when they encounter spores in
their environment; either from inhaling the spores or ingesting them in large numbers?3.
Candidiasis, caused by Candida species, affects birds, dogs, cats, ruminants, horses and pigs
and can cause oral, gastrointestinal, pulmonary, cutaneous, skin, joint and ear infections?3.
Other diseases that affect vertebrates include cryptococcosis, coccidioidomycosis,

histoplasmosis, paracoccidioidomycosis and blastomycosis?3.

Of particular note are emerging fungal pathogens infecting wildlife that do not regulate their
body temperature, such as amphibians and reptiles, or that hibernate, such as bats.
Batrachochytrium dendrobatidis (Bd) causes chytridiomycosis and can infect over 700 species
of amphibians; it has been found on every continent that amphibians occur, it is implicated in
the decline of 43% of amphibian species and has caused the extinction of at least 100 species
since 198024, The scale of these declines has led to chytridiomycosis being described as “the

worst infectious disease ever recorded among vertebrates in terms of the number of species
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impacted, and its propensity to drive them to extinction”?>. Amphibians use their skin to
exchange respiratory gases, water and electrolytes and this osmoregulatory function is
disrupted when Bd infects the skin layers, leading to electrolyte imbalance, cardiac arrest and
death of the infected frog?®. A different emerging chytrid, Batrachochytrium
salamandrivorans (Bsal), was identified as the cause of rapid population crashes in fire
salamanders in the Netherlands such that by 2013 only 4% of the population remained?’. It is
feared that its spread will rapidly result in the extirpation of susceptible salamander

populations across Europe.

White-nose syndrome (WNS) is caused by the psychrophilic fungus Geomyces destructans®®
and gets its name from the white fungal growth on the muzzles, ears and wing membranes of
hibernating bats?°. Since its discovery in a cave in north-eastern US in 2006, surveys suggest
it is responsible for bat population declines of up to 75%%°. It is not yet known how WNS
causes death but all infected bats have little or no fat reserves, which are essential for their
survival during and after hibernation3°. Bats account for a fifth of mammalian species®! and
are ecologically and economically important for pollination, seed dispersal and controlling
insect populations3?, many of which feed on agricultural crops or spread insect-borne
diseases, making bat conservation a priority for species preservation, food security and public

health.

There is indisputable evidence that many of the fungal diseases affecting wildlife and
domesticated animals occur because of, or have been introduced by, human activity. For
example, reptiles develop aspergillosis as a result of inappropriate temperature or humidity
or poor hygiene within their enclosure, and cows can develop gastrointestinal mucormycosis
following antibiotic treatment that disrupts their gut microbiota?3. Bd has been vectored
around the world by the global pet trade, food industry and medical testing whereby species
that are asymptomatic carriers of infection are released into wild populations or co-housed
with susceptible species, and run-off from tanks containing fungal spores has entered the
waterways33. Furthermore, man-made deforestation and environmental pollution causes
stress to wildlife making them more susceptible to diseasel?, therefore it is arguable that
humans have an ethical obligation to save species that are in decline due to the fungal

diseases we have introduced into their habitats.
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1.1.3. Human pathogens

There are 200 fungal species capable of causing disease in humans??. These species infect
billions of people worldwide and are responsible for 1.5 million deaths per year3*, which
exceeds global mortality from breast cancer and malaria, and is comparable to tuberculosis
(TB) and human immunodeficiency virus (HIV) death rates3. Despite this, from 1997-2010
only 2% of the United Kingdom’s (UK) £2.6 billion research budget for infectious disease was

spent on medical mycology3®.

The most common fungal infections are skin mycoses caused by dermatophytes, estimated
to affect 20-25% of the world’s population3’. There are approximately 40 species of
dermatophytes and they thrive in warm and humid conditions with temperatures of 25-28°C,
such as human skin surface®’. There are regional differences in dermatophyte infections, with
tinea pedis (athlete’s foot) more prevalent in developed countries and tinea capitis (scalp
infections) more common in poorer countries, although species are constantly moved around

by tourism, migration and international sporting events®’.

The next most common fungal infections are oral and genital candidiasis, also known as
thrush, caused by Candida yeast species. Candida albicans is responsible for the majority of
cases of vulvovaginal candidiasis, which 70-75% of young women will experience at least once
during their lifetime, 40-50% will experience more than once and 5-8% will suffer from four
or more infections per year3®. Candida species are carried in the mouth of 30-45% of the
healthy adult population and oral candidiasis is most likely to develop in infants (5-7%), cancer
patients (20%) and acquired immune deficiency syndrome (AIDS) patients (9-31%)3°. Risk
factors for oral candidiasis include age, diet, smoking, wearing dental prostheses and immune

disorders®.

The incidence of invasive fungal infections is much lower than that of superficial infections
(skin mycoses and thrush) but result in mortality rates greater than 50%, despite antifungal
treatments being available36. More than 90% of these deaths are due to the four main fungal
diseases, in order of prevalence: cryptococcosis, candidiasis, pneumocystis and aspergillosis,
with the remainder of deaths due to coccidioidomycosis, histoplasmosis, mucormycosis,

penicilliosis, paracoccidioidomycosis and blastomycosis3®.
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Cryptococcosis infections in humans are caused by two species: Cryptococcus neoformans and
Cryptococcus gattii. Cryptococcal infection often starts in the respiratory tract as a result of
inhaling infectious propagules and can disseminate to most body sites, including skin,
prostate, eyes and bones*. Cryptococcal meningitis occurs when these encapsulated yeasts
disseminate into the central nervous system (CNS) and has an annual incidence of 1 million
infections, occurring predominantly in individuals with HIV/AIDS%. Interestingly, cryptococcal
meningitis is the fourth most deadly infectious disease after TB, malaria and diarrheal
diseases (excluding HIV/AIDS) yet research on it receives 100-fold less funding than TB or
malaria research and 25-fold less than diarrheal diseases*'. Cryptococcal meningitis is
responsible for 20 times more deaths than the bacteria Neisseria meningitidis, yet receives

less than a quarter of the research funding®!.

Invasive candidiasis, or candidemia, occurs when Candida species enter the bloodstream: it is
associated with mortality rates of up to 60% and is the most common cause of fungal septic
shock in intensive care unit (ICU) patients*?. The majority of invasive infections are caused by
five Candida species: C. albicans, C. glabrata, C. tropicalis, C. parapsilosis and C. krusei*3.
Candida auris is emerging as a major pathogen since its discovery in Japan in 2009%* and is of
concern for public health due to multidrug resistance (MDR), persistent candidemia and high
mortality rates*. C. auris hospital-associated infections have been reported in the UK, United

States (US), Spain, South Africa, Kenya, India, Pakistan, Venezuela, Colombia and Israel®.

The first record of pneumocystis was as a cause of pneumonia in premature babies and
malnourished infants in orphanages in Europe after World War Il and its prevalence increased
during the HIV epidemic in the 1980s6. Originally identified as a protozoan due to its lifecycle,
it was reclassified as a fungus in 1988%”. Pneumocystis pneumonia (PCP) predominantly occurs
in individuals who are immunocompromised as a result of HIV infection, immunosuppressant
medication or chemotherapy and symptoms include shortness of breath, cough and low-
grade fever, which can progress to hypoxia and respiratory failure®®. Treatment options are
limited and pneumocystis is associated with 10-20% mortality rate for AIDS patients and 30-

60% mortality rate in patients without AIDS*8.

Aspergillosis is caused by the environmental mould Aspergillus fumigatus and will be covered

in greater detail in the following section, as it is the focus of this thesis.
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1.2. Aspergillus fumigatus and aspergillosis

A. fumigatus is a saprotrophic fungus involved in degradation of decaying organic matter and
plays an important role in recycling environmental carbon and nitrogen?’; it is estimated that
life on earth would cease after a few decades without saprotrophic fungi because carbon and
nutrients would become unavailable to the systems requiring them®C. Soil is the natural
ecological niche of A. fumigatus®!, the species is globally distributed®? and it is one of the
most ubiquitous fungi in the world>™. The fungus is thermotolerant and has an optimal growth
temperature of 37°C but can grow at temperatures ranging from 12°C to 65°C and in pH
ranging from 2.1 to 8.8°3. For many years A. fumigatus was believed to be an obligate asexual
species® until O’Gorman et al. (2009) demonstrated a sexual reproductive cycle between
isolates of complementary mating types>°. In the environment, reproduction of A. fumigatus
is predominantly asexual: under favourable conditions a single uninucleate haploid spore

divides mitotically to form up to 10° new asexual spores within three to four days®®.
1.2.1. Dispersal of A. fumigatus in the air

A. fumigatus sporulates abundantly and each conidial head releases thousands of spores into
its environment>. These spores are 2-3 um in diameter and can be dispersed by the slightest
air current due to their small size and hydrophobicity>3. Spores are found airborne in both
outdoor and indoor environments®! and are protected from ultraviolet radiation by the
melanin in their cell walls>3. They can also withstand temperatures of up to 70°C, can survive
in liquid nitrogen for up to 18 years and can also tolerate prolonged dehydration; 25 years in

anhydrous silica gel and 60 years when lypholized®3.

Traditional methods for monitoring airborne A. fumigatus are using settle plates or an air
sampler to suction pump air onto a sterile agar plate followed by incubation at 37°C or 42°C,
colony counting and quantification as colony forming units per cubic metre of air (CFU/m?3)>’.
Many studies have monitored airborne A. fumigatus surrounding industrial composting
sites*®93, yet there have been few year-round studies looking at background levels of
airborne A. fumigatus conidia. The Environment Agency stipulates that airborne A. fumigatus
levels within 250 m of composting facilities must be no greater than 500 CFU/m3 above

background levels®*, which are estimated to range from 3 to 20 CFU/m?3 in the UK®>®®,
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1.2.2. A. fumigatus in the soil

A. fumigatus is commonly found in composting vegetative material, compost from household
waste, self-heating woodchip piles, sludge, sewage and mouldy hay®’. It plays an important
role in the composting process because of its ability to degrade sugars, fatty acids, proteins,
cellulose, pectin and xylene alongside its ability to proliferate during the initial thermogenic
phase of compost when temperatures reach 40-60°C%8. Large-scale composting is becoming
more common worldwide as the process diverts sewage sludge, agricultural waste and
organic matter away from landfill and incineration®. The role A. fumigatus plays in
composting gives it ecological and economic importance, as compost is a useful product of

waste management and compensates for the loss of humus in agricultural soils®.

Soil-associated fungi such as A. fumigatus are also beneficial for agricultural yield as they
restore soil fertility and organic matter content in degraded soils via nitrogen fixation and
increased bioavailability of nutrients’. As an example; phosphorus is the second most
important nutrient for plant growth, after nitrogen. A. fumigatus has the ability to convert
organic forms of phosphorus, such as phytin, phospholipids and nucleic acids, into inorganic
forms that can be absorbed by plants using phosphatases’®. Tarafdar et al. (1995) found that
soil inoculation with A. fumigatus was associated with a positive and significant correlation
increase in plant biomass’2. A. fumigatus is able to grow rapidly on minimal growth media;

only requiring a carbon source, a nitrogen source and trace elements?.
1.2.3. A. fumigatus as a human pathogen

Studies have shown that humans inhale several hundred A. fumigatus conidia every day, and
their small size allows them to bypass mucociliary clearance and reach the lung alveoli’3. In
the majority of healthy individuals these spores are cleared by the innate immune system7”*
but for some inhalation can trigger an immunoinflammatory response resulting in severe
asthma with fungal sensitization (SAFS) or allergic bronchopulmonary aspergillosis (ABPA)”>.
A. fumigatus is the predominant fungus cultured from airways of patients with cystic fibrosis
(CF) and ~10% of CF patients suffer from ABPA, which is associated with airway damage and
decline of lung function’®. If the spores are not cleared they can establish and grow in a pre-

existing cavity in the lung, often caused by prior TB infection, bronchiectasis or pulmonary
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infection, resulting in chronic pulmonary aspergillosis (CPA)’’. Other risk factors for CPA
include prior diagnosis of ABPA, lung cancer, chronic obstructive pulmonary disease (COPD),
previous thoracic surgery, diabetes, rheumatoid arthritis and alcoholism; only 5% of cases
occur in individuals without underlying pulmonary or systemic disorders’®. In
immunocompromised individuals, such as those with HIV/AIDS, undergoing chemotherapy or
receiving organ transplant therapy, the immune system may fail to prevent spores from
entering the bloodstream via the lungs resulting in a life-threatening disease called invasive
aspergillosis (IA)”. IA can also develop in apparently immunocompetent individuals and has
been reported in patients with influenza and influenza pneumonia infections®, which often
results in delayed diagnosis and higher mortality because A. fumigatus colonisation is not
expected®’. COVID-19 associated pulmonary aspergillosis (CAPA) is occurring with alarming
frequency, with retrospective case studies from Belgium, France, Germany and the
Netherlands reporting CAPA in 20-35% of mechanically ventilated patients®2. Mortality in 33
ventilated ICU patients with confirmed CAPA was 63.6% compared to 37.0% in 1,658
ventilated ICU patients without CAPA®2,

It is difficult to estimate the burden of aspergillosis in the UK due to limitations in diagnosis,
lack of national surveillance and few published studies®3. Pegorie et al. (2016) estimated the
number of cases based on the UK’s 2011 population of 63.2 million as follows: 178,000
(50,000-250,000) cases of ABPA in people with asthma, 3,600 cases of CPA, 2,900 cases of IA
in non-critical care patients and 387-1,345 cases in critical care patients®3. These numbers are
likely to increase in the UK as a result of the COVID-19 pandemic due to patients being treated
with corticosteroids, which is a risk factor for influenza-associated pulmonary aspergillosis
(IAPA) and is preliminarily associated with CAPA since 48% of confirmed CAPA cases had
received corticosteroids®2. Between 11" March and 14t July 2020, the UK National Mycology
Reference Laboratory received samples from 719 critically ill COVID-19 patients in the UK and
diagnosed probable/proven CAPA in 5% and possible CAPA in 15%2*. Of the 46 A. fumigatus

isolates cultured from COVID-19 patients, three isolates were azole-resistant®*.
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1.3. Drug-resistant A. fumigatus

1.3.1. During infection

Until the late 1980s, amphotericin B and caspofungin were the only drugs available to treat
aspergillosis; they were given intravenously, had limited efficacy for ABPA or CPA and had a
number of serious toxicities®>. The search for novel and less toxic antifungals led to the
discovery of azoles, which are divided into imidazoles and triazoles that have two and three
nitrogen atoms in their azole ring, respectively®®. Triazoles were favoured over imidazoles
because of their improved toxicity profile, due to their greater affinity for fungal over human
P450 enzymes at therapeutic concentrations®. Henceforth, all mention of azoles will refer to

triazoles and not imidazoles.

From 1990, first-generation azoles itraconazole (ITZ) and fluconazole became available, which
can be given orally®’, and were followed a decade later by second-generation azoles
voriconazole (VCZ), posaconazole (PCZ) and isavuconazole (ISZ)%. Now azoles are among the
most widely used antifungal drugs due to their efficacy and low toxicity®®. A timeline of the

approval of azole medical drugs is shown in Figure 1.1.
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Figure 1.1 Timeline of dates for the global introduction of azole compounds into agriculture (shown in green)
and medicine (shown in blue). The most-used agricultural azoles globally in 2008 are highlighted in bold and
first reports of azole resistance are shown in red.
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Drug resistance occurs when the minimum inhibitory concentration (MIC) - the lowest
concentration of the drug that inhibits the growth of an organism®® - exceeds the maximum
concentration of drug that can be safely administered to the patient, such that the drug is
unable to cure the infection®l. The first clinical ITZ-resistant A. fumigatus isolates were
cultured in 1989 from two patients in California who had been treated with 1TZ%” and ITZ-
resistant A. fumigatus isolates were subsequently detected in Sweden in 1995%, in France in
1997%, in the Netherlands in 1998%, in the UK in 1999% and in China in 2002°°. From 2000,
reports were published of clinical ITZ-resistance isolates with cross-resistance to VCZ and
PCZ%77%° and multi azole-resistant A. fumigatus (ARAf) has now emerged as a therapeutic
challenge in six continents®, In the UK, the first ITZ-resistant clinical isolates were reported
in 1999, ITZ- and PCZ-resistant isolates in 2000 and multi-azole resistant isolates in 2004101,
as shown in Figure 1.2. By 2009, 20% of clinical isolates had resistance to at least one azole
drug!®l. Azole-resistant infections are associated with treatment failure and increased case-
fatality rates (CFR): CFRs up to 88% have been reported for azole-resistant IA1°2 compared to

baseline mortality of 28.5% for azole-susceptible IA1%3,
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Figure 1.2 Barplot showing the number of patient cases with A. fumigatus infection in the UK between
1997 and 2009 and the percentage of patients with an azole-resistant infection, adapted from Bueid et al.
(2010)%°%, ITZ=itraconazole, PCZ=posaconazole, VCZ=voriconazole.

1.3.2. In the environment

A. fumigatus is a saprotroph and is not phytopathogenic, but it is exposed to agricultural

fungicides when they are deployed against plant pathogens such as Fusarium,
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Mycosphaerella and Aspergillus flavusi®. The largest class of fungicides used in agriculture
and horticulture are sterol demethylation inhibitor (DMI) fungicides; in 2005, this class made
up 26.1% of total fungicide sales globally, and most of these fungicides were azoles!%*. Azoles
were first introduced into agricultural use in 1976 when triadimefon was approved and new
azole fungicide formulations were subsequently released from 1978 through to 20024, As of
2008, the rankings of global azole sales were: tebuconazole, epoxiconazole, propiconazole,
difenoconazole, flusilazole, tetraconazole, fluquinconazole, flutriafol*®*. In the same year, the
most sprayed azoles in the UK were: prothioconazole, epoxiconazole, tebuconazole,
flusilazole, cyproconazole and propiconazole!®. Azoles are the popular choice for fungicides
because of their broad-spectrum activity, slow development of resistance and high efficacy%4.

A timeline of the introduction of azole fungicides into agriculture is shown in Figure 1.1.

Azole fungicides are applied as seed treatments, pre-harvest to prevent disease in grain crops
and in grass-growing areas, such as golf courses, and are also applied post-harvest to delay
spoilage in crops of carrots, cucumbers, strawberries and peppermint teal®. In the UK, in
2008, the greatest use of azole fungicides was in wheat production, with 1.8 million hectares
treated with epoxiconazole, prothioconazole and tebuconazole'®. In 2012, an assessment
was carried out on the economic impact of the withdrawal of azole fungicides from wheat
production in Europe, which estimated that within one year there would be loss of production
of 9.9 million tons and 18.6 million tons by 20201%7. This equated to a loss of 2.4 billion euros
in 2013 and 4.6 billion euros in 2020, and meant the European Union (EU) would no longer
be self-sufficient for wheat production?’. Tebuconazole and propiconazole are used in wood
preservatives to protect fencing, cladding, roofing and decking from wood decaying fungi, and
propiconazole is used in adhesives, paints, leather, paper and textiles to prevent fungal

growth1%,
1.3.3. Mechanisms of azole-resistance

The mode of action of azole drugs is to inhibit synthesis of ergosterol, the structural
component of the fungal cell membrane in most yeasts and moulds'°. Polymorphisms in
several genes involved in ergosterol biosynthesis, including hmg1, erg6 and cyp51B, play a
role in azole resistance but polymorphisms in cyp51A are frequently described as the main

resistance mechanism?. Azoles bind to lanosterol-14a-demethylase, an enzyme encoded by
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the cyp51A gene that synthesises ergosterol from lanosterol by removing a methyl group?®.
Polymorphisms in cyp51A lead to amino acid substitutions in the encoded protein and can
result in structural changes to the enzyme, which in turn inhibits binding of azole drugs and
results in drug-resistant isolates®. Resistance is conferred by point mutations within the gene
and can occur in combination with tandem repeats (TR) in the gene promoter region, which
result in overexpression of cyp51A%. A timeline of the discovery of common azole-resistance

polymorphisms in cyp51A is shown in Figure 1.1.

Polymorphisms conferring resistance can occur in patients as a result of azole treatment and
a number of cyp51A amino acid substitutions result in ITZ-resistance and varying MICs to VCZ
and PCZ: F46, G54, G138, H147, M172, P216, M220, N248, D255, E427,Y431, G434 and G448,
denoted by the amino acid substituted and the location of its codon®. The most common
multi azole-resistance mechanism reported is a 34 base pair TR in combination with a leucine-
to-histidine substitution at codon 98, denoted as TR34/L98H!%, which exhibits up to an
eightfold increase in cyp51A expression''® and was first recovered from a clinical sample in
the Netherlands in 1998°* A different mutation TRas/Y121F/T289A was subsequently
discovered in clinical samples in the US in 2008!!! and in the Netherlands in 2009'*?, defined
by VCZ-resistance and a range of MICs for ITZ and PCZ. Further mutations reported from
clinical samples include TRs3 13, which was not accompanied by any cyp51A mutations, and

TR120 14,

1.3.4. Evidence for environmental route of azole-resistance

development

Initially, ARAf isolates were cultured from clinical samples from patients receiving long-term
azole therapy until Verweij et al. (2007) recovered ARAf from patients who had no prior
treatment with azoles!'®. A subsequent study that screened 2,062 A. fumigatus isolates
collected from 1,385 patients in the Netherlands between 2007 and 2009 found that 64% of
patients carrying ARAf had not received azole treatment in the previous three months%2. As
patient-to-patient transmission of A. fumigatus is rare''®, the main route of infection is
breathing airborne A. fumigatus spores. It is likely that subsequent azole treatment then

selects for isolates that were already azole-resistant when inhaled?°®,
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TR34/L98H was first recovered from an environmental water sample in Norway in 2001°4117
and TRae/Y121F/T289A was first recovered from an environmental air sample in the
Netherlands in 2009'*2. Subsequent environmental sampling for A. fumigatus and MIC testing
has discovered ARAf in Denmark!!®, France!®®, Germany'?°, India'?}, Italy'??, Kenya'?3,
Switzerland!?4, Tanzania'?®, the Netherlands'?® and the UK® with all studies that sequenced
cyp51A detecting TR34/L98H and many also detecting TR4s/Y121F/T289A. The global
distribution of these polymorphisms suggests development of azole-resistance in A.
fumigatus as a result of exposure to agricultural azoles because of the scale of fungicide
deployment - in terms of tons of fungicides sprayed, area covered and frequency of
application throughout the year - which could never be achieved by aspergillosis patients on
azole therapy contaminating their environment with ARAf. Furthermore, isolates that
become resistant in patients following azole therapy tend to have a single mutation in
cyp51A'?” whereas van der Linden et al. (2011) reported that 90.2% of 82 clinical ARAf isolates

carried the TR34/L98H mutation2,

Snelders et al. (2012) identified five azoles frequently used in agricultural fungicides that have
very similar molecular structures to the medical azoles, which showed cross-resistance and
were all licensed for use prior to the first culture of TR3a/L98H ARAf from a clinical sample!?8,
According to pesticide usage data collected by the Food and Environment Research Agency
(FERA), the cross-reactive azoles epoxiconazole, tebuconazole, propiconazole,
difenoconazole and bromuconazole were the second, third, sixth, ninth and seventeenth

most sprayed azoles in agriculture in the UK in 2008, respectively®,
1.3.5. The growing problem of azole-resistant A. fumigatus

The challenges associated with ARAf are two-fold: 1) there is an increasing population of
ageing and immunocompromised individuals, and now individuals with COVID-related lung
damage, who are at-risk of aspergillosis infection, and 2) the pressures of feeding a growing
population calls for greater reliance on pesticides such that the discontinued use of fungicides
containing azoles is unlikely; even in the face of mounting evidence that they cause cross-
resistance with medical azoles. In turn, there are two approaches needed to tackle the
growing problem of ARAf. Firstly, research needs to prove that the increasing incidence of

azole-resistant aspergillosis infections is due to environmental exposure of A. fumigatus to
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agricultural azoles; to convince governments and fungicide manufacturers that new
fungicides need to be ring-fenced for medical purposes only. Secondly, the ways in which
individuals are exposed to A. fumigatus and ARAf spores need to be fully understood so that

at-risk individuals can be advised how to minimise their exposures.
1.4. Project aims

The objectives of my PhD were 1) to determine the background levels of ARAf spores in the
UK, and 2) to determine the main routes by which people living in the UK are exposed to A.
fumigatus and ARAf spores. Widespread recovery of ARAf spores from UK air and soils will
provide further proof for environmental acquisition of azole-resistance in A. fumigatus, and
understanding people’s exposures to A. fumigatus and ARAf spores may allow these

exposures to be reduced — either by government interventions or behavioural changes.

To achieve these objectives, | asked citizen scientists resident in the UK to send me air and
soil samples collected from their homes and workplaces. | then cultured A. fumigatus spores
from these samples and tested them for susceptibility to tebuconazole; the third most-
sprayed azole in agricultural fungicides in the UK. | extracted DNA from the tebuconazole-
resistant isolates and sequenced the cyp51A promoter and gene regions to look for the
polymorphisms causing resistance, and | used the sampling dates and locations for the
samples that grew these isolates to look for associations between azole-resistance and
seasonality, land-use and proximity to nearest composting facility. Unexpectedly, many of the
tebuconazole-resistant isolates lost their resistance during their time in refrigerated storage
so | undertook further investigations to ascertain whether this change was phenotypic or

genotypic. An overview of the chapters in this thesis is given in Table 1.1.

Previous studies undertaken in the UK have collected air samples®961.65123,130 gqj| samples?3!
or both81327134 'and have focussed on areas surrounding industrial composters®9,61,129,130 o
have been limited in their geographical spread®>131-134 Asking citizen scientists to collect air
and soil samples for this project achieved a higher number of samples with greater
geographical spread than previous studies, and resulted in a large and valuable collection of

A. fumigatus and ARAf isolates for ongoing research.
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Chapter

Content

1 — Fungi as Pathogens

An introduction to fungi as plant, animal and human pathogens before
focussing on aspergillosis lung infections in humans and the growing
problem of azole-resistant A. fumigatus.

2 — General Methods

Methods for safe-handling, culturing, cryopreserving, DNA extraction and
drug susceptibility testing of A. fumigatus, Sanger sequencing of cyp51A
promoter and gene region, and obtaining environmental variables for
sampling dates and locations to be included in association analyses.

3 — Air- and Soil-
Sampling Mycology
Citizen Science Projects

An introduction to past and present citizen science projects in the UK,
followed by details of how the air- and soil-sampling projects for this PhD
were organised, the number and geographical spread of samples
collected, the number of A. fumigatus isolates grown and the benefits of
citizen science participation for mycological research.

4 — Azole-Resistant
Aspergillus fumigatus
Spores in UK Air

An introduction to air sampling methodologies and previous studies
sampling for A. fumigatus in UK air, followed by the numbers of
tebuconazole-resistant A. fumigatus grown from UK air samples, their
cross-resistance to medical azoles, the cyp51A mutations they contain and
association analyses between samples that grew resistant isolates and
relevant environmental factors.

5 — Azole-Resistant
Aspergillus fumigatus
Spores in UK Soil

An introduction to UK composting and gardening practices and previous
studies sampling for A. fumigatus in UK soil, followed by the numbers of
tebuconazole-resistant A. fumigatus grown from UK soil samples, the
cyp51A mutations they contain and association analyses between samples
that grew resistant isolates and relevant environmental factors.

6 — Is Climate Change a
Concern for Azole-
Resistant Aspergillus
fumigatus?

An introduction to the impact of climate change on infectious diseases,
with particular focus on human and plant fungal diseases, followed by
details of cyp51A sequencing, whole-genome sequencing and an
experiment undertaken to investigate the effect of temperature on azole-
resistance in A. fumigatus isolates.

7 — General Discussion

A brief discussion of the key findings of this thesis followed by suggestions
for future directions of research based on these findings.

Table 1.1: An overview of the chapters in this thesis and a brief description of their contents.

Many of the citizen scientists who took part in my projects suffer from aspergillosis, or have

a friend or family member who does, and are members of The Aspergillosis Trust. The

Aspergillosis Trust and National Aspergillosis Centre helped to advertise my citizen science

projects and | had increasing correspondence with these organisations throughout my PhD,

which made me aware of the lack of awareness of aspergillosis: in the general public, in the

scientific community and in the medical profession. Early diagnosis and treatment of

aspergillosis is associated with better patient outcomes, yet a survey conducted by The

Aspergillosis Trust revealed that diagnosis took between 1 to 5 years for 60% of 128
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respondents (personal comms with Sandra Hicks and Gillian Fairweather at The Aspergillosis
Trust). When | surveyed my ~1,200 Twitter followers in April 2020, of which the majority are
scientists, many are mycologists and some are medical doctors, only 55% of 854 respondents
replied “yes” when asked if they’d heard of aspergillosis or knew what it was. As a result of
this, | have tried throughout my PhD to raise awareness of aspergillosis by giving talks at
schools, community events and conferences, writing blogs and communicating on social

media about my PhD research.

Undertaking a PhD in mycology has also highlighted a general lack of understanding and
interest in the field amongst the majority of the population, whose knowledge of the topic is
limited to mushrooms and athlete’s foot infection. | have given a talk to several school groups
titled “Fungi: The Good, The Bad and The Ugly”, which touches upon many of the topics
discussed in this introductory chapter, to show young people that there is so much more to
mycology than what is covered in the school curriculum. While | have no way of measuring
the success of my talks, many listeners have been excited and enthused by the content and |
hope that | may have sowed a seed of interest in science, or even better mycology, in a school

child who had not previously considered this as a future direction of study.
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Chapter 2: General Methods

2.1. Safe handling of Aspergillus fumigatus in the laboratory

Prior to work commencing, risk assessments were completed for both Imperial College
London (ICL) St Mary’s campus and UK Centre for Ecology & Hydrology (UKCEH) Wallingford
laboratories. These included risk assessments for handling of A. fumigatus, autoclaving media
and pouring agar plates, and Control of Substances Hazardous to Health (COSHH) datasheets
for the use of Distel™ surface disinfectant (Tristel Solutions Ltd, Cambridge, UK) and
streptomycin (MilliporeSigma, Germany) and penicillin (MilliporeSigma, Germany)

antibiotics.

All work was carried out in a category 2 hood, which was disinfected before and after use with
Distel™ to prevent contamination of samples or the surrounding environment. An agar plate
was kept open in the hood at all times while work was taking place to monitor for
contamination. Personal protective equipment (PPE), including a fully-buttoned lab coat and
gloves, was worn at all times in the laboratory and thorough hand-washing took place before

leaving each room.

Sabouraud dextrose agar (SDA) plates without A. fumigatus or fungal growth of any kind were
disposed of in a hazard waste bag, while plates without A. fumigatus but with other fungal
growth present were parafilmed before disposal. All waste plates were double-bagged and
taped shut before they were autoclaved. Once A. fumigatus colonies had been individually
preserved each plate was sealed with parafilm and stored in 21L Really Useful Boxes (RUBs)
in a walk-in fridge. All plates were kept within RUBs in the incubator, whilst being transported
between laboratories and in the fridge and were only removed from these boxes in a category

2 hood. All RUBs were labelled with hazardous substances stickers.

2.2. Preparation of Sabouraud dextrose agar plates for culturing A.

fumigatus

32.5 g of SDA (MilliporeSigma, Germany) was weighed into a clean 500 ml Pyrex media bottle,
ensuring the bottle had an intact pouring ring. The bottle was filled to the 500 ml marker with

deionised water (diH,0), the cap screwed on and bottle shaken vigorously until agar powder
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had completely dissolved. The autoclave tray was filled to the required level with diH,O and
the temperature sensor was fully submerged in a bottle of diH;0 inside the autoclave. The
cap of the media bottle was loosened, the bottle was labelled using autoclave tape and placed
inside the autoclave. The media program was run, whereby the autoclave reaches and
maintains 121°C for 15 minutes to ensure sterility of agar. When the autoclave had cooled
sufficiently for the door to unlock, heat-proof gloves were used to move the bottle(s) to a
gently shaking incubator heated to 55°C and left to cool. 16x90 mm petri dishes or 25 cm3
Nunc™ EasYFlask™ cell culture flasks (ThermoFisher Scientific, UK) were laid out without lids
in a category 2 hood and bottles of media were moved to the hood once cooled to 55°C. The

next step depended on the type of media required:
GROWTH (SDA only) — use media straight from the autoclave, once cooled.

ANTIBIOTIC (SDA + penicillin + streptomycin) - weigh out 100 mg of penicillin and 200 mg of
streptomycin and dissolve each in 1 ml of diH,0 before filter sterilising into media bottle and

swirling to mix.

DRUG CONTROL (SDA + dimethyl sulfoxide) - pipette 60 ul of dimethyl sulfoxide (DMSO) into

media bottle and swirl to mix.

DRUG (SDA + tebuconazole) - pipette 60 pl of stock tebuconazole (50 mg/L dissolved in DMSO)

into media bottle and swirl to mix.

ANTIBIOTIC DRUG (SDA + tebuconazole + penicillin + streptomycin) - weigh out 100 mg of
penicillin and 200 mg of streptomycin and dissolve each in 1 ml of diH,O before filter
sterilising into media bottle and swirling to mix. Then pipette 60 ul of stock tebuconazole (50

mg/L dissolved in DMSO) into media bottle and swirl to mix.

Media was poured carefully into the petri dish until the base of the dish was covered and was
approximately one-third filled. When filling Nunc™ flasks the media was poured carefully into
the flask opening until the 10ml line was reached, then the flask was tilted on its side. Media
was left to dry for at least an hour before lids were replaced on dishes and flasks, which were
stacked, re-wrapped in original packaging and sealed with tape to ensure sterility. Stacks were
inverted, labelled with the date and stored at 4°C. Figure 2.1 shows plates and Nunc™ flasks

drying in a hood after being poured.
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Figure 2.1: Plates and Nunc™ flasks left to dry in the hood for an hour once filled with Sabouraud dextrose
agar.

2.3. Culturing A. fumigatus from air samples

The air samplers sent out to citizen scientists to collect A. fumigatus spores were MicroAmp™
clear adhesive films (ThermoFisher Scientific, UK) cut in half. Air samples were returned in
Freepost envelopes along with a questionnaire completed by the citizen scientist, and were
stored at room temperature until processing. In a category 2 hood, air samplers were cut to
fit a 90 mm petri dish containing SDA plus penicillin (200 mg/L) and streptomycin (400 mg/L)
to inhibit bacterial growth. The samplers were then placed sticky-side down on the agar and
incubated at 43°C for 24 hours to select for growth of A. fumigatus, before the air sampler
was removed and disposed of and the plate was incubated for a further 24 hours at 43°C.
After 48 hours of incubation the plates were sorted and the number of A. fumigatus colonies
recorded on a spreadsheet. Plates containing A. fumigatus were partially uncovered so the
colonies could be picked one at a time using a sterilised wooden toothpick into a tube
containing mould preservation solution (MPS; 0.2% agar and 0.05% Tween 20 in diH,0), which

was labelled with a code corresponding to the agar plate and stored at 4°C.

To ensure that air sampler plates could be linked to the relevant questionnaire containing
meta-data, a permanent marker was used to write on the base of the plate the processing

date, participant’s initials and postcode, and a unique code containing project prefix
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(SS18/AE18/WS18/SA19), participant number and location number. For example, the sample
| collected from my home address for the first air sampling round was labelled 22/06/18, JS-
OX14 5GE and SS18-001-01. The unique code was also written on the top of each

guestionnaire and data was input into an Excel spreadsheet.

2.4. Testing A. fumigatus isolates from air samples for tebuconazole-

resistance

Isolates cultured from air samples were removed from the fridge and vortexed. In a category
2 hood, 5 ul of each isolate was pipetted into a petri dish containing SDA plus DMSO and
another petri dish containing SDA plus tebuconazole (6 mg/L). A panel of previously whole-
genome sequenced (WGS) A. fumigatus isolates were grown on SDA plates containing 0 mg/L,
4 mg/L, 6 mg/L, 8 mg/L and 16 mg/L of tebuconazole. 6 mg/L showed no growth of wildtype
isolates, partial growth of TR34/L98H isolates and full growth of TRas/Y121F/T289A isolates,
hence it was chosen as the screening concentration. To reduce plastic waste, petri dishes
were divided into six segments and labelled on the underside with six isolate names, ensuring
each isolate was pipetted into its corresponding segment. Plates were inverted, stacked in a
RUB and incubated at 37°C for 48 hours. On the SDA plus DMSO plates, healthy A. fumigatus
isolates grew to fill their segment of the plate producing a greeny blue colony 4-5 cm in
diameter. If the isolate did not grow on SDA plus DMSO it was recorded as dead and if the
colony grew more slowly or a different colour a record was made that it might not be A.
fumigatus. If the isolate grew on SDA plus DMSO but not on SDA plus tebuconazole it was
recorded as susceptible to tebuconazole, whereas if it grew on both plates it was recorded as
tebuconazole-resistant and stored separately in the fridge for further testing. Once the
resistance status of all isolates was recorded the SDA plus tebuconazole plates with growth

were stored at 4°C and remaining plates were disposed of.
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2.5. Culturing A. fumigatus from soil samples and testing for

tebuconazole-resistance

Soil samples collected by citizen scientists were returned in a Freepost envelope with a
completed questionnaire and were stored at room temperature until processing. 2 g of each
sample was weighed out into a 15 ml Falcon tube and 8 ml of buffer (0.85% NaCl and 0.01%
Tween 20 in diH,0) was added. The tube was shaken vigorously to mix the soil and buffer and
left to settle for 30 minutes to allow fungal spores in the soil to float to the surface. Initially,
200 ul from the surface of the buffer was pipetted onto an SDA plate containing penicillin
(200 mg/L) and streptomycin (400 mg/L) and incubated at 43°C for 48 hours, then the number
of A. fumigatus colonies was recorded and each colony was individually picked into a tube
containing MPS. These isolates were refrigerated and tested for susceptibility to tebuconazole

at a later date, as for isolates grown from air samples in section 2.4.

Due to the numbers of colonies grown from soil samples being far greater (up to 50 colonies)
than the numbers grown from air samples (average 2-3 colonies), it was decided that this
approach was unsustainable: both in terms of time and consumables required. From this
point onwards, each sample was instead replica plated by pipetting 200 pl from the surface
of the buffer onto an SDA plate containing penicillin (200 mg/L) and streptomycin (400 mg/L)
and an SDA plate containing tebuconazole (6 mg/L), penicillin (200 mg/L) and streptomycin
(400 mg/L). The plates were incubated at 43°C for 48 hours and the number of A. fumigatus
colonies on both plates recorded. Only colonies growing on the tebuconazole plate were

individually transferred into tubes containing MPS, labelled and stored at 4°C.

As for the air samples, each plate was labelled with the processing date, participant’s initials
and postcode and a unique code that was also written on the top of the accompanying
guestionnaire, to ensure soil samples could be matched to their collector. All unique codes

for soil sampling began with S519.
2.6. Cryopreserving A. fumigatus isolates

Tebuconazole-resistant isolates were removed from short-term storage in MPS at 4°C and
vortexed. In a category 2 hood, 10 pl of each isolate was pipetted onto the centre of a 16x90

mm petri dish containing SDA only and the underside of the plate was labelled with the date

44



and isolate number. Plates were inverted, stacked inside a RUB and incubated at 37°C for 48
hours. In the hood, a sterilised wooden toothpick was used to remove a strip of mycelia and
spores roughly 3 mm wide by 10 mm long spanning from the centre to the outside of the
colony, which was carefully transferred to a 1.8 ml cryovial (STARLAB, UK) containing 1.5 ml
of 50% glycerol solution (in diH20). Cryovials were then labelled with date and isolate name,
shaken vigorously to disperse spores into solution, stored at 4°C overnight and transferred to

-80°C for long-term storage.
2.7. Extracting DNA from A. fumigatus isolates

Tebuconazole-resistant isolates were removed from the fridge and vortexed. In a category 2
hood, 10 pl of each isolate was pipetted into a 25 cm® Nunc™ flask containing SDA only, the
lid was screwed on halfway to allow oxygenation of cultures and the flasks were labelled with
the date and isolate name. The flasks were stacked inside a RUB and incubated at 37°C for 48
hours. In the hood, 2 ml of Tween solution (0.01% Tween 20 in diH,0) was added to each
flask, the lid was screwed on tightly and the flask shaken vigorously until the solution turned
greeny blue with spores. 1 ml of this spore suspension was transferred to 1.5 ml tubes
containing 0.03 g of 1 mm zirconia silica beads (Thistle Scientific Ltd, UK) and centrifuged at
8000 rpm for 5 minutes. In the hood, the supernatant was pipetted off and discarded and 60
ul of PrepMan™ Ultra (Applied Biosystems™, US) was added to each tube. Samples were
homogenized for 45 seconds at 30 Hz using a BeadBeater, centrifuged at 14,500 rpm for 30
seconds, homogenized for 45 seconds and centrifuged for 30 seconds, before heating at
100°C for 10 minutes. Once removed from the heat-block, samples were left to cool for 2
minutes before being centrifuged at 14,500 rpm for 3 minutes. The supernatant was
transferred to a 0.5m| DNA LoBind tube (Eppendorf, Germany), labelled with date and isolate

name and stored at -20°C.
2.8. Testing A. fumigatus isolates for medical azole resistance

Isolates from air samples that were resistant to tebuconazole were taken to the Public Health
England (PHE) Mycology Reference Laboratory in Bristol for antifungal drug susceptibility
testing to the four medical azoles itraconazole (ITZ), voriconazole (VCZ), posaconazole (PCZ)

and isavuconazole (ISZ) following Clinical & Laboratory Standards Institute (CLSI) guidelines.
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The four azole drugs were stored in powder form at 4°C and were tested over the
concentration ranges 0.06-32 mg/L. These steps detail the preparation and use of drug plates

in accordance with the CLSI M38-A2 method:
2.8.1. Media preparation

20.8 g of RPMI medium (MilliporeSigma, Germany) was dissolved in 1,600 ml of distilled
water. 69.06 g of MOPS buffer and 40 g of glucose were then added and stirred until dissolved.
While stirring, the pH was adjusted to 7.0 using 1 mol/l sodium hydroxide and additional
water was added to bring the final volume to 2,000 ml. Medium was filter sterilised and
dispensed in 200 ml amounts into sterile containers, labelled with batch number and date
and stored at 4°C. Two 10 ml aliquots of RPMI were taken from each sterile container and
incubated at 35°C and at room temperate for two days. In the case of contamination, the

batch of RPMlI is discarded and re-made.
2.8.2. Preparation of antifungal drug dilutions

For I1SZ and VCZ, the weight of powder to be dissolved in DMSO to create a 10,000 mg/L stock
solution was calculated using their data sheets. 500 pl of this stock solution was added to

15.125 ml of RPMI medium to create a 320 mg/L stock solution.

Stock solution Volumes to be added to Drug

Top label | concentration container (ml) concentration in

(mg/L) Stock solution | RPMI medium | container (mg/L)
1 320 2 2 160
2 320 1 3 80
3 320 1 7 40
Use container 3 as stock solution for containers 4, 5 and 6.
4 40 2 2 20
5 40 1 3 10
6 40 1 7 5
Use container 6 as stock solution for containers 7, 8 and 9.
7 5 2 2 2.5
8 5 1 3 1.25
9 5 1 7 0.62
Use container 9 as stock solution for container 10, and discard 2 ml from container 9.
10 0.62 | 2 2] 0.31

Table 2.1: Details of dilutions to be carried out to ascertain required concentrations of drugs in
containers 1 to 10, starting from a 320 mg/L stock solution in RPMI medium.
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For ITZ and PCZ, 10 ml of polyethylene glycol (PEG) 400 was heated to 70°C and 16 mg of drug
powder was dissolved in it to create a 1,600 mg/L stock solution. 1 ml of this stock solution
was added to 4 ml of 50% PEG (2 ml of PEG 400 in 2 ml of sterile distilled water) to create a

320 mg/L stock solution.

Sterile containers were labelled from 1 to 10 and the 320 mg/L stock solution was diluted in

RPMI medium as shown in Table 2.1.

At this point, the volume of solution in each container was 4 ml. 16 ml of RPMI medium was

added to each container to give final concentrations ranging from 32 to 0.06 mg/L.
2.8.3. Preparation of microdilution plates

The 10 containers prepared in section 2.8.2 provided sufficient volume to fill 30 x 96-well
microdilution plates. The plate lids were labelled with the drug name, batch number of RPMI
medium, drug concentrations (0.06 — 32 mg/L) and expiry date (six months after preparation
date). To enable the use of a multichannel pipette, 20 ml of drug-free RPMI medium was
poured into a petri dish and 100 pl pipetted into columns 11 and 12 of each plate. The lowest
drug concentration was pipetted into column 10 of each plate. This was repeated for the
remaining drug solutions in order of increasing concentration such that column 10 contained
0.06 mg/L drug concentration through to 32 mg/L in column 1. Plates could then be stored at

-20°C for up to six months.
2.8.4. Preparation of isolates for susceptibility testing

All isolates, along with the quality control (QC) A. fumigatus isolates NCPF 7097 and 7100,
were sub-cultured onto potato dextrose agar (PDA) slopes 48 hours prior to testing. The
spectrophotometer was switched on and left for 15 minutes, the wavelength set to 530 nm
and “Mode” pressed to select % transmission. A number of sterile glass capped tubes equal
to the number of isolates plus QC isolates were filled with 5 ml of 0.85% saline and caps were
labelled with isolate and QC isolates names. A saline-filled tube was inserted into the
spectrophotometer and “Calibrate” pressed to set to 100% transmission. A sterile inoculating
loop was immersed in Tween 80, the top of a PDA slope carefully unscrewed and the loop
gently touched to the colony to collect spores. The saline-filled tube was inoculated with the

loop, vortexed for 15 seconds and reinserted into the spectrophotometer for a new
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transmission reading, and this process was repeated until transmission was 80-82%. 0.1 ml of
the spore suspension was transferred into 4.9 ml of RPMI medium and vortexed to create a
final inoculum suspension concentration of 0.4 to 5 x 10* colony forming units per ml

(CFU/ml).
2.8.5. Inoculation of microdilution plates

Plates were taken out of the freezer and left to thaw until the RPMI medium reached room
temperature. The plate lids were labelled such that rows A and B of the first of each drug plate
were for QC isolates 7097 and 7100 and subsequent rows were for other isolates. For each
QCisolate and isolate, 100 pl of the final inoculum suspension from section 2.8.4 was pipetted
into columns 1 to 11 across the row labelled correspondingly. This process was repeated for
each of the four drug plates and plates were incubated at 35°C for 48 hours. Figure 2.2A shows
ITZ, PCZ, VCZ and ISZ drug plates filled with eight isolates for susceptibility testing and ready

for incubation.
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Figure 2.2: A) Itrazonazole, posaconazole, voriconazole and isavuconazole drug plates filled with eight
isolates ready for incubation, and B) a drug plate after incubation ready for isolate minimum inhibitory
concentrations to be read and recorded.

2.8.6. Reading test results

Each plate was removed from the incubator and placed on the reading mirror, which was
angled such that lamplight or daylight was illuminating the plate wells as shown in Figure 2.2B.

There should not have been growth in column 12 as these wells were not inoculated with
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isolates, so plates with growth in this column were discarded as contaminated. As column 11

was drug-free and inoculated this should have exhibited full growth of the isolate.

Before recording results for unknown isolates, it was ensured that the QC isolates produced

results in the following range:

NCPF 7097: ITZ 0.125-0.5 mg/L NCPF 7100: ITZ >=4 mg/L
VCZ 0.125-0.5mg/L VCZ 0.25-1mg/L
If the QC wells gave the expected results, MICs were then read for the remaining isolates. The
MIC for A. fumigatus was defined as the lowest concentration at which there was 100%
growth inhibition, so the well was completely clear of growth. MICs were recorded for each

isolate against each drug on the record sheets provided.

2.9. Sanger sequencing of cyp51A gene and promoter region

Y121F  T289A
| | acop | aebp | | A A | TRis/Y121F/T289A

Figure 2.3: lllustration of cyp51A gene showing tandem repeats in the promoter region and amino acid
substitutions caused by point mutations in the coding region, adapted from Zhang et al. (2017)%*.

2.9.1. Initial polymerase chain reaction
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Figure 2.3 is an illustration adapted from Zhang et al (2017)*3> showing the frequently-
detected tandem repeats (TR) in the promoter region of cyp51A and accompanying amino
acid substitutions caused by single nucleotide polymorphisms (SNPs) in the coding region. To
amplify both the promoter and coding region of cyp51A two primer sets were used with
different master mix solutions and polymerase chain reaction (PCR) conditions, detailed in
Table 2.2. FIREPol® Master Mix (Solis BioDyne, Estonia) was used to amplify the promoter
region because it is considerably cheaper than a high-fidelity Tag, which was not required to
characterise TRs, and the all-in-one master mix format saved time and reduced pipetting error
making the multiple runs more consistent. The primers for the promoter region were

designed by a colleague and are not yet published (personal comms, Asmaa Alghamdi). Q5®
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High Fidelity DNA Polymerase (New England BiolLabs Ltd., UK) was used to amplify the coding
region because the aim was to characterise SNPs resulting in amino acid substitutions in the
translated protein, therefore accuracy was crucial. All primers were ordered from Invitrogen
(Thermo Fisher Scientific, UK) at a standard concentration of 100 uM in water and the DNA
for each sample used in the PCRs was diluted tenfold in diH,O from its extracted DNA.
Deoxynucleoside triphosphate (ANTP; New England BiolLabs Ltd., UK) were initially used at 10
UM concentration but a subsequent order arrived at 40 uM concentration, so 0.5 ul was
instead used in the per sample master mix solution for the coding region PCR and the volume

of diH;0 increased to 19.5 pl.

Primers (5’ to 3’) Per sample master mix | PCR conditions

solution

Promoter region:
Forward- GGACTGGCTGATCAAACTATGC

10 ul FIREPoI® Master Mix
10 pl forward primer (1.5 uM)

95°C, 5 minutes
98°C, 20 seconds

1 ulreverse primer (10 uM)

72°C, 45 seconds

Reverse- GTTCTGTTCGGTTCCAAAGCC 10 pl reverse primer (1.5 uM) | 65°C, 30 seconds ~x30
18 ul diH,0 72°C, 30 seconds
2 ul DNA 72°C, 5 minutes
Hold at 10°C
Coding region: 0.2 ul Q5® DNA Polymerase 94°C, 2 minutes
Forward- ATGGTGCCGATGCTATGG 2 pl dNTPs (10 uM) 94°C, 30 seconds
Reverse- CTGTCTCACTTGGATGTG 1 plforward primer (10 uM) | 60°C, 45 seconds ~x35

33.8 ul diH,0 72°C, 5 minutes
10 pl Q5 buffer (5X) Hold at 10°C
2 plDNA

Table 2.2: Details of the primers, master mix solutions and PCR conditions used to amplify the promoter and
coding regions of cyp51A.

While the PCRs were running, a 1.5% agarose gel was poured and left to dry. The gel was
made by adding 3 g of agarose (Merck KGaA, Germany) to 200 ml of 1X tris-borate-EDTA (TBE)
buffer in a glass conical flask, diluted from 10X TBE buffer (ThermoFisher Scientific, UK) in
diH20, and heating in the microwave at full power, swirling regularly, until the powder had
dissolved. 5 ml of ethidium bromide (EtBr; Merck KGaA, Germany) was then added, the flask
swirled to disperse the EtBr and the gel solution poured into a gel tray containing two rows
of 51-tooth combs. The gel tank was filled to the maximum fill line with 1X TBE buffer. When
the PCRs finished, the combs were carefully removed from the gel and the gel was placed into
the gel electrophoresis tank, making sure the black wire (cathode) was above the gel and the

red wire (anode) was below so the DNA migrated towards the positively charged anode. 3 ul
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of each promoter region PCR product was loaded directly onto the gel as the FIREPol® Master
Mix contains blue and yellow tracking dyes, whereas 3 ul of each coding region PCR product
was first mixed with 0.6 ul of 6X gel loading dye (New England BioLabs Ltd., UK) before loading
onto the gel. 3 ul of 1 kb plus DNA ladder (New England BiolLabs Ltd., UK) was added to the
first and last well of each row and the gel was run for 20 minutes at 120 volts. The gel was
then imaged using a Bio-Rad GelDoc (Bio-Rad Laboratories, UK) in conjunction with Image Lab

software (Bio-Rad Laboratories, UK).

Figure 2.4: Electrophoresis gel images showing A) amplicons from cyp51A coding region PCR (left) and
cyp51A promoter region PCR (right) for the same seven DNA samples, B) a 96-well plate of samples
from promoter region PCR where all samples have amplified except for the negative control, and C) a
96-well plate of samples from promoter region PCR where several samples have not amplified.
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2.9.2. Sanger sequencing

1 GTCGAGTGCAGGACTGGCTGATCAAACTATGETCATGCACTGTCTTCTCCTACATAACAGAATACTGGGCAGCGEGCTGGA
promoter region - forward primer =+
83 GATACTATGGCTITCATATGTTGCTCAGCGGCAGCATTCTGAAACACGTGCGTAGCAAGGGAGAAGGAAAGAAGCACTCT
163 GAATAATTTACACTGTTCTCCTCTAGAAAAAACTCATGAGTGAATAATCGCAGCACCACTTCAGAGTTGTCT. LKJIIE?EEE
243 GGTCCGGATGTGTGCTGAGCCGAATGAATCACGCGGTCCGGATGTGTGCTGAGCCGAATGAAAGTTGCCTAATTACTAAG
325 GTGTAGTTCCAGCATACCATACACCCTAACTCATACTACGGTAGGTAGATCTACTTACCTATGAACCTATATTIGGTAGGTAG
407 GTGAATATAAAATACAGCATGGAACATGTTTTTCATTAGCTGGTCTCTCATTCGTCCTTGTCCTAGGCCTTAAGGAATCCAG
485 TATATGAAATAATCCCTCTTATCCATTTTCCTCCTATTCTTITITCATTTCCCTCATCACTGCAACTCTAATCCTCGGGCTCACCC
374 TCCCTGTGTCTCCTCGAAATGGTGCCGATGCTATGGCTTACGGCCTACATGGCCGTTGCGGTGCTGACGGCAATCTTGCTC

coding region - forward primer —*
655 AATGTTGTITATCAATTATTCTITCGGCTTITGGAACCGAACAGAACCGCCAATGGTCTTTCATTGGGTCCCATTTCTGGGTA

€ promoter region - FEVErse primer
737 GTACCATCAGTTACGGGATTGATCCCTACAAGTTCTTCTTTGCGTGCAGAGAAAAGGCAAGTCTCAAGATTGTAGTTTGAC
818 ATTCATTCCTGGGCGCATTGCTGAGTATTGCTTTCTTAACCGGCAGTATGGCGATATCTTCACTTTTATACTGTTGGGTCAAA
901 AAACCACAGTCTACCTGGGCGTTCAGGGGAACGAGTTTATTCTCAACG GCAAGCIB('ZBH(?GP:&TGTCAATG CGGAAGAGGTC
981 TATAGTCCATTGACGACCCCCGTITTCGGATCGGACGTGGTGTATGATTGTCCCAATTCCAAGCTGATGGAGCAGAAAMAG
1062 TTCATCAAGTACGGCTTGACTCAGTCTGCGTTAGAGTCTCATGTGCCACTTATTGAGAAGGAGGTTTTIGGACTATCTGCGC
1143 GATTCACCGAACTTTCAAGGCTCGTCCGGCCGGATGGACATCTCTGCGGCAATGGCTGAGATTACCATTTTTACCGCTGCT
coding region - sequencing primer —*
1224 CGAGCCCTCCAAGGCCAGGAAGTTCGTTCCAAACTCACGGCTGAGTTCGCTGACCTCTATCATGACCTGGACAAGGGCTTT
1305 ACTCCCATCAATTTTATGCTACCGTGGGCCCCATTGCCGCATAACAAGAAGCGAGATGCTGCTCATGLGCGCATGAGGTCA
1386 ATCTACGTTGACATCATCAATCAGCGCCGTCTTGACGGTGACAAGGACTCTCAGAAATCAGACATGATATGGAACCTGATG
€ coding region - sequencing primer

1467 AACTGCACATACAAAAACGGCCAGCAAGTGCCTGATAAAGAGATTGCGCACATGATGATAACCCTGTTGATGGCTGGTCA
1547 GCATTCGTCTTCGTCCATCAGCGCCTGGATTATGCTGAGACTGGCCTCACAGCCAAAAGTCCTCGAAGAGCTGTATCAGGA
1628 ACAGCTGGCCAATCTTGGCCCCGCCGGGECCAGACGGCAGTCTTCCTCCGCTCCAGTACAAGGATCTTGACAAACTTCCCTT
1708 CCATCAACATGTTATTCGTGAAACCTTACGGATTCACTCCTCTATTCACTCTATCATGCGCAAGGTGAAAAGCCCCTTGCCC
1791 GTTCCCGGGACCCCTTACATGATTCCTCCCGGTCGCGTGCTCCTTGCTTCACCTGGAGTGACAGCCCTCAGCGACGAACACT
1873 TCCCCAATGCTGEGTGCTGGGATCCCCATCGCTGGGAGAACCAGGCTACTAAGGAGCAGGAGAACGACGAGGTTGTCGA
1952 CTACGGTTACGGCGCCGTCTCCAAGGGCACGTCAAGTCCCTATCTTCCGTTTGGTGCTGGCCGACACCGCTGTATCGGCGA
2033 GAAATTCGCTTATGTCAACCTTGGTGTGATTCTGGCGACCATTGTGCGCCACCTGCGACTTTTCAACGTGGATGGAAAGAA
2114 AGGAGTCCCTGAAACTGACTATTCATCCCTCTTTTCGGGCCCCATGAAGCCAAGCATCATCGGCTGEGAGAAGCGGTCGA

21594 AAAACACATCCAAGTGAGACAG
« coding region - reverse primer

Figure 2.5: DNA sequence of cyp51A promoter and coding regions, with primers used to amplify and sequence
the promoter region highlighted in turquoise and primers used to amplify and sequence the coding region
highlighted in yellow. The insert point for the 34 base pair tandem repeat (TR3s4) and the single nucleotide
polymorphism that results in the L98H amino acid substitution are shown for reference.
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Once any samples in a 96-well plate that did not amplify were replaced with samples that did
amplify, the samples were transferred to a skirted PCR plate (Merck KGaA, Germany), labelled
with a plate barcode and sent to Genewiz® (UK) for Sanger sequencing. The plate was
accompanied by 100 pl of a primer diluted to 10 uM in diH;0. To sequence the promoter
region the forward primer 5’- GGACTGGCTGATCAAACTATGC-3’ was used. The coding region
was sequenced in two parts using primers with binding sites located in the middle of the
amplicon: the first 730 bp were sequenced using the primer 5'-CTGATTGATGATGTCAACGTA-3’
and the second ~1000 bp were sequenced using an upstream primer 5'-
GATTCACCGAACTTTCAAGGCTCG-3'. The DNA sequence of cyp51A is shown in Figure 2.5 with
the primers used to amplify and sequence the promoter region and coding region highlighted

in turquoise and yellow, respectively.

------------------------------------------- wild-type

S ———- i TRa

5 : LE
YEB FEFILL E EBv ¥ PHEKLWE 8aLE—L98H
LNREYEE FF ) L LEEKERY Y LEvEBNEF | (NEKLKBvNAEEVYERLEErFyFEEBY v yBcPNEKL vEEKKF (KYELHAEALE

Figure 2.6: A) DNA alignment of the cyp51A promoter region for 20 samples with their wild-type, TR3s or TRas
status annotated on the right-hand side, and B) protein alignment for nine samples translated from a DNA
alignment, with L98H amino acid substitutions annotated on the right-hand side.

When the plate had been sequenced the results were available for download from the
Genewiz® website as a FASTA file, which was opened in Molecular Evolutionary Genetics
Analysis (MEGA) software (Penn State University, US). Samples that had failed to sequence
were removed and the remaining sequences were aligned using the Clustal multiple sequence
alignment tool. The aligned DNA sequences were sufficient to detect TRs in the promoter
region, whereas the aligned DNA sequences were then translated into a protein sequence for
the coding region to determine whether any SNPs present resulted in amino acid

substitutions. Figure 2.6A shows a DNA alignment of the promoter region for 20 samples; of
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which three are wild-type, 16 contain TR34 and one contains TRase. Figure 2.6B shows a protein
alignment for nine samples translated from a DNA alignment; of which seven samples contain

the L98H amino acid substitution.

2.10. Confirming identity of isolates as A. fumigatus

2.10.1. Macroscopic appearance

Colonies cultured from air and soil samples were initially identified as A. fumigatus by their
macroscopic appearance when grown on SDA plates, as shown in Figure 2.7A. This is typically
a blue green colour and matt appearance of the colony from above, a lack of colouration of
agar beneath or around the colony, ridges formed in the SDA on the underside of the colony
and a spherical shape of the colony. The identity of these colonies as A. fumigatus was also
inferred by their ability to grow at 43°C, which is unusual for the majority of environmental

fungi.

= I i IR LD " .—..{._*"' p
Figure 2.7: A) Macroscopic appearance of A. fumigatus as blue green colonies after 48 hours of growth on
Sabouraud dextrose agar at 43°C, and B) microscopic appearance of A. fumigatus spore heads at 400X
maghnification.
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2.10.2. Microscopic appearance

As mentioned in section 2.4, if an isolate didn’t resemble A. fumigatus when it was cultured
onto SDA control plate for susceptibility testing to tebuconazole it was marked on the
spreadsheet for further investigation. A microscope slide of the colony was prepared and the
structures of the fungal spore heads were examined at 100X and 400X magnification, using
Campbell et al (2013)*3¢ to aid with identification. Figure 2.7B shows the appearance of A.
fumigatus spore heads at 400X magnification. Using this approach, two isolates were
reclassified as A. nidulans, which has a slightly greener macroscopic appearance than A.

fumigatus but is otherwise similar until it is examined microscopically.

2.10.3. Matrix assisted laser desorption ionization-time of flight

mass spectrometry

Several isolates no longer macroscopically resembled A. fumigatus when they were cultured
on PDA for susceptibility testing at PHE (section 2.8.4) so they were identified using matrix
assisted laser desorption ionization-time of flight (MALDI-TOF) mass spectrometry. Using this
approach, 10 isolates were reclassified as A. lentulus, which is identical to A. fumigatus in both
macroscopic and microscopic appearance. The approach also confirmed the identity of the

two isolates reclassified by their microscopic appearance as A. nidulans.
2.10.4. Sanger sequencing of beta-tubulin gene

When the PCR amplicons of the 12 isolates reclassified as A. nidulans and A. lentulus were
sent for Sanger sequencing they were either determined as wild-type or failed to sequence.
As only tebuconazole-resistant isolates had DNA extracted for sequencing, subsequent
samples that were determined as wild-type or failed to sequence underwent a further PCR
using primers for a conserved beta-tubulin gene used to identify fungi: Bsens (5'-
ATCAC(A/T)CACTCICTIGGTGGTGG-3') and Brev (5-CATGAAGAA(A/G)TGIAGACGIGGG-3’). This
PCR used the same master mix as the promoter region PCR (Table 2.2) and the following PCR
conditions: 94°C for 3 minutes for initial denaturation, 30 cycles of 94°C for 15 seconds for
denaturation, 55°C for 30 seconds for annealing, 68°C for 30 seconds for extension, and final

extension at 68°C for 3 minutes before holding at 10°C. The forward primer Bsens at a
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concentration of 10 uM was sent to Genewiz® with the PCR amplicons to be used for Sanger
sequencing. The sequences were then uploaded to the National Center for Biotechnology
Information (NCBI) website and aligned to sequences in the database with species

identification to find the sequence(s) with the highest identity match.

2.11. Whole-genome sequencing of A. fumigatus isolates

2.11.1. DNA extraction and whole-genome sequencing

Fresh DNA extractions were made for isolates being sent for whole genome sequencing (WGS)
as high-quality DNA was required. Isolates for WGS were brought back from cryopreservation
at -80°C by pipetting 20 pl into 25 cm? Nunc™ flasks containing SDA and incubating at 37°C
for 48 hours. Spores were then harvested by washing the surface of the SDA with 10 ml of
phosphate-buffered saline (PBS) plus 0.01% Tween 20, 1.8 ml of spore suspension was added
to 2 ml FastPrep tubes (MP Biomedicals, US) and tubes were centrifuged at 5,000 rpm for 10
minutes. DNA extraction then commenced by discarding the supernatant and resuspending
the pellet in 300 pl of lysis solution and 1 pl of proteinase K from the MasterPure™ Complete
DNA and RNA Purification Kit (Lucigen, US). The kit protocol was followed, including an
additional bead-beading step using a FastPrep-24™ instrument. Extracted genomic DNA
(sDNA) was then purified using a DNeasy Blood and Tissue Kit (Qiagen, Germany) and the
DNA concentration was measured using a Qubit fluorometer and Qubit dsDNA BR Assay kit
(ThermoFisher Scientific, UK). A NanoDrop™ spectrophotometer (ThermoFisher Scientific,
UK) was used to assess DNA purity by checking that the ratio of absorbances at 230/260 nm
and 260/280 nm were 1.8-2.0. Purified gDNAs were stored at -20°C prior to being sent to
Earlham Institute (UK) where gDNA libraries were constructed, normalised and indexed.
Libraries were then run on a NovaSeq 6000 SP v1.5 flow cell to generate 150 bp paired-end

reads.
2.11.2. Bioinformatic analysis

Raw paired-end reads were quality checked using FastQC (v0.11.5; Babraham Bioinformatics),
aligned to the Af293 reference genome®3” using the Burrows-Wheeler Aligner (BWA; v0.7.8)
mem?38 and formatted as sorted BAM files using SAMtools (v1.3.1)3°. SNPs were detected

using HaplotypeCaller (v3.6) from the Genome Analysis Toolkit (GATK; v4) package*® and
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repetitive regions identified using RepeatMasker (v4.0.6)!*! were excluded. SNPs were
filtered out if they had a minimum genotype quality of less than 50 or met at least one of the
following parameters: “DP <10 || MQ<40.0 || QD<2.0 || FS>60.0 | | ABHom < 0.9”. SNPs

were mapped to genes using VCF-annotator (Broad Institute, US).
2.11.3. Phylogenetic analysis

SNP data were converted into presence/absence of SNP with respect to the reference
genome, low confidence SNPs were converted to missing data and the resulting binary data
were converted to relaxed interleaved Phylip format. Maximum-likelihood trees were
constructed to assess sequence similarity between isolates using RAXML (v8.2.9)4? and
visualised in FigTree (v1.4.4; http://tree.bio.ed.ac.uk/software/figtree). Phylogenies were

bootstrapped using the rapid bootstrap algorithm with 500 iterations.
2.12. Maximum daily air temperatures on UK sampling dates

The Met Office produces datasets of climate observations recorded in the UK from 1862 to
present day that are available for the public to download. The HadUK-Grid dataset contains
daily, monthly, seasonal and annual measures of climate variables formatted by
administrative regions, UK countries and 1km, 5km, 12km, 25km and 60km grids!*3. The
decision was taken to download daily measures of climate variables for 1km grids for which
maximum air temperature, minimum air temperature and total precipitation amount were
available. As participants were asked not to sample on days when rain was forecast, as this
was likely to reduce the sampler’s efficacy, the chosen daily variable was maximum air
temperature. Data were downloaded as NetCDF files for the month in which samples were
collected and uploaded to the free and open-source geographic information service (GIS)
application QGIS'** as a raster layer, along with sampling locations for the corresponding
sampling round. Sample locations were saved as geometric points in an Esri shapefile and
sampled from the HADUK-Grid raster layer to give the daily maximum air temperature for a
month for each location in the sampling round. Maximum air temperature was then assigned

to each sample based on the date it was collected.
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2.13. Land cover classifications of UK sampling locations

The 2019 land cover maps (LCM2019) for Great Britain (GB) and Northern Ireland (NI)
produced by UK Centre for Ecology & Hydrology (UKCEH) were used to obtain land cover
classes for the locations that air and soil samples were collected from4>. LCM2019 represents
a set of geospatial land cover datasets produced by classifying satellite images from 2019 to
describe the UK land surface, and is one of a series of LCMs produced by UKCEH since 1990.
For the purpose of this analysis, LCM2019 was downloaded for GB and NI as 25m rasterised
land parcels in GeoTiff format. LCM2019 for GB uses the British National Grid (BNG)
coordinate system [EPSG: 27700] and LCM2019 for NI uses the Irish Grid coordinate system
[EPSG:29903] and both contain 21 land cover classes'?®, which are detailed in Table 2.3.
Validation of LCM2019 for GB by comparison to observations derived from the GB countryside
survey 2019 data and open-source National Forest Inventory data estimated that LCM2019 is

79.4% accurate in its land cover classification4.

Land cover class Land cover description
1 Deciduous woodland
2 Coniferous woodland
3 Arable

4 Improved grassland
5 Neutral grassland

6 Calcareous grassland
7 Acid grassland

8 Fen

9 Heather

10 Heather grassland

11 Bog

12 Inland rock

13 Saltwater

14 Freshwater

15 Supralittoral rock

16 Supralittoral sediment
17 Littoral rock

18 Littoral sediment

19 Saltmarsh

20 Urban

21 Suburban

Table 2.3: Land cover classifications 1-21 and descriptions for UK Centre
for Ecology & Hydrology’s land cover map 2019.
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LCM2019 for GB and NI were uploaded to QGIS as raster layers. The locations in GB that air
and soil samples were collected from, originally provided as postcodes by participants, were
converted into BNG eastings and northings using an online batch postcode converter tool and
NI postcodes were converted into Irish Grid eastings and northings. Duplicate sampling
locations were removed and the remaining locations were uploaded to QGIS. Sample
locations were saved as geometric points in an Esri shapefile and sampled from the LCM2019
raster layers to give the corresponding land cover classification for each location. As the
majority of participants reported collecting samples from their homes or workplaces, it was
expected that the majority of locations would be land cover class 20 (urban) or 21 (suburban).
As a result, any locations returning land cover classes 1-19 were visually verified and corrected
if necessary. For example, the air sample collected from my home address was classified as
land cover class 3 (arable) because it is a new-build house built on previous farmland so this

was reclassified as 21 (suburban).

2.14. Percentage of arable land cover in 2 km surrounding UK

sampling locations

To calculate the percentage or arable land surrounding sampling locations, the LCM2019 for
GB and NI were downloaded from UKCEH’s website as vector land parcel datasets in
GeoPackage format. They were uploaded to QGIS as vector layers, using the BNG system for
the GB LCM and Irish Grid system for the NI LCM. Arable land (land cover class 3) was then
extracted from the LCMs to produce new layers, which are shown in Figure 2.8. Unique
sampling locations for GB and NI, converted to BNG and lIrish Grid eastings and northings
respectively, were uploaded to QGIS and a 2 km buffer was added to each point. Overlap
analysis in QGIS was then used to calculate the percentage of arable land within each 2km

buffer.
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Figure 2.8: Arable land cover in A) Northern Ireland and B) Great Britain shown here in black
after land cover class 3 was extracted from the UKCEH 2019 land cover maps.

2.15. Distances from sampling locations to nearest composting facility

with open windrow or outdoor activity

2.15.1. In England

The locations of composting facilities in England with open windrow or outside activity
(OW/OA) and active permits to operate at the end of 2017 were obtained from the
Environment Agency (EA), in agreement with the requirements of their conditional license.
The postcodes were converted to latitude and longitude coordinates and BNG eastings and
northings using an online batch postcode converter tool and duplicate locations were
removed, which gave 208 unique composting site locations. The locations of these sites are
shown in green in Figure 2.9A and a screenshot from Google maps of an open windrow

composting facility is shown in Figure 2.9B.
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Figure 2.9: A) Map showing the location of composting facilities in the UK with open windrow or outdoor
activity: green dots are sites in England, pink in Wales, yellow in Scotland and purple in Northern Ireland, and
B) screenshot from Google maps showing an open windrow composting facility.

2.15.2. In Scotland

The locations of waste sites in Scotland were downloaded from the Scottish Environment
Protection Agency (SEPA) website'*” and sites were selected that have an active permit to
operate and had their waste site activity listed as “composting”. The national grid reference
was used to obtain latitudes and longitude coordinates and BNG eastings and northings for
each site, and the sites were visualised on Google maps using satellite view to confirm the
presence of open windrow or outdoor activity. This gave 14 unique composting sites, the

locations of which are shown in yellow in Figure 2.9A.
2.15.3. In Wales

The locations of waste sites in Wales were downloaded from the Natural Resources Wales
website!?® and sites were selected that had an active permit to operate at the time of access
and the following waste activity codes: “A22: Composting Facility”, “S0816: SR2008 No16 :
Composting in open windrows” and “SR/12: SR2010 No12: Treatment of waste to produce
soil <75,000 tpa”. The national grid reference was used to obtain latitudes and longitude
coordinates and BNG eastings and northings for each site, and the sites were visualised on

Google maps using satellite view to confirm the presence of OW/OA. Two sites were excluded
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due to lack of evidence of OW/OA, which left 27 unique composting facilities. The locations

of these sites are shown in pink in Figure 2.9A.
2.15.4, In Northern Ireland

The locations of waste sites in Northern Ireland that reported composting in their specified
operations were downloaded from the Northern Ireland Environment Agency website!4°. The
postcodes were converted to latitude and longitude coordinates and BNG eastings and
northings, and sites were visualised on Google maps using satellite view to confirm the
presence of open windrow or outdoor activity. This gave eight unique composting sites, the

locations of which are shown in purple in Figure 2.9A.

Altogether there were 257 composting facilities in the UK identified as OW/OA. The package
“geosphere” in R version 4.0.0'°° was used to calculate the distance from a) UK sampling

locations and b) all UK postcodes to their nearest composting facility.
2.16. Generalised linear models

Generalised linear models (GLMs) were carried out using R version 4.0.0 to look for
associations between climate, land use and a) the likelihood of a sample growing A. fumigatus
or azole-resistant A. fumigatus (ARAf), or b) the number of A. fumigatus or ARAf colonies
grown from a sample. Growth of A. fumigatus or ARAf from a sample is a binary (0/1)
dependent variable, therefore logistic regressions (“glm” function; family = “binomial”) were
carried out to look for associations. The numbers of A. fumigatus or ARAf colonies grown from
a sample are count data for which Poisson regressions (“glm” function; family = “Poisson”)
are usually carried out; however, in the case of overdispersed count data, Quasi-Poisson or
negative binomial regressions are used instead. Negative binomial regressions (library
“MASS”; “glm.nb” function) allow the dispersion parameter to vary according to the data,
instead of setting it to 1 as in Poisson regressions. Independent variables were selected for
inclusion in a model based on a significant improvement on the null model, as determined by
analysis of variance (ANOVA) using chi-squared test. Results were considered significant when
p <= 0.05. The model with the best fit was chosen based on a reduced Akaike information

criterion (AIC) score and a significant improvement on the null model.
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Chapter 3: Air- and Soil-Sampling Mycology
Citizen Science Projects

A concise version of this chapter has been peer-reviewed and published in the journal
Citizen Science: Theory and Practice.

Shelton, J. M. G., Fisher, M. C. & Singer, A. C. Campaign-Based Citizen Science for
Environmental Mycology: The Science Solstice and Summer Soil-Stice Projects to Assess
Drug Resistance in Air- and Soil-Borne Aspergillus fumigatus. Citiz. Sci. Theory Pract. 5, 20
(2020).

DOI: https://doi.org/10.5334/cstp.325

Abstract

Citizen science projects have traditionally been undertaken for ecological purposes- to
observe phenological changes, wildlife populations or the spread of invasive species- and are
now gaining traction in microbiology research to track the emergence and spread of

pathogens in the environment.

As previous studies that have collected Aspergillus fumigatus spores from the air and soil in
the UK have been limited in their geographical reach, a citizen science approach was used in
this thesis for sample collection. Volunteers residing in the UK were asked to collect air and
soil samples from their homes and workplaces on five solstice and equinox dates between
June 2018 and June 2019 and return them to the lab in Freepost envelopes. A. fumigatus
fungal spores were then cultured from the samples and later tested for susceptibility to azole
drugs. Overall, 787 volunteers returned 2,132 air samples and 509 soil samples, which grew a

total of 7,991 A. fumigatus colonies.

The citizen science approach detailed in this chapter has allowed for UK-wide surveillance of
drug-resistant A. fumigatus by facilitating the simultaneous collection of hundreds of
environmental samples on the same day. This sampling approach was economical, costing
approximately £2,850 in total or the equivalent of £1 per sample, and has demonstrated that

citizen science participation is valid, and incredibly useful, for mycological research.
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3.1. Introduction

3.1.1. History of citizen science

In 2014, the term “citizen science” was added to the Oxford English Dictionary (OED) and
defined as “scientific work undertaken by members of the general public, often in
collaboration with or under the direction of professional scientists and scientific institutions”.
Citizen science has a long history, as before science was professionalised it was undertaken
by hobbyists and amateur scientists. An early example in the UK is Robert Marsham who, in
1736, started recording phenological events for plant and animal species on his family estate
in Norfolk'>!, After his death, his work was continued until 1947 by five generations of his
family resulting in a 211-year long record of phenological changes®!. From 1875 until 1947,
the Royal Meteorological Society (RMS) established a national network of volunteers to
record phenological data alongside its weather measurements'>?. Restarted by the UK Centre
for Ecology & Hydrology (UKCEH) in 1998, the UK Phenology Network (UKPN) now has 40,000

registered recorders across the UK and a database of over 3 million records®3.
3.1.2. Ecological data collection by citizen scientists

The majority of citizen science projects involve collecting ecological data and rely on
volunteers to record their observations of a species and submit them by post, online or using
a smartphone application. When collected over time, these records can demonstrate changes
in species populations and/or distributions that are often a result of human activity leading
to habitat destruction, pollution or climate change, and can also flag wildlife disease
outbreaks. A few current UK examples include the Big Garden Birdwatch®>#, which takes place
in January and asks volunteers to record bird species visiting their garden, and the Big
Butterfly Count®> from July to August that asks volunteers to record butterfly and day-flying
moth species . The Big Moss Map'>® relies on citizen scientists recording sightings of
Sphagnum moss in the Peak District and South Pennines to aid peatland conservation, and
the Moors for the Future!®” hare survey asks citizen scientists to record hare and rabbit
sightings. Ecological data collected by citizen scientists in the UK have led to publications on
starling murmurations®>8, cuckoo sightings>®, bird migrations'®, hedgehog declines!?, the

162

impact of artificial lighting on moth species and the distributions of wasps®3,
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bumblebees'®* and ladybirds®®, to name just a few. Citizen scientists can also report sightings
of invasive species, such as the horse-chestnut leaf-mining moth'®®, harlequin ladybird and

Asian hornet, or toxic algal blooms*®” that have conservation implications for native species.
3.1.3. Recording invisible threats to species and environments

Citizen science projects can also observe changes that are not visible, such as pathogen
spread, air pollution, microbial diversity and antimicrobial resistance (AMR). Asking citizen
scientists to report, photograph or send in samples of wildlife or plants showing signs of
disease have allowed scientists to track the incidence of avian pox, an emerging viral disease,
in British tits'®®, Trichomonas gallinae, an emerging protozoal disease, in British greenfinches
and chaffinches!®® and acute oak decline (AOD) in British woodlands'’®. A Netherlands-based
project asked citizen scientists to measure atmospheric aerosols using a low-cost, mass-
producible add-on that turns a smartphone into a spectropolarimetric instrument!’, while
Open Air Laboratories (OPAL) asked volunteers to record lichen species in English woodlands
and used these as a proxy for nitrogenous pollution levels!’2, Several global projects have
asked citizen scientists to send in swabs that are then analysed for bacterial diversity: of stool
for American Gut'’3, of surfaces in their home for Wild Life in Our Homes'’4, of their belly
button for Belly Button Biodiversity!’> and of their armpit!’¢. The UK-based Swab & Send is an
ongoing, self-funded project that asks volunteers to send in swabs from any object or
environment of their choice to identify new antibiotic compounds, in response to the growing
threat of AMR to human health'”’. Such citizen scientist projects may also play an important
role in teaching, for example, microbiology courses in schools and universities. For The
Wolbachia Project, high school students and undergraduates in the United States (US)
collected insects and tested for the presence Wolbachia bacteria in their guts by DNA
extraction, polymerase chain reaction (PCR), gel electrophoresis, sending amplicons for
sequencing and depositing the sequences in the National Center for Biotechnology

Information (NCBI) database'’®.
3.1.4. Examples of citizen science in mycology

While the majority of citizen science microbiology projects focus on bacteria, there are also a

few related to mycology. Kew’s Lost and Found Fungi project asked volunteers to look for a
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list of 100 rare fungal species in the UK and has received nearly 1,400 records of these species
since 2014'7°, The Mushroom Finder smartphone application developed by the Mycology
Research Society of the University of Vienna allows citizen scientists to submit images and
locations of mushrooms!®, and the Global Sourdough Project identified bacteria and yeasts
in sourdough starters sent in by bakers around the world*®!. In both Slovenia'®? and the UK!&
citizen scientists were asked to report symptoms of die-back in Ash trees, caused by the fungal
pathogen Hymenoscyphus fraxineus, with UK participants also asked to tag trees they

believed to be resistant to disease.

3.1.5. Environmental sampling for azole-resistant Aspergillus

fumigatus

Inhaling A. fumigatus spores has long been recognised as a cause of hypersensitivity and
asthma®®* and a survey of air in rural and urban locations in 1976 sought to monitor seasonal
fluctuations in spore counts by air sampling daily for two years at multiple outside locations®®.
Since then, studies monitoring for A. fumigatus spores in air samples have mostly focussed
on industrial composting sites to inform potential health impacts of bioaerosols released by
composting on workers and nearby residents®263129.185-187 “ A comprehensive review of all
such studies was undertaken by The Composting Association and Health and Safety
Laboratory in 20038 and reports have been commissioned by the Environment Agency*3°

189

and Defra'®® on environmental monitoring of bioaerosols at composting facilities.

Recent studies have focussed on collecting A. fumigatus spores from airt3#190,191 5j|131,134,190-
192 and plant bulbs'®® across the UK and testing them for resistance to azole drugs. Dunne et
al. (2017) collected outdoor air samples twice monthly throughout January and February 2014
on a hospital campus in Dublin, Ireland, soil samples from commercial compost and from five
sites around the hospital, and swabbed the surface of plant bulbs collected from a local
garden centre®, Bromley et al. (2014) collected matched air and soil samples from multiple
sites in Manchester city centre and from arable fields outside of Manchester with known azole
applications from 2009 to 2011%1. Tsitsopoulou et al. (2018) collected soil samples from
urban and rural locations across South Wales and air samples from three hospital sites from
June to November 201534, Van Der Torre et al. (2020) collected soil samples by swabbing

root vegetables from farms and private gardens in 11 UK counties throughout 2018'%?, and
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Sewell et al. (2019) collected soil samples from rural and urban sites across Southern England
from May to July 20183, Fraiije et al. (2020) collected outdoor air samples in February 2018,
May 2018 and May 2019 from Harpenden and soil samples from experimental fields in
Hertfordshire and Bedfordshire, as well as commercial wheat fields in Kent, Suffolk, Somerset,
Norfolk and Herefordshire®. Alshareef and Robson (2014) collected outdoor air samples
monthly throughout 2009 and 2010 on the University of Manchester campus to measure

viable A. fumigatus spores, but did not test these spores for azole-resistance®.

Together these studies give valuable insight into how widespread azole-resistant A. fumigatus
(ARAf) spores are in the UK environment, but are individually restricted in their geographical
spread due to samples being collected by the study authors themselves. To overcome this
limitation, | organised two citizen science projects: an air sampling project consisting of four
sampling rounds and a soil sampling project that took place on a single date. The aims of these

projects were threefold:

1. To increase the numbers of samples collected and their spatial coverage in the UK
from previous studies

2. To collect samples in different seasons throughout the year to determine the effect of
seasonality on spore numbers and ARAf, and

3. To determine whether citizen science sample collection methodologies are viable for

mycological research.

By detailing how the citizen science projects were organised and undertaken, | hope that
other microbiologists and mycologists might consider using citizen science approaches in their

own research.

3.2. Methods

3.2.1. Air sampling trial run

The proposed method for collecting air samples had previously been used by Henk et al.
(2011) to collect Penicillium chrysogenum spores from around the world and determine their
genetic population structure®®. Prior to organising the citizen science project, the method
was trialled in two separate locations for different periods of time. A MicroAmp™ clear

adhesive film (Applied Biosystems™, UK) was cut in half to produce two “air samplers”,
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adhesive putty was attached to the top for securing the samplers to a ground floor windowsill
and the cover was removed to expose the sticky face of the film. Air samplers were left
exposed outside an office at St Mary’s campus of Imperial College London (ICL), Paddington
for two hours, four hours and six hours. These samplers were incubated at 43°C (see section
2.3 for details) and grew two, one and three A. fumigatus colonies, respectively (Figure 3.1A).
This constituted an urban location so was repeated for eight hours at a rural location UKCEH
Wallingford in Oxfordshire, where the sampler grew two A. fumigatus colonies (Figure 3.1B).
These four air sampling trial runs yielded two A. fumigatus colonies per plate, on average, and
the method was deemed suitable and simplistic enough for citizen science sample collection

purposes.

Figure 3.1: A trial run of the air sampling method was undertaken at A) St Mary’s campus of Imperial College
London, Paddington for two, four and six hours, and B) UKCEH Wallingford, Oxfordshire for eight hours.

3.2.2. Recruitment for citizen science air sampling project

3.2.2.1. Initial air sampling round
Recruitment for a UK-wide citizen science air sampling project to take place on summer

solstice, 21t June 2018, began on 30t April 2018. Posts were published on social media
platforms Twitter and Facebook containing a poster, a brief description of the project and a
link to a Google form (Appendix 3). Posters were displayed on noticeboards at ICL and UKCEH,
and supervisors Matthew Fisher and Andrew Singer sent emails to ICL and UKCEH mailing
lists, respectively, containing a brief description and a link to the Google form. The project
was named “ScienceSolstice” and the poster contained an image of Stonehenge, traditionally
associated with solstice activities in the UK, to help participants remember the sampling date.
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On the Google form, participants were required to provide their name and address, to receive
a sampling pack by post, and their mobile number for a reminder text to be sent the evening
before. Optional questions asked them for their email address, the research institute they are
affiliated to (if any) and to say how they had heard of the project. All communications were
checked for General Data Protection Regulation (GDPR) compliance as of 25" May 2018 and
participants were informed via the Google form about how their personal data would be used,
stored and kept completely confidential. The Google form was closed on 8" June 2018 after

500 participants had signed up to take part in the project.

3.2.2.2. Subsequent air sampling rounds
Due to the success of the air sampling round on summer solstice, it was decided to extend

the project to cover solstice and equinox dates in autumn (24t September 2018), winter (21
December 2018) and spring (20" March 2019) of the following year. Due to GDPR restrictions,
participants from the first air sampling round could only be contacted again if they had
indicated they would like to take part in subsequent rounds. Subsequent air sampling rounds
were advertised via posters at ICL and UKCEH and posts on Facebook and Twitter using the
names “AutumnAirquinox”, “WinterScienceSolstice” and “SpringAirquinox”, which were
successful in re-recruiting many of the participants from the first round plus additional
participants. The Google forms for these rounds asked for name, address and email address

only.
3.2.3. Participating in citizen science air sampling

Individuals who completed the Google form were sent an air sampling pack containing two
air samplers, a poster (Figure 3.2), simple instructions (Appendix 4), a questionnaire
(Appendix 5), a brief scientific description of the experimental aims (Appendix 6) and a
Freepost return envelope. Participants were asked to secure the air samplers to ground floor
windowsills at their home and workplace and expose them for 6-10 hours on 215t June 2018,
or a later date if torrential rain was forecast. They were then asked to re-cover the air
samplers, complete the questionnaire detailing the exact location the samples were collected
from and return both in the Freepost envelope provided. Once received, the air samples were

processed in the laboratory as described in section 2.3.
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Figure 3.2: Posters advertising the four rounds of the air sampling citizen science project (left panel of four)
and soil sampling project (right panel).

3.2.4. Recruitment for citizen science soil sampling project

Once the four rounds of air sampling had taken place, it was decided to organise a final citizen
science project asking volunteers to collect soil samples from their garden on summer
solstice, 215t June 2019, named “SummerSoilstice”. As for the air sampling project,
recruitment was via posters displayed at ICL and UKCEH and posts on Twitter and Facebook,
and participants signed up by entering their name, address and email on a Google form. A
blog about the project was also published online on the UKCEH website (Appendix 7).
Participants of the second, third and fourth air sampling rounds had been given the
opportunity to opt-in to receive project updates, and to provide an email address for further
correspondence, and individuals who did so were contacted to ask if they wished to

participate in the soil sampling project.
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3.2.5. Participating in citizen science soil sampling

Individuals who completed the Google form were sent a soil sampling pack containing two
plastic sachets, a wooden spatula, a poster (Figure 3.2), simple instructions (Appendix 8) and
a questionnaire (Appendix 9). Participants were asked to collect two soil samples from their
garden by using each end of the wooden spatula to scrape surface soil into a plastic sachet.
They were also asked to complete the questionnaire detailing the location of their garden and
whether the soils were collected from a plant pot, border, compost heap or bag of compost
or manure. The questionnaire and soil samples were then returned in the Freepost envelope

provided and processed in the laboratory as described in section 2.5.

Participants were advised to exercise caution when sampling from compost heaps and bags
of compost or manure as this could lead to aerosolization of a large number of spores, and to
only collect samples from their own garden so as to experience similar exposures from
sampling as from standard gardening activities such as potting and digging. Participants were
asked not to collect samples themselves if they suffer from aspergillosis, were
immunosuppressed or had a known lung condition, chronic or acute, as they would be at
greater risk of contracting aspergillosis from inhaling large numbers of spores. Individuals

were free to opt out at any time by emailing me or by not returning samples.
3.2.6. Citizen science engagement

Participants were encouraged to engage with the projects by taking photos of themselves and
their samples and sending the photos by email or posting them on Twitter using the project
hashtag. When these photos were provided, participants were asked for their permission to
use them in future work and presentations. On the questionnaires provided in each sampling
pack, participants were given the option to opt-in to project updates and provide an email
address for further communication. If the participant opted in, they were sent an update
email 4-6 weeks after each round thanking them for taking part and providing a link to an
interactive Google map where they could see the number of A. fumigatus isolates their
sample(s) grew. Participants were free to follow me on Twitter or follow the project hashtags

for further updates.
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Four days after the initial air sampling round only, an email was sent to all participants asking
for feedback via a different Google form (Appendix 10). The form asked whether the text and
email reminders beforehand had been useful, whether the participant would like to take part
again if the project was repeated, their reasons for not taking part (if they didn’t) and had a

comment box for additional feedback.

3.3. Results
3.3.1. Citizen science air sampling
3.3.1.1. In the UK

Across the four air sampling rounds that took place between June 2018 and March 2019,
participants in the UK collectively returned 1,894 air samples from all over England, Wales,
Scotland and Northern Ireland. In total, 1,293 air sampling packs were sent out and 976 were
returned, equating to an overall participation rate of 75%. Table 3.1 shows the breakdown of
air sampling packs sent out and returned for each air sampling round, as well as the number
of air samples collected. Air samples were collected by 485 unique individuals, who either
took part once or in multiple sampling rounds. Of the 356 individuals who took part in the
first air sampling round, 160 (43%) also took part in the second round, 120 (32%) took part in

rounds one, two and three, and 112 (30%) took part in all four rounds.

Type of sampling Sampling date Packs Packs Return Samples
sent out returned | rate (%) collected
Air 21 June 2018 461 365 79 712
24 September 2018 300 204 68 398
21 December 2018 231 165 71 321
20" March 2019 301 242 80 463
Soil 21°t June 2019 334 246 74 509

Table 3.1: Numbers of sampling packs sent out and number of packs and samples returned across the four air
sampling rounds and one soil sampling round.

Figure 3.3A-D shows screenshots of the Google maps sent out to participants after each air
sampling round, with air samples that grew A. fumigatus shown in green and those that didn’t
shown in blue. Figure 3.3F is a UK population density map and shows that the majority of
samples were collected from populous areas, with the lowest coverage of samples came from

less-populated areas of the UK.
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Figure 3.3: Google maps showing locations that participants collected air
samples from on A) 21 June 2018, B) 24" September 2018, C) 215 December
2018 and D) 20™ March 2019. E) shows locations that soil samples were
collected from on 21 June 2019. Blue dots indicate samplers that did not grow
A. fumigatus colonies, green dots indicate samplers that did and red dots
indicate samplers that were contaminated with other fungal growth. F) is a
population density map of the UK adapted from Vieno et al. (2015)%4.
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3.3.1.2. Globally
Due to the global nature of Twitter, the air sampling project attracted global participants who

between them collected 236 samples. In the first air sampling round, 52 participants collected
144 samples from 16 countries: Australia, Belgium, Canada, Chile, China, France, Germany,
Hungary, Italy, Madagascar, New Zealand, Portugal, Spain, The Gambia, the Netherlands and
the US. In the second air sampling round, 50 participants collected 92 samples from 7
countries: Canada, France, Germany, New Zealand, Portugal, Spain and the US. For the third
and fourth air sampling rounds it was decided not to send any more sampling packs abroad
as the Royal Mail Freepost system did not cover return postage of these samples and the

global samples were not the focus of this thesis.
3.3.2. My participation in air sampling

On each of the four sampling dates, | shared photos on Twitter of myself participating in the
air sampling, which are shown in Figure 3.4A-D. For each round | drove a circular route
through Oxfordshire and the Cotswolds exposing air samplers at the same nine locations: 1)
my home in Abingdon, 2) the entrance gate at Blenheim Palace, 3) a bus stop at Enstone, 4) a
pile of manure near the road leading into Chipping Norton, 5) Chipping Norton town hall, 6)
an iron railing at Moreton-in-Marsh cemetery, 7) a bench at Stow-on-the-Wold, 8) an old
prison at Northleach, and 9) an iron railing in Burford. The circuit took two hours to complete
so | waited six hours before driving the route again to collect the samples to ensure that
samples were exposed for a minimum of eight hours. The circular route is shown in Figure

3.4E and the samples | collected are included in the totals in Table 3.1.
3.3.3. Citizen science soil sampling

Soil sampling packs were only sent to UK participants due to restrictions on moving soil
samples between countries. As shown in Table 3.1, 334 packs were sent out and 246 were
returned resulting in a return rate of 74% and a total of 509 soil samples. Of these 246
participants, 43 (17%) had taken part in one or more of the air sampling rounds. Figure 3.3E
shows a screenshot of the Google map sent out to participants after the soil sampling round,
with samples that grew A. fumigatus shown in green, those that didn’t shown in blue and
those that were too contaminated with other fungal growth to access the A. fumigatus

colonies shown in red.
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Figure 3.4: Photos of me participating in air sampling on A) 21% June 2018, B) 24t Septen?:)er 2018, C) 21
December 2018 and D) 20* March 2019. E) is a screenshot of a Google map showing the route | drove around
Oxfordshire and the Cotswolds on each of the four air sampling dates.

3.3.4, Culturing A. fumigatus from samples

The 1,894 air samples collected and returned by UK participants grew 2,366 fungal colonies
that were identified macroscopically as A. fumigatus, and the 236 air samples collected
globally grew 451 A. fumigatus colonies. The 509 soil samples grew 5,174 A. fumigatus
colonies. The numbers of A. fumigatus colonies cultured from air and soil samples collected

in each sampling round, both in the UK and globally, is shown in Table 3.2.
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Number of samples Number of A.
Type of sample Sampling date that grew A. fumigatus fumigatus colonies
(% of total)? cultured®
Air 21 June 2018
UK 408 (57) 1152
global 81 (56) 280
24 September 2018
UK 190 (48) 429
global 63 (69) 171
21 December 2018 152 (47) 477
20" March 2019 169 (36) 308
Soil 21 June 2019 327 (64) 5174

Table 3.2: Numbers of samples that grew A. fumigatus colonies and the number of colonies cultured across
the four air sampling rounds and one soil sampling round. ? These numbers represent fungal isolates cultured
from samples that were identified macroscopically as A. fumigatus.

3.3.5. Adherence to sampling date for UK samples
samoles Number of
Tvoe of miss'?n samples collected
yp Sampling date og on intended Range of sampling dates
sample date (% i
of total) (% of total)
Air 21 June 2018 8(1) 669 (94) | 20™ June — 1°t July
24 September 2018 9(2) 249 (62) | 17" September — 15t October
21% December 20182 4 (1) 12 (3)? | 12*" December — 19" January
20" March 2019 5(1) 287 (61) | 13™ March — 24" April
Soil 21 June 2019 2 (0) 261 (51) | 16" June — 22" July

Table 3.3: Dates that UK samples were collected for four air sampling rounds and one soil sampling round.
@ Due to weather conditions, and proximity to Christmas, participants for the third air sampling round were asked
to collect on any suitable day between 17t — 215t December, hence low adherence to sampling date.

Table 3.3 shows the proportion of returned samples that were collected on the intended
solstice or equinox date for each sampling round. The first air sampling round had the highest
adherence to sampling date (94%) because great emphasis was placed on date for this round,
but emails were received on the day from several individuals apologising for not taking part
because they were busy. To allow greater flexibility for participants it was decided henceforth
to encourage collection of air samples three days either side of the sampling date, hence the
drop in adherence to sampling date in subsequent rounds. The third air sampling round had
the lowest adherence to date because the winter weather was unpredictable and participants
were encouraged to sample on any date between 17t and 215 December, which 274 (85%)
did. Timing was less important for soil sampling as this was not affected by weather

conditions, therefore less emphasis was placed on sampling date.
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3.3.6. Recruitment methods

On the Google sign up form for the first air sampling round participants were asked several
optional questions. Of the 513 individuals who completed the form, both in the UK and
globally, 233 (45%) indicated they belonged to a research institute and 489 (95%) selected an
option for how they’d heard of the project. As expected, the research institutes that
accounted for the most participants were UKCEH (n = 36) and ICL (n = 16). Individuals had
heard of the project on Facebook (n = 139), by email (n = 128), on Twitter (n = 103), by word-
of-mouth (n = 97) and other (n = 46). The Tweet recruiting participants for the first air
sampling round (#ScienceSolstice) had 642 engagements and made 27,731 impressions, the
Tweet recruiting for subsequent air sampling rounds (#AutumnAirquinox,
#WinterScienceSolstice and #SpringAirquinox) had 244 engagements and made 13,288
impressions, and the Tweet for soil sampling (#SummerSoilstice) had 823 engagements and

made 29,350 impressions.
3.3.7. Participant engagement and feedback

Throughout the air and soil sampling projects, participants shared photos on social media and
by email of them taking part on sampling days (Figure 3.5). They also sent messages of support
by email, on Twitter or handwritten on questionnaires, and | have given talks at several
conferences, schools and interest groups upon invitation by participants. | received many
emails in response to the project updates congratulating me on the success of the projects,
giving words of encouragement and expressing interest and enjoyment at having taken part.
Project updates posted on Twitter, often including photos of me preparing sampling packs or
processing samples in the laboratory, were well-received and often led to interested

individuals getting in touch to participate in an upcoming sampling round.

There were 118 responses to the Google feedback form that was sent out by email after the
first air sampling round. Only nine responses were from individuals who had not taken part,
for the following reasons: the air sampler(s) blew away or was removed (n = 6), the sampling
pack did not arrive in time (n = 1), and they had not made it to a post box yet but still intended
to post (n = 2). Of the 118 responders, 115 (98%) found the email reminders ahead of the

sampling date useful, 98 (95%) found the text reminder the evening before useful and 115
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said they would like to participate again if the project was repeated. 79 responders left
additional feedback in the comment box (Appendix 11), which was useful and enjoyable to

read.

A fungal #sciencesolstice begins! Air samplers in place, @jenmgshe @jenmgshe Today is the day. #ScienceSolstice

On my way to pick up the #5cienceSolstice air sampler from location 2. A Happy #ScienceSolstice Day! Air samplers deployed. Aspergillus fumigatus,
beautiful day for #CitizenScience @jenmashe I'm ready for yal @jenmgshe

—

SCIENCE S(¢ CE
THURSDAY 215 JUNE 2018

** BE A CITIZEN SCIENTIST FOR THE DAY *
Joln follow citizen sclentists across the UK. in sampling
our local air for fungal spores, ta monitar lor
Teuistance 1o aiole fungicide drugs

Beautiful day in Cornwall to participate in some #citizenscience. Passive air
Day 21 of #30DaysWild. Me and the little'n setting up our #ScienceSolstice  samplers for fungal spores for @jenmgshe #5cienceSolstice #microbiology
spore counter. @WildSheffield @DerbysWildlife @30DaysWild @jenmgshe  project are attached on Penryn Campus...

Completing my #ScienceSolstice form ready to send in. One sample from Soil samples collected! They are now on their way to @jenmashe for her
my windowsill & one from top of post box. Hope | caught some Aspergillus  exciting research on azole-resistant fungal spores that can cause
fumigatus spores!! #WeAreAllCitizenScientists - even those of us who do it aspergillosis disease (or fungal asthma’). All the best with the

for a job! #CitizenScience @jenmgshe #5cienceSolstice research Jenny!

Figure 3.5: Several Tweets posted by participants on sampling days showing them taking part in air and soil
sampling. (Permission granted by participants for these Tweets to be displayed.)
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3.3.8. Amendments to sampling methodology

Feedback from participants on and after air sampling dates led to several modifications being
made to air sampling methodologies as the projects progressed. On the day of the first air
sampling round, it soon became apparent that several participants had removed the white
paper label on the air samples that read “LOCATION 1 (or 2) air sampler: please peel this off
and retain, to re-cover air sampler after ~8hrs.” instead of the backing cover (Figure 3.6A),
which meant the air samplers were not properly exposed. These participants were contacted
immediately to remedy this but 20 air samplers were returned that had not been exposed. It
is possible to tell when the air sampler has not been exposed because it remained white and
debris-free, whereas exposed samplers were yellow and dusty, and the sticky face and
backing cover were perfectly aligned. In subsequent air sampling rounds, the air samplers
were instead labelled by hand either “LOCATION 1” or “LOCATION 2” (Figure 3.6B) and
participants were referred to the instruction sheet in the sampling pack (Appendix 4) for how

to expose the samplers.

Several participants in the first air sampling round reported that adhesive putty was not
sufficient for holding the air samplers in place, so for the second sampling round foam
adhesive pads were attached to the samplers instead. Participants then reported difficulties
in removing these adhesive pads from their windowsills, so for the third and fourth rounds

both adhesive putty and foam pads were provided for participants to choose between.

As mentioned in section 3.3.5, several individuals did not take part in the first air sampling
round because they were busy on the intended sampling date. As a result of this, in
subsequent rounds participants were asked to sample on the sampling date when possible
but otherwise within three days either side. A timeline of alterations made to the sampling

methodologies is shown in Appendix 12.
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LOCATION 1 LOCATION 2
Alr sompler Air sampler

Please peel this off and retain, Please peel this off and retain,
to recover air sampler after ~Bhrs. to recover alr sampler after ~Bhrs,

Figure 3.6: A) Air samplers for first air sampling round had sticky labels on the back
with location number and basic instructions, but several participants pealed this off
instead of the back of the air sampler. B) For subsequent air sampling rounds, location
number was handwritten on the back of each air samplers to avoid confusion on how
to expose the air sampler.

3.4. Discussion

From June 2018 to June 2019, citizen scientists were asked to collect air and soil samples on
five solstice and equinox dates throughout the year and received a total of 2,132 air samples
and 509 soil samples from 787 individuals resident in the UK, as well as globally. This achieved
a greater sample number and coverage than previous studies that have collected
environmental samples in the UK to monitor for A. fumigatus and ARAf, which was the
primary aim of using a citizen science approach in this PhD project. The most localised sample
collection previously undertaken was Alshareef and Robson (2014), who collected 24 air
samples from 2009 to 2011 outside a university building in Manchester®>. Dunne et al. (2017)
collected air and soil samples from a single hospital campus in Dublin from 2014 to 2016 but

did not report the total numbers of samples collected®®. Bromley et al. (2014) collected air
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and soil samples from urban sites in central Manchester and rural areas in Greater
Manchester from 2009 to 2011 but also did not report the total numbers of samples
collected®. Over 5 monthsin 2015, Tsitsopoulou et al. (2018) collected 671 soil samples from
urban and rural locations across South Wales and 44 air samples from three major hospitals
in the Cardiff and Newport area'34. Sewell et al. (2019) collected 178 soil samples from four
rural locations across Southern England, as well as Bath city centre and multiple sites within
London from May to July 201831, Fraiije et al. (2020) undertook extensive environmental
sampling, collecting outdoor air samples between February 2018 and May 2019 from
Harpenden and soil samples from urban locations in Hertfordshire, Bedfordshire, Kent,
Suffolk, Somerset, Norfolk and Herefordshire, but did not report the total numbers of samples
collected®. The study with the greatest geographical spread was Van Der Torre et al. (2020),
who collected 74 soil samples from farms and private gardens located in 11 counties across
England throughout 2018%°2. To use the same metric for geographical spread as Van Der Torre
et al. (2020), the 787 individuals who took part in these citizen science projects lived in 47 of
the 48 English counties, as well as several locations in Wales, Scotland and Northern Ireland,

and 16 other countries.

The secondary aim of these citizen science projects was to collect environmental samples
from different seasons throughout the year, to be able to determine whether seasonality has
an effect on numbers of A. fumigatus or ARAf spores in later analyses. This was successfully
achieved for air samples by asking participants to sample on solstice and equinox dates
between June 2018 and March 2019 as, despite adherence to sampling date dropping from
94% in the first round to 12-60% for subsequent rounds, the sampling periods did not overlap
between sampling rounds so all air samples can be attributed to a different season as
intended. It is important to note that the drop in adherence to sampling date was a result of
asking participants to sample three days either side of the sampling date, if more convenient
to them, because sample number was more important than sampling date. It is also worth
noting that the weather on all four air sampling dates was remarkably good in most parts of

the UK, which likely increased participation rates and adherence to sampling dates.

The final aim of these projects was to demonstrate that sample collection by citizen scientists
is a valid methodology for mycological research, which is evidenced by the number and

geographical spread of samples collected and the growth of 7,991 A. fumigatus isolates from
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all samples combined. This far exceeds the number of isolates collected by previous studies
in the UK: for example, 220 isolates from monthly air samples collected in Manchester over
two years®® and 515 isolates from air and soil samples collected across South Wales over 5
months'34, It was also reassuring that approximately half of air samples and one-third of soil
samples did not grow A. fumigatus, which suggests that contamination was not an issue
despite citizen scientists not being experienced in sample collection and A. fumigatus being a
ubiquitous organism. The high return rates of 68-80% seen across the five sampling dates,
which are considerably higher than return rates of 10-15% generally expected for citizen
science projects (personal comms, CEE Symposium Citizen Science, 14" June 2018), imply that
citizen scientists were motivated to take part in these projects. Many participants gave their
reasons for taking part in the survey sent out after the first air sampling round, which were
enjoyable to read and also gave me valuable feedback on what could be improved for

subsequent air sampling rounds.

An unofficial aim of running these projects, because it was not possible to measure its success,
was to raise awareness of aspergillosis disease. Early diagnosis and treatment are associated
with better patient outcomes®®, yet individuals with aspergillosis reported a delay of up to
five years in receiving their diagnosis (personal comms, Sandra Hicks and Gillian Fairweather
of The Aspergillosis Trust). Furthermore, a survey of my ~1,200 Twitter followers in April 2020
revealed that only 54% of 1,267 participants had heard of aspergillosis and knew what it was,
despite many being scientists or medical doctors. All sampling packs that were sent out
contained a two-page description of A. fumigatus, aspergillosis and the importance of
environmental sampling, and blogs about the projects were published on ICL and UKCEH
websites. Articles about the projects have been published in the Botanical Society of
Scotland’s newsletter and the Society for Applied Microbiology magazine, | have given several
conference talks and | have been invited by participants to give talks at schools and public
science events. While there is no way to measure the impact of these engagements, my talks
have been greeted with interest and enthusiasm and | hope the audience left with a greater

understanding of aspergillosis than when they arrived.

Other researchers considering a citizen science approach to data collection might be
interested to know that the costs associated with these projects are considerably lower than

if I'd attempted to collect the same number and coverage of samples by myself. Recruitment
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by social media platforms was free and very effective: the Tweet containing the poster,
description and sign-up link for the first air sampling round reached over 27,000 people and
the Tweet advertising subsequent air sampling rounds was seen by over 29,000. Stationery
was provided by UKCEH and ICL and sampling packs were posted using ICL’s franking system.
Approximately £800 was spent on setting up and renewing the Royal Mail first-class Freepost
return, £1,800 on laboratory reagents and consumables and £50 on additional stationery,
bringing the total to £2,850. This is the equivalent of £1 per sample or 33 pence per A.

fumigatus isolate across the five air and soil sampling rounds.

An aspect of citizen science | had not considered before organising and running the projects
was the level of support and encouragement the participants would provide. As soon as |
advertised the first air sampling project, individuals were keen to hear more about my
research and to participate in sample collection. On sampling dates, individuals engaged with
me on social media and via email providing photos of them collecting samples and giving
feedback on their experience. Every update email received numerous replies from
participants expressing their interest in results and/or their enjoyment at being involved, as
well as messages of encouragement. Whenever possible | have responded to requests from
participants to write articles or to give talks and have therefore interacted with many of these
individuals outside of the projects. If my PhD had gone ahead as originally planned - with all
samples being collected and processed by myself - it would have been a solitary experience,
but as a result of involving citizen scientists | have had to opportunity to interact with

hundreds of people and their interest in my research has been a constant morale boost.

To summarise, this citizen science approach has exceeded my expectations in terms of
participation rates, number and coverage of samples collected, timing of sample collection
and numbers of A. fumigatus isolates cultured for onwards analysis. The projects have proved
that sample collection by citizen scientists is viable for subsequent mycological research as
well as cost-effective, with the added bonus of engaging interested members of the public at
a time when increasing emphasis is being placed on science communication. | hope these
projects have also increased awareness amongst participants of aspergillosis diseases. | would
urge other microbiologists and mycologists to consider using a citizen science approach in

their research and to adapt the simple and inexpensive sampling methodologies used here to
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monitor environmental levels of other fungal, bacterial or viral pathogens, DNA, toxins,

insects or chemicals of interest.
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Chapter 4: Azole-Resistant Aspergillus
fumigatus Spores in UK Air

Abstract

Aspergillus fumigatus spores are well-adapted for dispersal on air currents by their small size,
hydrophobicity and melanisation of their cell walls that protects them from ultraviolet light.
It is their small size and thermotolerance that enables them to establish and grow in human
lungs if they are not cleared by the innate immune system. As it is estimated that every human
inhales several hundred A. fumigatus spores daily, it is important to understand whether
these spores have the potential to establish lung infections that are resistant to medical

azoles.

In this chapter, 2,366 A. fumigatus spores cultured from air samples collected across the UK
and Republic of Ireland were tested for susceptibility to the agricultural azole tebuconazole
and medical azoles itraconazole, voriconazole, posaconazole and isavuconazole. Of these, 111
isolates (5%) were resistant to tebuconazole, of which 88 isolates (79%) were also resistant
to at least one of the medical azoles and 15 (14%) manifested pan-azole resistance to
itraconazole, voriconazole, posaconazole and isavuconazole. The cyp51A resistance
mechanism TR34/L98H was detected in 58 isolates and TR4s/Y121F/T289A in six isolates, one
isolate contained only TR, four isolates contained only amino acid substitutions in cyp51A

and 30 isolates did not contain any cyp51A resistance-associated polymorphisms.

Spatial analysis showed no spatial structuring of ARAf across the UK, showing broad exposure
of the UK public to this bioaerosol. Variables including season in which the air sample was
collected, the proximity of the sample to the nearest composter with open windrow or
outdoor activity and the percentage of arable land in the 2 km surrounding sampling location
were found to have significant effects on the likelihood of the sample growing A. fumigatus

and on the number of A. fumigatus colonies grown.

These findings highlight a significant public health risk to individuals with pre-disposing factors
to aspergillosis in the UK, due to their 1 in 20 chance of inhaling an A. fumigatus spore that

has acquired azole-resistance. At-risk individuals could be advised not to work or live near to
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a composting facility with open windrow or outdoor activity or spend time outdoors when
farmers are spreading compost, manure or slurry on their fields, in order to reduce their
exposure to airborne A. fumigatus. These results also support the need for novel antifungals
to treat aspergillosis infections that have acquired pan-azole resistance, despite no prior

treatment of the patient with azole drugs, and their ringfencing for medical applications only.

4.1. Introduction

4.1.1. Airborne Aspergillus fumigatus spores

Aspergillus fumigatus spores (conidia) are well-adapted to airborne dispersal due to their
small size (2.5-3 um), hydrophobicity, melanin in their cell wall and thermotolerance’. It is
hypothesised that microbes or organisms smaller than a few millimetres are globally
distributed due to their ability to disperse via air currents'®®, which has been demonstrated
for A. fumigatus by the recovery of genetically-similar isolates from clinical and environmental
samples across the world*®71%8, The hydrophobicity of A. fumigatus spores is due to the rodlet
layer in their cell wall, comprised of low molecular mass secreted proteins called
hydrophobins, which repels water'®®, As a result, splashing rain has been shown to disperse
huge numbers of hydrophobic spores?®. The distinctive blue-green colour of A. fumigatus
spores is produced by the melanin pigment 1,8-dihydroxynaphthalene in the cell wall, which
protects the spore from damage caused by ultraviolet (UV) radiation in sunlight as well as
chemical stresses, high temperature and host immune responses?%. A. fumigatus is unusually
thermotolerant for a eukaryotic organism; it grows rapidly at 37°C, human body temperature,
and is one of the few microbes still able to grow at the 50-60°C temperatures found in self-
heating compost??2. Furthermore, spores can grow in temperatures down to 12°C, can
tolerate freezing conditions, and can remain viable after being frozen or dehydrated for many
years>3. The combination of these factors allows A. fumigatus spores to be carried easily by
air currents, with Taha et al. (2015) showing that a mean wind speed of 1 m/s was sufficient
to generate an emission rate of 8-11 x 103 colony forming units (CFU)/m?/s of A. fumigatus
spores from an undisturbed compost pile®?, whilst remaining unaffected by environmental
stresses. Viable A. fumigatus spores have even been recovered from the lower atmosphere

by flying a drone at 120 m that was customised to hold spore traps2%.
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4.1.2. Air sampling methodologies

4.1.2.1. Culture-based
The standard method for detecting airborne microbes is by impaction onto plates containing

agar; either by using gravity to deposit onto settle plates (passive air sampling) or by using an
air sampling device to draw in air of a pre-selected volume and/or at a fixed rate onto the
plate (active air sampling). When culturing fungal spores, the agar can be supplemented with
antibiotics to prevent bacterial contamination, growth-suppressants such as Rose Bengal to
prevent contamination by fast-growing mucoraceous moulds, or antifungals to select for
drug-resistant spores>’. The type of agar used can also be varied to target different fungal
species. The plates are then incubated for several days - duration and temperature dependant
on the target species - and CFUs determined based on macroscopic and microscopic
appearance of colonies. Settle plates are an inexpensive method for detecting whether fungal
spores are present, for example as contaminants in pharmaceutical clean rooms or in hospital
theatres, and results are expressed as CFU/plate/time?%4. As air sampling devices record the
volume of air impacted on the plate, the CFU/m?3 can be calculated from active air samples>’
but the cost of the device can be a limiting factor for those wishing to undertake air sampling.
The limitations of culture-based methods are a) the time taken to culture fungi, b) the risk of

contamination, and c) that not all fungal species can be grown in culture.

4.1.2.2. PCR-based
Other active air samplers impact air onto adhesive plastic tape attached to a rotating drum

(7-day volumetric spore trap, Burkard Manufacturing Co Ltd, Hertfordshire, UK) or collect air
into Eppendorf tubes (cyclone sampler for airborne particles, Burkard Manufacturing Co Ltd,
Hertfordshire, UK), and each length of tape or tube corresponds to a duration of time and/or
volume of air drawn into the sampler. Fungal spores are recovered by suspension of the tape
or tube in solution, DNA is extracted and PCR is performed: either using primers specific for a

205 or universal primers for profiling fungal diversity?%®. The

particular fungal species
limitations of PCR-based methods are that a) presence of fungal DNA does not inform
whether the airborne spore was viable, b) primers are biased towards amplification of
different fungal groups, and c) identification is reliant on the fungal sequence being present

in the reference database.
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4.1.3. Air sampling for A. fumigatus in the UK

4.1.3.1. Industrial composters
The composting process has long been associated with high levels of A. fumigatus®®’, with

mechanical agitation of open-air compost piles highlighted as the greatest emission source of
airborne spores from composting sites to the surrounding environment2%82%°, As 3 result of
this, numerous studies have been undertaken to assess levels of A. fumigatus spores upwind
from, at and downwind from industrial composters around the world>8-60.210.211 These studies
are important to monitor the exposure of workers to A. fumigatus spores and other
bioaerosols including bacteria, viruses and endotoxins®®, which have been associated with
adverse health outcomes such as increased phlegm production, frequent coughing, colds,
bronchitis and shortness of breath?!2. There is also concern for nearby residents after an
asthmatic man living in the vicinity of a municipal compost site developed allergic

bronchopulmonary aspergillosis (ABPA)?13,

In the Department for Environment, Food & Rural Affairs (Defra) 2011 Review of Waste Policy
in England, it was estimated that 0.4-0.7 tonnes of carbon emissions could be reduced by
diverting food waste from landfill to composting?4 and as a result the number of large-scale
composting facilities is increasing?’>. Open windrow composting is when organic waste is
shredded, mixed and placed in uncovered rows that are turned regularly during the 16-week
composting process to distribute heat and moisture and improve oxygenation of the waste.
This method predominates in the UK and accounted for 90% of total composting undertaken
in 200721, Subsequently, there are numerous UK-based studies monitoring release of A.
fumigatus spores and other bioaerosols from composting facilities®163129,185-187 "\which has
led to the Environment Agency issuing the M9 protocol
(https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment
_data/file/730226/M9_Environmental_monitoring_of bioaerosols_at_regulated_facilities.p
df) for the environmental monitoring of bioaerosols at these sites. The Environment Agency
requires composters with workplaces and dwellings within 250 m of their facility to
demonstrate that bioaerosols in this range are at acceptable concentrations above upwind
background concentrations, which for A. fumigatus spores is 500 CFU/m3 above
background®. Williams et al. (2019) used atmospheric dispersion modelling to demonstrate

that concentrations of A. fumigatus spores reduced rapidly with distance from composting
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facility, with the steepest drop-off between 0 m and 250 m and concentrations reaching

background levels at approximately 2 km?2,

4.1.3.2. Hospitals
Several studies undertaken in the UK and Republic of Ireland to monitor levels of A. fumigatus

spores have taken place in hospital grounds, due to the risk of immunocompromised patients
contracting aspergillosis. Dunne et al. (2017) used a dual-head surface air sampler (VWR
International, Milan, Italy) to collect twice monthly samples from clinical and nonclinical areas
on a hospital campus in Dublin but do not report how many colonies grew from these
samples!®. Mullins et al. (1984) used Andersen samplers?!’ to collect A. fumigatus spores
onto malt extract agar (MEA) plates hourly for a year from the roof of a Cardiff hospital and
reported an average spore concentration of 11.3 CFU/m?3 28, Tsitsopoulou et al. (2018) used
a single-headed SAS air sampler (Cherwell Laboratories, Bicester, UK) to collect air samples
onto Sabouraud dextrose agar (SDA) plates from clinical sites of three major hospitals in the
Cardiff and Newport area in South Wales'34, Of the 44 air samples they collected, 17 (38.6%)

grew A. fumigatus colonies.

There is an association between aspergillosis and construction work on or near hospital
grounds, unfortunately proven by previous outbreaks?!®-221, For this reason, Goodley et al.
(1994) used an SAS air sampler (Cherwell Laboratories, Bicester, UK) to collect weekly air
samplers onto SDA plates from three external sites at Guys hospital in London for a year while
building work was taking place but did not find an increase in spore levels due to building
activity??2,

4.1.3.3. Background levels

Fewer studies have looked at the background levels of A. fumigatus spores in UK air that is
not near to composting facilities or hospitals. Alshareef and Robson (2014) used an SAS air
sampler (Cherwell Laboratories, Bicester, UK) to collect air samples onto potato dextrose agar
(PDA) plates monthly for two years from a single location on the University of Manchester
campus and reported A. fumigatus concentrations between 3 and 20 CFU/m?3 ®. Bromley et
al. (2014) used single- and double-headed SAS air samplers (Cherwell Laboratories, Bicester,
UK) to collect air samples onto MEA plates from multiple urban and rural sites around Greater
Manchester but do not report how many colonies grew from these samples®t. Mullins et al.

(1976) used MEA settle plates and Anderson samplers to collect weekly samples from two
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outdoor urban and two rural locations around Cardiff and report average spore
concentrations of 15 CFU/m3 %6, Fraaije et al. (2020) used mobile spin air samplers (IUL, Spain)
to collect air samples onto SDA plates in Boskoop and Boxtel in the Netherlands and
Harpenden in the UK at three timepoints over a 16 month period®®. They report a daily intake
of between 14 and 193 A. fumigatus spores at the Boxtel location, based on an adult air intake

of 14,000 L.

4.1.4. Seasonal differences in levels of airborne A. fumigatus

spores

Two monitoring networks have been established in the UK to measure seasonal trends in
airborne allergens pollen and fungal spores, including A. fumigatus: the Midlands Asthma &
Allergy Research Association (MAARA) in Derby established in 1968223 and the National Pollen
and Aerobiology Research Unit at the University of Worcester established in 20062%4. Both
networks use seven-day volumetric spore traps (Burkard Manufacturing Co Ltd,
Hertfordshire, UK) and group Aspergillus and Penicillium species based on their visual
similarity under the microscope. MAARA used Aspergillus/Penicillium spore numbers
recorded from 1970 to 2003 to show that concentrations peaked in the autumn??>, visualised
for 1991 to 2003 in Figure 4.1, which agrees with the Worcester station that showed spore

numbers to be at their lowest in May increasing to their highest levels in October??4,

W 1991 m1992 W1993 W 1994 m 1995 WM 1996 WM 1997 WM 1998 W 1999 m 2000 m 2001 m 2002 m 2003

Figure 4.1: Aspergillus/Penicillium spore concentrations in outdoor air samples collected in Derby by the
Midlands Asthma & Allergy Research Association (MAARA) from 1991 to 2003. Produced from data reported
in Millington et al. (2005)2%°.
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Jenkins et al. (1980) found a sharp increase in spore counts of Fungi imperfecti, which included
Aspergillus species, in July and August??® whereas Alshareef and Robson (2014) did not find
any significant seasonal variation or correlation with temperature in the number of viable A.
fumigatus spores collected throughout their 2-year study in Manchester®. Using passive air
samplers, Mullins et al. (1976) found the highest numbers of A. fumigatus spores in December
and January and the lowest numbers between April and November®®. Using active samplers,
the same study found a peak in spore numbers in March and the lowest numbers between
May and October. All studies showed that Aspergillus species or A. fumigatus spores were

present in air samples all year round.

The peak of asthma hospital admissions and deaths in the UK occurs in late summer to
autumn??’-22% and it is likely that exposure to increased levels of mould spores in outdoor air
contributes to this. Targonski et al. (1995) found that the odds of asthma-related mortality in
5- to 34-year-olds in Chicago were 2.16 times higher on days that mould spore counts
exceeded 1000 spores/m3 compared to days when mould spore counts were below this
threshold?3°. Research is ongoing to define the link between outdoor and indoor spore levels,

“Sick Building Syndrome” and asthma-related illness and mortality.

4.1.5. Background levels of azole-resistant airborne A. fumigatus

spores

It is currently not possible to estimate the proportion of airborne A. fumigatus spores
circulating in the UK that are azole-resistant because of the limited geographical spread of
existing studies and/or lack of information provided to calculate this. Tsitsopoulou et al.
(2018) collected 44 air samples from outside three major hospitals in Cardiff and Newport
that grew 17 A. fumigatus isolates, all of which were susceptible to azoles'3*. Dunne et al.
(2017) do not disclose how many air samples they collected from outside the hospital in
Dublin, nor how many A. fumigatus isolates grew from them, only that two of the isolates
were azole-resistant and contained TR34/L98H'%°. Bromley et al. (2014) collected an unknown
number of air samples from urban areas in Manchester and 150 air samples from rural areas,
which grew an undisclosed number of A. fumigatus isolates, of which one isolate was azole-
resistant and contained the following amino acid substitutions in cyp51A: D100G, V101l and

N102H™!, Fraaije et al. (2020) do not disclose how many air samples they collected from
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Harpenden or how many A. fumigatus isolates grew from them, only that two isolates were

azole-resistant and one of these contained TR34/L98H®°.

In order to identify locations or activities in the UK associated with higher outdoor
concentrations of airborne A. fumigatus or ARAf spores than ‘background’, it is important to
define the baseline concentrations of spores and how they naturally fluctuate between
seasons and rural and urban areas. The challenges for doing so currently are: 1) the lack of
studies characterising baseline concentrations of A. fumigatus or ARAf spores in the UK, 2)
existing UK studies lack the duration or geographical spread of sampling to compare spore
concentrations between seasons and areas, and 3) inconsistency in the way that spore

concentrations are reported between studies. The aims of this chapter were fourfold:

1. To ascertain baseline concentrations of airborne A. fumigatus and ARAf spores in the
UK,

2. To establish whether airborne ARAf spores in the UK have cross-resistance to
agricultural and medical azoles,

3. To characterise cyp51A polymorphisms in airborne ARAf spores, and

4. To determine whether environmental variables influence spore numbers or azole-

resistance in the air.

These aims were achieved by culturing A. fumigatus from the air samples collected by citizen

scientists on four dates throughout the year from locations across the UK (Chapter 3).

4.2. Methods

4.2.1. Air sampling methodology

The logistics of a citizen science approach to air sampling meant that the sampling
methodology needed to be compact, low-cost and simplistic. It was never feasible to supply
participants with an active air sampler, which meant that sample collection had to be done
using a passive method. Settle plates containing MEA, PDA or SDA nutrient media were
considered but problems included: a) restrictions on posting liquids using Royal Mail, b)
growth of microorganisms on agar after collection and in transit having potential health

impacts for citizen scientists or postal workers, and c) increased cost of Freepost return for
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large letters as opposed to standard letters. By comparison, spores on adhesive films are

unable to germinate and grow until they were placed on growth medium.

The chosen method of exposing the sticky side of an adhesive film to collect spores had

193 and

already been used by Henk et al. (2011) for collecting Penicillium chrysogenum spores
it was demonstrated to also work for collecting A. fumigatus spores in urban and rural
locations (section 3.2.1). Each air sampler was compact (6.8 cm x 8.0 cm), lightweight (2 g),
easy to attach in place using adhesive putty or foam adhesives, straightforward to expose by
peeling off the backing cover, only cost 25 pence and two samplers together were suitable

for posting in a Royal Mail standard letter.

4.2.2. Processing air samplers, culturing A. fumigatus and testing

for ARAf

When sampling packs were received back from citizen scientists, the air samplers and
paperwork were processed as detailed in section 2.3. Briefly, the cover of the air sampler was
removed and the sticky side was placed face-down on an SDA plate containing penicillin (200
mg/L) and streptomycin (400 mg/L). The plate was incubated for 24 hours at 43°C, the
sampler was removed and the plate was incubated for a further 24 hours at 43°C. A. fumigatus
colonies were picked into a tube containing mould preservation solution (MPS), which was
labelled and refrigerated. Each A. fumigatus isolate was then tested for susceptibility to

tebuconazole (6 mg/L), as detailed in section 2.4.
4.2.3. Cross-resistance to medical azoles

Isolates found to be resistant to tebuconazole were taken to the Public Health England (PHE)
Mycology Reference Laboratory in Bristol for antifungal drug susceptibility testing to the four
medical azoles itraconazole (ITZ), voriconazole (VCZ), posaconazole (PCZ) and isavuconazole
(1SZ), using the Clinical and Laboratory Standards Institute (CLSI) methodology as detailed in
section 2.8. Resistance to ITZ, VCZ and ISZ was considered as an MIC >= 2 mg/L and resistance

to PCZ was considered as an MIC >= 0.5 mg/L.
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4.2.4. Cryopreservation, DNA extraction and gene sequencing of

ARAf

Isolates found to be tebuconazole-resistant were cryopreserved at -80°C (section 2.6) and had
their DNA extracted and stored at -20°C (section 2.7). The DNA from these isolates was then
amplified and sequenced for the cyp51A gene promoter and coding regions to determine

whether the known resistance-associated cyp51A polymorphisms were present (section 2.9).
4.2.5. Confirming identity as A. fumigatus

Isolates were picked from SDA plates and preserved based on their macroscopic appearance
as A. fumigatus. If an isolate looked or behaved differently when subsequently cultured, or
failed to amplify with the cyp51A primers, its identity as A. fumigatus was assessed by its
microscopic appearance, using matrix assisted laser desorption ionization-time of flight
(MALDI-TOF) mass spectrometry and/or beta-tubulin gene sequencing, as detailed in section

2.10.
4.2.6. Whole-genome sequencing

Tebuconazole-resistant isolates collected in the first air sampling round (prefix SS18) were
sent for whole-genome sequencing (WGS). High quality genomic DNA (gDNA) was DNA
extracted, purified and sequenced as detailed in section 2.11.1. The raw WGS reads were
processed (section 2.11.2) and a phylogenetic tree was produced (section 2.11.3) that
included 37 tebuconazole-resistant SS18 A. fumigatus UK isolates, eight tebuconazole-
resistant SS18 A. fumigatus global isolates and 212 additional UK A. fumigatus isolates from
Rhodes et al. (2021)%31. Of these 212 isolates, 147 were clinical and 65 were environmental
and all were collected in England, Wales, Scotland and Republic of Ireland between 2005 and

2017.

4.2.7. Environmental factors relating to UK sampling dates and

locations

To assess the impact of climate and land use variables on the growth and numbers of A.

fumigatus and ARAf spores, additional data were obtained for each sample according to its
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location and date it was collected. Maximum daily temperatures were obtained for sampling
dates, as detailed in section 2.12, to determine whether ambient temperature affected the
viability of A. fumigatus or ARAf spores. The land cover classification of each sampling location
and the percentage of arable land in the 2 km buffer surrounding it was obtained from UK
Centre for Ecology & Hydrology (UKCEH) land cover map for 2019 (LCM2019), as detailed in
sections 2.13 and 2.14, and the distance from sampling locations in England (n = 1,502) to
their nearest composting facility with open windrow or outdoor activity (OW/OA) was
calculated, as detailed in 2.15. These variables were to determine whether land use at or
surrounding the sampling location, or its proximity to an OW/OA composter, affected
whether the sample grew A. fumigatus or ARAf or the number of A. fumigatus or ARAf

colonies that grew.

4.2.8. Generalised linear models
. Number of
Name of variable Type of data T
Growth of A. fumigatus Binary 1,894
Dependent Number of A. fumigatus grown Count 918
variables Growth of ARAf Binary 1,894
Number of ARAf grown Count 732
Sampling round Categorical 1,894
Date sample collected Categorical 1,894
Maximum daily temperature at sampling Continuous 1,889°
location
Land cover classification of sampling location | Categorical 1,889°
Urban or rural sampling location Categorical 1,889°
Ind?pendent Percentage arable land in 2 km buffer Continuous 1,889°
variables ) . .
surrounding sampling location
Distance to nearest OW/OA composter Continuous 1,889°
Land cover classification of nearest OW/0OA Categorical 1,889°
composter
Urban or rural location of nearest OW/OA Categorical 1,889°
composter

Table 4.1: Dependent and independent variables used in generalised linear model fitting to determine the
influence of climate and location on growth of A. fumigatus and azole-resistant A. fumigatus. ® Counts of 0 were
excluded to avoid replicating the logistic regressions. ® Data available for samples collected in England, Wales,
Scotland and Northern Ireland hence samples collected from the Republic of Ireland were not included. OW/OA
composter = composter with open windrow or outdoor activity.

The dependent and independent variables used in fitting the generalised linear models

(GLMs) are shown in Table 4.1. Logistic regressions were used to look for associations
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between these independent variables and the likelihood of a sample growing A. fumigatus or
ARAf. Poisson regressions were deemed unsuitable for analysis due to overdispersion of the
count data, shown in Figure 4.2, which resulted in the residual deviance in the model being
far greater than degrees of freedom when these should be in approximately 1:1 ratio.
Negative binomial regressions were used instead to determine whether any of the
independent variables significantly affected the number of A. fumigatus or ARAf colonies

grown from a sample.
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Figure 4.2: Histograms showing the distribution of numbers of A) A. fumigatus colonies and B) azole-resistant
A. fumigatus colonies grown from positive samples.

4.2.9. Geographically weighted regression

Analysis using geographically weighted regression (GWR) was carried out using ArcGIS Pro
version 2.7.2232, GWR allows the relationship between the dependent and independent
variables to vary in space, which it does by calculating a regression equation for each location
and comparing to regression equations for a chosen number of neighbouring locations. To
perform this analysis, the models of best fit chosen by the GLMs were run using GWR
including the latitude and longitude of each sampling location. As GWRs only accept
continuous independent variables, maximum daily temperature, percentage arable land in 2
km surrounding buffer and distance to nearest composter were used in the analysis. To
account for effect of season, data were subset by sampling round and a GWR was run on each

subset separately. Currently, GWR can only be run on data with a Gaussian, binomial or
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Poisson distribution; therefore, GWRs were run to determine whether location affected the
likelihood of a sample growing A. fumigatus. GWRs that were run to determine whether
location affected the likelihood of a sample growing ARAf failed due to insufficient numbers
of positives. The GWRs output regression coefficients and standard errors for the relationship
between the dependent and independent variables at each sampling location, which were
converted into odds ratios and 95% confidence intervals (Cls). A relationship between

variables was considered significant if the 95% Cls were both less than or both greater than

one.
4.3. Results
4.3.1. Validation of air sampling methodology

As discussed in Chapter 3, the total number of UK air samples returned (n = 1,894) and the
return rates of 68-80% across all four air sampling rounds demonstrate that the air sampling
methodology used was straightforward enough for individuals to use without training.
Furthermore, the growth of 2,366 A. fumigatus isolates from air samples collected in the UK
and 451 isolates from those collected globally confirmed that the collection and temporary

storage of spores on adhesive films did not affect their viability.

An additional consideration for using adhesive films instead of settle plates was that a
proportion of air samples (not recorded but estimated at 5%) grew mucoraceous moulds. Like
A. fumigatus, these moulds grew at 43°C, were often tebuconazole-resistant and had the
potential to be pathogenic. If settle plates containing nutrient media were used, it is likely
that both A. fumigatus and the mucoraceous moulds would have germinated and started to
sporulate immediately after collection. All sample processing and subsequent handling of
cultures was done in a category 2 hood whilst wearing personal protective equipment (PPE)
in recognition of the pathogenic potential of A. fumigatus and environmental contaminants

(section 2.1).
4.3.2. ARAf in UK air samples

There were 1,894 air samples collected by UK citizen scientists across the four air sampling

dates and 919 (49%) samples grew a total of 2,366 A. fumigatus colonies. Of the samples that
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grew A. fumigatus, 73 (8%) samples grew 111 colonies that were resistant to tebuconazole at
a concentration of 6 mg/L: of which 42 (38%) were collected in the summer, 26 (23%) in
autumn, 15 (14%) in winter and 28 (25%) in spring sampling rounds. The breakdown of air
samples collected and those that grew A. fumigatus and ARAf by sampling date is shown in
Table 4.2, and the numbers of A. fumigatus and ARAf colonies grown for each sampling date
is shown in Table 4.3. Figure 4.3 shows the locations of samples collected across the four
sampling dates, with samples that did not grow A. fumigatus shown in blue, samples that

grew A. fumigatus shown in green and samples that grew ARAf shown in red.

Number of air | Number of air samples | Number of air samples that
Sampling date samples that grew A. fumigatus grew ARAf (% of samples
collected (% of samples) that grew A. fumigatus)
21° June 2018 712 408 (57) 30(7)
24™ September 2018 398 190 (48) 14 (7)
21°* December 2018 321 152 (47) 12 (8)
20" March 2019 463 169 (37) 17 (10)
Total: 1,894 919 (49) 73 (8)

Table 4.2: The number of air samples collected, the number of air samples that grew A. fumigatus and the
number of samples that grew azole-resistant A. fumigatus across the four air sampling dates.

Number of Average number of Number of ARAf
Sampling date A. fumigatus isolates A. fumigatus isolates isolates (% of
grown from air samples grown per air sample A. fumigatus)
21° June 2018 1,152 2.8 42 (4)
24™ September 2018 429 2.3 26 (6)
21 December 2018 477 3.1 15 (3)
20" March 2019 308 1.8 28 (9)
Total: 2,366 2.6 111 (5)

Table 4.3: The number of A. fumigatus and azole-resistant A. fumigatus isolates grown from air samples and
the average number of A. fumigatus isolates grown per sample across the four air sampling dates.
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i Fa 4 o E
Figure 4.3: Maps showing locations of UK and Republic of Ireland air samples collected on A) 21
June 2018, B) 24" September 2018, C) 215 December 2018 and D) 20™ March 2019. Blue dots
indicate samples that did not grow A. fumigatus colonies, green dots indicate samples that did and

red dots indicate samples that grew azole-resistant A. fumigatus.
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4.3.2.1.

Cross-resistance of UK tebuconazole-resistant airborne A. fumigatus to
medical azoles
Of the 111 UK tebuconazole-resistant A. fumigatus isolates tested for susceptibility to the

medical azoles, 85 isolates were resistant to ITZ (77%), 64 were resistant to VCZ (58%), 19

were resistant to PCZ (17%) and 83 (75%) were resistant to ISZ. Four (4%) of the tebuconazole-

resistant isolates were resistant to one of the medical azoles, 19 isolates (17%) were resistant

to two, 50 isolates (45%) were resistant to three and 15 isolates (14%) were resistant to all

four medical azoles, while 23 isolates (21%) were fully susceptible to medical azoles. Further

details of these isolates are given in Table 4.4.

Sampling Sample
(s:rz:::Ie (nu:Rt;\efr o nortcl:ntjcr)I ts‘guth 1Tz vez PCZ 152 polyzﬁf;:isms
prefix) isolates)
215 June | 084-02 (1) Edinburgh 16 2 0.25 4 TR34/L98H
2018 | 251-01 (1) Northumberland 16 2 0.25 2 TR34/L98H
(3518) 073-01 (0) Dumfries & Galloway | 0.25 2 0.12 0.5
074-02 (1) Cumbria 16 2 0.5 2 TR34/L98H
068-01 (2) Lancashire 16 2 0.25 2 TR34/L98H
16 2 0.25 2 TR34/L98H
007-02 (1) West Yorkshire 16 2 0.25 2 TR34/L98H
381-02 (1) Cheshire 16 2 0.25 2 TR34/L98H/N479S
202-02 (1) South Yorkshire 16 4 0.25 2 TR34/L98H
403-01 (1) Conway 16 2 0.25 2 WT
075-01 (1) Cheshire 16 4 0.5 4 TR34/L98H
257-01 (1) Derbyshire 16 2 0.5 2 TR34/L98H
261-02 (2) West Midlands 16 2 0.5 2 TR34/L98H
0.12 0.5 0.06 0.5 WT
278-02 (1) West Midlands 16 1 0.5 2 TR34/L98H
085-01 (1) Worcestershire 16 2 0.25 4 TR34/L98H
139-01 (1) Suffolk 16 2 0.25 4 TR34/L98H
177-02 (1) Gloucestershire 16 2 0.25 2 WT
143-01 (1) Hertfordshire 16 2 0.25 4 TR34/L98H
082-01 (4) Hertfordshire 16 4 0.5 4 TR34/L98H
16 4 0.5 4 TR34/L98H
16 2 0.25 4 TR34/L98H
16 2 0.25 2 TR34/L98H
056-02 (4) Buckinghamshire 16 1 0.5 2 TR34/L98H
16 2 0.25 2 TR34/L98H
16 2 0.25 2 TR34/L98H
16 2 0.25 2 TR34/L98H
005-02 (1) Oxfordshire 16 16 0.5 16 TRas/Y121F/T289A
013-01 (1) Oxfordshire 16 2 0.25 2 TR34/L98H
040-01 (1) Oxfordshire 16 0.5 TR34/L98H
375-02 (0) Oxfordshire 0.25 0.06
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340-01 (2) London 16 2 0.25 2 TRsa
16 2 0.25 2 TR34/L98H
423-01 (1) Bristol 0.12 0.12 0.03 0.25 WT
304-01 (1) Hampshire 16 2 0.25 TR34/L98H
193-02 (2) West Sussex 16 1 0.5 2 TR34/L98H
0.12 0.25 0.03 0.5 WT
248-01 (0) Hampshire 16 16 0.5 16
204-01 (3) Devon 16 2 0.5 2 TR34/L98H
16 2 0.25 2 TR34/L98H
16 2 0.5 2 TR34/L98H
285-01 (1) Cornwall 16 2 0.25 4 WT
24t | 081-01 (1) Fife 16 4 0.25 2 TR34/L98H
September | 026-01 (1) Cumbria 16 4 0.5 4 TR34/L98H/D481N
A2E01188 098-02 (2) Lancashire 16 0.5 0.5 4 WT
( ) 16 2 0.25 2 WT
098-01 (10) Lancashire 16 2 0.25 4 D262Y
16 2 0.25 2 WT
16 2 0.25 2 WT
16 2 0.25 2 WT
16 2 0.25 2 WT
16 1 0.25 2 WT
0.25 0.25 0.06 0.25 WT
16 2 0.25 2 TR34/L98H
16 2 0.25 2 WT
16 2 0.25 2 WT
016-02 (1) Lancashire 16 2 0.25 2 TR34/L98H
060-01 (1) West Midlands 16 2 0.25 2 TR34/L98H
125-01 (1) Northamptonshire 16 1 0.25 2 TR34/L98H
124-01 (1) Essex 16 2 0.5 2 TR34/L98H
037-01 (0) Hertfordshire 16 2 0.25 1
082-02 (1) Hertfordshire 0.25 0.5 0.06 0.5 WT
211-01 (1) Oxfordshire 16 1 0.25 2 TR34/L98H
225-02 (0) Cardiff 0.06 0.13 0.03 0.12
064-01 (1) London 16 2 0.25 2 TR34/L98H
187-01 (3) Wiltshire 16 1 0.25 2 TR34/L98H
16 2 0.5 4 TR34/L98H
0.12 0.25 0.03 0.25 WT
21% | 061-01 (0) Dumfries & Galloway 0.12 0.12 0.03 0.25
December | 061-02 (0) Dumfries & Galloway | 0.25 1 0.12 1
(Mi’iol-g 134-02 (2) Cumbria 16 1 0.25 2 TR34/L98H
16 4 0.5 8 TR34/L98H
060-01 (1) West Yorkshire ND ND ND ND TR34/L98H
028-02 (1) Lancashire 16 1 0.25 2 TR34/L98H
153-01 (2) Merseyside 16 1 0.25 2 TR34/L98H
16 1 0.25 2 TR34/L98H
119-02 (1) Nottinghamshire 16 2 0.25 4 TR34/L98H
045-01 (1) Lincolnshire 16 1 0.25 2 TR34/L98H
045-02 (1) Lincolnshire 16 1 0.25 2 TR34/L98H
040-01 (2) Oxfordshire 16 2 0.25 2 TR34/L98H
0.06 0.25 0.03 0.5 D262Y
161-01 (0) Mid Glamorgan 0.5 1 0.12 1
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125-01 (1) Surrey 16 1 0.25 2 TRs4/L98H
20" March | 182-02 (1) Dundee 0.12 0.12 0.03 0.25 WT
2019 | 178-01 (1) Londonderry 0.06 | 0.12 | 0.03 | 0.25
(SA19) 122-01(2) West Yorkshire 16 1 0.25 1
16 1 0.25 1
184-01 (1) Cheshire 0.06 0.25 0.03 0.25 S46F/R66W/
M172V/E427K
050-01 (1) Staffordshire 16 1 0.25 2 D262Y
051-01 (1) Cambridgeshire 16 1 0.25 2 WT
170-01 (1) Powys 16 16 | 025 | 16 | TRas/Y121F/T289A
207-02 (1) Northamptonshire 0.25 16 0.12 16 TRas/Y121F/T289A
176-01 (8) Suffolk 16 1 0.25 2 WT
16 1 0.25 2 TR34/L98H
16 2 0.25 2 WT
0.06 0.25 0.03 0.25 WT
0.12 0.25 0.03 0.5 WT
0.06 0.25 0.03 0.25 WT
0.06 0.25 0.03 0.25 WT
0.06 0.25 0.03 0.25 WT
154-02 (2) Carmarthenshire 16 16 0.25 8 TRa6/Y121F/T289A
16 1 0.25 2 TR34/L98H
001-03 (1) Oxfordshire 16 1 0.25 2 TR34/L98H
208-01 (1) Oxfordshire 16 2 0.25 4 TR34/L98H/V486I
063-01 (1) Essex 0.12 0.25 0.03 0.25
0.5 0.5 0.03 0.5 WT
004-01 (1) Oxfordshire 0.25 0.25 0.03 0.5 WT
120-01 (1) Oxfordshire 16 2 0.25 2 TR34/L98H
078-02 (1) Mid Glamorgan 16 2 0.25 2 WT
162-01 (2) Wiltshire 16 16 0.25 16 TRa6/Y121F/T289A
16 16 0.25 16 TRa6/Y121F/T289A

Table 4.4: Details of the 111 UK tebuconazole-resistant isolates including the sampling round they were collected
in, the unique identifier for the air sample they were grown from, the county from which the sample was collected,
their minimum inhibitory concentrations (MICs) for itraconazole (ITZ), voriconazole (VCZ), posaconazole (PCZ) and
isavuconazole (ISZ), and their cyp51A polymorphisms. Resistant MICs are highlighted in bold and isolates
subsequently found not to be A. fumigatus are highlighted in red. WT=wild-type. ND=not done.

4.3.2.2. Confirming identity of UK airborne ARAf
Several tebuconazole-resistant isolates no longer macroscopically resembled A. fumigatus

when they were cultured for CLSI testing, or their DNA extractions failed to amplify during the
PCR for the cyp51A promoter region, and they were subsequently determined not to be A.
fumigatus. These isolates are highlighted in red in Table 4.4. Nine isolates, from samples SS18-
073-01, SS18-248-01, SS18-375-02, WS18-061-01, WS18-061-02, WS18-161-01, SA19-063-01,
SA19-122-01 and SA19-122-01, were reidentified as A. lentulus, which is indistinguishable
from A. fumigatus both macro- and microscopically. Two isolates, from samples AE18-225-
02 and SA19-178-01, were reidentified as A. nidulans, which has a deeper green coloured

colony when grown on agar and can be distinguished from A. fumigatus under the
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microscope. One isolate, from sample AE18-037-01, failed to sequence with any primers so
its identity is unknown. It was decided to include these isolates in further analysis as their
resistance to tebuconazole may also owe to adaptation to environmental azoles and both
species are capable of causing aspergillosis.

4.3.2.3. Cyp51A polymorphisms in UK airborne ARAf

The predominant polymorphism detected in the 99 tebuconazole-resistant isolates confirmed
to be A. fumigatus was TR34/L98H (n = 58; 59%), with three of these isolates containing an
amino acid substitution in addition to L98H. TR46/Y121F/T289A was detected in six isolates
(6%) and TR34 without any accompanying amino acid substitutions in one isolate. 30 isolates
(30%) did not contain any polymorphisms in the cyp51A promoter or coding regions and four
isolates (4%) contained no polymorphisms in the promoter region but had amino acid

substitution(s) in the coding region.
4.3.3. ARAf in global air samples

In the first air sampling round, 144 samples were collected globally, of which 81 (56%) samples
grew 280 A. fumigatus isolates. In the second sampling round, 92 global samples were
collected, of which 63 (68%) grew 171 A. fumigatus isolates. Of these A. fumigatus isolates,
nine were resistant to tebuconazole at 6 mg/L: eight of 280 (3%) isolates from the first
sampling round and one of 63 (2%) isolates from the second. Resistant isolates were collected
from France (n = 1), Germany (n = 2) and the Netherlands (n = 6).

4.3.3.1. Cross-resistance of global tebuconazole-resistant airborne A. fumigatus to

medical azoles
Of the nine global tebuconazole-resistant A. fumigatus isolates tested for susceptibility to the

medical azoles, eight were resistant to ITZ, seven were resistant to VCZ, one was resistant to

PCZ and eight were resistant to ISZ. Further details of these isolates are given in Table 4.5.
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Sampling date Sample Country ITZ VCzZ | PCZ ISZ | cyp51A

(sample prefix) | (number polymorphisms
of ARAYf)
215t June | 290-02 (1) | Germany 16 2 0.25 2 TR34/L98H
2018 | 291-01 (1) | Germany 16 2 0.25 2 TR34/L98H
(S518) | 189-01 (3) | The Netherlands | 16 2 0.25 | 2 TR34
16 2 0.25 4 TR34/L98H
16 2 0.25 2 TR34/L98H
190-02 (1) | The Netherlands 16 16 0.5 16 | TR4s/Y121F/T289A
191-02 (1) | The Netherlands 16 4 0.25 2 TR34/L98H
192-02 (1) | The Netherlands 16 1 0.25 2 TR34/L98H
24t September | 235-01 (0) | France 0.12 1 0.06 | 0.5
2018
(AE18)

Table 4.5: Details of the nine global tebuconazole-resistant isolates including the sampling round they
were collected in, the unique identifier for the air sample they were grown from, the country from which
the sample was collected, their minimum inhibitory concentrations (MICs) for itraconazole (ICZ),
voriconazole (VCZ), posaconazole (PCZ) and isavuconazole (ISZ), and their cyp51A polymorphisms.
Resistant MICs are highlighted in bold and isolates subsequently found not to be A. fumigatus are
highlighted in red.

4.3.3.2. Confirming identity of global airborne ARAf
One of the nine global tebuconazole-resistant isolates failed to amplify with the primers for

the cyp51A promoter region and was reidentified as A. lentulus. This isolate was from sample
AE18-235-01 and was collected in France.

4.3.3.3. Cyp51A polymorphisms in global airborne ARAf

The predominant cyp51A polymorphism detected in the eight global isolates confirmed to be
A. fumigatus was TR34/L98H (6 of 8; 75%). The isolate from the Netherlands that was pan-
azole resistant contained TR4e/Y121F/T289A and another isolate from the Netherlands

contained TRs4 without L98H.
4.3.4, Whole-genome sequencing of SS18 ARAf isolates

The bootstrapped phylogeny showed two large clusters of isolates and a smaller, less-distinct,
cluster (Figure 4.4). The first large cluster contained 100 isolates: comprised of 12 UK SS18
isolates, five global SS18 isolates, 38 UK environmental isolates and 45 UK clinical isolates, of
which 64 (64%) were azole-resistant. This cluster corresponds to previously described ‘Clade
A7 The second large cluster contained 102 isolates: comprised of six UK SS18 isolates, 13
UK environmental isolates and 83 UK clinical isolates, of which 26 (25%) were azole-resistant.
This cluster corresponds to previously described ‘Clade B’**7. The smaller cluster contained 55

isolates: comprised of 19 UK SS18 isolates, three global SS18 isolates, 14 UK environmental
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isolates and 19 UK clinical isolates, of which 52 (95%) were azole-resistant. The 22 SS18
isolates all contain TR34/L98H; therefore this cluster corresponds to previously described

‘Clade Aa’%31.
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Figure 4.4: Bootstrapped phylogeny of 212 clinical and environmental A. fumigatus isolates collected from
across the UK between 2005 and 201723, 37 tebuconazole-resistant A. fumigatus isolates collected from the
UK in the first air sampling round (prefix SS18) and eight tebuconazole-resistant A. fumigatus isolates
collected globally in the first air sampling round (prefix S518). UK SS18 isolates are denoted by red lines and
global SS18 isolates by green lines.

4.3.5. Maximum air temperatures on air sampling dates

Of the 1,894 samples collected across the four sampling rounds, 1,503 were collected in
England, 237 in Scotland, 128 in Wales, 22 in Northern Ireland (NI) and four in Republic of
Ireland. As the Met Office data was only available for the UK, the four samples from the
Republic of Ireland were dropped from analyses involving maximum air temperature (two

samples from the first air sampling and two samples from the fourth sampling round). In the

105



first sampling round (summer), maximum air temperature ranged from 14.0-27.2°C and
samples were collected on six separate days. In the second sampling round (autumn),
maximum air temperature ranged from 12.5-23.7°C and samples were collected on 12 days.
In the third round (winter), maximum temperatures ranged from 2.7-13.5°C between 16
sampling days and in the fourth round (spring), temperatures ranged from 8.5-18.8°C
between 14 sampling days. The range of maximum daily temperatures for each sampling
round are shown in Figure 4.5 and a breakdown of maximum air temperatures by dates on

which samples were collected is shown in Appendix 13.
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Figure 4.5: Boxplot showing the maximum daily temperatures at the
locations that samples were collected from for each sampling round.

4.3.6. Land cover classifications of UK sampling locations

There were 803 unique locations in the UK and Republic of Ireland that air samples were
collected from across the four sampling rounds: 630 locations in England, 96 in Scotland, 59
in Wales, 15 in NI and three in the Republic of Ireland (Figure 4.6). As there was no LCM
available for the Republic of Ireland these three locations were dropped from analyses
involving land cover classification. Between GB and NI, 64 (8%) locations were rural; classified

by the LCM as 1 or 2 (woodland), 3 (arable) and 4, 5 or 10 (grassland), and 736 (92%) were
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urban; classified as 20 (urban) or 21 (suburban). The breakdown of land cover classifications

for sampling locations by country is shown in Table 4.6.

Map legend

@ Scotland

@ England

O Wales

@ Northern Ireland
© Republic of Ireland

Figure 4.6: The 803 unique locations in the UK and Republic of Ireland that air samples were coIIcted from
across the four sampling rounds, coloured by country.
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Sampling locations
Land cover classification England | Scotland | Wales Northern | Totals
Ireland

1 — Deciduous woodland 5 5 0 0 10
2 — Coniferous woodland 0 1 0 0 1
3 — Arable 7 1 1 0 9
4 — Improved grassland 22 7 11 1 41
5 — Neutral Grassland 2 0 0 0 2
10 — Heather grassland 1 0 0 0 1
Rural total (% of locations): 37 (6) 14 (15) 12 (20) 1(7) 64 (8)
20 — Urban 188 24 6 4 222
21— Suburban 405 58 41 10 514
Urban total (% of locations): | 593 (94) 82 (85) 47 (80) 14 (93) | 736 (92)
Total: 630 96 59 15 800

Table 4.6: Breakdown of land cover classes for air sampling locations by country, obtained from UK
Centre for Ecology & Hydrology’s 2019 land cover maps for Great Britain and Northern Ireland.

4.3.7. Land cover classifications of composting facilities with

open windrow or outdoor activity in the UK

The land cover classifications were also obtained for the 257 OW/OA composting facilities in
the UK, to ensure that any association between the proximity of a sampling location to an
OW/OA composter and its likelihood of growing A. fumigatus was not confounded by the
composter’s location. Across the UK, the locations of OW/OA composting facilities were
approximately evenly split between rural (53%) and urban (47%) locations. The breakdown of

land cover classifications of OW/OA composting facilities by country is shown in Table 4.7.
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Composting facilities with open windrow or
Land cover classification outdoor activity

England | Scotland | Wales | Northern Ireland
1 — Deciduous woodland 10 0 2 0
2 — Coniferous woodland 0 0 1 0
3 — Arable 31 4 2 2
4 — Improved grassland 55 3 10 3
5 — Neutral grassland 3 0 0 2
7 — Acid grassland 1 0 1 0
12 — Inland rock 0 0 2 1
16 — Supralittoral sediment 0 1 0 0
19 — Saltmarsh 2 0 0 0
Rural total (% of locations): | 102 (49) 8(57) | 18 (67) 8 (100)
20— Urban 27 3 6 0
21— Suburban 79 3 3 0
Urban total (% of locations): | 106 (51) 6(43) | 9(33) 0(0)
Total: 208 14 27 8

Table 4.7: Breakdown of land cover classifications for locations of composting facilities in the
UK with open windrow or outdoor activity by country. Land cover data were obtained from UK
Centre for Ecology & Hydrology’s 2019 land cover maps for Great Britain and Northern Ireland.

4.3.8. Distances from sampling locations to nearest composting

facility

The 800 unique sampling locations across England, Scotland, Wales and NI were used to
calculate distance to the nearest OW/OA composting facility. The closest distance between a
sampling location and composting site was 0 km, as a composting site constituted the
workplace of a citizen science participant, and the furthest distance was 148 km. In total, 32
sampling locations were within 2 km of the nearest composting facility. Figure 4.7A shows the

distances between sampling locations and the closest OW/OA facility.

All current UK postcodes (n = 1,773,498) were downloaded and the distance between them
and the nearest OW/OA facility calculated. There were 11 postcodes that were 0 km from a
OW/OA composting facility and 47,315 postcodes within 2 km. The furthest distance between
a postcode and nearest composter was 367 km. Figure 4.7B shows the distances between UK
postcodes and the nearest OW/OA composting facility for the 1,771,918 postcodes that were

within 150 km of the nearest composter, to use the same distance scale as Figure 4.7A.
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Figure 4.7: Histogram showing distances between A) UK air sampling locations (n = 800) and B) all UK
postcodes (n = 1,771,918) and the closest composting facility with open windrow or outdoor activity within

150 km.

4.3.9.

sampling locations

Percentage of arable land in 2 km buffer surrounding

The percentage of arable land (land cover class 3) in a 2 km buffer around sampling location

was calculated for 800 unique locations in England, Wales, Scotland and NI. Of these locations,

115 (14%) did not have any arable land within 2 km and the remainder had between 0.0003%

and 81%. As shown in Table 4.8, Wales had the highest proportion (39%) of sampling locations

without arable land in the surrounding 2 km buffer and NI had no sampling locations without

arable land in their surroundings.

. Samples without Percentage of arable land in 2
Number of unique . . .

Country sambling locations arable land in 2 km km buffer of remaining

piing buffer (% of samples) sampling locations (%)
England 630 68 (11) 0.0003-81
Scotland 96 24 (25) 0.05-78
Wales 59 23(39) 0.04-26
Northern Ireland 15 0(0) 2-43

Table 4.8: Breakdown by country of the percentage of arable land within surrounding 2 km of unique sampling

locations.
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4.3.10. Factors influencing whether samples grew A. fumigatus

4.3.10.1. Logistic regression model for UK samples
The logistic regression on UK samples (n = 1,889) to determine which factors influenced

whether samples grew A. fumigatus excluded Republic of Ireland samples (n = 4), because
data for several independent variables were not available, and one UK sample, because the
incorrect postcode was provided. The independent variables that were, individually, found to
have a significant effect on whether a sample grew A. fumigatus were: sampling round (x2 =
50.3, df = 3, p < 0.01), date that sample was collected (x> = 132.5, df =51, p < 0.01), maximum
daily temperature (x> =29.3, df =1, p < 0.01), land cover classification of sampling location (x?
=17.4,df =7, p=0.01), proximity to nearest OW/OA composting facility (x> = 15.1,df=1, p<
0.01) and land cover classification of nearest OW/OA composting facility (x> = 26.5,df =9, p
< 0.01). Percentage coverage of arable land in the 2 km surrounding sampling location had a
borderline significant effect on whether a sample grew A. fumigatus (x> =3.7, df =1, p = 0.05).
The relationships between each significant independent variable and the growth of A.

fumigatus from samples are shown in Figure 4.8.

The model that gave the lowest AIC included sampling round, maximum daily temperature at
sampling location, land cover classification of sampling locations, percentage of arable land
in 2 km buffer around sampling location, proximity of sampling location to nearest OW/OA
composting facility and land cover classification of nearest OW/OA composting facility. The
odd ratios and p-values for these independent variables when analysed together are shown
in Table 4.9. Samples collected in autumn and spring had significantly lower odds of growing
A. fumigatus relative to samples collected in the summer (p = 0.03 and p < 0.01, respectively).
There was no significant difference in the odds of growing A. fumigatus from samples
collected in winter, compared to samples collected in summer. In this model, maximum daily
temperature at sampling location no longer had a significant effect on whether a sample grew
A. fumigatus. Sampling locations with land cover classified as 4 (improved grassland) had
lower odds of growing A. fumigatus than sampling locations with land cover classified as 1
(deciduous woodland) that was marginally significant (p = 0.05) but no other significant
associations were observed for land cover of sampling location. Increased percentage
coverage of arable land in the 2 km surrounding sampling location slightly, yet significantly (p

= 0.03), increased the odds of a sample growing A. fumigatus. Increasing distance between
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sampling location and the nearest OW/OA composting facility slightly, yet significantly (p =
0.02), decreased the odds of a sample growing A. fumigatus. Sampling locations nearest to
OW/OA composting facilities with land cover classified as 7 (acid grassland) and 12 (inland
rock) had significantly lower odds (p = 0.03 and p = 0.05, respectively) of growing A. fumigatus

compared to those closest to facilities with land cover classified as 1 (deciduous woodland).

Independent variable Odds ratio (95% Cl) | Pr(>|z])
Sampling round

summer (baseline)

autumn 0.73 (0.55-0.96) 0.03

winter 0.82 (0.48-1.39) 0.47

spring 0.49 (0.34-0.71) <0.01

Maximum daily temperature at sampling location 1.03 (0.98-1.08) 0.29

on sampling date
Land cover classification of sampling location
1 (baseline) — Deciduous woodland

2 — Coniferous woodland -2 0.98

3 - Arable 0.36 (0.11-1.10) 0.08

4 — Improved grassland 0.38 (0.14-0.97) 0.05

5 — Neutral grassland 0.71 (0.03-19.81) 0.82

10 — Heather grassland -2 0.97

20— Urban 0.55 (0.22-1.27) 0.17

21— Suburban 0.45 (0.19-1.02) 0.06

Percentage arable land in 2 km buffer surrounding 1.01 (1.00-1.01) 0.04
sampling location

Proximity of sampling location to nearest OW/OA 0.99 (0.99-0.99) <0.01

composting facility
Land cover classification of nearest OW/OA
composting facility

1 (baseline) — Deciduous woodland

3 — Arable 0.72 (0.39-1.29) 0.26

4 — Improved grassland 0.60 (0.33-1.08) 0.09
5 — Neutral grassland 0.93 (0.44-1.98) 0.85

7 — Acid grassland 0.18 (0.03-0.75) 0.03

12 — Inland rock 0.12 (0.01-0.78) 0.05

16 — Supralittoral rock 1.24 (0.46-3.38) 0.67
19 - Saltmarsh -2 0.97

20— Urban 0.79 (0.43-1.42) 0.43

21— Suburban 0.81 (0.45-1.44) 0.47

Table 4.9: Odds ratios, confidence intervals and p-values calculated for independent variables
included in a logistic regression model using samples collected in the UK (n = 1,889) to explain
whether a sample grew A. fumigatus. Significant results (p <= 0.05) are highlighted in bold.
gInsufficient data to calculate odds ratio and confidence intervals.
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Figure 4.8: Plots showing the relationship between whether a sample grew A. fumigatus and A) sampling
round that sample was collected in, B) maximum daily temperature at sampling location on sampling date, C)
land cover classification of sampling location, D) percentage of arable land in the 2 km buffer surrounding
sampling location, E) land cover classification of nearest composting facility with open windrow or outdoor
activity (OW/OA), and F) proximity of sampling location to nearest OW/OA composting facility.
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4.3.10.2. Geographical weighted regression models for UK samples
Geographical weighted regressions (GWRs) were run separately for UK samples collected in

summer (n = 710), autumn (n = 398), winter (n = 320) and spring (n = 461), to account for the
significant effect of sampling round on the likelihood of a sample growing A. fumigatus seen
in the logistic regression. Only continuous independent variables that were previously found
to be significantly associated with the outcome were included in the GWRS. These were:
‘maximum daily temperature at sampling location on sampling date’, ‘percentage of arable
land in the 2 km buffer surrounding sampling location’ and ‘proximity of sampling location to

the nearest OW/OA composting facility’.

All four GWRs found that accounting for sampling location increased the percentage of
deviance explained by the model, compared to the GLMs that did account for spatial variation
(Table 4.10). The greatest increase in deviance explained was for samples collected in
summer, from 0.7% in the GLM to 6.1% in the GWR, and the least improvement was seen for

samples collected in winter, from 2.0% to 3.6%.

Input data for GWR
Samples Samples Samples Samples
collected collected | collected | collected
in summer | inautumn | in winter | in spring
(n=710) (n=398) (n=320) | (n=461)
Deviance explained by GLM? (%) 0.7 2.6 2.0 1.8
Deviance explained by GWR (%) 6.1 4.9 3.6 6.1
Maximum daily temperature
number of significant associations 43 0 64 6
significant negative associations 0 0 0 6
significant positive associations 43 0 64 0
range of significant odds ratios | 1.28-1.56 NA | 1.19-1.26 | 0.75-0.77
Arable land percentage in 2 km buffer
number of significant associations 118 207 60 120
significant negative associations 116 207 0 0
significant positive associations 2 0 60 120
range of significant odds ratios | 0.98-1.03 0.99 | 1.01-1.02 | 1.01-1.03
Proximity to nearest OW/OA composter
number of significant associations 14 134 0 0
significant negative associations 14 134 0 0
significant positive associations 0 0 0 0
range of significant odds ratios 0.99 0.99 NA NA

Table 4.10: Summary of geographically weighted regression outputs for UK samples, run separately for
each sampling round. 2 GLM refers to the non-spatial logistic regression model with growth of A. fumigatus

as the binary outcome.
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Allowing the relationship between dependent and independent variables to vary by location
allowed considerable variation across the UK, which can be visualised for maximum daily
temperature in Figure 4.9 where positive associations between increasing temperature and
likelihood of growing A. fumigatus are shown in red and negative associations are shown in

blue for the four sampling rounds.

The relationship between maximum daily temperature at sampling location on sampling date
and likelihood of growing A. fumigatus changed with season: in summer 43 of 43 (100%) and
winter 64 of 64 (100%) of statistically-significant associations were positive, whereas in spring
six of six (100%) of statistically-significant associations were negative. Positive associations
indicate that samples grew more A. fumigatus colonies when the maximum daily temperature
was higher, while the opposite is true for negative associations. None of the associations for

maximum daily temperature were significant in autumn.

The relationship between increasing percentage of arable land in surrounding 2 km buffer
and likelihood of growing A. fumigatus also changed with season: in summer 116 of 118 (98%)
and autumn 207 of 207 (100%) of statistically-significant associations were negative, whereas
in winter 60 of 60 (100%) and spring 120 of 120 (100%) were positive. The size of the odds
ratios suggests the associations for maximum daily temperature are stronger than those for
percentage of arable land in 2 km buffer surrounding sampling location, which are marginally

significant.

The relationship between proximity of sampling location to the nearest OW/OA composter
and likelihood of growing A. fumigatus also depended on season: in summer 14 of 14 (100%)
and autumn 134 of 134 (100%) of statistically-significant associations were negative, whereas
in winter and spring none of the associations were significant. Negative associations indicate
that sampling locations with greater distance between them and the nearest OW/OA

composter grew fewer A. fumigatus colonies.
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Figure 4.9: Geographically weighted regression coefficients
for the relationship between increasing maximum daily
temperature and likelihood of growing A. fumigatus at each
sampling location for samples collected in A) summer, B)
autumn, C) winter, and D) spring. All coefficients are shown on
the left and coefficients for which the association was
significant (p <= 0.05) are shown on the right. Positive
associations are shown in red and negative associations are
shown in blue, with darker colours indicating stronger
associations.
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4.3.11. Factors influencing the number of A. fumigatus colonies

grown from a sample

4.3.11.1. Negative binomial model for UK samples
In the negative binomial regression model run on UK samples that grew A. fumigatus (n =918)

the independent variables that were, individually, found to have a significant effect on
number of A. fumigatus colonies grown were: sampling round (x> =35.9, df = 3, p < 0.01), date
sample was collected (x% = 76.2, df = 36, p < 0.01) and proximity of sampling location to the
nearest OW/OA composting facility (x> = 10.2, df = 1, p < 0.01). Whether the nearest OW/OA
composting facility was in an urban or rural location had a marginally significant effect (x? =
3.8, df =2, p =0.05). The relationships between each significant independent variable and the

number of A. fumigatus colonies grown from samples are shown in Figure 4.10.
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Figure 4.10: Plots showing the relationship between the number of A. fumigatus colonies grown from
samples and A) sampling round that sample was collected in, B) proximity of sampling location to nearest
composting facility with open windrow or outdoor activity (OW/OA), and C) rural or urban location of nearest

OW/OA composting facility to sampling location.
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The model with lowest AIC included sampling round, proximity of sampling location to the
nearest OW/OA composting facility and whether the nearest OW/OA composting facility was
in an urban or rural location. Samples collected in autumn and spring grew significantly
reduced numbers of A. fumigatus colonies compared to samples collected in summer (both p
< 0.01). There was no significant difference in numbers of colonies grown from samples
collected in winter compared to those collected in summer. Increasing distance of sampling
location from the nearest OW/OA composting facility was significantly associated with a
reduction in the number of A. fumigatus colonies grown from samples (p < 0.01). Samples

with locations closest to urban OW/OA composting facilities (landcover classifications 20 or
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21) grew significantly reduced numbers of A. fumigatus colonies compared to samples with

locations closest to rural OW/OA composting facilities (p = 0.04).
4.3.12. Factors influencing whether samples grew ARAf

4.3.12.1. Logistic regression model for UK samples
All UK samples except those collected from the Republic of Ireland and the incorrect postcode

(n=1,889) were included in a logistic regression model to determine which factors influenced
whether a sample grew ARAf. None of the independent variables tested significantly

improved upon the null model in explaining the outcome.

4.3.13. Factors influencing the number of ARAf colonies grown

from a sample

4.3.13.1. Negative binomial model for UK samples
UK samples that grew ARAf (n = 73) were included in a negative binomial regression model to

determine which factors influenced the number of ARAf colonies grown. None of the
independent variables tested significantly improved upon the null model in explaining the

outcome.
4.4. Discussion

The primary aim of this chapter was to ascertain baseline concentrations of airborne A.
fumigatus and ARAf spores in the UK. To do this, it was important to collect a large number
of air samples in a standardised manner with a wide geographical distribution that did not
focus on specific locations such as hospitals or composting facilities. The citizen science
approach used in this thesis meant that the 1,894 air samples collected far exceeded the
number collected by existing studies; such as 144 air samples collected by Tsitsopoulou et al.
(2018)'34 and 150 air samples collected by Bromley et al. (2014)'32, Furthermore, samples
were collected from all over England, Wales, Scotland and NI meaning they had greater
geographical coverage than existing studies that took place in Cardiff®®, South Wales'34,
Manchester®>132 Dublin'®® and Harpenden®®. Sample collection was standardised by sending
participants two identical air samplers and asking them to expose them for 6-10 hours on the
same day, or as close to the sampling date as possible. While the use of passive air samplers

meant that spore concentrations could not be converted into CFUs/m3 as for active air
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samplers, it was possible to report the proportion of samples that grew A. fumigatus/ARAf
and the numbers of A. fumigatus/ARAf colonies grown per sample. Overall, 919 of 1,894
(49%) samples grew A. fumigatus colonies and 73 samples (8%) grew ARAf colonies. A total
of 2,366 A. fumigatus isolates were cultured from 919 samples, which averaged 2.6 colonies
per sample, and 111 (5%) isolates grew in the presence of tebuconazole at 6 mg/L. 12 of these
isolates were subsequently found not to be A. fumigatus, with nine re-identified as A. lentulus,
two re-identified as A. nidulans and one unknown, but they were included in subsequent
analyses because of their acquired resistance to one or more azoles and their potential to
cause aspergillosis?33234, The comparability of results between different sampling locations
and rounds allowed analyses to detect associations between environmental factors and the
likelihood of growing A. fumigatus/ARAf or the numbers of A. fumigatus/ARAf colonies

grown.

The secondary aim of this chapter was to establish whether any airborne ARAf spores
circulating in the UK were resistant to medical azoles, as well as to the agricultural azole
tebuconazole. Of the 111 tebuconazole-resistant isolates, the majority were also resistant to
ITZ (77%), VCZ (58%) or ISZ (75%), whereas fewer were cross-resistant to PCZ (17%). 23
isolates (21%) were not resistant to any of the medical azoles, whereas four isolates (4%) were
resistant to one, 19 isolates (17%) were resistant to two, 50 isolates (45%) were resistant to
three and 15 isolates (14%) were pan-azole resistant. The implications of these findings for
human health are that 1 in 20 of the spores A. fumigatus spores we inhale daily have acquired
some form of azole-resistance, 1 in 25 spores are resistant to at least one medical azole, and
1 in 140 spores are pan-azole resistant. As it is estimated that all humans inhale several
hundred A. fumigatus spores every day®?, it is highly likely that everyone in the UK is inhaling

several ARAf spores every day.

The tertiary aim of this chapter was to characterise the polymorphisms responsible for azole-
resistance in UK isolates, which was done by sequencing the promoter and coding regions of
the cyp51A gene. Similar to Dunne et al. (2017)'° and Fraaije et al. (2020)%°, the most
common cyp51A polymorphism identified was TR34/L98H, which was detected in 58 isolates;
three of which contained an amino acid substitution in addition to L98H. Isolates with
TR34/L98H typically had MICs to ITZ of 16 mg/L, 2 or 4 mg/L to VCZ and ISZ, and 0.25 or 0.5

mg/L to PCZ, meaning they were resistant to three or four of the medical azoles. One isolate
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contained TRss without any accompanying amino acid substitutions, yet had the same
resistance profile to medical azoles as isolates with TR34/L98H. TR4s/Y121F/T289A was
detected in six isolates; the majority of which had the highest MIC of 16 mg/L to ITZ, VCZ and
ISZ, but were susceptible to PCZ. Four isolates had no tandem repeat but had a single amino
acid substitution in cyp51A and the MICs to medical azoles were highly variable between
these isolates. Several isolates (n = 30) did not contain any polymorphisms in cyp51A, despite
being resistant to one or more medical azole in addition to tebuconazole. The azole-resistance
in these isolates could be a result of polymorphisms in non-cyp51A genes?*>-237, mechanisms
such as efflux pumps?3>23¢ or cholesterol import?3°, or transcriptional activity in conidia in

response to environmental stresses?38,

While the focus of this thesis was to collect A. fumigatus from across the UK, the global nature
of Twitter meant that samples were also sent from other countries. Across the summer and
autumn sampling rounds, 236 global samples were collected that grew 451 A. fumigatus
isolates of which nine (2%) were resistant to tebuconazole at 6 mg/L. These nine isolates were
collected from France, Germany and the Netherlands and were cross-resistant to ITZ (n = 8),
VCZ (n = 7) and ISZ (n = 8). Only one isolate was also resistant to PCZ, making it pan-azole
resistant, and this was found to contain TR4s/Y121F/T289A. Similar to the UK samples, the
predominant cyp51A polymorphism identified in these isolates was TR34/L98H and one isolate

had no polymorphisms. The isolate from France was re-identified as A. lentulus.

The final aim of this chapter was to determine whether environmental variables influenced
a) whether a sample was likely to grow A. fumigatus or ARAf, or b) the number of A. fumigatus
or ARAf spores grown from a sample. The strongest predictor of whether a sample grew A.
fumigatus and the number of A. fumigatus colonies grown per sample was the sampling
round in which a sample was collected. Samples collected in the autumn and spring sampling
rounds were significantly less likely to grow A. fumigatus and grew significantly fewer A.
fumigatus colonies than samples collected in summer, whereas no significant differences
were found for samples grown in winter. These findings differ to existing studies looking at
seasonal variation in A. fumigatus spore concentrations. Alshareef and Robson (2014)% did
not find any season variation in spore concentrations during their 2-year study sampling air
in Manchester, while both MAARA in Derby and the National Pollen and Aerobiology Research

Unit at the University of Worcester found Aspergillus/Penicillium spore concentrations to be
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highest in autumn. It is unlikely that the passive air samplers used in this thesis, as opposed
to the active air samplers used by these studies, would account for these differences.
However, it is possible that the effect of season could vary by the geographical location of
sampling, as seen in this study for the variables included in the GWRs, such that sampling in
a fixed location may not capture seasonal effects elsewhere. It is also possible that the MAARA
and National Pollen and Aerobiology Research Unit counts were inflated by the inclusion of

Penicillium spores.

Additional environmental variables that were found to have a statistically-significant effects
on whether a sample grew A. fumigatus were land cover classification of sampling location,
the percentage of arable land in the 2 km buffer surrounding sampling location, the proximity
of the sampling location to the nearest OW/OA composter, and the land cover classification
of this composter. Samples collected from locations classified as improved grassland (n = 87)
were significantly less likely to grow A. fumigatus than samples collected from deciduous
woodland (n = 27). This may be due to air currents flowing more freely in grassland than
woodland making spores more likely to disperse than settle on the air samples, or due to
greater growth of A. fumigatus on fallen leaves and damp bark in woodland. An increasing
percentage of arable land in the 2 km surrounding sampling location was associated with an
increased likelihood of the sample growing A. fumigatus, which might be explained by farmers
spreading compost or manure on their fields preceding growing season or by decomposing
crop stubble post-growth. An increasing distance between sampling location and the nearest
OW/OA composter was associated with a decreased likelihood of growing A. fumigatus,
which is to be expected with the drop-off in A. fumigatus spore concentrations with distance

from composter demonstrated by existing studies®1-63.187.239,

Allowing the effect of environmental variables to vary according to sampling location in the
GWR explained a greater percentage of the variance in the data than by not accounting for
location in the GLM. This was because at some sampling locations there was a positive
association between increasing maximum daily temperature, increasing percentage of arable
land in surrounding 2 km and increasing distance from nearest OW/OA composter and
likelihood of growing A. fumigatus, while at other sampling locations these associations were
negative. However; the associations that were statistically-significant were predominantly in

the same direction. As a thermotolerant fungus, it would make sense for increasing
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temperatures to be beneficial for A. fumigatus growth and to reduce competition from other
environmental microbes. Similarly, increasing percentage of arable land in the 2 km buffer
surrounding sampling location significantly increased the odds of growing A. fumigatus for
samples collected in winter and spring, but decreased the odds for samples collected in
summer and autumn. These variations may well be due to farming practices on the arable
land: spreading of compost or manure at different times might be a source of A. fumigatus
spores, whereas applications of fungicides should result in an overall reduction in A.

fumigatus spores.

Environmental variables that influenced the number of A. fumigatus spores grown from a
sample, in addition to sampling round, were distance between sampling location and the
nearest OW/OA composter and whether this composter was in a rural or urban location.
Increasing distance between sampling location and the nearest OW/OA composter was
significantly associated with a decrease in the number of spores grown from the sample,
which is consistent with the drop off in spore numbers previously observed with increasing
distance from OW/OA composter®®'®’ Samples that were closest to an urban OW/OA
composter grew significantly fewer A. fumigatus colonies than samples closest to a rural
OW/OA composter, which is likely an indication of land cover in the region of the sampling
location. If the nearest composter is in an urban location, then it is likely that the sampling
location is heavily urbanised and therefore further from woodlands with decomposing leaves
or arable land with compost and decomposing crop residue. It is also possible that the
likelihood of an airborne A. fumigatus spore settling, germinating and then releasing more
spores is greater in a rural setting than in an urban setting, where concrete or tarmac surfaces

inhibit spore germination.

None of the environmental variables included in the association analyses were found to have
a significant effect on whether a sample grew ARAf or the number of ARAf colonies grown
from a sample. While it is possible that none of these environmental variables affect
development or distribution of ARAY, it is also possible that this analysis lacked sufficient
power to detect associations due to the relatively small number of samples that grew ARAf
(73 of 1,894 samples; 4%) or the limited number of colonies that were azole-resistant (111 of
2,366; 5%). This makes a case for citizen science air sampling for viable A. fumigatus spores

to be repeated on a larger scale, involving more participants and/or more regular sampling
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dates, to collect more ARAf from more locations in the UK; thereby increasing statistical

power to detect associations.

The tebuconazole-resistant isolates collected in the first air sampling round (prefix S518) were
whole-genome sequenced as part of an ongoing genotyping project in Fisher lab headed by
Dr Johanna Rhodes. The phylogenetic analysis grouped these isolates into three clusters: two
large clusters corresponding to ‘Clade A’ and ‘Clade B’ previously described by Sewell et al.
(2019)*°7 and a smaller cluster corresponding to ‘Clade Aa’ previously described by Rhodes et
al. (2021)%1. In all clusters, the UK and global SS18 isolates were mixed with the UK
environmental and clinical isolates collected between 2005 and 2017, which demonstrates
the panmictic nature of A. fumigatus. This clustering also demonstrates the clinical relevance
of the airborne ARAf collected in this thesis as they are closely-related to isolates being

recovered from patients with aspergillosis.

One limitation of this citizen science approach to sample collection is the assumption that
participants left their air samplers exposed for 6-10 hours, on an outdoor windowsill, during
daytime, as requested. Even this timeframe introduces variation between samples as a
sampler left exposed for 10 hours has had nearly twice the amount of time to collect spores
than a sampler exposed for six hours. If the citizen science project were to be repeated, this
could be changed to approximately eight hours to ensure growth of A. fumigatus or number
of A. fumigatus colonies grown is not a product of exposure time. Furthermore, it is likely that
rain landing on the samplers would reduce their stickiness and could either wash off
deposited it spores or stop additional spores from sticking, therefore it is assumed that
participants did not sample on rainy days, as requested. Finally, buildings are known to disrupt
air flow?%%; therefore, attaching air samplers to windowsills may have resulted in fewer spores

being collected than if the samplers had been exposed in open spaces or on rooftops.

The key findings of this chapter were that ~5% of A. fumigatus spores circulating in UK air
were resistant to tebuconazole, ~4% were also resistant to at least one of the medical azoles
ITZ, VCZ, PCZ and ISZ and ~1% were pan-azole resistant. The frightening reality of this is that
an individual at risk of developing aspergillosis has a 1 in 25 chance of being exposed to a
drug-resistant spore, which (if it establishes) may require treatment with more toxic drugs
and reduce the individual’s survival if the infection progresses to invasive aspergillosis (IA).
Season, proximity to OW/OA composters and proximity to arable land were all identified in
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this chapter as having an effect on the likelihood and intensity of exposure to A. fumigatus
spores and further research is warranted to confirm these findings on a larger scale. The
growing population of individuals at risk of aspergillosis in the UK, including those on
immunosuppressants, receiving chemotherapy or who have suffered from severe influenza
or COVID-19 infections, need to be identified and advised as to how to reduce their risk of
exposure to A. fumigatus spores. This advice might include not living or working close to an
OW/OA composter or arable fields, or not spending time outside when nearby farmers are
spreading manure, compost or slurry on their fields. The finding that a number of airborne
spores were resistant to all medical azoles currently used to treat aspergillosis highlights the
need for development of new antifungals and their ringfencing for therapeutic use only. As
the sampling approach used in this chapter is economical and straightforward to organise, it
could be run on a long-term basis, regularly or every day, to further characterise fluctuations

in baseline spore concentrations across space and time.
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Chapter 5: Azole-Resistant Aspergillus
fumigatus Spores in UK Soil

The manuscript for this chapter has been uploaded to the preprint server bioRxiv with the intention
of submitting to the American Society of Microbiology journal ‘Applied and Environmental
Microbiology’: https://www.biorxiv.org/content/10.1101/2021.07.08.451577v1

Abstract

Compost has long been recognised as an ecological niche for Aspergillus fumigatus due to its
role as a decomposer of organic matter and its ability to survive the thermophilic stages of
the composting process, which kills off less thermotolerant microbes. Furthermore,
composting facilities are associated with high levels of A. fumigatus spores, which are
aerosolised from compost and cause respiratory illness in workers. As gardening is an
occupation enjoyed by individuals of all ages in the UK, it is likely that they are being exposed
to A. fumigatus spores from the composting of garden waste. Moreover, the risk of exposure
to azole-resistant A. fumigatus spores might greatly increase when handling either

commercially-produced compost or compost they have produced themselves.

In this chapter, 5,174 A. fumigatus were cultured from soil samples collected by citizen
scientists from their gardens across the UK. Of these, 736 (14%) were resistant to
tebuconazole and 553 (11%) were found to contain the known cyp51A resistance mechanisms
TR34/L98H or TR46/Y121F/T289A associated with elevated minimum inhibitory concentrations
to medical azoles. Additional cyp51A resistance mechanisms detected were TRss3,
TR4s/Y121F/T289A/S363P/1364V/G448S and (TRae)?/Y121F/M1721/T289A/G448S that are
also associated with cross-resistance to medical azoles. Four isolates contained a novel

TR130/D430G resistance mechanism that is currently unpublished.

Association analyses found that soils sampled from garden locations containing compost —
either commercial or homemade — were more likely to grow A. fumigatus and azole-resistant
A. fumigatus (ARAf) than samples collected from borders, pots or planters without compost
added. Furthermore, soil samples containing compost grew significantly greater numbers of

A. fumigatus colonies than those without.
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These findings highlight compost as a significant health hazard to individuals with pre-
disposing factors to aspergillosis, and a potential health hazard to immunocompetent
individuals who could be exposed to sufficiently high numbers of spores to develop
aspergillosis infection. This raises the question of whether commercial producers should be
responsible for sterilising compost of A. fumigatus spores before shipping, or whether
compost bags should carry additional health warnings regarding inhalation of A. fumigatus
spores. These results support increasing public awareness of the hazard posed by compost

and measures that can be taken to reduce the exposure risk.

5.1. Introduction

5.1.1 Land use in the UK

The relationship between microbes in the soil and the surrounding environment is highly
dependent on land use. In England, as of April 2018, 91.5% of land was classed as “non-
developed”, which encompasses land used for agriculture, forest, open land, water, parks and
gardens, and 8.3% was developed for industry, commerce, transport and residential use?*!.
The greatest use of land in England was for agriculture, which accounted for 62.8%241.
Agricultural land used for arable purposes is regularly tilled prior to sowing of seeds, causing
disruption to fungal networks in the soil?*? and the aerosolisation of fungal spores?*3. Here,
the spraying of crops to protect against fungal pathogens results in selection pressure on
environmental fungi such as Aspergillus fumigatus®**. Agricultural land grazed by farm
animals is likely to be untouched by fungicides. However, the storage of manure?* and soiled
bedding?*® provide ideal growing conditions for A. fumigatus and might also present a
selection pressure if the manure is from animals that have been treated for fungal disease or

the bedding is residue from a crop sprayed with azoles.

There are currently 16 fungicides approved for use on turf grass in the UK including three
azoles: propiconazole, epoxiconazole in combination with carbendazim, and tebuconazole in
combination with prochloraz?*’. Turf is laid on golf courses, sports pitches, in parks, public
gardens and private gardens?*® that, combined, accounted for 7% of England’s 2018 land
use?*!. The UK is the second largest trade partner of the Netherlands for horticulture and

imported £1.2 billion of live trees, plants and flowers in 201924°, which includes flower bulbs
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that are dipped in azole fungicides?® and then planted in public parks and gardens and
residential gardens. As a saprotroph that is ubiquitous from the dispersal of its spores in the
air, A. fumigatus is present on dead plant matter from all land uses when it is sent for
composting — from fallen leaves to crop residues, manure, soiled animal bedding, discarded
plants and bulbs and lawn cuttings — and it is exposed to the residues of every fungicide that

has been applied to them.
5.1.1. Composting practices in the UK

As mentioned in Chapter 4, the UK government has committed to diverting waste from landfill
and incineration to composting in order to reduce carbon dioxide (CO;) emissions?!4. The
Environment Agency’s protocol for producing quality compost from biodegradable waste
allows input materials from agriculture, horticulture, aquaculture, forestry, hunting, fishing,
brewing, baking, wood, pulp and paper processing, leather, fur and textiles industries, plastic
and rubber manufacture, construction, households, gardens, parks and markets, as well as
accepting soil and treated sewage sludge?*°. In 2018, there were 171 composting facilities in
the UK certified by the Compost Certification Scheme for producing quality compost?°!. These
facilities processed 3.7 million tonnes of input materials per annum and produced 1.86 million
tonnes of compost; of which 78% was sold for agriculture and horticulture, 9% for domestic
or professional horticulture, 10% for land restoration and landscaping and 3% for forestry?°2.
Compost is recognised as an important source of organic matter and plant-available nutrients
and features in the UK government’s Food 2030 strategy for improving soil quality and
maintaining the productive capacity of soil>>2; however, it is also acknowledged that the
application of compost must not be harmful to the environment or human health?>3. Deportes
et al. (1995) reviewed these potential harmful effects and highlighted the risks as: 1)
accumulation of heavy metals and/or organic compounds in the food chain when compost is
applied to agricultural land, 2) exposure to gastrointestinal pathogens found in sewage sludge
through ingestion of compost, and 3) inhalation of endotoxins, bacteria and fungi, such as A.

fumigatus, in dust produced when handling compost?>4.
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5.1.2. Occupational risk of chronic aspergillosis

Occupations that have the greatest interaction with decomposing organic matter — waste
collectors, workers at composting facilities and farmers — are recognised as those at the
greatest risk of occupationally-acquired respiratory illness: in particular severe asthma with
fungal sensitisation (SAFS), rhinitis, rhinosinusitis, hypersensitivity pneumonia and allergic
bronchopulmonary aspergillosis (ABPA) from exposure to Aspergillus?>>. Other high-risk
occupations include sawmill workers, mushroom processors and individuals handling grain,
feed, hay or straw?>> as these materials can emit fungal spore concentrations of 102 colony
forming units per m3 (CFU/m?3) when disturbed?>®. Viegas et al. (2017) sampled for Aspergillus
species in different occupational settings in Portugal and found the highest prevalence in
wastewater treatment plants, followed by composting facilities, poultry feed stores, cork

manufacturers, slaughterhouses and swineries?>’.

Studies conducted on domestic waste collectors and workers at composting facilities report
increased eye and nose irritation, elevated IgE levels to allergens and moulds, reduced forced
vital capacity (FVC) and increased prevalence of coughing, chronic bronchitis, rhinitis, asthma
and chronic obstructive pulmonary disease (COPD)?>8-253, Specific cases of chronic Aspergillus-
related respiratory illness reported in waste handlers include a 29-year-old male in
Germany?®* and 35-year-old and 43-year-old males in the UK?% diagnosed with ABPA after
collecting garden waste, and hypersensitivity pneumonitis in German?®® and Belgian?®’

compost workers.

Farmers are at increased risk of respiratory illness due to their prolonged and repeated
exposure to mouldy hay and straw, manure and decomposing vegetation and several studies
have reported the same respiratory symptoms in farmers as those experienced by compost
workers268-271 A Danish study reported higher antibody levels to A. fumigatus antigens in
farmers compare to city-dwelling controls?’?; a Finnish study found fungal spore counts,
predominantly Aspergillus species, of between 10*-107 CFU/m?3in dairy farm buildings 2’3 and
a Portuguese study reported asthma, wheezing and dyspnea in poultry and swine farm
workers likely due to Aspergillus exposure?’®. Farmer’s lung is a type of hypersensitivity

pneumonitis caused by inhalation of allergens from mouldy hay. It is often attributed to
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thermophilic bacteria but there have been cases attributed to Aspergillus species?’>?7¢ and

several farmers have been diagnosed with ABPA in addition to farmer’s lung?’7-27°,
5.1.3. Compost and gardening in the UK

In 2017, UK households spent approximately £450 million on compost?®°, Parks, public
gardens and residential gardens are estimated to use 2-5% of the total compost produced in
the UK and apply it more liberally at 300 tonnes per hectare (t/ha) than the 50 t/ha applied
to agricultural land?*4. Furthermore, over one-third of households with access to a garden
reported composting their garden and/or kitchen waste?®!. The likelihood of these home
composting setups containing azole residue is relatively high if the garden waste contains
ornamental plants, bulbs or lawn clippings that have been treated with fungicides — as one-
third of fungicides sold contain azoles — or if the household waste contains grains, fruits,
vegetables, berries or vines protected by fungicides against mildews and rusts?2, This means
that gardeners working with commercial or home composts are at risk of inhaling A.
fumigatus spores that are aerosolised each time the compost is handled, and may be at
further risk of inhaling A. fumigatus spores that are azole-resistant due to the co-occurrence
of A. fumigatus and azole residues on organic waste. There has been a case described of a
man developing hypersensitivity pneumonitis after working with home composted garden

clippings, which was coined “residential composter’s lung”?83,

According to the Office of National Statistics, there were approximately 520,000 hectares of
residential gardens in Great Britain (GB) in 2019, which constituted 29.5% of the total urban
area?®®. In a survey of 7,715 residents in England, 14% of 16—24-year-olds, 43% of 25—44-year-
olds, 64% of 45—-64-year-olds, 72% of 65—74-year-olds and 58% of 75+-year-olds reported
spending their free time gardening?®>. Assuming that most individuals with a garden or who
report spending their free time gardening have worked with commercial and/or home
compost, this puts a significant proportion of the population at-risk of inhaling large numbers

of potentially azole-resistant A. fumigatus spores.
5.1.4. Aspergillosis from gardening

The main risk factors for invasive aspergillosis (IA) infections are having lung damage caused

by infections or chronic lung disease or being immunocompromised, such that A. fumigatus
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spores germinate in a lung cavity and cross into the bloodstream, resulting in sepsis or
respiratory failure if not treated. There have, however, been several cases of individuals with
no known underlying health conditions developing IA following exposures to huge numbers

of A. fumigatus spores during gardening activities.

In Denmark, a 33-year-old male and 63-year-old gardener were admitted to hospital with A.
fumigatus lung infections after spreading damp tree-bark chippings; the infection proved fatal
for the 33-year-old but the 63-year-old recovered following itraconazole therapy?®®. The
authors recommended that individuals with known immune deficiency avoid working with
tree-bark products and that healthy individuals should not work with these products while
they are wet and mouldy?®. In France, a 28-year-old man reported inhaling dust while
gathering laurel leaves in his garden and died ten days later from IA%%’, The authors suggest
that aspergillosis should be suspected if an immunocompetent young person is hospitalised
with community-acquired pneumonia of unknown origin, especially if they report inhaling
vegetal dust?®’. In Germany, an immunocompetent 54-year-old female presented with
respiratory failure after spreading tree-bark in her garden; A. fumigatus was cultured from
her bronchoalveolar lavage fluid (BALF) and she recovered following treatment with
voriconazole?8®, In the UK, an immunocompetent 47-year-old male died of IA after breathing
in dust from the mulch he was spreading in his garden?®, and a 34-year-old healthy male died

of IA who had no predisposing factors apart from having worked as a gardener for 14 years?®°,

The National Aspergillosis Centre advises people to take care when opening bags of compost
and handling rotting material, and recommends working outside on windy days when spores
will be dispersed and wearing a facemask whilst doing so to avoid dust inhalation. Despite the
recognised risks of handling compost, the only health warning printed on commercially-
available compost bags is to not handle compost without gloves if you are pregnant to prevent

toxoplasmosis infection?!,
5.1.5. A. fumigatus and azole-resistant A. fumigatus in UK soils

Bromley et al. (2014) collected soil samples from multiple sites in Manchester city centre and
winter wheat, oilseed rape and winter barley fields outside of Manchester with a known
history of azole treatment'32. The urban soils grew 106 A. fumigatus CFU per gram (CFU/g) on

average compared to 43.5 CFU/g in agricultural soils. All isolates were tested for susceptibility
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to itraconazole (ITZ), voriconazole (VCZ) and posaconazole (PCZ) and four isolates from
agricultural soils were azole-resistant: two had no cyp51A polymorphisms and two contained
TR34/L98H. Interestingly, the modal minimum inhibitory concentrations (MICs) for VCZ and
PCZ were lower in isolates from agricultural soils (0.5 mg/L and 0.06 mg/L, respectively) than
in isolates from urban soils (1 mg/L and 0.125 mg/L, respectively). These differences were

statistically significant for PCZ but not for VCZ, and no differences were observed for ITZ.

Dunne et al. (2017) collected soil samples from five sites around a hospital building in Dublin,
Ireland and commercial compost, as well as swabbing the surface of flower bulbs purchased
from a garden centre in Dublin that were imported from the Netherlands33, They do not state
how many A. fumigatus isolates grew from the hospital and compost soils but all were tested
to ITZ, VCZ and PCZ: one isolate from commercial compost was resistant to VCZ and contained
TR46/Y121F/T289A and one isolate from the hospital soils was pan-azole resistant with
TR34/L98H. Of the 19 isolates grown from flower bulbs, seven (37%) were resistant to at least

one azole: four isolates contained TR4s/Y121F/T289A and three contained TR34/L98H.

Tsitsopoulou et al. (2018) collected 671 soil samples from urban and rural locations in South
Wales, which grew a total of 496 A. fumigatus isolates, and 30 (6%) isolates were azole-
resistant when tested for susceptibility to ITZ, VCZ and PCZ*34. The 419 samples collected from
arable fields grew 288 isolates of which 15 (5.2%) were azole-resistant, the 35 samples
collected from non-public areas (gardens and allotments) grew 28 isolates of which none
were resistant, and the 216 samples collected from public areas (public gardens, parks,
hospital grounds and botanical gardens) grew 179 isolates of which 15 (8.4%) were resistant.

The 12 compost samples grew 10 isolates, none of which were resistant.

Sewell et al. (2019) collected 178 soil and compost samples from several sites across South
West England, including public gardens, parks, cemeteries, flower beds outside hospitals, a
forest, a lavender farm and farmland®3!. 131 (78%) samples grew A. fumigatus and 11 (6%)
samples grew 83 isolates that were resistant to at least one azole when tested for
susceptibility to ITZ, VCZ and PCZ. Of the 19 azole-resistant isolates sequenced for cyp51A, six
isolates contained TR46/Y121F/T289A and 13 isolates contained TR34/L98H.

Fraaije et al. (2020) collected soil samples from experimental cropland with no or known azole

treatment in the UK, as well as from commercial wheat fields in the UK, Germany and the
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Netherlands and arable crops, woodlands and grass verges in Hungary, Austria, Germany,
Belgium and the Netherlands®. The soils grew 0-10 A. fumigatus CFU/g, and all isolates were
tested for susceptibility to azole fungicides ITZ, VCZ, imazalil and tebuconazole. A total of 302
isolates were grown from soils collected from experimental crop fields in the UK of which 27
(8.9%) were resistant to at least one azole. A further 140 isolates were grown from
commercial wheat fields in the UK, of which 17 (12.1%) were resistant to at least one azole.
The polymorphisms found in cyp51A for the resistant isolates were: none, D262Y,

F46Y/M172V/E427K, TR34/L98H and TR4s/Y121F/T289A.

Van der Torre et al. (2020) collected 74 soil samples adhered to root vegetables from farms
and private gardens across the UK, which grew 146 A. fumigatus isolates'®?. These isolates
were tested for susceptibility to ITZ, VCZ and PCZ and none were found to be azole-resistant,
although six isolates were pan-azole resistant that were identified as members of Aspergillus

Section Fumigati.

These studies, combined, have collected large numbers of soil samples from urban and rural
locations in England, Wales, and Ireland to culture A. fumigatus isolates and test them for
susceptibility to the medical azoles ITZ, VCZ and PCZ. The prevalence of azole-resistant A.
fumigatus has ranged from 0% in soil samples from root vegetables®? and compost!34, 5.2-
12.1% in arable soils®¥134, 8.4% in soils from public areas3* and 37.0% from the outside of

bulbs imported from the Netherlands®33.

Given that composting facilities are known sources of A. fumigatus spores and that
Aspergillus-related illnesses are reported in compost workers and farmers, as well as in
immunocompetent individuals following gardening activities, it is likely that commercial and
homemade composts contain high numbers of A. fumigatus spores. Furthermore, given the
likelihood of azole residues occurring on organic matter that is composted, both commercially
and at-home, there is also the opportunity for azole-resistant A. fumigatus (ARAf) to develop.
Existing studies that have collected A. fumigatus from private gardens have not detected
resistance but the numbers of isolates cultured were relatively small: Tsitsopoulou et al.
(2018) cultured 26 isolates from 33 soil samples collected from private gardens!3* and Van
der Torre et al. (2020) cultured 146 isolates from 74 soil samples collected from farms and

private gardens®?,
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The aims of this chapter were fourfold:

1. toascertain numbers of A. fumigatus and ARAf spores in soil collected from residential
gardens in the UK and compare these to numbers in soil samples collected elsewhere
in the UK by existing studies,

2. to establish whether compost (commercial or homemade) contain more A. fumigatus
and/or ARAf than non-enriched garden soils,

3. to determine whether other environmental variables influence spore numbers or
azole-resistance in soil, and

4. to characterise cyp51A polymorphisms in soilborne ARAf spores.

These aims were achieved by culturing A. fumigatus from the soil samples collected by citizen
scientists from borders, plant pots, compost heaps and bags of compost/manure in their

garden (Chapter 3).

5.2. Methods

5.2.1. Recruitment for citizen science sampling project

As detailed in 3.2.4, citizen scientists were recruited to take part in the project via posts on
social media platforms Twitter and Facebook, posters displayed at Imperial College London
and UK Centre for Ecology & Hydrology (UKCEH) and a blog on the UKCEH website (Appendix
7). In total, 334 individuals registered their interest in taking part and were sent sampling
packs containing two sample bags, simple instructions (Appendix 8), a questionnaire
(Appendix 9) and a Freepost return envelope, and 246 individuals participated. This 74%
return rate, much higher than the 10-15% return rate generally expected for citizen scientist
projects (personal comms, CEE Symposium Citizen Science, 14™ June 2018) suggests that
participants were motivated to take part and that the sampling strategy was straightforward

and/or well-explained.

5.2.2. Processing soil samples, culturing A. fumigatus and testing
for ARAf

When envelopes were received back from citizen scientists, the soil samples and paperwork

were processed as detailed in section 2.5. Briefly, 2 g of each soil sample was suspended in 8
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ml of buffer (0.85% NaCl and 0.01% Tween 20 in diH,0) and the surface 200 ul was pipetted
onto two Sabauroud dextrose agar (SDA) plates: one containing penicillin (200 mg/L) and
streptomycin (400 mg/L) and the other containing penicillin (200 mg/L), streptomycin (400
mg/L) and tebuconazole (6 mg/L). After incubation for 48 hours, the number of A. fumigatus
isolates grown on each plate were recorded and isolates on the tebuconazole plates were
picked into 1.5 ml tubes containing 200 pl of mould preservation solution (0.2% agar and

0.05% Tween 20 in diH;0) and stored in the fridge.

5.2.3. Cryopreservation, DNA extraction and gene sequencing of

ARAf

Isolates that grew on the SDA plates containing tebuconazole were cryopreserved at -80°C
(section 2.6) and had their DNA extracted and stored at -20°C (section 2.7). The DNA from
these isolates was then amplified and sequenced for the cyp51A gene promoter and coding

regions to determine the polymorphisms causing resistance (section 2.9).
5.2.4. Confirming identity as A. fumigatus

If an isolate failed to amplify with primers for the cyp51A gene promoter and coding regions

it had its beta-tubulin gene sequenced to confirm or disprove its identity as A. fumigatus.

5.2.5. Environmental factors relating to UK sampling dates and

locations

Variables that were provided by the citizen science participant were the geographical location
of the sample, where in the garden it was collected from (border, plant pot, compost heap or
bag of compost/manure) and the date on which it was collected. Additional data were
obtained for all samples, including maximum daily temperature on sampling date at sampling
location (section 2.12), land cover classification of sampling location (section 2.13) and
percentage of arable land in 2 km surrounding sampling location (section 2.14). Maximum
daily temperatures at sampling locations were included as a variable to determine whether
ambient temperature affected the viability of A. fumigatus or ARAf spores. The distance from
all UK sampling locations to the nearest composting facility with open windrow or outdoor

activity (OW/OA) was calculated (section 2.15). The land cover classification for each OW/OA
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composting facility was also obtained to ensure any association between a sample growing
A. fumigatus or ARAf and distance to its nearest OW/OA composter was not confounded by

the composter’s land cover.

5.2.6. Generalised linear models
. Number of
Name of variable Type of data T R
Growth of A. fumigatus Binary 501°
Dependent Number of A. fumigatus grown Count 327°
variables Growth of ARAf Binary 509
Number of ARAf grown Count 101°
Garden location sample collected from Categorical 509
Date sample collected Categorical 509
Maximum daily temperature at sampling Continuous 509
location
Land cover classification of sampling location Categorical 509
Urban or rural sampling location Categorical 509
Ind.ependent Percentage arable land in 2km buffer Continuous 509
variables ) . .
surrounding sampling location
Distance to nearest OW/OA composter Continuous 509
Land cover classification of nearest OW/OA Categorical 509
composter
Urban or rural location of nearest OW/OA Categorical 509
composter

Table 5.1: Dependent and independent variables used in generalised linear model fitting to determine the
influence of climate and location on growth of A. fumigatus and azole-resistant A. fumigatus. ® It was unknown
for eight samples whether A. fumigatus grew or not due to contamination. ® Counts of 0 were excluded to avoid
replicating the logistic regressions. OW/OA composter = composter with open windrow or outdoor activity.

The dependent and independent variables used in fitting the generalised linear models (GLM)
are shown in Table 5.1. Logistic regressions were used to look for associations between these
independent variables and the likelihood of a sample growing A. fumigatus or ARAf. Poisson
regressions were deemed unsuitable for analysis due to overdispersion of the count data,
shown in Figure 5.1, which resulted in the residual deviance in the model being far greater
than degrees of freedom when these should be in approximately 1:1 ratio. Negative binomial
regressions were used instead to determine whether any of the independent variables
significantly affected the number of A. fumigatus or ARAf colonies grown from a sample. The
peaks at 30 and 50 colonies in the histogram in Figure 5.1 are due to the difficulties in counting
exact numbers of A. fumigatus or ARAf colonies on plates that were overgrown with colonies,

such that plates were recorded as having >30 or >50 colonies.
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Figure 5.1: Histograms showing the distribution of numbers of A) A. fumigatus colonies and B) azole-resistant
A. fumigatus colonies grown from positive samples.

5.3. Results

5.3.1. A. fumigatus and ARAf in UK soil samples

In total, 509 soil samples were collected and sent in by citizen scientists in the UK of which
327 (64%) grew 5,174 A. fumigatus isolates and 101 (20%) grew 736 ARAf isolates (Table 5.2
and 5.3). The majority of samples, 451 of 509 (89%), were assigned a single location in the
garden that they had been collected from: either a border, bag of compost, bag of manure,
compost heap or pot/planter. For the remaining samples, multiple locations had been
assigned by the participant or it was apparent from the sample’s description that a single
location was not appropriate. These multiple locations occurred for soils collected from
borders or pots/planters recently covered or topped up with compost or manure. Across all
samples that grew A. fumigatus the average CFU/g was 316, which ranged from 0 CFU/g in
the sample collected from a border plus manure bag to 600 CFU/g in the sample collected
from a manure bag (Table 5.3). Across all samples that grew ARAf the average CFU/g was 145,
which ranged from 0 CFU/g in samples collected from several garden locations to 214 CFU/g
in samples collected from compost heaps (Table 5.3). Figure 5.2 shows the geographical
locations that samples were collected from, with samples that did not grow A. fumigatus
shown in blue, samples that grew A. fumigatus shown in green and samples that grew ARAf

shown in red.

136



Location in garden Samples that grew | Samples that
. Number of ,

soil sample was s A. fumigatus grew ARAf
collected from (% of samples) (% of samples)
Border (B) 206 99 (48) 19 (9)
B+ CB 7 4 (57) 1(14)
B+ CH 5 3 (60) 0(0)
B+ MB 1 0(0) 0(0)
B + MB + CH 1 1 (100) 0(0)
Compost bag (CB) 49 44 (90) 20 (41)
Compost heap (CH) 80 58 (73) 27 (34)
Manure bag (MB) 1 1 (100) 0 (0)
Pot/planter (PP) 115 79 (69) 26 (23)
PP+ CB 38 33 (87) 8 (21)
PP + CB + CH 3 2 (67) 0 (0)
PP + CB + MB 2 2 (100) 0 (0)
PP + CH 1 1 (100) 0 (0)
Total 509 327 (64) 101 (20)

Table 5.2: A breakdown of the number of soil samples collected, the number and
percentage of soil samples that grew A. fumigatus and the number and percentage
of samples that grew azole-resistant A. fumigatus (ARAf) by the location(s) in the
garden that the soil sample was collected from.

Location in garden Number of Average Number of ARAf Average

soil sample was A. fumigatus | A. fumigatus | isolates grown (% of ARAF CFgU /
collected from isolates grown CFU/g? A. fumigatus isolates) 8
Border (B) 1,009 204 121 (12) 127
B+CB 56 280 8(14) 160
B+ CH 44 293 0(0) 0
B+ MB 0 0 0(0) 0
B+ MB+CH 1 20 0(0) 0
Compost bag (CB) 993 451 137 (14) 137
Compost heap (CH) 1,464 505 289 (20) 214
Manure bag (MB) 30 600 0(0) 0
Pot/planter (PP) 1,005 254 130 (13) 98
PP +CB 529 321 51 (15) 128
PP + CB + CH 21 210 0 (0) 0
PP + CB + MB 4 40 0 (0) 0
PP + CH 18 360 0(0) 0
Total 5,174 316 736 (14) 145

Table 5.3: Numbers of A. fumigatus and azole-resistant A. fumigatus (ARAf) isolates grown from each
garden location that soil samples were collected from, and the average colony-forming units per gram
(CFU/g) for each location. @ Calculated as the number of A. fumigatus isolates grown divided by the number
of samples that grew A. fumigatus, multiplied by 20 to account for dilution factor of soil in buffer.
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Figure 5.2: Maps showing locations of soil samples collected by citizen scientists. Blue dots indicate samples
that did not grow A. fumigatus colonies, green dots indicate samples that did and red dots indicate samples
that grew azole-resistant A. fumigatus.

5.3.2. Cyp51A polymorphisms in UK soilborne ARAf

Of the 736 isolates that grew in the presence of tebuconazole at 6 mg/L, 93 (13%) failed to
re-grow after short-term storage in the fridge. The remaining isolates were sequenced for
cyp51A to determine the polymorphisms responsible for tebuconazole-resistance. The
polymorphisms for each isolate, along with the soil sample’s geographical and garden
location, are shown in Appendix 14, and these results are summarised by garden location in

Table 5.4.
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Location in garden that soil sample was
cyp51A polymorphisms collected from Total (%):
B B +CB CB CH PP PP+ CB

C270R 1 1(0)
1242V 5 5(1)
TR34 1 1 1 3(0)
TR34/L98H 82 7 | 117 | 237 65 34 542 (74)
TR34/L98H/Q191E 1 1(0)
TR34/L98H/R196L 1 1(0)
TR34/L98H/K240R 1 1 2 (0)
TR34/L98H/T289A/1364V/GA448S 6 6(1)
TR34/L98H/K372R 1 1(0)
TR34/L98H/P394R 1 1(0)
TR34/L98H/F404C/F459S/A460S 1 1(0)
TR34/L98H/F404V 1 1(0)
TR34/L98H/N406D 1 1(0)
TR34/L98H/N406M 1 1(0)
TR34/L98H/K421R 1 1(0)
TR34/L98H/P443L 2 2(0)
TR34/L98H/A460S 1 1(0)
TR34/L98H/D481N 1 1 2(0)
(TR34)?/L98H 1 1(0)
TRas/Y121F/M178W/T289A/S363P/1364V/G448S 1 1(0)
TRas/Y121F/T289A 1 14 1 16 (2)
TRas/Y121F/T289A/S363P/1364V/GA448S 4 4 (1)
(TRas)?/Y121F/M1721/T289A/G4A48S 1 1(0)
TRs3 1 1 2(0)
TR130/D430G 4 4(1)
Wild-type 3 1| 23 27 (4)
Failed to sequence 3 3 8 14 (2)
Isolate failed to re-grow 30 12 14 | 23 14 93 (13)
Total: | 121 8| 137 | 289 | 130 51 736

Table 5.4: The number of A. fumigatus and non-A. fumigatus isolates (failed to sequence) grown from soils
collected from each garden location that were azole-resistant, and a summary of their cyp51A polymorphisms.
B=border, CB=compost bag, CH=compost heap, MB=manure bag, PP=pot/planter.

5.3.3. Maximum air temperatures on soil sampling dates

The 509 soil samples were collected from every country in the UK: 433 from England, 43 from
Scotland, 27 from Wales and 6 from Northern Ireland. The soil sampling citizen project was
advertised to take place on 215t June 2019, which was the summer solstice date for this year,
but sample collection on any nearby date was encouraged for greater participation. As a
result, 263 (52%) samples were collected on 215t June 2019 and the remaining 48% of samples
were collected on 20 dates throughout June and July 2019. The maximum daily temperatures
for sampling locations that were sampled from at the given date ranged from 12.5-30.5°C are

shown in Figure 5.3.
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Figure 5.3: Boxplot of maximum daily temperature at sampling
locations on the date that soil sample was collected.

5.3.4. Land cover classifications of sampling locations

The 509 soil samples were collected from 249 unique locations across the UK: 210 locations
in England, 22 in Scotland, 14 in Wales and 3 in Northern Ireland (Figure 5.4). These locations
were predominantly urban (n = 230; 92%), with the 19 rural locations classified as 1
(woodland), 3 (arable), 4 or 5 (grassland). The breakdown of land cover classes for sampling

locations by country is shown in Table 5.5.
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Figure 5.4: The 249 unique locations in the UK that soil samples were collected from, coloured by country.
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Countries
Land cover classification England | Scotland | Wales Northern | Totals
Ireland
1 2 0 0 0 2
3 2 4 0 0 6
4 7 1 1 1 10
5 0 0 0 1 1
Rural total 11 (5) 5(23) 1(7) 2(67) 19 (8)
(% of locations):
20 32 2 3 0 37
21 167 15 10 1 193
Urban total | 199 (95) 17 (77) 13 (93) 1(33) | 230(92)
(% of locations):
Total: 210 22 14 3 249

Table 5.5: Breakdown of land cover classifications for soil sampling locations by country,
obtained from UK Centre for Ecology & Hydrology’s 2019 land cover maps for Great Britain and
Northern Ireland.

5.3.5. Land cover classifications of composting facilities with

open windrow or outdoor activity in the UK

The land cover classifications of the 257 OW/OA composting facilities in England, Scotland,

Wales and NI are detailed in section 4.3.7 as the same sites were used in both analyses.

5.3.6. Distance from UK sampling locations to nearest

composting facility

The 249 unique sampling locations across England, Scotland, Wales and NI were used to
calculate distance to the nearest OW/OA composting facility. The closest distance between a
sampling location and composting facility was 292 m and the furthest distance was 88 km. In
total, nine sampling locations were within 2 km of an OW/OA composting facility. Figure 5.5A

shows the distances between sampling locations and the closest OW/OA composting facility.

To determine the distance for any postcode in the UK to the nearest OW/OA composting
facility, all current UK postcodes (n = 1,773,498) were downloaded and the distance between
each postcode and the nearest OW/OA composter was calculated. The mean distance
between all UK postcodes and the nearest OW/OA composter was 13 km and the median
distance was 10 km. There were 11 postcodes that were 0 km from an OW/OA composting

facility and 47,315 postcodes within 2 km. The furthest distance between a postcode and
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nearest composter was 367 km. Figure 5.5B shows the distances between UK postcodes and
the nearest OW/OA composting facility for the 1,768,554 postcodes that were within 90 km

of the nearest composter, to use the same distance scale as Figure 5.5A.

A m B

20 - 120000 -
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40000 -

Count of UK sampling locations
Count of UK postcodes

N [h L

i ! ! ' | ! | |
0 25 50 75 0 25 50 75

Distance to closest OW/OA composting site (km) Distance to closest OW/OA composting site (km)

Figure 5.5: Histogram showing distances between A) UK soil sampling locations (n = 249) and B) all UK
postcodes (n = 1,768,554) and the closest composting facility with open windrow or outdoor activity within
90 km.

5.3.7. Percentage of arable land in 2km buffer surrounding

sampling locations

The percentage of arable land (land cover class 3) in a 2 km buffer around sampling location
was calculated for 249 unique locations in England, Wales, Scotland and NI. Of these locations,
35 (14%) did not have any arable land within 2 km and the remainder had between 0.005%
and 90%. As shown in Table 5.6, Wales had the highest proportion (29%) of sampling locations
without arable land in the surrounding 2 km buffer and NI had no sampling locations without

arable land in their surroundings.

. Samples without Percentage of arable land in 2
Number of unique . . .

Country sambling locations arable land in 2 km km buffer of remaining

piing buffer (% of samples) sampling locations (%)
England 210 28 (13) 0.005-90
Scotland 22 24 (14) 0.4-70
Wales 14 23 (29) 0.4-28
Northern Ireland 3 0(0) 1-10

Table 5.6: Breakdown by country of the percentage of arable land within surrounding 2 km of unique sampling
locations.

143



5.3.8. Factors influencing whether samples grew A. fumigatus

5.3.8.1. Logistic regression model for UK samples
The logistic regression on UK samples (n = 501) to determine which factors influenced

whether samples grew A. fumigatus excluded eight samples because the SDA plates without
tebuconazole were too contaminated to count the numbers of A. fumigatus colonies. The
only independent variable that significantly affected whether a sample grew A. fumigatus was
the location in the garden from which the sample was collected (x? = 67.3, df = 12, p < 0.01).

The relationship between garden locations from which samples were collected and the

growth of A. fumigatus from samples is shown in Figure 5.6.
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Figure 5.6: Plot showing the relationship between whether a sample
grew A. fumigatus and the garden location from which the sample was
collected. B=border, CB=compost bag, CH=compost heap, MB=manure
bag, PP=pot/planter.

The odds ratios and p-values for the locations in the garden from which the samples were
collected are shown in Table 5.7. Samples collected from a compost bag, compost heap,
pot/planter and pot/planter plus compost bag had significantly increased odds of growing A.
fumigatus (p < 0.01) compared to samples collected from a border. There were no significant

changes in odds of growing A. fumigatus from other sampling locations.
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Independent variable Odds ratio (95% ClI) | Pr(>|z])
Location in garden sampled from

Border (baseline)

B+CB 1.43 (0.31-7.40) 0.64

B+ CH 1.61(0.26-10.24) 0.61

B+ MB - 0.99

B+ MB+CH -2 0.99

Compost bag 15.70 (5.50-66.19) <0.01

Compost heap 3.45 (1.93-6.40) <0.01

Manure bag -2 0.99

Pot/planter 2.42 (1.50-3.95) <0.01

PP+ CB 7.07 (2.88-21.28) <0.01

PP+CB+CH 2.14 (0.20-46.50) 0.53

PP+ CB + MB -2 0.98

PP+ CH -2 0.99

Table 5.7: Odds ratios, confidence intervals and p-values calculated for independent variables
included in a logistic regression model using samples collected in the UK (n = 501) to explain
whether a sample grew A. fumigatus. Significant results (p <= 0.05) are highlighted in bold.
Insufficient data to calculate odds ratio and confidence intervals. B=border, CB=compost bag,
CH=compost heap, MB=manure bag, PP=pot/planter.

5.3.9. Factors influencing the number of A. fumigatus colonies

grown from a sample

5.3.9.1. Negative binomial model for UK samples
In the negative binomial regression model run on UK samples that grew A. fumigatus (n =

335), the only independent variable that was found to have a significant effect on the number
of A. fumigatus colonies grown was the location in the garden from which the sample was
collected (x?> =50.8, df =11, p < 0.01). The relationship between garden locations from which
samples were collected and the number of A. fumigatus colonies grown from samples is

shown in Figure 5.7.

Samples collected from several garden locations grew significantly more A. fumigatus
colonies when compared to samples collected from borders: compost bag (p < 0.01), compost
heap (p < 0.01) and pot/planter plus compost bag (p = 0.02). Samples collected from a
pot/planter plus compost bag plus manure bag grew fewer A. fumigatus colonies than

samples collected from borders, although this reduction was marginally significant (p = 0.05).
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Figure 5.7: Plot showing the relationship between the number of A.
fumigatus colonies grown from a sample and the garden location from
which the sample was collected. B=border, CB=compost bag,
CH=compost heap, MB=manure bag, PP=pot/planter.

5.3.10. Factors influencing whether samples grew ARAf

5.3.10.1. Logistic regression model for UK samples
In the logistic regression model that included UK samples (n = 509) to determine which factors

influenced whether a sample grew ARAf, location in garden that sample was collected from
was the only independent variables tested that significantly improved upon the null model in
explaining the outcome (x> = 43.0, df = 12, p < 0.01). The relationship between garden
locations from which samples were collected and the growth of ARAf from samples is shown

in Figure 5.8.

The odds ratios and p-values for the model, including the location in the garden from which
the sample was collected, are shown in Table 5.8. Samples collected from a compost bag,
compost heap, pot/planter and pot/planter plus compost bag had significantly increased odds
of growing ARAf (p < 0.01) compared to samples collected from a border. There were no

significant changes in odds of growing ARAf from other sampling locations.
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Figure 5.8: Plot showing the relationship between whether a sample
grew azole-resistant A. fumigatus and the garden location from which
the sample was collected. B=border, CB=compost bag, CH=compost

heap, MB=manure bag, PP=pot/planter.

Independent variable Odds ratio (95% Cl) | Pr(>|z])
Location in garden sampled from

Border (baseline)

B+ CB 1.64 (0.08-10.32) 0.65

B+ CH - 0.99

B+ MB -2 0.99

B+ MB +CH -2 0.99

Compost bag 6.79 (3.25-14.37) <0.01

Compost heap 4.74 (2.45-9.32) <0.01

Manure bag -2 0.99

Pot/planter 2.88 (1.52-5.53) <0.01

PP + CB 3.05 (1.22-7.26) <0.01

PP+ CB + CH - 0.99

PP + CB + MB -2 0.99

PP + CH -2 0.99

Table 5.8: Odds ratios, confidence intervals and p-values calculated for independent variables
included in a logistic regression model using samples collected in the UK (n = 509) to explain
whether a sample grew azole-resistant A. fumigatus. Significant results (p <= 0.05) are highlighted
in bold. 2Insufficient data to calculate odds ratio and confidence intervals. B=border, CB=compost

bag, CH=compost heap, MB=manure bag, PP=pot/planter.
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5.3.11. Factors influencing the number of ARAf colonies grown

from a sample

5.3.11.1. Negative binomial model for UK samples
In the logistic regression model that included UK samples that grew ARAf (n = 101) to

determine which factors influenced the number of ARAf colonies grown from samples, the
independent variables that were found to have a significant effect were: land cover
classification of nearest OW/OA composting facility to sampling location (x2=16.9,df=7,p =
0.02) and whether the nearest OW/OA composting facility was in an urban or rural location
(x> =5.2,df =1, p = 0.02). The relationships between both significant independent variables

and the number of ARAf colonies grown from samples are shown in Figure 5.9.
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Figure 5.9: Plots showing the relationship between the number of azole-resistant A. fumigatus colonies
grown from samples and A) land cover class of nearest composting facility with open windrow or outdoor
activity (OW/OA) to sampling location, and B) rural or urban location of nearest OW/OA composting facility
to sampling location.

The model with the lowest AIC included whether the nearest OW/OA composting facility was
in an urban or rural location. In this model, samples that were closest to urban OW/OA
composting facilities grew significantly higher numbers of ARAf colonies than samples closest

to rural OW/OA composting facilities (p = 0.02).
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Air sampling Soil sampling
Ao, T Summer Autumn Winter Spring Summer
sc;uth 2018 2018 2018 2019 2019
1 2 1 2 1 2 1 2 1 2

A/R|A/R|A|R|A|R| A |R|A |R|IA|R|A|RIA| R|[A R
Inverness-shire 00 210 110 30 0 5 0
Fife 110 3]0 0|0 110 0| 0| O
Midlothian 210|010 0| 0] 30 3
Dumfriesshire 0|0 0|0 711 0|0 1 1
Lancashire 3/0|5]|0 0|0 5 0| 3 3
Lancashire 0|0 50| 0| O 0
West Yorkshire 1/0(0(0|34|1|35|0|0|0|0O|O| 2| O] O] O
Lancashire 80| 7]0(0|0|0]0O]| 9 0] 12 0
Greater Manchester 110 00 0|0 0|0 4 0 2 0
Greater Manchester 00|00 11 6
Cheshire 0|0 0 0 0 0
Cheshire 110 0 0 0 0
Cheshire 2(0|0|0|2|0|0|0| 2|0 1|0|0|0|0|0O|22| 0|50/ 17
Staffordshire 0|0 110 111 0| 0| O 0
Norfolk 110 3 0 0 0
West Midlands 210 0|0 oj{0|0|0|] O] O O] O
West Midlands 710(|8|2|3|0/2|0| O|O|] O|O|O|O|O|O|30| O O] O
West Midlands 0O|0|1]0 3 0] 22 0
Northamptonshire 1/0(1(0| 1|0| O|O|1|0|O|O|] O O 2 0
Gloucestershire 0|0|0|0|30]| 8|30 3
Hertfordshire 3|0 110 601|050 11 0 0
Hertfordshire 110 0| 0| 6 0
Breconshire 0|0 0|0 0| 0| 9 0
Oxfordshire 0|0 0|0 0|0 301 30| 6 0
Buckinghamshire o|jo|1|0|0|0O|O|O| O|O|] O|O|O|O|O|O| O O]|50]19
Essex 0|0 0|0 0 0 0 0
Buckinghamshire 210 110 0|0 0|0 3 0] 30 3
Oxfordshire 110 30 11 30 0
Oxfordshire 410 1)1 110 0|0 5 0 0 0
Oxfordshire 0/|0(1|0(3|0f{1|0|] 2|0|] 1|0|1|1({1]|0|25| 8|25 2
Oxfordshire 0|0 0|0 0|0 30 2| 30 6
Greater London 7/0(510]12|0{5{0] 3|{0|] 0|0 2 0| 17 0
Greater London 110]0j0)1|0 0] 19 0] 2 0
Buckinghamshire 0[0| 3|]0|1|0|1(0| 4| 0] 12 0
Greater London 110 0|0 410 16 1 8 0
Greater London 0|0 25 91 30 5
Greater London 2|10|1|0j1|1{0|0| O|0O|] O|0O|O|O|O|0O] 30 1|30 2
Hampshire 210 110 0|0 0|0 30 0 4 0
Wiltshire o|jolo0|0|0|O|1|0| O|O| 21]|0|0O|O|1|0O|30| O O] O
Somerset 110 0 0|0]1|0| O 0| 30 3
Dorset 00 0|0 0|0 0 0 0 0
Hampshire 511 110 1/0 3]0 0 0| O 0
Dorset 5/{0(0|0|0|0O|O|O| O|O| O|O|1|0Of1|0]12| 0] 30 1
Cornwall 0|0 210 210 0|0 31 0] 3 0

Table 5.9: Details of 46 UK locations from which both an air and soil sample were collected, including the
county and the number of A. fumigatus (A) and azole-resistant A. fumigatus (R) colonies grown from each
sample. Samples that grew azole-resistant A. fumigatus are highlighted in red and locations that grew
azole-resistant A. fumigatus from both air and soil samples are highlighted in bold.
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5.3.12. Growth of A. fumigatus and ARAf colonies from air and soil

sampled from the same location

There were 46 UK locations from which soil samples were collected that at least one air
sample was also collected from (Chapter 4). The numbers of A. fumigatus and ARAf colonies
grown from these samples are detailed in Table 5.9. Of these locations, 23 (50%) grew ARAf
colonies from either an air sample or soil sample, but only 3 (7%) grew ARAf colonies from

both.
5.4. Discussion

The primary aim of this chapter was to determine the numbers of A. fumigatus and ARAf
spores in soils collected from residential gardens in the UK, and to compare these to the
numbers of spores in soils collected from elsewhere in the UK by existing studies. Of the 509
soil samples collected by citizen scientists from their gardens, 327 (64%) samples grew a total
of 5,174 A. fumigatus colonies and 101 (20%) samples grew a total of 736 ARAf colonies. The
average CFU/g for the samples that grew A. fumigatus was 316, which is higher than the 106
CFU/g in urban soils and 43.5 CFU/g in agricultural soils reported by Bromley et al. (2014)*!
and considerably higher than the 0-10 CFU/g reported from experimental cropland,
commercial wheat fields, woodlands and grass verges by Fraaije et al. (2020)%. A smaller
percentage of the soil samples in this chapter grew A. fumigatus colonies compared to those
collected by Sewell et al. (2019)*31, 64% versus 78% respectively, whereas a larger percentage
grew ARAf colonies, 20% versus 6% respectively. The prevalence of ARAf of 14% reported
here is greater than the overall ARAf prevalence of 6% found in urban and rural soils in South
Wales by Tsitsopoulou et al. (2018)'3* and 9% in experimental cropland and 12% in
commercial wheat fields reported by Fraaije et al. (2020)%°. However; it is lower than the 37%
prevalence of ARAf in isolates cultured from flower bulbs dipped in azoles reported by Dunne
et al. (2017)*33. Given the prevalence of ARAf detected in this chapter, and by other studies,
it is surprising that Van der Torre et al. (2020)'°? did not detect any azole-resistance in the
146 A. fumigatus isolates cultured from soil samples collected from farms and private gardens

across the UK.
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The secondary aim of this chapter was to ascertain whether compost, either commercial or
homemade, contained more A. fumigatus and/or ARAf spores than other garden locations.
The main garden locations sampled from were borders (n = 206), compost bag (n = 49),
compost heap (n = 80), pot/planter (n = 115) and pot/planter plus compost bag (n = 38).
Compost bag indicated commercial compost, compost heap indicated homemade compost
and pot/planter plus compost bag meant the pot/planter had recently been topped up with
commercial compost. The greatest concentration of A. fumigatus spores was cultured from
compost heap samples at 505 CFU/g, followed by compost bag at 451 CFU/g and pot/planter
plus compost bag at 321 CFU/g. Soil samples collected from garden locations that did not
contain compost had a lower concentration of A. fumigatus spores: 254 CFU/g from
pot/planter and 204 CFU/g from borders. As citizen scientists were only asked to indicate one
garden location from which the soil sample was collected, it is possible that the
concentrations of A. fumigatus spores from pot/planters and borders were inflated by the
recent addition of compost that was not indicated on the questionnaire. Similar observations
were made for ARAf spores, with concentrations of 128-289 CFU/g recorded for garden
locations involving compost and 98-127 CFU/g for garden locations without compost. These
trends were confirmed as statistically significant in association analyses. When compared to
soil samples collected from borders, soils collected from compost bags, compost heaps,
pot/planters and pot/planters plus compost bag had significantly greater odds of growing A.
fumigatus and ARAf (p < 0.01 for all associations). Furthermore, samples collected from
compost bags, compost heaps and pot/planter plus compost bag grew significantly more A.
fumigatus colonies compared to samples collected from borders. This association was not

seen for numbers of ARAf colonies.

There have been a handful of existing studies that have looked for ARAf specifically in
compost, in the UK131133.134 and globally?6:2°2-2%4 Tsitsopoulou et al. (2018) sampled compost
from agricultural fields (n = 6), a horticultural nursery (n = 1) and from public areas (n = 5)
across South Wales that grew four, one and five A. fumigatus isolates, respectively; none of
which were azole-resistant'34. Dunne et al. (2017) sampled from commercial compost bought
from a garden centre in Dublin but do not disclose how many samples were collected or how
many A. fumigatus were cultured, only that one isolate was azole-resistant'33. Sewell et al.

(2019) sampled from compost (n = 2) in London that, combined with samples collected from
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flower beds outside a hospital situated ~500m away (n = 3), gave a 60% prevalence of ARAf3,
Pugliese et al. (2018) collected samples from composting orange peel in Italy and found
concentrations of A. fumigatus of 8.8 x 103 CFU/g at the start of the process rising to 605.7 x
103 CFU/g by the end of the process, but none of the isolates selected for susceptibility testing
(n = 50) were azole-resistant?®*. Santoro et al. (2017) sampled from green and brown
composts (n = 11) in Spain, Hungary and Italy and found concentrations of A. fumigatus
ranging from 100 to 10.6 x 103 CFU/g, although none of the isolates selected for susceptibility
testing (n = 30) were azole-resistant?®3. Ahangarkani et al. (2020) screened 300 compost
samples collected in Iran for ARAf and detected 57 isolates with elevated MICs to itraconazole
and voriconazole?®®. Zhang et al. (2021) collected a time-series of 114 samples from a plant
waste stockpile in the Netherlands and detected >103 CFU/g in 74% of samples, with the
prevalence of ARAf averaging at 50% across all samples?2. Schoustra et al. (2019) obtained
high concentrations of A. fumigatus and ARAf from all plant waste sites they sampled: 2.3 x
103 CFU/g and 200 CFU/g, respectively, from household green waste, >1 x 10* CFU/g and 1.5-
1.8 x 10® CFU/g from compost heaps in residential gardens, up to 9.4 x 10° CFU/g and up to
2.3 x 10° CFU/g in flower bulb waste and up to 1.9 x 10® CFU/g and up to 8.4 x 10* CFU/g in
organic waste from landscaping!?®. While the findings are highly variable with regards to
concentrations of A. fumigatus and ARAf in composting plant matter and in processed
compost, it is clear that both have the potential to contain huge numbers of spores, which
warrants further investigation in all countries producing commercial compost including the

UK.

The tertiary aim of this chapter was to determine whether environmental variables, aside
from the garden location from which the soil sample was collected, influenced spore numbers
or azole-resistance in the soils. The variables included in analyses relating to the sample were
the date the sample was collected, maximum daily temperature at the sampling location on
this date and the land cover classification of the sampling location. The variables relating to
the environment around the sampling location were the percentage of arable land in the 2
km buffer surrounding sampling location, the distance between sampling location and the
nearest OW/OA composter and the land cover classification of the nearest OW/OA
composter. None of these variables affected whether a sample grew A. fumigatus or ARAf, or

the number of A. fumigatus grown from a sample. However, whether the nearest OW/0OA
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composter was in a rural or urban location affected the number of ARAf colonies grown from
a sample, with sampling locations that were closest to an urban composter growing
significantly more ARAf than those closest to a rural composter. This finding aligns with the
higher prevalence of ARAf in urban locations (13.8%) compared to rural locations (0-1.1%)
reported by Sewell et al. (2019)*3! and supports their conclusion that horticulture may be a

greater driver of azole-resistance than agriculture.

The final aim of this chapter was to characterise the cyp51A polymorphisms in ARAf isolates
grown from the soil samples. Unfortunately, 93 (13%) of the 736 isolates that grew on
tebuconazole at 6 mg/L did not re-grow from short-term storage in the fridge in mould
preservation solution, which left 643 (87%) isolates for sequencing of the cyp51A promoter
and gene regions. Similar to existing UK studies3134191 the predominant mutation identified
was TR34/L98H (n = 542; 74%). Of these isolates, 22 had amino acid substitutions in cyp51A in
addition to L98H. Interestingly, six isolates with TR34/L98H also contained T289A, 1364V and
G448S; a combination that has been recently detected in Japan on tulip bulbs imported from
the Netherlands?®® and in Korea in a patient with 1A%’ In three isolates TR34 was detected
without any accompanying amino acid substitutions and in one isolate TRes/L98H was
detected, which was found to be two repeats of the 34 bp insert. The TRas/Y121F/T289A
mutation was detected in 16 (2%) isolates and in four additional isolates this was
accompanied by S363P, 1364V and G448S; a combination detected by Fraaije et al. (2020)%° in
the Netherlands in 2018. Additional polymorphisms detected in this chapter included TRs3,
which has been previously reported from a patient with multiple-azole-resistant A. fumigatus
osteomyelitis in the Netherlands'*® and from flower fields in Colombia%®®, and
TRo2/Y121F/M1721/T289A/G448S, which is two repeats of the 46 bp insert and has been
previously detected in flower bulb waste in the Netherlands'?®. TR130/D430G was detected in
four isolates; the TR130 has been previously detected by a collaborator but is unpublished
(personal comms) and the D430G amino acid substitution has been previously detected in a
clinical isolate from Japan, associated with voriconazole resistance?®®. There were 33 (5%)
isolates that did not contain any TRs in the promoter region: 27 had no amino acid
substitutions in cyp51A, five contained 1242V and one contained C270R. None of the single

cyp51A amino acid substitutions detected in this chapter, that occurred alone or alongside
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TR34/L98H, are reported in studies summarising cyp51A polymorphisms108109300 \which may

suggest these polymorphisms occurred in situ.

There were 46 locations from which soil samples were collected for this chapter that were
also air sampled in Chapter 3, so these samples were compared for A. fumigatus and ARAf
growth. There were no locations from which both air and soil samples grew notably high
numbers of A. fumigatus that might identify them as “hotspots”. At 23 of these locations ARAf
was cultured from either an air or a soil sample but only at three locations was ARAf cultured
from both. It is likely that this lack of consistency is due to the air and soil sampling rounds
each being spaced apart by three months between June 2018 and March 2019. It would be
very interesting to repeat the citizen science projects with participants collecting air and soil
samples from their garden on the same day, to see if A. fumigatus and/or ARAf spore numbers

are consistent in both sample types.

The key findings of this chapter were that 64% of soil samples collected from residential
gardens in the UK grew A. fumigatus colonies, 20% of samples grew ARAf colonies and 14%
of all A. fumigatus isolates grown were tebuconazole-resistant. While susceptibility testing
against medical azoles was not undertaken for these isolates, the majority contained either
TR34/L98H or TR4s/Y121F/T289A mutations in cyp51A, which were associated in Chapter 4
with resistance to three or four of the medical azoles itraconazole, voriconazole,
posaconazole and isavuconazole. Fraaije et al. (2020)%° reported an environmental isolate
containing TRae/Y121F/T289A/S363P/I1364V/G448S as being resistant to voriconazole and
itraconazole, in addition to tebuconazole. Hodiamont et al. (2009)!2 reported a clinical isolate
containing TRs3 as being resistant to voriconazole and itraconazole, with reduced
susceptibility to posaconazole. This means that individuals in the UK with a garden or
gardening occupation are at an elevated risk of being exposed to A. fumigatus spores, often
in large numbers, that are aerosolised when compost is disturbed; there is a 1 in 6 chance
that these spores are azole-resistant. This research raises the question of whether gardening
should be listed as a high-risk activity for individuals at risk of contracting aspergillosis. The
evidence presented supports the introduction of health warnings on bags of compost and the
recommendation for users to wear a mask whilst handling compost. Measures could also be
taken by compost producers to sterilise the compost before packaging, thereby killing viable

A. fumigatus spores and eliminating the immediate hazard it poses to the user. As sterilisation
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will be costly, measures to manage the source material for composting could also offer a

viable and low-cost solution to mitigating the hazard posed by ARAf.
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Chapter 6: Is Climate Change a Concern for
Azole-Resistant Aspergillus fumigatus?

Abstract

As global temperatures rise due to climate change, environmental organisms are expanding
their geographical ranges poleward and into higher altitudes resulting in outbreaks of
infectious diseases in new locations. These organisms may also develop thermotolerance to
survive at mammalian body temperatures, resulting in novel pathogens. Both scenarios apply
to fungi, and climate change is expected to expand the range of current fungal pathogens and

facilitate emerging fungal infections.

Chapter 4 showed that air samples collected in summer were more likely to grow Aspergillus
fumigatus, and grew more A. fumigatus isolates, than air samples collected in other seasons,
which may suggest a role for higher temperatures in A. fumigatus survival. In addition, several
tebuconazole-resistant isolates cultured from air and soil samples collected in summer lost
their resistance after refrigerated storage. In this chapter, | investigated whether these
tebuconazole-isolates had lost their cyp51A resistance mechanisms whilst being stored at 4°C.
| also conducted an 18-week experiment in which A. fumigatus isolates cultured from air
samples were stored at different temperatures in different storage media to determine

whether they lost or gained tebuconazole-resistance.

Sequencing of the cyp51A promoter and coding regions revealed that the tebuconazole-
resistant isolates cultured from summer air and soil samples had lost their resistance
mechanisms during refrigerated storage. However, whole-genome sequencing revealed that
the resistant and susceptible versions of the isolates cultured from air samples were not
genetically related, which suggests that these isolates were picked from mixed cultures. In
the experiment, several A. fumigatus isolates that were susceptible to tebuconazole on day 0
gained resistance in subsequent weeks; most whilst being stored at 37°C. Cyp51A sequencing
showed that some of these isolates had gained the TR34/L98H resistance mechanism, but
whole-genome sequencing would need to determine if these isolates were picked from mixed

cultures.
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It is interesting that long-term storage of a mixed culture at 4°C favoured the survival of the
tebuconazole-susceptible A. fumigatus isolate over the resistant isolate. Furthermore,
storage at 37°C under experimental conditions either induced tebuconazole-resistance in the
A. fumigatus isolates or favoured the survival of the tebuconazole-resistant A. fumigatus
isolate over the susceptible isolate in a mixed culture. Further research is required to

determine whether temperature affects survival of azole-resistant A. fumigatus.

6.1. Introduction

6.1.1. Climate change and infectious diseases

Human activities such as deforestation, farming and the burning of fossil fuels have increased
the levels of greenhouse gases in our atmosphere, creating a warming “greenhouse” effect
and causing the global mean surface temperature to increase by 0.74°C in the past 100
years3?l, Furthermore, sea levels have risen by 1.8 mm per year since 1961, Arctic sea ice has
decreased in coverage by 2.7% per decade, sea surface temperatures are increasing, oceans
are becoming more acidic, mountain glaciers are melting and extreme weather events are
becoming more frequent and intense3°. Many studies have discussed the potential
implications of climate change for infectious disease (ID) transmission; predominantly with
regard to the expanded range of ID hosts and vectors into temperate regions and the
contamination of drinking water by waterborne pathogens following extreme rainfall and
flooding3°1-3%, Climate variables also have a direct effect on the survival of pathogens: for
example, higher ambient temperatures have been linked to increased cases of Salmonella
and Campylobacter infections in Germany3%” and to increased cases of cholera in
Bangladesh3®, There is also an association between increasing temperatures and
antimicrobial resistance (AMR), with MacFadden et al. (2018) finding that a 10°C increase
across regions in the US was associated with increased antibiotic resistance rates of 4.2%,
2.2% and 2.7% for common bacterial pathogens Escherichia coli, Klebsiella pneumoniae, and
Staphylococcus aureus, respectively3®. Bebber et al. (2013) demonstrated an average
poleward shift of 2.7 km/year of crop pests and pathogens - including fungi, bacteria, viruses,
viroids, oomycetes, insects and nematodes — since 1960 as a result of warming global

temperatures3,
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Climate change may also increase dispersal of fungal and bacterial pathogens: for example
via desert dust that is transported great distances through the atmosphere every year and is
likely to increase due to storms and desertification3!. This has been observed for the fungus
Coccidioides immitis, with coccidioidomycosis outbreaks occurring in California following a
severe storm in 1977312 and an earthquake in 19943!3 resulting in wind dispersal of fungal

spores in dust clouds.
6.1.2. Climate change and fungal pathogens

6.1.2.1. Plant fungal pathogens
We are already seeing the impact of climate change on several important crops in tropical

regions due to the expanding range of fungal pathogens. Mexico is currently struggling to
maintain its position as the leading producer of organic coffee due to the rapid spread of
coffee leaf rust caused by Hemileia vastatrix3!4. In 2012 Mexico saw a 50% loss in national
coffee production due to a 1°C temperature rise in the southern mountain regions where
coffee is cultivated, which boosted fungal proliferation3!. Brazil saw high cocoa tree mortality
and increased infection rate of the fungal disease witches’ broom, caused by Moniliophthora
perniciosa, during a drought associated with the 2015-16 El Nifio event, which caused an 89%
reduction in cocoa yield3'>. Species distribution modelling of Moniliophthora roreri, the
fungus that causes frosty pod rot in cocoa, predicted its expansion across all cocoa-producing
countries in South America (Colombia, Venezuela, Peru, Bolivia, Western Brazil) by 2080 and
eventual destruction of cocoa plantations due to increased temperature and precipitation

caused by climate change31®.

In temperate regions, winter is a major period of plant pathogen mortality; therefore as
climate change increases winter temperatures it is likely that this bottleneck will be removed
for many pathogens3'’. There are already several cases of this for fungal pathogens of trees:
in a 14-year study in England the fungus responsible for Dutch elm disease, Ophiostoma

318

novoulmi, caused greater defoliation in warmer years®'® and in a 39-year study in Maine

Nectria species caused greater beech bark cankering following mild winters31°,

It is difficult to predict whether the same will happen for plant pathogens affecting the major
food crops wheat, rice, soybean and potato because the effects are likely to be regional.

Furthermore, increasing temperatures will cause a decline in many plant pathogens and
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changing CO> levels will impact plant biomass3%°. Milus et al. (2006) found that isolates of
Puccinia striiformis, which causes stripe rust in wheat, collected in the United States (US) since
2000 were better adapted to warmer temperatures and more aggressive than isolates
collected before 2000321, A simulation model used to study the effects of global temperature
change on rice leaf blast epidemics, caused by Magnaporthe grisea, predicted that elevated
temperatures will cause more epidemics in cool subtropics such as Japan and northern
China3?2. In an analysis of crop pests and pathogens (CPPs), Bebber et al. (2014) found that
fungi have the narrowest host range of all CPPs but are the most widely dispersed, and also
comprise a large proportion of the 50 CPPs that are spreading most rapidly around the

globe3?3,

6.1.2.2. Human fungal pathogens
It is hypothesised that climate change will bring about an increase in human fungal infections

in two ways: 1) by increasing the geographical range of currently pathogenic species’, and 2)
by increasing thermotolerance of species and enabling more to survive at human body
temperature3?*, At present, thermotolerant fungi are more abundant in tropical and
subtropical climates and certain pathogens, such as Paracoccidioides brasiliensis,
Talaromyces marneffei and Coccidioides immitis, are not found in temperate regions’. It is
likely that warmer, drier summers have already facilitated the establishment of C. gattii in
Canada after it infected more than 100 inhabitants of Vancouver Island in 199932> and that
increasing prevalence of P. brasiliensis in Brazil is due to rising humidity levels resulting in
greater spore release3?6, A 1°C increase in body temperature between 30°C and 42°C excludes
6% of fungal species as potential pathogens3?’. As global warming reduces the gap between
ambient and human body temperatures, which is currently around 22°C’, it is possible that
more fungal species will acquire the thermotolerance required to survive at human body
temperature. Garcia-Solache and Casadevall (2010) suggest that fungal species that are
closely-related to known pathogens, but currently lack thermotolerance, should be
characterised as these are the most likely candidates for emerging pathogens. They also warn
that the risk from newly emerged fungal pathogens could be magnified by the lack of available

antifungal drugs and no licensed vaccines against fungal diseases’.
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6.1.3. Climate change and antifungal resistance

If climate change does result in an increase in plant and human fungal infections, it will also
result in an increase in antifungal use: both in agricultural fungicides and as medicines.
Furthermore, unless antifungals with different mechanisms of action or structures are
ringfenced for either agricultural or medical use, we are likely to see cross-resistance between
environmental and clinical settings, as is currently the case for azole fungicides and
aspergillosis infections. Therefore, an indirect effect of climate change would be an increase
in antifungal resistance due to increased exposure of target and non-target fungal species to

antifungals.

It is possible that climate change may also have a direct effect on inducing antifungal
resistance, if thermal adaptation involves gene pathways that are targeted by fungicides. In a
US study, isolates of four common chitinolytic fungi collected from an urban heat island grew
faster at higher temperatures than the same species collected from a rural area, and the
mechanism of thermal adaptation was attributed to increased activity of chitinolytic
enzymes3?8, A different study found that Hebeloma species increase their proteolytic activity
to grow at low temperatures3?°. Several fungal species, including the major human pathogen
Candida albicans, have a heat shock response to sudden temperature increases, which
induces expression of genes encoding molecular chaperones, proteases and other proteins
that protect against cellular damage3°. It is feasible that, in adapting to life at higher ambient
temperatures, fungi might upregulate expression of a drug target and thereby evade

fungistatic or fungicidal effects.

6.1.4. Hypothesised role of ergosterol in thermal adaptation of

Aspergillus fumigatus

Sterols are a vital component of all eukaryotic cell membrane and regulate membrane fluidity,
permeability and membrane-bound enzymes33!. There are three predominant forms of
sterols: phytosterols in plants, cholesterol in vertebrates and ergosterol in fungi®32. In fungi,
ergosterol is arranged in a monolayer whereas in vertebrates cholesterol is arranged in a
bilayer, which is likely due to the absence of a cell wall in vertebrate cells requiring cell

membranes to provide greater structural integrity and flexibility332. The antifungal activity of
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azoles is brought about by the inhibition of lanosterol-14a-demethylase, encoded by cyp51A
and cyp51B genes. Lanosterol-14a-demethylase is involved in ergosterol biosynthesis in fungi
and cholesterol biosynthesis in humans, and antifungal drugs are chosen for having greater
binding specificity to the fungal version of the enzyme than to the human version333, One of
the mechanisms for azole-resistance observed in Aspergillus fumigatus involves upregulation
of cyp51A gene expression, via tandem repeats in the gene promoter region, resulting in more
lanosterol-14a-demethylase enzymes being produced than the applied concentration of
azoles can bind to and block ergosterol synthesis. All cells must regulate the fluidity of their
cell membrane to maintain cell function in response to changing temperatures, which they
do by altering the sterol and fatty acid composition of the membrane33*. If fungi increase
ergosterol production in response to increasing external temperatures in order to maintain
membrane rigidity and regulate permeability, azole-resistance would be a by-product of
thermal adaptation. This may have been observed by Zhou et al. (2021) who found that ~80%
of 233 A. fumigatus isolates grown from soils in greenhouses in China were azole-resistant,

where temperatures reach up to 45°C335,

The cholesterol content of plasma membranes has been shown to vary with temperature
acclimation, with warm-acclimated rainbow trout33¢, crabs33” and copepods332 having higher
cholesterol content than their cold-acclimated counterparts. In addition, the plasma
membranes of freeze-tolerant wood frogs living in Alaska contained less cholesterol than their
counterparts in southern Ohio3*. Similar patterns have been found for ergosterol in fungi.
Weinstein et al. (2000) found that the ergosterol content of Geomyces pannorum fell by 50%
when it was grown at 5°C compared to 15°C 34° and Saccharomyces cerevisiae yeast mutants
in which ergosterol biosynthesis was blocked were unable to grow at different
temperatures34l. Furthermore, Kamthan et al. (2017) found that expression of an ergosterol
biosynthesis enzyme in the fission yeast Schizosaccharomyces pombe increased its

thermotolerance3*2.

6.1.5. Potential evidence for thermal adaptation of A. fumigatus

in this thesis

There are two possible examples of thermal adaptation in this thesis: 1) the increased growth

of A. fumigatus from samples collected in the summer air sampling round when maximum
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daily temperatures were at their annual peak compared to the spring and autumn air
sampling rounds, and 2) an observed loss of azole-resistance in A. fumigatus isolates after

long-term storage at 4°C.
The objectives of this chapter were therefore two-fold:

1. to determine whether the A. fumigatus isolates cultured from air samples (Chapter 3)
and soil samples (Chapter 4) that lost resistance during long-term refrigerated storage
were genetically-identical to the A. fumigatus isolates from the same tube that were
tebuconazole-resistant, and

2. to investigate whether A. fumigatus isolates cultured from newly-collected air
samples lost or gained tebuconazole-resistance under experimental conditions, which

involved storage in three different media and at three different temperatures.

6.2. Methods

6.2.1. Discovery of loss of azole-resistance in A. fumigatus

isolates grown from air samples

As described in sections 2.3 and 2.4, when the air samplers were received in the post the
cover was removed and the sticky side was placed face-down on Sabauroud dextrose agar
(SDA) plates containing penicillin (200 mg/L) and streptomycin (400 mg/L). The plates were
then incubated for 24 hours at 43°C, the samplers were removed and the plates were
incubated for a further 24 hours at 43°C. At this point, colonies that macroscopically
resembled A. fumigatus were picked from the centre using a sterilised toothpick into a tube
containing mould preservation solution (MPS), which was labelled and refrigerated. At a later
date, each tube was vortexed and 5 pl of the isolate was pipetted onto a control plate
containing SDA agar and dimethyl sulfoxide (DMSQO) and onto a drug plate containing SDA
agar plus tebuconazole (6 mg/L). The plates were incubated at 37°C for 48 hours and

tebuconazole plates exhibiting growth were sealed with parafilm and stored at 4°C.

As described in sections 2.6 and 2.7, the isolates that were able to grow in the presence of
tebuconazole were later retrieved from the refrigerator for cryopreservation and DNA

extraction, which involved vortexing each tube and pipetting 10 pl of the isolate onto an SDA
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plate and 25 cm3 Nunc™ flask containing SDA. At this point the isolates were re-tested for
susceptibility to tebuconazole and it was found that several isolates were no longer able to
grow in the presence of tebuconazole. When this occurred, the tebuconazole plate on which
the isolate had grown originally was retrieved from the refrigerator and the isolate was picked
again into a tube containing MPS. Henceforth, all isolates grown directly from air samplers
were referred to as primary (1°) isolates and isolates picked from tebuconazole plates were

referred to as secondary (2°) isolates.

Both 1° and 2° isolates grown from air samples were taken to the Public Health England (PHE)
Mycology Reference Laboratory in Bristol and tested for susceptibility to medical azoles,

following Clinical & Laboratory Standards Institute (CLSI) guidelines as detailed in section 2.8.

6.2.2. Discovery of loss of azole-resistance in A. fumigatus

isolates grown from soil samples

Isolates that had been grown from soil samples and stored at 4°C in MPS were re-tested for
susceptibility to tebuconazole at the same time as being cryopreserved and DNA extracted,
and several isolates were no longer able to grow in the presence of tebuconazole. As detailed
in section 2.5, the first soil samples to be processed were only plated onto SDA plates
containing penicillin (200 mg/L) and streptomycin (400 mg/L); therefore all A. fumigatus
colonies that grew from these samples were individually picked and stored in MPS. As for
isolates grown from air samples, 5 ul of each isolate was pipetted onto a control plate
containing SDA agar and DMSO and onto a drug plate containing SDA agar plus tebuconazole
(6 mg/L) and all tebuconazole plates exhibiting growth were sealed with parafilm and stored
at 4°C. This meant that isolates that lost their resistance were picked from tebuconazole

plates and labelled as 2° isolates.

When it was decided that this method was unsustainable, because of the high number of A.
fumigatus colonies being grown from the soil samples (up to 50 colonies), the soil samples
were instead replica plating onto an SDA plate containing penicillin and streptomycin and an
SDA plate containing penicillin, streptomycin and tebuconazole (6 mg/L). The number of
colonies on each plate was recorded and only colonies growing on the plate containing

tebuconazole were picked into tubes containing MPS and stored at 4°C. Due to the growth of
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bacterial and fungal contaminants on many of the plates, even in the presence of
antimicrobials, the decision was made not to store them and they were disposed of after the
A. fumigatus colonies had been picked. This meant there were no 2° isolates for isolates that

had been replica plated.
6.2.3. Sanger sequencing of 1° and 2° isolates

The promoter and coding regions of cyp51A were sequenced, as described in section 2.9, for

all isolates that lost resistance during storage at 4°C and had both 1° and 2° isolates available.
6.2.4. Whole-genome sequencing of SS18 1° and 2° isolates

High quality genomic DNA (gDNA) was extracted from both the 1° and 2° versions of
tebuconazole-resistant isolates collected in the summer air sampling (prefix SS18), purified
and sequenced as described in section 2.11.1. The raw WGS reads were processed (section
2.11.2) and RAXML (v8.2.9)'%? was used to calculate the genetic distance between the 1° and
2° SS18 isolates and the 212 UK clinical and environmental isolates from Rhodes et al.
(2021)%1. RAXML does this by generating a distance matrix of isolates, where pairwise
distances are between zero and one. A distance of zero indicates closely related isolates and
a distance of one indicates unrelated isolates. As this distance represents the distance
between isolates on a phylogenetic tree, adding up the distance from the root of the tree to
all tips should equal one; therefore, adding or removing isolates would alter the distance. By
calculating the number of SNPs separating several pairs of isolates, it is possible to use this
distance to calculate the average numbers of SNPs separating each pair of isolates. The isolate
pairs were ranked according to the genetic distance between them, from most-related to

least-related.

6.2.5. Temperature experiment for loss or gain of azole-

resistance in A. fumigatus isolates

On 22" July 2020, 10 air samplers were exposed in several locations around a garden for eight
hours. The maximum temperature on this date in Abingdon, Oxfordshire was 21°C. These
samples were processed as detailed in section 2.3 and grew 23 colonies that macroscopically

resembled A. fumigatus, which were all cryopreserved (section 2.6) and DNA extracted
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(section 2.7). These isolates were picked into tubes containing MPS (0.2% agar and 0.05%
Tween® 20 in dH;0), Tween (0.05% Tween® 20 in deionised water) and deionised water
(diH20) and then further split into three tubes per isolate. Each isolate was tested for
susceptibility to tebuconazole by pipetting 5 ul from an MPS tube onto a control plate
containing SDA agar and DMSO and onto a drug plate containing SDA agar plus tebuconazole
(6 mg/L). A tube containing each isolate in MPS, Tween and diH,0 was then placed into the
refrigerator at 4°C, room temperature (RT) at 21°C and in an incubator at 37°C. All isolates
were re-tested for susceptibility to tebuconazole after 3, 6, 10, 14 and 18 weeks of storage in
different media and at different temperatures. Table 6.1 gives an overview of the

experimental setup.

Experimental setup Temperatures
4°C 21°C (RT) 37°C
MPS X X X
Storage medium Tween X X X
diH,O0 X X X
A. fumigatus isolates (x) were tested for susceptibility to 6 mg/L tebuconazole on day 0 and after 3,
6, 10, 14 and 18 weeks of storage.

Table 6.1: Overview of experimental setup for storage of A. fumigatus isolates in three different media and at
three different temperatures over 18 weeks to determine whether any isolates lost or gained resistance to
tebuconazole at 6 mg/L. RT=room temperature, MPS=mould preservation solution, diH20=deionised water.

If the susceptibility of an isolate to tebuconazole changed during the experiment, either by
losing or gaining the ability to grow in the presence of tebuconazole, the isolate was

cryopreserved, DNA extracted and had the promoter and coding region for cyp51A

sequenced.
6.3. Results
6.3.1. A. fumigatus isolates grown from air samples that lost

azole-resistance

There were 14 isolates grown from air samples that lost azole-resistance between their first
and second susceptibility test to tebuconazole. The minimum inhibitory concentrations
(MICs) for itraconazole (ITZ), voriconazole (VCZ), posaconazole (PCZ) and isavuconazole (ISZ)

and cyp51A polymorphisms for the 1° and 2° isolates are shown in Table 6.2.
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Isolate name 1° isolate 20 isolate
(S518-) ITZ | VC€Z | PCZ | ISZ | cyp51A | ITZ | vCZ | PCZ | ISZ cyp51A

005-02-1/4 0.06 | 0.25 |0.03 |0.25 | WT 16 16 0.5 16 TRas/Y121F/T289A
040-01-17/17 | 0.12 |0.25 | 0.06 | 0.5 WT 16 2 0.5 2 TR34/L98H
056-02-1/6 0.12 | 0.25 | 0.03 | 0.5 WT 16 1 0.5 2 TR34/L98H
056-02-4/6 0.12 | 0.25 | 0.06 | 0.25 | WT 16 2 025 |2 TR34/L98H
056-02-5/6 0.12 | 0.5 0.06 | 0.25 | WT 16 2 025 |2 TR34/L98H
068-01-3/6 0.12 | 0.25 | 0.06 | 0.5 WT 16 2 0.25 |2 TR34/L98H
082-01-5/8 0.06 | 0.25 |0.06 | 0.25 | WT 16 2 025 | 4 TR34/L98H
082-01-8/8 0.12 | 0.25 | 0.06 | 0.5 WT 16 2 025 | 4 TR34/L98H
190-02-2/2 0.12 | 0.25 | 0.06 | 0.5 WT 16 16 0.5 16 TRas/Y121F/T289A
202-02-16/19 | 0.12 | 0.25 | 0.03 | 0.5 WT 16 4 0.25 |2 TR34/L98H
204-01-7/16 0.06 | 0.25 |0.03 | 0.25 | WT 16 2 0.25 |2 TR34/L98H
204-01-12/16 | 0.06 | 0.25 | 0.03 | 0.25 | WT 16 2 0.5 2 TR34/L98H
257-01-1/4 0.12 | 0.25 |0.25 | 0.5 WT 16 2 0.5 2 TR34/L98H
381-02-1/2 0.12 | 0.5 0.03 | 0.25 | D262Y 16 2 025 |2 TR34/L98H/N479S

Table 6.2: The unique identifiers of the 14 tebuconazole-resistant isolates that lost tebuconazole-resistance after
refrigeration in mould preservation solution. The minimum inhibitory concentrations (MICs) for itraconazole (ITZ),
voriconazole (VCZ), posaconazole (PCZ) and isavuconazole (ISZ) and cyp51A polymorphisms are given for the
primary (1°) and secondary (2°) isolates. All isolates were collected in the summer air sampling round, denoted by
the prefix SS18. WT=wild-type. Resistant MICs are highlighted in bold.

All 14 isolates in Table 6.2 were grown from air samples collected in summer. Table 6.3 shows

the number of samples collected in each air sampling round that grew azole-resistant A.

fumigatus (ARAf) and the average time between the first and second susceptibility tests to

tebuconazole for these isolates. Figure 6.1 shows the maximum daily temperatures at the

sampling locations of samples that grew ARAf in each sampling round.

Number of sambples Average time between
Air sampling that erew azolfe 1%t and 2™ tebuconazole
round resistagnt isolate(s) susceptibility tests
(in months)
summer 30 9.0
autumn 14 7.6
winter 12 4.4
spring 17 3.2

Table 6.3: The number of samples that grew azole-resistant isolates and the
average time in months between the first and second tebuconazole
susceptibility test on isolates, for each air sampling round.
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Figure 6.1: Boxplot showing the maximum daily temperatures at the
locations that air samples that grew azole-resistant A. fumigatus were
collected from in each sampling round.

6.3.2.

Whole-genome sequencing of SS18 1° and 2° isolates

Between 13 pairs of 1° and 2° SS18 isolates and 212 UK environmental and clinical isolates,
RAXML calculated a total of 28,203 pairwise distances. These distances ranged from 0.003
(approximately 111 SNPs different) to 0.356 (approximately 11,854 SNPs different). Table 6.4
details the genetic distance, SNP differences and relatedness ranking for 13 pairs of 1° and 2°

SS18 isolates.
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. Calculated SNP Relatedness ranking
Isolate name Genetic distance .
between 1° and 2° differences between (out of 28,203; most
1°and 2° to least related)

$518-040-01-17/17 0.059 1,968 970
$518-204-01-7/16 0.097 3,244 2,501
$518-082-01-8/8 0.113 3,772 3,334
$518-005-02-1/4 0.145 4,820 6,307
$518-381-02-1/2 0.153 5,105 7,452
$518-202-02-16/19 0.171 5,703 9,559
$518-056-02-5/6 0.172 5,724 9,630
$518-257-01-1/4 0.225 7,493 19,110
$518-204-01-12/16 0.233 7,745 20,656
$518-056-02-1/6 0.240 7,982 21,802
$518-082-01-5/8 0.248 8,255 22,829
$518-068-01-3/6 0.257 8,563 23,986
$518-190-02-2/2 0.268 8,933 25,243

Table 6.4: Pairwise genetic distances calculated by RAXxML, SNP differences and relatedness rank out of 28,203
for 13 pairs of primary (1°) and secondary (2°) SS18 isolates.

6.3.3. A. fumigatus isolates grown from soil samples that lost

azole-resistance

There were 28 A. fumigatus isolates grown from soil samples that lost their azole-resistance
between their first and second susceptibility test to tebuconazole. The isolates and the
cyp51A polymorphisms in their 1° and 2° isolates are shown in Table 6.5. All of these isolates
were picked from SDA plates with antibiotics only into MPS and later tested for susceptibility
to tebuconazole; none of the isolates cultured from soil samples directly onto SDA plates

containing tebuconazole lost their tebuconazole-resistance during refrigerated storage.

The mean maximum daily temperature on the dates and locations that soil samples that grew
azole-resistant isolates (n = 101) were collected was 20.1°C, ranging from 12.6°C to 30.5°C.
The average time between the first and second tebuconazole susceptibility test, for
tebuconazole-resistant isolates that were initially grown on SDA plates without tebuconazole,

was 7.7 months.
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Isolate name cyp51A polymorphisms in 1° cyp51A polymorphisms in 2°
isolate isolate
$519-003-01-8/23 P216R/F219C TR34/L98H
§$519-003-01-14/23 WT TR34/L98H
$519-007-02-5/6 WT TR34/L98H
$519-007-02-6/6 TR34/L98H TR34/L98H
$519-009-01-4/25 D262Y TR34/L98H
§$519-009-01-16/25 WT TR34/L98H
§$519-009-01-18/25 WT TR34/L98H/N406M
$519-009-01-25/25 WT TR34/L98H
$519-010-01-21/25 WT TR34/L98H
$519-010-01-22/25 WT TR34/L98H/P443L
$519-010-01-23/25 1242V TR34/L98H
$519-010-01-24/25 WT TR34/L98H
$519-010-01-25/25 WT TR34/L98H
$519-015-02-2/17 TR34/L98H TR34/L98H
$519-015-02-4/17 TR34/L98H TR34/L98H
$519-015-02-5/17 WT TR34/L98H
$519-015-02-6/17 WT TR34/L98H
$519-015-02-15/17 WT TR34/L98H/A460S
$519-015-02-17/17 WT TR34/L98H
$519-045-01-9/23 N248K TR34/L98H
$519-045-01-12/23 1242V TR34/L98H
$S19-045-02-26/31 Failed to sequence TR34/L98H
$519-054-02-5/18 WT TR34/L98H
$519-054-02-18/18 WT TR34/L98H
$519-078-01-5/30 WT TR34/L98H
$519-078-01-19/30 WT TR34/L98H
$519-078-01-24/30 WT TR34/L98H
$519-084-02-12/13 WT TR34/L98H

Table 6.5: The unique identifiers of the 28 tebuconazole-resistant isolates that lost tebuconazole-resistance after
refrigeration in mould preservation solution. The cyp51A polymorphisms are given for the primary (1°) and
secondary (2°) isolates. All isolates were collected in the soil sampling round, denoted by the prefix SS19.
WT=wild-type.

6.3.4. A. fumigatus isolates that lost or gained azole-resistance

during the temperature experiment

Of the 23 A. fumigatus isolates grown from the 10 garden air samples, only one isolate (JG7)
was resistant to tebuconazole from day 0 and continued to be resistant for the duration of
the experiment. There were five isolates JG3, JG8, JG9, JG13 and JG23 that were not resistant
to tebuconazole on day 0 but subsequently developed tebuconazole-resistance at a later
experimental date. Table 6.6 shows the medium and temperature that each isolate was stored

in and the week that the isolate exhibited full (+) or partial (o) growth in the presence of
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tebuconazole. Table 6.7 shows the cyp51A polymorphisms for isolates that became
tebuconazole-resistant, on day 0 and at the time and experimental conditions under which

they acquired resistance.

Isolate Weeks since experiment started
name 0 3 6 10 14 18
JG3 - |- o - + -
Tween @ 37°C MPS @ RT
JG8 - |+ - - - o
MPS @ 4°C Tween @ 37°C
JG9 - + - o] + -
Tween @ 37°C MPS @ RT MPS @ RT
JG13 - + + + + +
diH,0 @ 37°C diH,0 @ 37°C | diH,0 @ 37°C | diH,O @ 37°C | diH,0 @ 37°C
JG23 - - - o] - o]
Tween @ 37°C Tween @ 37°C

Table 6.6: Five isolates grown from garden air samples that were susceptible to tebuconazole on day 0 of the
experiment but exhibited full (+) or partial (o) growth in the presence of tebuconazole at a later date in the
experiment. The storage medium and temperature are detailed for each isolate. RT=room temperature.

Isolate name cyp51A polymorphisms
Week 0 Week(s) when tebuconazole-resistant
JG3 WT WT (week 6, Tween @ 37°C)
WT (week 14, MPS @ RT)
1G7 TR34/L98H ND?
JG8 WT TR34/L98H (week 3, MPS @ 4°C)
TR34/L98H (week 18, Tween @ 37°C)
JG9 WT TR34/L98H (week 3, Tween @ 37°C)
TR34/L98H (week 14, MPS @ RT)
JG13 WT TR34/L98H (week 3, diH,0 @ 37°C)
1G23 No priming | TR34/L98H (week 10, Tween @ 37°C)
TR34/L98H (week 18, Tween @ 37°C)

Table 6.7: Cyp51A polymorphisms for isolates at week 0 and at the first week that the isolate grew on
tebuconazole for the combination of storage medium and temperature. ?JG7 was not sequenced again
after day 0 as it maintained tebuconazole-resistance throughout the experiment.

6.4. Discussion

The primary objective of this chapter was to determine whether the A. fumigatus isolates that
lost resistance during long-term refrigerated storage were genetically-identical to the A.
fumigatus isolates from the same tubes that were tebuconazole-resistant. The cyp51A
promoter and coding region sequencing showed that all 14 (100%) of the 1° and 2° isolates

from air samples and 24 of 28 (86%) isolate pairs from soil samples had different genotypes.
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Of the 42 total 2° isolates, 36 contained TRs4/L98H, four contained TR34/L98H with an
additional amino acid substitution and two contained TR4s/Y121F/T289A. By comparison, the
42 1° isolates were predominantly wild-type (n = 32; 76%), six had one or two amino acid
substitutions in cyp51A, three contained TR34/L98H and one failed to sequence. An indication
that the 1° and 2° isolates were not genetically identical was the presence of amino acid
substitutions that were present in one isolate and not the other, as these might be expected
to remain constant if an isolate lost its tandem repeat resistance mechanism. Due to cost and
time restraints, only the SS18 1° and 2° isolates from air samples were WGS. If these isolate
pairs had the same genetic background, the genetic distance should be near to zero with few
SNP differences; however, this was not the case. The most related 1° and 2° pair was SS18-
040-01-17/17, which had 1,968 SNPs different and was ranked 970%™ of the 28,203 pairs. This
means that 969 pairs of SS18 isolates and UK clinical and environmental isolates collected
between 2005 and 2017 were more closely related than the most related 1° and 2° SS18 pair.
This suggests that mixed cultures were picked from SDA plates into MPS where two spores
had landed together on the air samplers, and that one spore was tebuconazole-susceptible
and the other was tebuconazole-resistant. It also suggests that the tebuconazole-susceptible
isolate outlived the tebuconazole-resistant isolate during long-term refrigerated storage in
MPS, which might suggest a fitness cost of azole-resistance at low temperatures. It is likely
that the 1° and 2° isolates from soil samples (5519) were also mixed cultures, which would
explain why the “loss-of-resistance” was observed in samples that were picked from SDA
plates not containing tebuconazole and not in samples that were replica plated onto SDA
plates containing tebuconazole. This is because on the replica plates only the tebuconazole-

resistant isolate would grow if two spores landed together on the agar.

It is interesting that these mixed cultures occurred in the summer (SS18) air sampling round
but not in the autumn, winter or spring air sampling rounds, for which there are several

possible explanations:

1. It is possible that mixed cultures did not occur in subsequent sampling rounds. As air
samples collected in summer were found in Chapter 4 to be significantly more likely to
grow A. fumigatus, and grew more A. fumigatus isolates, than samples collected in
autumn and spring this may be a valid explanation. However, there was no significant

difference in A. fumigatus growth from samples collected in summer compared to winter

171



2.

4.

and the average numbers of isolates grown per air sample in these rounds were 2.8 and
3.1, respectively. Therefore, if the likelihood of picking mixed cultures was associated with
the number of isolates grown per air sample, there should have been mixed cultures
picked from air samples collected in winter too.

The average time between the first and second tebuconazole susceptibility tests
performed on an isolate was longer for isolates collected in the summer (SS18) air
sampling round than in subsequent rounds: 9.0 months compared to 3.2-7.6 months. If
there is a fitness cost to tebuconazole-resistant isolates at lower temperatures that would
allow the tebuconazole-susceptible isolates to outlive them, this may only become
apparent between 7.6 and 9.0 months. This explanation is unlikely as the “loss-of-
resistance” was also observed for soil (S519) isolates and the average time between the
first and second tebuconazole susceptibility tests was 7.7 months.

Both the SS18 and SS19 isolates were collected in summer when the differential between
ambient outdoor temperature and refrigeration at 4°C was greater than for the autumn,
winter and spring air sampling rounds. This could mean that the tebuconazole-resistant
isolates circulating at average temperatures of 10.0-16.0°C between autumn and spring
were able to adapt to survival at 4°C but those circulating at summer temperatures
averaging 18.6-20.1°C could not.

Timing of azole agricultural fungicide applications in the UK, and thereby how recent the
selection pressure was for spores collected in each sampling round, may have played a
role in fitness of tebuconazole-resistant isolates. Perhaps ARAf predominates following
azole exposure but the fitness cost of resistance makes it less able to survive subsequent
environmental exposures, such as temperature and UV fluctuations, as time goes on.
Future work should look at the effect of temperature and azole exposure on mixed

cultures of wild-type and ARAf isolates.

The secondary objective of this chapter was to investigate whether A. fumigatus isolates lost

or gained tebuconazole-resistance during storage in different media and at different

temperatures under experimental conditions. Of the 23 A. fumigatus isolates cultured from

air samples and included in the experiment, one isolate was tebuconazole-resistant on day 0

and remained so for the 18-week duration under all experimental conditions. Cyp51A coding

and promoter region sequencing found this isolate to contain TR34/L98H. Five (22%) isolates
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were not tebuconazole-resistant on day 0 but were subsequently able to grow in the presence
of tebuconazole under at least one experimental condition. Three isolates were found to be
wild-type on day 0 but contained TR34/L98H on the weeks they were tebuconazole-resistant,
one isolate was wild-type at all the timepoints it was sequenced - despite being tebuconazole-
resistant at weeks 6 and 14 - and one isolate failed to sequence on day O but contained
TR34/L98H on the weeks it was tebuconazole-resistant. Nine experimental conditions resulted
from storing isolates in three storage media at three temperatures and in four of these
conditions isolates “gained resistance”: MPS at 4°C (n = 1), MPS at room temperature (n = 2),
diH20 at 37°C (n = 1) and Tween at 37°C (n = 5). WGS would need to be done on these isolates
to determine if they have the same genetic background, as it is possible that the cultures were
mixed as for the 1° and 2° SS18 isolates. In which case, it is interesting that the higher
temperatures in this experiment favoured survival of the tebuconazole-resistant isolates, as
opposed to 4°C favouring survival of the tebuconazole-susceptible SS18 and SS19 isolates. It
is also possible that the pH of the storage media affected viability of spores, as hyperosmotic
stress has been shown to decrease survival of Saccharomyces cerevisae mutants unable to
biosynthesise ergosterol#3. In this way, tebuconazole-resistant isolates that contain a tandem
repeat in the cyp51A promoter region and are thereby producing more ergosterol-
synthesising enzyme may have a fitness benefit over wild-type isolates when stored in a
medium with a lower pH. The pH of the storage media used in this experiment were not
measured but the supplier (Merck, Germany) safety data sheet (SDS) details that a 1%
aqueous solution of Tween® 20 has a pH of 5-7. Therefore, it is likely that the MPS and Tween

storage media had a lower pH than diH;0.

A lesson learnt from this chapter is the importance of ensuring that single isolates are picked
from environmental samples, placed in storage, and subsequently cryopreserved and DNA
extracted. Avoiding picking mixed cultures from soil samples is straight-forward as the sample
can be replica-plated onto SDA plates with and without tebuconazole, and isolates picked
from the SDA plate containing tebuconazole. This was demonstrated for soil sampling in this
thesis as “loss-of-resistance” was not observed in any of the isolates picked from
tebuconazole plates. Initial testing showed that replica plating soil samples onto two SDA
plates without tebuconazole grew consistently similar numbers of colonies and those plates

grew up to 50 colonies. Therefore, the prevalence of ARAf was the number of colonies on the
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SDA plate with tebuconazole as a proportion of the number of colonies on the SDA plate
without tebuconazole. Avoiding picking mixed cultures from air samples would be less
straight-forward as there were fewer isolates cultured from the air samples and they grew
from where they landed on the sampler. As the air samplers collected two or three spores on
average, it is possible that cutting the sampler in half for replica plating would plate the ARAf
spore onto SDA without tebuconazole 50% of the time, thereby underestimating the
prevalence of ARAf in air samples. One solution could be to pick each colony twice, from
different sides, in the hope of picking pure cultures of each isolate in the mix. It was fortunate
that | stored the plates from the first tebuconazole test on the air sampling isolates and SS19
isolates before | switched to replica plating, so | was able to pick the tebuconazole-resistant

2° isolates and investigate the apparent loss-of-resistance in the 1° isolates.

The key finding from this chapter is that temperature may confer both a fitness cost and
survival advantage on ARAf compared to wild-type isolates, and that these potential effects
need to be investigated further. If cold storage has a fitness cost to ARAf, as suggested by
SS18 wild-type isolates outliving SS18 ARAf isolates during refrigerated storage, then this
could be a valid way of reducing ARAf spore numbers in commercial compost prior to shipping
(Chapter 5). On the contrary, if higher temperatures give ARAf a competitive advantage over
wild-type isolates we might expect to see a greater prevalence of ARAf in summer months
and in future as ambient temperatures increase due to climate change. Both effects could be
due to increased ergosterol production by ARAf, as increased ergosterol content would
increase survival at higher temperatures when the cell membrane needs to be more fluid and
would decrease survival at lower temperatures when the cell membrane needs to be more
rigid. More research is needed to find out if ergosterol production is responsible for these

potential temperature effects on ARAf survival.
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Chapter 7: General Discussion

Azole-resistant Aspergillus fumigatus (ARAf) is a truly “one-health” problem. A. fumigatus
plays a crucial role in nature by recycling nutrients from decaying organic matter back into
the soil, and this is harnessed on a large scale for compost production, which has been
recognised by the UK government as a way to replenish nutrient-deficient agricultural soils>2.
A. fumigatus is exposed to azoles in the environment directly, when fungicides are applied to
agricultural crops to protect against fungal phytopathogens, and indirectly, via residues on
the organic matter they are decomposing. Despite not being the target organism, A.
fumigatus evolves resistance mechanisms to these agricultural azoles in order to survive.
When A. fumigatus proliferates it releases thousands of microscopic spores into the air that
are carried on air currents and inhaled into human lungs, where they can establish infection
if not cleared by the innate immune system. It is at this point that A. fumigatus becomes the
target of medical azoles. However, if the infecting spore has evolved resistance to certain
agricultural azoles it will manifest cross-resistance to clinical azoles and salvage therapy may

be required.

There is not an aspect of this cycle that can be currently removed or mitigated in order to
solve the problem of ARAf. A. fumigatus is a globally ubiquitous fungus; it is crucial for nutrient
cycling and it would be impossible to eliminate. Compost production is increasing in the UK
due toits potential for maintaining soil productivity and for reducing carbon dioxide emissions
by diverting waste away from landfill. Azoles are broad-spectrum fungicides found in a third
of agricultural sprays?®? and are important for protecting crops from disease and spoilage to
ensure global food security. The population of individuals in the UK that are susceptible to
aspergillosis lung infections is increasing because of the ageing demographic3#4, improved
access to immunosuppressant drugs3*> and chemotherapy3*® and the COVID-19 pandemic3*’.
As the problem is not going to go away, and indeed looks set to get worse, it is important to
understand and monitor the distribution of ARAf and find ways to mitigate the risk of

aspergillosis caused by ARAf.

In my thesis | have been assisted by citizen scientists to monitor the levels of A. fumigatus and
ARAf in air and soils collected from across the UK; to understand whether these are driven by

environmental factors such as season, land use or proximity to a composting facility.
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7.1. Key findings

The first key finding of my thesis (Chapter 3) was that a citizen science approach to air and
soil sampling is valid for mycological surveys. The high number of A. fumigatus spores cultured
from the air and soil samples (n =7,991) shows that the viability of the spores was not affected
by the collection method or storage of the sample at room temperature during postage and
prior to processing. Furthermore, the lack of growth of A. fumigatus from half of the air
samples and one-third of the soil samples suggests that contamination of the samples by
individuals who were not necessarily scientists or microbiologists was not an issue. The
number of individuals who took part in one or more of the sampling rounds (n = 787) also
suggests that the sampling method was straightforward and that they were engaged in the
research. The organisations The Aspergillosis Trust and National Aspergillosis Centre played
an important role in promoting the citizen science projects, and many of the participants
shared that they have aspergillosis or have a friend or family member who does. As a result,
these organisations and individuals were particularly interested in the results from this thesis.
Schools and home-schooling parents were also very engaged in the projects and used the
sampling as an opportunity to incorporate microbiology/mycology teaching into their
curriculum. It would not have been possible to achieve the objectives of my PhD: 1) to
determine the background levels of ARAf spores simultaneously across the UK, and 2) to
determine the main routes by which people living in the UK are exposed to A. fumigatus and
ARAf spores, without the citizen science approach to sample collection. | also believe that
these citizen science projects have raised awareness of antifungal drug resistance and

aspergillosis amongst the public and within the scientific community.

The second key finding (Chapter 4) was that 5% of A. fumigatus spores collected on air
samples from across the UK were resistant to the agricultural azole tebuconazole, 4% were
resistant to at least one of the medical azoles itraconazole, voriconazole, posaconazole and
isuvaconazole, and 1% were resistant to all five azoles tested. No apparent spatial clustering
of these ARAf spores suggests that individuals everywhere in the UK are at-risk of inhaling
ARAf spores, which are associated with treatment failure if they result in aspergillosis
infection and increased mortality if the infection progresses to invasive aspergillosis. While
there were no significant associations between the growth of ARAf and the environmental

variables measured, season was a strong determinant of A. fumigatus spore growth and
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numbers, with samples collected in summer growing significantly more A. fumigatus than
samples collected in autumn or spring. This could be due to land use or farming practices
throughout the year, or it could be due to thermophilic A. fumigatus preferring higher
temperatures for sporulation. This may also suggest higher numbers of viable A. fumigatus
spores as global temperatures rise due to climate change. Another determinant of A.
fumigatus growth from air samples was proximity of the sampling location to a composting
facility with open windrow or outdoor activity (OW/OA). Douglas et al. (2017)?3° predicted
that airborne A. fumigatus levels return to “background levels” within 2 km of a composting
facility with OW/OA. According to data downloaded for this thesis, 47,315 of 1,773,498 (3%)
UK postcodes are within 2 km of an OW/OA composter. It is not possible to say how many
homes and workplaces are based at these postcodes, but the individuals living and working

at these postcodes are likely being exposed to “higher than background” levels of spores.

The third key finding (Chapter 5) was that 14% of A. fumigatus spores collected in soil samples
from residential gardens across the UK were resistant to tebuconazole, and that soil samples
containing compost were more likely to grow A. fumigatus and ARAf than samples without.
While the tebuconazole-resistant isolates from soil samples were not tested for susceptibility
to medical azoles, the predominant cyp51A polymorphism detected in these isolates was
TR34/L98H, which was associated with resistance to itraconazole, voriconazole and
isavuconazole in Chapter 4. Gardening is an occupation enjoyed by individuals of all ages in
the UK and it is likely that these individuals are exposed to aerosolised A. fumigatus and ARAf
spores every time they handle compost, either commercial or homemade. A person of any
age is able to develop aspergillosis following exposure to a large number of spores?86-289 put
older individuals with weaker immune systems are particular susceptible, and 72% of 65-74

year olds in the UK report spending their free time gardening?®>.

It is interesting to note differences between the airborne and soilborne A. fumigatus spores
that were found to be tebuconazole-resistant in Chapters 4 and 5, respectively. Firstly, 13%
of soilborne ARAf isolates failed to regrow after refrigerated storage in mould preservation
solution, which was not observed in the airborne ARAf isolates. Secondly, the cyp51A
polymorphisms observed in the airborne isolates confirmed to be A. fumigatus were
TR34/L98H (59%), no polymorphism (30%), TRas/Y121F/T289A (6%), or amino acid substitution

in cyp51A without tandem repeat in the promoter region (4%). By comparison, 26 different
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combinations of tandem repeats and amino acid substitutions were recorded in the soilborne
isolates confirmed to be A. fumigatus including TRss, TR34/L98H (74%), (TR34)?%/L98H,
TRas/Y121F/T289A (2%), (TRa6)?/Y121F/M1721/T289A/G448S, TRs3 and TR130/D430G as well as
no polymorphism (4%). The genotypic variation observed in soilborne isolates but not in
airborne isolates may be due to sampling bias due to the greater number of A. fumigatus
cultured from soil samples compared to air samples: 5,174 isolates from 509 soil samples
versus 2,366 isolates from 1,894 air samples. The lack of genotypic variation in airborne
isolates may also suggest that cyp51A polymorphisms have a fitness cost to spores that makes
them unable to remain viable in air, perhaps due to temperature, dehydration or ultraviolet

radiation exposure.

The final key finding (Chapter 6) was that long-term storage at 4°C favours survival of
tebuconazole-susceptible isolates over tebuconazole-resistant isolates in mixed cultures
cultured from air samples collected in summer. This was only observed for isolates collected
in the summer air sampling round; possibly because mixed cultures did not occur in
subsequent sampling rounds, or because the differential between ambient temperature and
refrigeration in autumn, winter and spring was insufficient to assert a fitness cost on the
tebuconazole-resistant isolates. Several of the isolates that were cultured from air samples
and stored for 18 weeks in different media at different temperature were tebuconazole-
susceptible on day 0 and subsequently developed resistance. This change in resistance status
predominantly occurred in isolates stored in Tween at 37°C, which could be due to an osmotic
effect of Tween or due to temperature. As these isolates were not whole-genome sequenced
it is unknown whether the cultures were pure or mixed, but either outcome is interesting. If
the cultures were pure, the tebuconazole-susceptible isolate had developed resistance in
response to Tween or increased temperature. If the cultures were mixed, Tween or increased
temperature favoured survival of the tebuconazole-resistant isolate over the tebuconazole-
susceptible isolate. If it is a temperature effect, rather than osmotic effect of Tween, this
suggests that lower temperatures favour survival of tebuconazole-susceptible isolates and
higher temperatures favour survival of tebuconazole-resistant isolates, which may have

future implications with rising temperatures due to climate change.
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7.2. Future directions

This thesis has demonstrated that citizen scientist participation is a viable way of collecting
environmental samples to monitor for A. fumigatus and ARAf across the UK, and that there
are members of the public who are motivated to take part in such projects. For the
distribution of ARAf in the UK, and the environmental factors driving this distribution, to be
fully understood there needs to be a regular and widespread monitoring system in place and
| would propose establishing a network of citizen scientists to do so. Such monitoring would
benefit from a larger number of citizen scientists collecting samples at set time points
throughout the year from locations all over the UK, or a core team of scientists collecting
samples daily or weekly from fewer locations. The former would highlight geographical
variations in spore numbers in different seasons, whereas the latter would highlight
fluctuations in spore numbers throughout the year due to temperature or local farming
practices. Either approach would capture longer-term changes in A. fumigatus and ARAf spore
numbers, which may be expected due to increasing compost production and application to
nutrient-depleted agricultural soils, or ambient temperature increases and unpredictable
weather due to climate change. Monitoring should also be expanded to measure levels of A.
fumigatus and ARAf in the UK water system including groundwater3#8, rivers3*° and sewage

plants®9, as has been done for A. fumigatus in other countries.

Environmental sampling is core to the surveillance of many pathogenic microbes that can
survive in air, soil and water and it can be challenging for research groups to collect the
number and geographical distribution of samples required. This thesis demonstrates that
citizen science sample collection is viable for environmental A. fumigatus and ARAf
surveillance, and there is no reason this approach could not be adapted for other fungal
species, bacteria, viruses or toxins. Indeed, the most common contaminants of the air and soil
samples collected in this thesis were mucoraceous moulds, which were able to grow at human
body temperature and were often tebuconazole-resistant, and have subsequently been the
cause of the mucormycosis outbreak in COVID-19 patients in India®%. The involvement of
members of the public also increases awareness of the topic being researched and highlights
the importance of research that many individuals otherwise might not understand or

acknowledge there is a need for.
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Given the likelihood that every individual in the UK is inhaling ARAf spores daily, it isimportant
that individuals who are at the greatest risk of aspergillosis are made aware of this risk and
how to mitigate it. This thesis suggests that living or working within 2 km of arable land or an
OW/OA composting facility increases an individual’s exposure to airborne A. fumigatus
spores, which high-risk individuals could bear in mind when choosing where to live and work
in order to reduce their exposures. Further work should be done on whether wearing face
masks reduces inhalation of A. fumigatus spores. If they do, high-risk individuals could wear
a face mask when working or walking near arable land when compost is being spread or crop
residue collected, when handling compost, or when there is landscaping or building work
taking place nearby. Finally, experiments should be done to sterilise compost of A. fumigatus
spores before distribution to understand whether this is viable on a commercial scale;
otherwise packaging of commercial compost should be updated to warn users of the risk of

inhaling A. fumigatus spores when handling it.

Further research needs to be done on the effects of temperature on susceptible and azole-
resistant isolates to determine 1) whether isolates (from pure cultures) lose or gain azole-
resistance in response to temperature exposure, and 2) whether low or high temperatures
confer an advantage for susceptible or azole-resistant isolates in competition experiments. If,
as Chapter 6 suggests, low temperatures reduce survival of ARAf, cold storage could be used
to reduce the ARAf content of commercial compost. Alternately, if high temperatures favour
survival of ARAf it will become even more important to monitor the prevalence and
distribution of environmental ARAf in the face of rising ambient temperatures due to climate

change.

Finally, widespread azole-resistance in air and soil samples across the UK, coupled with
ongoing use of azoles in agricultural fungicides and a growing population of individuals who
are susceptible to aspergillosis, highlights our need for new antifungal drugs to be ringfenced
for medical use. The impact of azole-resistant aspergillosis on a patient is prolonged or
worsening infection while initial azole therapy fails and then either treatment with a higher

352 3 more toxic antifungal drug or an antifungal drug with lower efficacy3>3.

dose of azoles
Formulation, development and registration of an antifungal drug takes approximately 11
years and costs in the region of 250 million euros3**, and the temptation is likely to market

the new drug for agricultural use as the UK alone spent £858 million on pesticides in 20193,
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The solution could be an internationalised antifungal development pipeline, with market
entry awards and publicly funded antifungal research, as recently proposed for antibiotics in
Singer et al. (2020)3°. Incentives such as these may hasten antifungal drug development and

increase global access to new medical antifungals.
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Appendices

Appendix 1: Infographic of thesis including samples collected, consumables used, sequencing
undertaken, places travelled to and people involved.
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Appendix 2: Importance of fungi in nature, food, medicine, industry and bioremediation.

Fungi in nature

Plant growth

Mycorrhizal fungi form symbiotic relationships with plants by colonising their root systems and
providing them with nutrients, such as nitrogen and phosphate, and improving their water uptake
capacity in return for a share of the carbon they photosynthesise [1]. Around 80% of plant species
form these mycorrhizal interactions [2], which can be with arbuscular mycorrhizals (AM) that
penetrate intracellularly into the root cortex or with ectomycorrhizals (ECM) that remain intercellular
[1]. Of the estimated 450 Gt C stored in plant biomass, it is estimated that ~241 Gt C is in plants
associated with AM and ~100 Gt C in those associated with ECM, compared to 29 Gt C in non-
mycorrhizal plants, due to the benefits of these fungi for plant growth [3]. AM are more common,
forming ~65% of associations, and also receive more attention because their host plants include many
important crops such as rice, corn, soybean and wheat [1]. In an agricultural setting, AM enhance plant
growth, increase their resistance to drought and disease, decrease need for phosphorus and nitrogen
fertilisers [4] and alleviate stresses to the plant such as pollution and heavy metal contamination [5].
Incredibly, mycorrhizal networks (MNs) can form between plants allowing them to transfer nutrients
and warn each other of damage by herbivores or pathogens, resulting in up-regulation of stress
responses in undamaged neighbours [6]. ECM associate with <5% of plant species and are found
predominantly in forest biomes where research suggests their MNs allow tree seedlings to recognise
kin and preferentially transfer nutrients to siblings over non-siblings [7].

Nutrient recycling

Saprotrophic fungi play an important role in the ecosystem decomposing organic matter and recycling
carbon and nutrients into the soil, such that it is likely that life on earth would cease after a few
decades without these fungi because carbon and nutrients would become unavailable to the systems
requiring them [8]. Through their decomposing activities fungi produce an organic material called
humus, which increases the structure and water-holding capacity of soil [8] and acts as the main
carbon reservoir in the biosphere, holding an estimated 1600 x 10%° Gt C [9].

Early life on Earth

It is likely that the mycorrhizal and saprophytic qualities of fungi aided the first plants in colonising
land. The fossil record shows that the earliest land-colonising plants lacked roots and formed
symbioses with fungi more than 475 mya, and that together the plants and fungi reduced the elevated
carbon dioxide (CO,) levels in the atmosphere by silicate weathering and increased availability of
phosphorus through biotic weathering of rocks [10]. These early landscapes were dominated by giant
fungi, called prototaxites, that could grow to up to 8.8 m tall and 1 m in diameter but it is not yet
known whether these were saprophytes or symbionts [11].

Pest control

At present, 40% of crops are lost to pests including insects, pathogens and weeds [12]. It is estimated
that insects alone consume 5-20% of major crops and this is set to increase with rising global
temperatures due to climate change [13]. Pest control has relied heavily on chemical interventions
since the late 1940s, with insecticides accounting for 44% of global usage, herbicides for 30% and
fungicides for 21% [14], yet there is great interest in using fungi as biopesticides. The first record of
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using fungi to control a pest occurred in Russia in 1888 when Metarhizium anisopliae was mass
produced and sprayed on beet fields to control beet weevil [15]. Since the 1960s, 171 products have
been licensed using at least 12 species of entomopathogenic fungi as the active ingredient to control
48 families of insects, with Beauveria bassiana and M. anisopliae found in 64% of products [15].
Mycoherbicides can be applied to crops to reduce levels of weeds that compete with or parasitise
crops and some successful examples include a 95% reduction in Acacia saligna density in South Africa
by Uromycladium tepperianum from 1987-1989 and the rehabilitation of 50,000 hectares of pasture
in Hawaii when Entyloma ageratinae reduced the population of Ageratina riparia to less than 5%
within 9 months [16]. When Puccinia chondrillina was released to control the weed Chondrilla juncea
it was estimated that the benefits were at least 100 times greater than the costs involved [17]. Fungi
can even be effective against other fungi: 90% of mycofungicides contain Trichoderma sp. to control
Botrytis cineria, Fusarium, Pythium and Rhizoctonia and the remainder employ Ampelomyces
quisqualis against powdery mildew, Chaetomium globosum against root rot disease and Gliocladium
virens against soilborne pathogens [18].

Fungi as food and in the food industry

Edible mushrooms

Edible mushrooms are a nutritional food source as they are naturally high in vitamin D, generating
enough vitamin D to provide an adult’s recommended daily requirement in a single 100g serving [19].
They are also low in calories, carbohydrates, calcium and sodium, and contain large numbers of
vitamins and minerals [20]. When people talk about “mushrooms” they are referring to macrofungi,
which are the fruiting bodies we can see, usually above ground or attached to trees, that fungi produce
to disperse spores and are connected to a network of mycelia below. (As opposed to microfungi that
are invisible to the naked eye until their hyphae or spores number in their millions.) Commercial
mushroom production is on the rise and has increased greater than 25-fold in the past 35 years, with
Agaricus bisporus (button mushroom), Pleurotus (oyster mushroom) and Lentinula edodes (shiitake
mushroom) accounting for 85% of worldwide consumption [21]. Truffles, belonging to the genus
Tuber, are the most expensive edible mushroom and fetch prices in the region of €600-6000 per
kilogram [22]. As mushroom cultivation is low-cost and has low environmental impact it is being
explored as a solution to global poverty, malnutrition and environmental degradation in developing
countries [23].

Mycoprotein

Mycoprotein is a food ingredient produced by Fusarium venenatum that is high in protein and fibre,
and low in fat, cholesterol, sodium, and sugar [24]. It is sold as Quorn™ in 19 countries worldwide and
marketed as a meat-alternative, with a texture similar to chicken and requiring 10 times less carbon,
water and land use than beef [24]. In 2019, Quorn Foods reported its annual global sales as £220
million with demand set to rise as more people switch to non-meat diets.

Yeast as fermenters

The use of yeast, specifically Saccharomyces cerevisae, in fermentation reactions to produce food and
beverages is the oldest and most economically important biotechnology [25]. Baking and brewing
using yeast were first depicted in Egyptian hieroglyphs from 4,000 years ago [26] and today it is used
in winemaking, beer brewing and bread baking. In the UK, the alcohol industry alone contributes
approximately 2.5% of total gross domestic product (GDP) to national income [27] and it is estimated
that in the US 3% of the workforce is employed in yeast-based production [28]. The importance of
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yeast comes from its ability to convert sugars into carbon dioxide and ethanol under both aerobic and
anaerobic conditions, which is what causes bread dough to rise and makes wine and beer alcoholic
[29]. Baker’s yeast and brewer’s yeast are different strains of S. cerevisae.

Moulds as fermenters

Many components of Asian cuisine are produced by fermentation using moulds. Examples include
fermentation of wheat and soybean by Aspergillus oryzae or Aspergillus sojae into soy sauce [30] and
fermentation of rice by A. oryzae and S. cerevisae into sake [25]. In the West, moulds are used in
cheese production; either using Penicillium camemberti to produce a rind on soft cheeses like
Camembert and Brie or using Pencillium roqueforti to produce blue-veined cheeses such as Roquefort,
Stilton, and Gorgonzola [25]. Penicillium moulds also colonise the surface of dry-cured meats,
enhancing their flavour and aroma and increasing their shelf-life by preventing spoilage by other
microbes [31].

Fungi in medicine
Antimicrobials

The most famous example of fungi in medicine is the discovery of penicillin by Sir Alexander Fleming
in 1928. Fleming was working on staphylococcal bacteria when some of his plates became
contaminated with mould spores and he noticed an inhibition zone around these colonies in which
the bacteria no longer grew. He nicknamed his finding ‘mould juice’ and later named it penicillin when
he identified the mould as belonging to the genus Penicillium. Fleming found penicillin to be active
against all Gram-positive bacteria and published his findings in 1929 [32] but little notice was taken
until 1940 when two scientists, Howard Florey and Ernst Chain, began mass-producing penicillin for
use during World War Il (WWII) [33]. Fleming, Florey and Chain were awarded the Nobel Prize for
Physiology or Medicine in 1945 and the discovery of penicillin triggered the beginning of the antibiotic
era, which revolutionised the treatment of infectious diseases worldwide and began transitioning the
leading causes of death in developed countries away from communicable diseases.

In the 1950s another natural antibiotic, Cephalosporin C, was discovered in an Acremonium species
collected off the Sardinian coast [34] and represented the first of many fungal antibiotic compounds
isolated from a marine environment [35]. Other fungal metabolites discovered to have antibacterial
properties include itaconic acid from Aspergillus itaconicus (1931) [36], fumagillin from Aspergillus
fumigatus (1949) [37], fusidic acid from Fusarium sp. (1962) [38], alamethicin from Trichoderma viride
(1966) [39], aphidicolon from Cephalosporium aphidicola (1973) [40], Mycotoxin MT81 from
Penicillium nigricans (1992) [41] and nigrosporins A and B from Nigrospora oryzae (1997) [42]. In the
arms race against their microbial peers, fungi have also produced compounds effective against other
fungi (griseofulvin from Pencillium griseofulvum [43]; strobilurins from Strobilurus tenacellus [44];
echinocandins from Aspergillus nidulans [45]; papulacandins from Papularia sphaerosperma [46]),
viruses (brefeldin A and verrucarin A [47]) and protozoa (hypocrellins A and B [48]; puberulic acid [49]).
The search for novel antimicrobials is ongoing and it is likely that we have just scratched the surface
of what fungi can offer us from their millions of years of coevolution with these microbes in the
environment.

Lowering cholesterol

Statins, or HMG-CoA reductase inhibitors, lower levels of low-density lipoproteins (LDL) cholesterol in
the blood and significantly reduce the risk of death from myocardial infarction and coronary heart
disease (CHD) [50]-[52]. Mevastatin and compactin were the first statins discovered; mevastatin was
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isolated from Penicillium citirinum in 1976 [53] and compactin from Penicillium brevicompactum in
1978 [54] but lovastatin was the first statin to be approved by the Food and Drug Administration (FDA)
and made available for pharmaceutical use [55]. Lovastatin is now produced commercially using
Aspergillus terreus and is one of the highest selling drugs in the United States (US) with sales totalling
$11.6 billion by 2011 [56].

Antidepressants

A genus of mushrooms called psilocybes produce psilocybin, and are known as “magic mushrooms”
because of their psychedelic effects. Psilocybin binds non-selectively to serotine receptors and has
been found to have long-term antidepressant effects in people with treatment-resistant depression
[57] as well as alleviating anxiety in end-of-life patients [58], treating tobacco [59] and alcohol [60]
addiction and reducing symptoms of obsessive-compulsive disorder (OCD) [61].

Anticancer

The statins lovastatin and compactin, and the synthetic derivative simvastatin, also have inhibitive
effects against cancers including acute myeloid leukaemia (AML), lung, ovarian, breast, liver, cervical
cancers, melanomas and more [62]. Many macrofungi that have been used in traditional medicines
since as far back as 3000BC produce active biocompounds that have immunomodulatory effects, and
have anticancer effects by up- or downregulating the body’s innate and adaptive immune responses
[63]. Some examples are the polysaccharide lentinan produced by Lentinula edodes (Shiitake
mushroom) [64], ganoderic acids produced by Ganoderma lucidum (Reishi mushroom) [65],
ergosterols produced by Cordyceps sinensis (a fungus that infects sphinx moth larvae in the Himalayas)
[66] and polysaccharide peptide (PSP) produced by Coriolus versicolor (Turkey tail) [67]. Despite many
promising compounds only a few have made it to clinical trials, likely due to challenges in scaling up
production [68], and, as yet, none have been approved for clinical use but research is ongoing.

Immunosuppressants

Cyclosporine, produced by Tolypocladium inflatum, was being investigated in 1970 as a potential
antifungal when it was also tested for cytostatic, antiviral and immunosuppressive activity and was
found to suppress cell- and antibody-mediated immunity and chronic inflammation [69]. It became
the first metabolite produced by a microbe to be licensed for use as an immunosuppressant [69] and
is now used extensively in organ transplant patients to reduce graft rejection. Other
immunosuppressants produced by fungi are mizoribine from Penicillium brefeldianum [70],
mycophenolic acid from Pencillium brevicompactum [71] and subglutinols from Fusarium subglutinans
[72] and are used to treat autoimmune diseases such as Crohn’s disease, rheumatoid arthritis, lupus
and psoriasis, as well as for organ transplants.

Fungi in industry

Clothing

During WWII, the uniforms and tents of Americans serving in the Pacific were disintegrating, which
was found to be due to the fungus Trichoderma reesei producing cellulases that were breaking down
cellulose fibres in the fabrics [73]. Now cellulases, commercially produced by T. reesei and Aspergillus
oryzae, account for approximately 14% of the global enzyme market [74] and are used to give denim
fabric a stone-washed look [75] and eliminate hydrogen peroxide after it’s been used to bleach cotton
[76]. Lipases, commercially produced by Aspergillus niger, account for nearly 10% of the global enzyme
market [77] and are used in tanneries to hydrolyse fats, oils and greases present in hides and skins
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[78]. Catalases and lipases produced by the thermophilic fungus Humicola insolens are added to
biological washing powders to breakdown fat stains [79] and to remove cotton threads from the
surface of garments to make them feel smoother.

Pigments produced by fungi offer an environmentally-friendly alternative to artificial dyes used in the
textiles industry. Wood staining fungi are perfect candidates as the pigments they produce naturally
interact with cellulose fibres and pigments from Penicillium murcianum, Talaromyces australis,
Monascus purpureus and Dermocybe sanguinea, amongst others, have been successfully used to dye
fabrics [80]-[82].

Paper manufacture

The paper industry produced 188 million tons of pulp in 2018 [83]; a process that involves wood
pulping followed by pulp bleaching. Pulping is the breakdown of raw materials containing
lighocellulose, usually wood, into cellulose fibres and is traditionally done mechanically or chemically,
using sodium hydroxide or sodium sulphite [84]. Biopulping, the name given to the breakdown of
lignocellulose by extracellular enzymes produced by white, brown and soft rot fungi, would reduce
the energy consumption and chemical input of traditional pulping methods [85] but has played a
relatively minor role due to difficulties in scaling-up enzyme production. The biggest application of
fungal enzymes in the paper industry is xylanases, produced by Trichoderma reesei, Thermomyces
lanuginosus and Aureobasidium pullulans, that are used in pre-bleaching of pulp as an
environmentally-friendly alternative to chlorine [86].

Plastics manufacture

With growing concerns about sustainability, environmental damage and energy usage, chemical
companies are looking to move away from chemicals produced from fossil fuels towards those
produced from renewable biomass [87]. One such chemical is itaconic acid, produced commercially
from Aspergillus terreus grown on sugar, that has a global yield of 80,000 tons and can be used to
make plastics, rubbers, synthetic fibres and resins, surfactants and oil additives [88]. In its
commitment to circular economy, LEGO™ has now started using itaconic acid to make its tree, leaves
and bush elements [89].

Biodiesel

Biodiesel is a type of biofuel, produced when lipids in biomass are converted into fatty acid methyl
esters (FAMEs) that have the equivalent energy content of petroleum diesel and offer a sustainable
alternative [90]. This conversion is done by oleaginous organisms that can accumulate lipids
intracellularly, including several fungal species: Cunninghamella echinulata [91], Mortierella alpina
[92], Mucor circinelloides [93], Mucor rouxii [94] and Trichosporon fermentans [94], to name a few.
Feedstock for biodiesel is traditionally vegetable oils and animal fat but the cost of these, and concerns
over land use change, are prompting a search for more renewable feedstocks [95]. Some fungi are
able to convert cellulose substrates into a biofuel called mycodiesel comprised of volatile organic
compounds (VOCs) rather than FAMEs [90], demonstrated in Gliocladium roseum [96], which offers
the possibility of using agricultural waste, namely crop residue, as a lower cost and more sustainable
feedstock.

Construction

Up to 38% of the lifetime energy demands of a typical house comes from its construction [97]; by
production of materials, manufacturing processes and transport of materials [98]. Due to the growing
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housing market there is a shortage of building materials such as cement, bricks, wood, steel and
aluminium; many of which need huge energy input to produce and create pollution in the process
[99]. Composite materials made of fungal mycelium present a possible solution for the construction
industry as their production is low-energy and sustainable, the mycelium can be grown on waste
substrates and the material is biodegradable [98]. Furthermore, mycelium has high tensile strength
due to the presence of chitin in fungal cell walls [100], it is naturally fire-retardant [101] and is
acoustically absorbent [102] so could replace wood, foam and plastics in insulation, doors, panelling
and flooring [98].

Packaging

Materials made from mycelium also present a sustainable and biodegradable alternative for
packaging, with the potential to replace plastics and polystyrene foams that are made from petroleum
[103]. The mycelium are grown in a mould until it forms the required shape and density, then it is
dehydrated to stop further growth [103]. It is now available commercially from Mushroom® Packaging
who grow the mycelium from the agricultural by-product of hemp.

Fungi in bioremediation

Plastics

Commonly used synthetic plastics are polyethylene, polypropylene, nylon, polycarbonate polystyrene,
polyvinylchloride (PVC), polyethylene terephthalate (PET), polytetraflouro-ethylene (PTFE) and
polyester polyurethane (PU) [104]. PU accounts for 6-7% of total plastics produced worldwide, mostly
in the form of foams used in footwear, furniture and automotives [105]. The majority of plastic waste
ends up in landfill but the lack of landfill sites coupled with long-term persistence of plastics require
new solutions for plastic disposal [106] and PU has been identified as vulnerable to microbial
degradation, particularly by fungi [106]-[109]. In 2017, a PU-degrading fungus, identified as
Aspergillus tubingensis, was isolated from soil at a waste disposal site in Pakistan and has the potential
for large-scale biodegradation of PU and other plastic waste [104].

Crude oil

Polycyclic hydrocarbons (PAH) are a group of toxic, carcinogenic and mutagenic compounds found in
crude oil that are persistent environmental pollutants, which are the focus of many studies looking at
mycoremediation of contaminated soils, in particular using oyster mushrooms (Pleurotus ostreatus)
[110]-[112]. Soils heavily contaminated with PAHs are inoculated with mycelia and within weeks the
PAH content is reduced to such levels that seeds are able to germinate, which led to the Washington
State of Department of Transport using the bioremediated soils from one study for highway
landscaping [111]. The mushroom industry produces 5kg of spent mushroom waste (SMW) for every
1kg of mushrooms produced and this SMW from oyster mushrooms contains sufficient mycelia and
nutrients for growth [113], thereby recycling a waste product for mycoremediation of polluted soils.
Mycologist Paul Stamets, owner of Fungi Perfecti, is currently testing MycoBooms™, which is a floating
straw arm colonized with oyster mushrooms that could be used to contain and absorb oil spills in the
sea [114].

Radiation

Radionuclides are atomic nuclei that spontaneously transform or decay and, in doing so, emit energy
in the form of radiation [115]. Radionuclides enter the environment naturally by interaction of cosmic
rays with the atmosphere [116] but the majority come from human activity: nuclear weapons testing,
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nuclear power plants, uranium mining and nuclear accidents [117]. There has been great interest in
fungi as absorbents of environmental radionuclides due to the huge surface area of their hyphae [118]
and their ability to grow in the presence of radiation, heavy metals and low pH [119]. For example,
Rhodotorula taiwanensis can grow at pH 2.3 and 66 Gray per hour (Gy/h) in the presence of high
concentrations of mercury and chromium [119], while Rhizopus arrhizus can absorb up to 180 mg of
uranium per gram of its biomass [120]. Of particular interest are the fungal species found growing in
the Shelter built around the damaged reactor of the Chernobyl Nuclear Power Plant [121] and wild
mushrooms growing from the land around Chernobyl and Fukushima power plants, which are shown
to absorb radiocaesium [122]. Accumulation of radionuclides by fungi immobilises them and prevents
them leaching into soil, and mushrooms can be removed and destroyed to prevent consumption by
animals or humans, hence their potential role in remediation of contaminated sites [118].
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Appendix 3: Google sign-up form for the first air sampling round that was linked to by a
shortened URL on the poster and in all recruitment Tweets, Facebook posts and emails.

Questions  Responses @

Science Solstice

A citizen science project taking place on Thursday 21st June (Summer Solstice 2018) involving UK-wide passive
outdoor sampling of fungal spores for monitoring of azole fungicide drug resistance. All you need to do is place
your air samplers on groundfloor outdoor windowsills at your two chosen locations (e.g. home and workplace)
and leave for ~8 hours. Return them, along with the completed gquestionnaire, in the freepost envelope at your
earliest convenience.

You will receive a package containing 2 x air samplers, a poster, instructions, information page, questionnaire
and freepost return envelope in the fortnight leading up to Summer Solstice and a reminder text the day before.
If you have not received the air sampling pack by Monday 18th June please email j.shelton@imperial.ac.uk and |
will repost.

GDPR compliance: All personal details collected in this form will be kept confidential and data points will be
anonymised. Your name and address are required for posting the air sampling package to you: after posting,
these details will be deleted and only the locations you provide on the completed questionnaire will be assigned
to samples for spatial analyses. Your mabile number is required to send you a text the night before Summer
Solstice to remind you of experiment day. Providing your email address is optional and will be taken as consent
to contact you with project updates and a link to the online interactive map to see your anonymised data points;
please leave blank if you would prefer not fo be contacted. At no point will your data be shared with any third
party and it will only be kept on record for the duration of the project.

If at any time you wish to opt out of this project and for your data to be removed from the database, please email
j.shelton@imperial.ac.uk.

More details can be found on www.fisherlab.co.uk/blog/science-solstice or on Twitter by following @jenmgshe
and #ScienceSolstice.

Name *

Short answer text

Address *

Long answer text
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Mobile number *

Short answer text

Email address (optional)

Short answer text

Which research institute do you belong to? (If any; for combined postage)

CEH - Bangor

CEH - Edinburgh

CEH - Lancaster

CEH - Wallingford

Imperial College London - South Ken campus
Imperial College London - 5t Mary's campus

Other...

How did you hear about this project?

Email
Facebook
Poster

Twitter
Word-of-mouth

Other...
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Appendix 4: Instructions explaining when and how to expose the air samplers to participate
in the citizen science air sampling project. These instructions were for initial air sampling
round on 215 June 2018 and the date was amended for subsequent sampling rounds.

SIMPLE GUIDE TO; [mperial College

Passive outdoor air sampling e

HATURAL ENVIRONMENT SESEARCH EOUNEIL

On Thursday 21 June (a.k.a.
Summer Solstice 2018) it's
experiment time!

Your air sampling pack should contain:
* Instructions (this!)

+ Poster (put it up to remind you!)

* Information page

* 2 xair sampler + Blu Tack

*  Freepost return envelope

Follow the instructions below to
collect your passive air samples.

IMPORTANT NOTE! If there is torrential rain on Thursday 215 June this air sampling method will not work! Please do
the experiment at your two chosen locations on the soonest dry day and specify the date on your questionnaire.

1. Identify an PRI R, (| ] —
outdoor ground - e
floor windowsill at
your home and
workplace.

2. Orientate the air \CHESEEEEN
— ‘
sampler so the - ; ‘
white label is on top Like this!
_ i _

B e

and clear side with
% Blu Tack is facing
down (see right).

- - ~ - o o =

3. Secure air sampler to 4. Peel off (and retain) white 5. Reattach white label
windowsill using Blu Tack. label and leave air sampler, and post when possible.
sticky side up, for 6-8 hours.

When your sampling is finished please place your two air samplers inside the freepost return envelope, along with
your completed questionnaire, and store in a cool and dark place until you are able to return to me by post.
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Appendix 5: Questionnaire to be completed and returned in the Freepost envelope detailing
the date air samples were collected and the exact locations where the air samplers were
placed and exposed. Participants were asked to provide an email address if they wished to
receive future project updates.

SCIENCE SOLSTICE |mperial College

London
QUESTIONNAIRE @ &5t

(Please complete and return with the air samplers in the freepost envelope.)

el

Name:

Date collected:

LOCATION 1 (e.g. home)
Address:

Or GPS coordinates: (latitude) (longitude)

Outdoor ground floor windowsill: Y/N

If no, please describe location:

LOCATION 2 (e.g. workplace)
Address:

Or GPS coordinates: (latitude) (longitude)

Outdoor ground floor windowsill: Y/N

If no, please describe location:

Thank you for taking part in this Science Solstice air sampling project! If you would
like to receive project updates and a link to the online interactive map to view
your anonymized data points, please provide your email address:
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Appendix 6: A blog post written about the air sampling citizen science project was published
online when recruitment began, and a paper copy was included in each sampling pack.

#ScienceSolstice — citizen science meets microbiology!

What is this project about?

Thank you for your interest in my upcoming citizen science project! This is part of my PhD project titled
“Environmental drivers of azole-resistance in Aspergillus fumigatus and its relevance to human health”
split between Professor Mat Fisher's group at Imperial College London and Dr Andrew Singer's group at
the Centre for Ecology and Hydrology. For my project | am conducting a UK-wide survey to determine
background levels of mould spores (Aspergillus fumigatus) by collecting air and soil samples from as many
places as possible, and then testing them for resistance to azole fungicide drugs.

This is where you come in! By agreeing to participate in my Science Solstice passive air sampling
experiment you will be providing me with valuable data points for my project. All you need to do is leave
the air samplers sticky side up on an outside windowsill on the ground floor of two different locations (e.g.
your house and workplace) for the whole day of Thursday 21* June and then freepost them back to me
in the envelope provided. As your air samplers sit on the windowsills the fungal spores passing through
the air around them will settle and stick to them, making this a passive sampling method {as opposed to
actively pumping large volumes of air through a filter to capture fungal spores).

How do | get involved?

If wyou would like to take part please enter your details in the Google form:
https://tinyurl.com/sciencesolstice. Your details will be kept completely confidential. If you choase to
provide an email address, 1 will send you updates on the project and a link to your anonymized data points
on an online interactive map. (If you are happy to take part but would not like further updates please

leave the email space blank and | will not trouble you further!) In the fortnight prior to Summer Solstice
you will receive an envelope containing the air samplers, simple instructions, a questionnaire and a
freepost envelope- all you need to complete the experiment- and you will receive a text message reminder
the day before so you don't forget. Thank you in advance for your participation!

T
B B - s [T ]

s vndirai
-

Lomrnsmire Senl e -
np Car e e
kit

Onfine interactive map for logging Science Solstice data points, courtesy of
EpiCollect (http://www.epicollect.net/).

222



Talk science to me!

Aspergillus fumigatus plays an important role in the environment as a decomposer- it is commaonly found
in soil and decaying vegetation where it breaks down organic matter into carbon and nitrogen- and it
produces tiny spores that readily become airborne. These spores spread easily on wind currents meaning
that A. fumigatus is EVERYWHERE. It is found in most countries, outdoors and indoors, in air and in soil,
and it is estimated that we each inhale 100s of spore every day. When we are healthy these spores are
cleared by our innate immune system and cause us no problems, whereas in individuals with a
compromised immune response- such as those with HIV/AIDS or cystic fibrosis or undergoing organ
transplant or chemotherapy- these spores can establish and grow in the lungs to cause invasive
aspergillosis (IA). The first line of treatment of 1A is with drugs containing active compounds called azoles
and the fatality rate varies between 40-50%, dependent on the patient’s history. Unfortunately, if the
patient is infected with A. fumigotus that has developed resistance to these medical azoles the infection
becomes much harder to treat and the fatality rate is higher. Azoles used in medical drugs are structurally
similar to azoles incorporated into fungicide sprays for agricultural use and it is likely that A, fumigatus in
the soil that is accidentally exposed to fungicides (it is not the intended target as it is not a crop pathogen)
can develop resistance to azoles- both medical and agricultural. By collecting air and soil samples from
across the UK | will determine the percentage of spores that have developed azole resistance, and
whether this is influenced by factors such as seasonality, land use, soil type and urban versus rural. These
data could then inform an environmental “risk map” for individuals at highest risk of acquiring 1A.

A, fumigatus colonies grown from sticky tape used in my pilot study at Imperial’s 5t Mary's campus.
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Appendix 7: Blog post about soil sampling citizen science project published on UKCEH
website.

EC":D'CIIS;;E |f'|c;|:‘df0|[lg}f About us Science Diata Services Staff Mews & media Cymrasg '._,?_

Summer Soilstice Kickoff

Sutenied by Dr. Andrew C: Singer on Mon, 10052018 - 1432
= . - SHARE THIS FAGE

f ¥ & in

** Sign-ups hawve now closed for the Summer Soilstice citizen

science project. Thanks to everyone for the interest shown in SUMMER 50‘". STK:E

taking part. =

Recent Events

About Drouwght
LA

o
= UE A CITEER SCENTET POk THE Gaxl

Bk Fedbon SHLIER 40 WV HIS B0rasd thie L K In 1arrpilag

Hot on the heels of & citizen science project thaf had hundreds of yasr garzen sl For lungal i3, £ maskar far

TRh i ; i s 2 R vimalaree b el g e deags

people placing sir zamplers on their window =ills, Jenny Shelton, 5 -

FPhD student with the Centre for Ecology & Hydrology [CEH) and e

imperia! College, hae sought help sgain a2 part of her rezearch info

monitoring fungicide drg rezizisnce. Her new suney iz dubbed

#SummerScilefice and asks volunteers fo send in 2ol or compost

Shaping the

Dewel nt of the
zamplez tsken from their gardens on the Summer Sofztice [June 21). CEHEU?E"Q&F-E
Data Science
. . . , - Framework
Jenny’s supendzors, Andrew Singer of CEH and Mst Fizher of FHE-H

Imperial College, explain why the science iz 20 important: CEH is developing a...

The new survey is 8 follow-on from Jenny's #5cience Solstice
project, which locked for azoleresistant Azpergillus fumigsfus in
samples of air collected from the homes and workplaces of citizen scientists on solstice and eguinox days i i
during 2018-19. A fumigsfus is & ubiguitous fungsal species commonly found in soil due to its important role RECEﬂt PUbllCﬁTlDﬂS
85 8 decomposer but which is also linked to 8 disesse called aspergillosis or fungal esthma’.

Metal speciation from stream
to open ccean: modelling w.
The spores pose no risk to most people as they are cleared by our bodies’ immune system, but scme measurement
individuals suffer debilitating sllergic responses caused by hypersensitisation to the inhaled spores.

Analysis of 1291 and 1271 in
soils of the Chernobyl
Exclusion Zone, 28 years

If spores are not cleared they can germinate in the lung where the growing fungus seoretes toxins and Shcr the depnsi{iun of 129]

triggers an immune response, leading to symptems such as weight loss, chronic cough and bresthlessness,
and resulting in & diagnaosis of aspergillasis. In individuals with 8 compromised immune response- such as Mowing radiation protection
those with HIV/AIDS or oystic fibrosis or undergeing organ transplant or chemotherspy- spores may enter the 0N from the limitations of

; o i e : e ki empirical concentration ratios
bloodstream via the lungs and disseminate through the body, resulting in a life-threatening illness called
invasive aspergillosis (1A).
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Aspergillosis and |A are treated with drugs containing azole compounds but infections are much harder to
treat if caused by szoleresistant Azpergilluz fumigsfus spores. As the structure of the szole compounds
used in medical drugs are similar to szoles used in fungicide sprays in agriculture and horticulture, it is
possible that spores are acquiring resistance in the environment prior to being inhaled as well as in the
lung as a result of long-term trestment.

Participation from across the UK

The idea behind the citizen science projects is to get wide participation from across the UK in order to
determine the badground levels of azoleresistant A. fumigafus spores in air and scil and therefore get an
idea of the exposure of pecple to these spores &8s we go about our daily routines,

For this phase, we're asking volunteers to send in soil/compest samples from their gardens so that Jenny can
culture spores from A. fumigstus and then test them for fungicide resistance. As with the air sampling,
knowing the location and timing of each sample will allow Jenny to lock for clusters of resistance and any
associations with land use, soil type, urban versus rural location and seasonality, which could identify
potential drivers of resistance and potential hotspots for the drug-resistant fungus.

"...knowing the locatien and timing of each sample will allow Jenny to look for clusters of
resistance and any associations with land use, soil type, urban versus rural location and
seasonalty...”

‘We know that industrial composters constitute a "hetspot’ for A. fumigstus growth because the heat
generated in the centre of the waste piles during the composting process kills most bacteria and fungi but
allows the thermophilic {heat-loving) A. fumigafus to thrive.

These facilities accept organic waste from households, restaurants and shops and also from plant nurseries,
landscaping companies and farms, from which the plant matter may have been exposed to azole-
containing fungicides during its lifetime. An important early stage of the composting process is digestion of
the crganic matter by miocobes that require oxygen. The waste piles are rotated to allow for the circulation
of air, thereby mixing the contents and exposing more to azole residues from the commercial and
agricultural waste. This practice makes it more likely that A. fumigstus proliferating in the centre of the piles
is exposed to azoles during its growth, which might cause it to develop resistance.

It's possible that the compost hesps we keep in cur gardens act in a similar manner but on & smaller scale,
and that the szole residues that drive resistance are coming from the plants and bulbs we have planted in
our garden that have already been sprayed with or dipped in azoles at some point during their lifetime.
Many industrial compaosters supply compast to farms and garden centres so it's also possible that the bags of
compost we use in our gardens already contain azolesesistant A. fumigaifus spores as a result of the
compasting process.

Who shouldn't take part

Jenny would like a5 many citizen scientists as possible to take part in the project, but it's impeortant to
recognise that compost and compost heaps potentially contain high numbers of A. fumigsfuzs that may be
sercsolised as 8 result of disturbing the bag or hesp (read more). Due to this, plesse do not participate in
sample collection from these locations if you suffer from aspergillosis, hawve a lung condition (chronic
or acute, such as flu) or are immunosuppressed, all of which places you at greater risk of contracting
aspergillosis frem inhaling a large number of spores.
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How you can take part

Sign-ups for the sampling padks have now closed. Thanks to the hundreds of you who have volunteered to
take part, and apoclogies to those of you unable to apply.

The sampling pack will contain two clear plastic sachets, a8 wooden spatula, 8 poster, simple instructions
and a guesticnnaire and will amrive prior to Friday 21 June {summer solstice 2019).

All you need to do is collect two soil samples from your garden — either from a8 compost hesp, bag of
compost or manure, pot, planter or border — and return them in the freepost envelope along with a
completed guestionnaire.

Jenny will process the soil samples in the lab and culture from them any A. fumigaius spores present, which
she will then test for resistance to tebuconazele (the third most-sprayed azole in agricultural fungicides here
in the UK). Those of you who indicate you are happy to receive updates will |ater receive an email with a
link to & Google map showing ancnymised locations of the samples and how many spores were present in
each.

Follow Jenny on Twitter @jenmgshe to keep up on the progress of # Summer Soilstice!

Supemnvisory team:

Dr Andrew Singer Prof Matthew Fisher

Senior Scientist Faculty of Medicine, School of
Public Health

Centre for Ecology &

Hydrology Imperial College London, UK

acsi (@ ceh.ac.uk matthewr fisher (@ imperial.ac.uk

@OxonAndrew @fisher_mat
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Appendix 8: Instructions explaining how to collect soil samples to participate in the citizen

science experiment.

%’I!ﬂ#_ A SIMPLE GUIDE TO:  |mperial College
RIS Outdoor sofl sampling S Tre

On Friday 21" = Sunday 23 June
{weekend of Summer Solstice 2019
it's exparimeant time!

Your soil sampling pack should contain:
Instructions (this!)

Poster |put it up to remind youl)
Information page

= = s o m W

f X clear plas:il: Eald i Follew the instructions below ta
% wooden spatula 1

lhact outd [ las,
Fre mERR AT . o your outdoor soil samples

1. Identify two locations with soil, compaost or rotting plant material at your home or
workplace. For example:

[ ] pot/planter [] border [] bag of compost  [_] compost heap

111 Please exercise caution If sampling from a bag of compost or compost heap as disturbing the contents
may cause a plume of fungal spores to be released. Collect from the tep or side without mowving bag or heap.

2. Unseal the clear plastic sachet, lay on the
sail, squeeze from the sides to open and use
the wooden spatula to scrape soil, compost or
rotting plant material into the sachet.

3. Fill the sachet until loosely packed
with soil, but not bulging (to prevent
sachet splitting in transit!).

When your sampling is finished please place your two sachets of soil inside the freepost
return envelope, along with your completed questionnaire and wooden spatula (to keep
envelope flat), and store in a cool and dark place until you are able to return to me by post.
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Appendix 9: Questionnaire to be completed for the soil sampling project and returned in the
Freepost envelope detailing the date sample collected, geographical location of the garden
that soils were collected from, type of sample collected and sample details.

% SUMMER SOILSTICE et Colege

London

43 QUESTIONNAIRE =@t

(Please complete and return with the soil samples in the freepost envelope.)

Name:

Date collected:

LOCATION (home or workplace garden)
Address:

Postcode:

NB: If you have a compost heap or use compost in your own garden please sample from these.
SAMPLE 1
[ ]pot/planter [ Iborder Dbag of compost [] bag of manure [ _|compost heap

Sample details {e.g. plant or bulb type in pot, brand of compaost or manure, composted vegetation)

SAMPLE 2

|:| pot/planter |:| border Dbag of compost |:| bag of manure |:| compost heap

Sample details (e.g. plant or bulb type in pot, brand of compost or manure, composted vegetation)

Thank you for taking part in this Summer Solstice soil sampling project! If you
would not like to be emailed project updates and a link to the online interactive
map to view your anonymized data points, please mark a cross in this box:| [ ]
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Appendix 10: Google form sent out four days after the first air sampling round asking
participants for feedback on their sampling experience.

Questions  Responses @

Science Solstice feedback

Thank you again for taking part in Science Solstice and contributing to an important and fascinating part of my
PhD! As a scientist it is very important to evaluate my work- to understand what went well and what went badly,
and to learn how to improve in future. | would very much appreciate it if you could take 1 minute to give me your
feedback on your Science Solstice experience!

If vou DID NOT send back your air sampler(s) could you tell me the reason?

Air sampling pack did not arrive in time/at all

Forgot/was too busy/was on holiday on the day

Label on top of label caused confusion on how to uncover air sampler(s)
Air sampler(s) blew away

Mo freepost return envelope in the sampling pack

It was too windy/it was raining

Other...

Were the email reminders helpful?

Yes

No

Did not receive any
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Was the text reminder the evening before useful?

Yes
No

Did not receive it

If | repeated Science Solstice would you like to part? If yes, please enter your email address below:

Short answer text

Any other comments- good or bad!

Long answer text
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Appendix 11: Participant feedback on the first air sampling round provided in the additional
comments box of the Google form sent out on 25™ June 2018.

1. More samplers as a contingency if/when we had problems with the first two
2. A practice experiment with some people to find out what could go wrong

After removing white covers I paper-clipped these face-to-face so as to keep uncontaminated until
the evening when they were replaced on the sticky sheets. I do not know where other participants
kept theirs (e.g. face-up or face-down / on windowsill or in a drawer) and it might not make much
difference as long as they were inside the house (most likely, or they would have blown away!) but
it might be something to consider?

All went OK. Suggest using thicker plastic as the hot weather tended to curl up the corners making
it easier to blow away. It would be nice to have a dot map showing where the air samplers were
located by volunteers etc. No other issues - you will sort out the 'label’ problem so fingers crossed
that you get the results you want. PS worked on Aspergillus fumigatus isolated from self-heating
coalspoil sites 50 years ago so am interested in what you find anyway.

As spare sampler in the pack to replace any that went bad. Double sided tape as well as blue tac

Best wishes with your PhD project! I think it's excellent to use the general public to facilitate data
collection. Well done!

blue tack didn't stick to UPVC very well

Difficult to leave the sticker unattended especially at the public area - Risk to be removed by
cleaners etc

Enjoy the sampling.

Enjoyed taking part, thanks. I managed to get a finger print on one of my samples (sorry) - actually
realised (too late) that there was a non sticky part of the backing paper from which we were
presumably supposed to peel, but as this wasn't marked, I didn't realise this until after I'd put out the
samples. Could this be marked somehow to make the unpeeling easier?

Also, wondering if these same samples could be used for other studies, e.g. looking at pollen
counts/pollen species to develop/refine pollen maps for epidemiology research?

Anyway, good luck with the analysis, I'll look forward to hearing more in due course!

Everything was well explained.

Exciting project! We look forward to hearing about what you find!

Firstly, this is a great project, and I hope you get some nice results from it.

I don't know how feasible this is, but you might want to consider adding an edge around the
sampler to hold on to, so people don't have to be concerned about the fingerprint and contamination
issue.

From an ecological perspective, | suggest to include replicates for each location.

From what I could gather from your e-mails, I guess you will end up with "clumped data", i.e.
mostly around Oxford, maybe some other UK science hotspots ;-), and then Leipzig and Ontario? It
would be really interesting to see how you deal with this in the interpretation/analysation of the
data.

And congrats on choosing a fascinating project, and a great citizen science approach to boot!

Fun to take part!

Fun! Next time I'll be back in Kent.

Good! Also I think I didn't sign up for updates. Please add me :)

Great project - was a tiny bit confused by the white backing at first, but your instruction sheet
helped with that. Otherwise, the issue of blutack and making it stick to surfaces as I didn't want to
touch the sticky top. Otherwise, very well communicated and explained what I needed to do.

Great project! Good luck. Hope our samples are useful (the cat stood on one of them!). Happy to
help with anything in the future.

Great to be involved. We should be doing more of citizen science in general!

231



Great to take part.. Feel that I contaminated my sample through a level of ignorance over removal
of label etc.. Next time make it ultra idiot proof.. You did to an extent but silly people on the
school run may have struggled.. Sorry!

Happy to help. Good luck.

Home air sampler left out much longer than work air sampler - held up at work so air sampler at
home was left out for just over the maximum time. I hope this won't affect / influence anything too
much.

I thought the instructions were really clear, you provided a great amount of background information
and made volunteers feel a part of the project.

I agree it was difficult not to get fingerprints on it

I also struggled with the fingerprint thing. Possibly having a marked edge that it was okay to touch
could have helped with this? Also I emailed about not having downstairs windowsills to which you
replied promptly and so I used other objects, this may have been outlined somewhere in the
information but I didn't (and still haven't) read it properly. Just looked at the basic instructions...

I enjoyed taking part and look forward to seeing the results.

I had no problems removing the backing or with the sampler blowing away - even though it was a
windy day.

I look forward to seeing your results. Could you let me know if my samples arrived with you
please. Be great to see pics of what my samples look like on the plates. Would you like me to send
you pics of the two sites to add to your photo collection. (Will also send this in an email in case you
don't look at feedback for a while. )

I really like this experience and will definitively be happy to help in the future if needed!

I think I would maybe add a replacement sampling thingy, since then if the first one is screwed up,
or one blew away, you could still have 2 samples from each place...

I think this was really well organised and you’ve done a brilliant job. But one thing I have learnt
over the years, is to never underestimate people’s creativity in making mistakes or
misunderstanding! You can be crystal clear and someone will always muck it up so don’t take it
personally. All the best with the PHD.

I think you have been very diligent but I also think you have not captured as much associated data
as you could have e.g. start and end time of sample while unlikely to have influenced results may
have been useful as I expect some people did not stick to the 6-8 hours (I left home 8 am and did
not return until 10 pm) , local weather (I would have provided tick box of possibilities with a fee
text box comments), proximity to factors which might effect results e.g. arable agriculture fields
with high probability of chemical sprays or what ever. Good luck with the PhD

I think you've had enough feedback on the tricky bits already. My samplers had a non-sticky edge
(not sure if they all do), and it was easiest to peel from that edge.

I thought comms were good, and excellent excitement generated on Twitter!

I wonder if numbered steps *on* the collector might have helped avoid fingerprints (like mine!) -
L.e. (printed on film). "1. Stick this side down to windowsill" or similar. (on white side) "2. peel
this bit off and retain". As you would see on phone screen protectors.

I know it shouldn't be hard but I managed to do it the wrong way round, and I spent years in a
micro lab...!

Well done for thinking up such an interesting experiment -looking forward to the results!

I thought it worked really well but the blu-tack is not suited for dusty or wet surfaces outside so I'd
strongly suggest double-side foam tape cut into square (it has a peelable backing) it's what I used
and it stayed just fine. I also found having a little note on the underside facing up saying 'Air-
sampling please don't touch' helped.

I thought the instructions were very clear - even the white label! Was wondering why two samples
and whether you needed these to be far apart or whether two very close together (e.g. as replicates)
would be useful? Or having a control (inside) to compare with?

I thought the label thing was clear and obvious (particularly with the photos) but my friend, who
did sample 2 for me in his flat, somehow found it very confusing. Noting to not do it overnight
would have been helpful. The two sample thing may have put some people off as some people
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might not have two places to do it - I could not do one at work as I work in an upper floor office. I
really enjoyed taking part though as a non-scientist - a simple task and I'm really interested in the
results. I liked the photo instructions and the info sheet. The poster didn't seem that worthwhile
though because by the time we received it it would have been a bit late for other people to take part.

I was happy to be a part of it and am looking forward to the results!

I was worried about 'effort' because I was able to put my sampler at home out very early in the
morning and then got home super late, whereas at work I had meetings in the morning that meant it
didn't get put out till 11 and taken in as I caught train home, so the time taken to collect the
particles was mismatched with my work sample. For surveys I know 'effort' matters and it might be
similar here. Can we have a bit to fill in how much time they were out or does that not matter?
Otherwise, super easy to do and think it’s a great idea!

It was clearly explained and easy to do, except for the sticky labels, which were difficult to peel off.

It was tricky to remove the white backing without touching the sticky surface - I think including
more Blu-tack would solve that.

it's hard to set air samples for 8 hours in two different locations; even if it's home and work it is
unusual to have the exact time for both; perhaps more info on the allowance for time (like between
6 and 10?) would have helped

Just unfortunate that both samplers blew away :(

Look forward to seeing results!
Also, might be good to tell people to wipe the window ledge before sticking the thing. One of mine
was so covered in pollen that it made the sticky surface immediately non sticky... the window sill

needs to be pretty clean and dry.

Good luck!

more Blu-Tack :)

My outside windowsills are made of rough stone so blue tack doesn't work. A bit more information
about why windowsills were suggested would have helped me choose an alternative spot. South
Uist is Very Windy!

I struggled a bit to get the sticky surface completely re-covered after the sampling. Making the
backing bigger than the sticky sampler might help.

Having said all that, it was easy enough and I would do it again.

Nice citizen science project!

nice work, well done; perhaps indeed try to find a solution for the blu Tack, not sticky enough (for
eg stone)

no confusion about what label to remove, you’ve explained very well!

No issues. Was a doddle.

Nothing particular apart from that I felt the reminder text came in a bit late in the day, as I received
the letter at my workplace, and forgot to bring it home the day before, so I had to return home on
the Summer Solstice to deploy it. I think an e-mail/text reminder at noon on the day before and a
text reminder in the evening is better. Good luck with your research!

Noticed about the finger prints and tried to avoid it by pressing down the Blu tack with the platic
backing which seemed to work. Was fun, would like to see results in any way possible

Only comment would be something that you have already identified in your email, that it was quite
difficult to avoid getting finger prints on the clear sticky screen

Perhaps next time make the peely away thing a different colour from the label so people aren't
confused. Enjoyed doing the experiment and made me feel very important!

Please keep me on your email list for updates on project results.

Really enjoyed being part of it

Really enjoyed being part of your survey - looking forward to hearing about the findings. Got my
granddaughter involved to provide the second site in town as I'm retired! Best wishes, Mary
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Really enjoyed taking part - and reading the science bit on the information sheet. Great for my son
to learn about too

Really fun and easy project, and your enthusiasm throughout was great!

Really nice and interesting experiments, easy to participate even far from your lab! I had just a
question on the fact that it was impossible for me to not touch the sampler with my fingers. May it
bias the results!?

Would be happy to follow your results.

Good luck.

Really well organised and sounds a great project - good luck with the analysis!

so wonderful to be a part of a fascinating project

sorry I think we contaminated the sample with fingerprints, I must have missed that in the
instructions, other than that it was very well organised and simple to take part

The instructions were very clear and easy to understand. Really satisfying to be involved in some
research! Best of luck with your studies and I look forward to seeing the results.

The three points in your email (confusion over labels etc) were all my experience too!

There is a large community of home educating families who love citizen science and use it for
study. If you’re looking for even more people let me know and I can help to publicise it within our
community groups. Additional info with experiments/sampling kits is great to help the children to
learn. Good luck with your studies and career

Unfortunately I was one of the klutzs who peeled off the white address label rather than the whole
top cover - pretty stupid, but instructions need to be foolproof, and it needs to be remembered that
most of the people involved know nothing (as in NOTHING) about air sampling and hence aren't
well equipped to know they have done something daft. Hope you got good coverage regardless -
and get useful results.

Very impressed by your commitment to keeping people informed.

Very interesting project

Very interesting project and delighted to take part. As you are already aware, there was an issue
about which label to peel off, though to be fair to you, instructions were provided in the pack; for
next time, better to make it idiot-proof! All good wishes for your research.

Very interesting project. Great fun

We also struggled not to get finger prints on the sticky side but other than that everything was fine
and the instructions were clear.

We love to get involved with physical hands on activities - so much more fun than simply filling in
a survey. Well done and all the best with your research.

Well done, envelope with two samples on its way.

Were you still able to use the experiment even though some people took the wrong label off at first,
but exposed the correct label after getting your later email?

What fun!

Will be interested to hear the results

Would be interested in finding out your results

Would definitely be interested in seeing the results (fellow scientist here...)

Yeah I think you mentioned before, but I got confused which location was which sample for a
second, but luckily I'd filled out the info sheet before I stuck them out so I knew which was which.
But if [ hadn't very likely I would have forgotten.
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Appendix 12: Timeline of changes made to air sampling methodology across the four air
sampling rounds as a result of participant feedback.

1* air sampling round:
21% June 2018

2" air sampling round:

24™ September 2018

3™ air sampling round:

215 December 2018

4t air sampling round:

20™ March 2019

PROBLEM:

Several participants
remove sticky labels
stuck to the back of air
samplers, instead of

PROBLEM:
Participants report
their air samplers blew
away because
adhesive putty was

PROBLEM:

Several participants
contact author to
apologise for not
sampling because they

exposing the air insufficiently were too busy on the
sampler correctly. adhesive. sampling date.
SOLUTION: SOLUTION: SOLUTION:

Location numbers
handwritten onto back

Double-sided foam
pads were attached to

For subsequent air
sampling rounds

of air samplers instead | the back of air participants were
of using sticky labels. | samplers instead of asked to sample on
adhesive putty. sampling date when
possible, otherwise +/-
3 days.
PROBLEM:
Participants report that

foam pads leave
residue on windowsills
that requires chemical
removal.

SOLUTION:

Both adhesive putty
and double-sided foam
pads included in
sampling packs for
participants to choose
which they use.

235




Appendix 13: Maximum air temperatures for dates that air samples were collected, according
to Met Office daily climate data for sample location.

Sampling round and dates Number of Mean maximum air
samples were collected samples temperature (range; °C)
Summer 710 18.6 (14.0-27.2)
20" June 2018 2 15.2 (14.5-15.6)
21°t June 2018 676 18.5(14.0-21.4)
22" June 2018 26 21.1(16.2-21.9)
23 June 2018 5 21.5(20.4-22.3)
28™ June 2018 1 26.3
15t July 2018 1 27.2
Autumn 398 16.0 (12.5-23.7)
17t September 2018 2 20.1(20.1-20.1)
20™ September 2018 4 20.2 (20.0-20.4)
22" September 2018 1 13.5
239 September 2018 4 13.2(12.7-13.7)
24t September 2018 258 15.2 (12.6-16.6)
25 September 2018 55 16.7(13.8-18.1)
26'™ September 2018 33 20.7 (18.0-23.0)
27" September 2018 16 19.9 (13.0-23.7)
28" September 2018 14 15.3(12.5-17.6)
29" September 2018 3 15.2(15.0-15.4)
30" September 2018 6 14.4(13.7-14.8)
1%t October 2018 2 13.8(13.8-13.8)
Winter 321 10.0 (2.7-13.5)
12 December 2018 2 7.7(7.7-7.7)
14t December 2018 3 5.2(3.9-7.4)
16" December 2018 2 7.4(7.4-7.5)
17 December 2018 159 10.5(7.8-13.0)
18" December 2018 15 9.8(9.1-10.3)
19 December 2018 52 8.5 (6.0-10.3)
20 December 2018 40 10.8 (2.8-13.0)
215t December 2018 12 10.0(7.9-11.9)
22" December 2018 19 10.2 (7.6-12.1)
23 December 2018 2 13.5(13.5-13.5)
24™ December 2018 3 8.2 (4.5-10.1)
25™ December 2018 2 10.2 (10.2-10.2)
28™ December 2018 3 9.7 (9.6-9.8)
6% January 2019 4 10.2 (9.8-10.4)
17 January 2019 1 5.1
19 January 2019 2 2.8(2.7-2.8)
Spring 461 13.3 (8.5-18.8)
13" March 2019 2 12.1(12.0-12.1)
17" March 2019 2 10.1(10.1-10.1)
18" March 2019 4 10.2 (8.8-11.3)
19" March 2019 21 12.3(10.0-13.5)
20" March 2019 288 13.8(9.3-18.8)
21t March 2019 76 13.3(11.3-16.2)
22" March 2019 44 11.0(8.5-14.1)
23" March 2019 11 11.9(9.4-13.8)
24™ March 2019 3 11.7(11.3-12.4)
25" March 2019 2 11.9(11.9-11.9)
26" March 2019 2 14.0(13.9-14.1)
27" March 2019 2 12.5(10.1-14.9)
28" March 2019 2 15.3(15.3-15.3)
24t April 2019 2 16.6 (16.6-16.6)
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Appendix 14: Details of 736 Aspergillus fumigatus isolates cultured from soil samples that

grew at tebuconazole 6 mg/L; including the sample they were grown from, the county of the
sampling location, the garden location from which the sample was collected and the cyp51A
polymorphisms that were detected.

Number

Sample Counts\gurltl)‘rth to G;rr::‘el:(;?:ﬁn cyp51A polymorphisms A;:\ f
isolates
077-01 | Aberdeenshire compost heap TR34/L98H 12
Failed to re-grow 1
077-02 | Aberdeenshire border TR34/L98H 1
057-02 Perth and Kinross | border TR34/L98H 4
TRs3 1
003-01 | Clackmannanshire | compost heap TR34/L98H 2
173-01 | Stirlingshire compost heap TR34/L98H 55
086-02 | Midlothian pot/planter TR34/L98H 2
Failed to re-grow 1
040-02 | Glasgow border TR34/L98H 1
WT 2
Failed to re-grow 1
214-01 | South Lanarkshire | pot/planter TR34/L98H 2
214-02 | South Lanarkshire | compost bag TR34/L98H 4
226-01 | Belfast border Failed to re-grow 2
226-02 | Belfast border Failed to re-grow 4
244-02 | Lancashire pot/planter TR34/L98H 3
045-01 Lancashire pot/planter TR34/L98H 3
1242V 2
WT 2
Failed to re-grow 1
045-02 | Lancashire pot/planter TR34/L98H 5
TR3a 1
1242V 3
C270R 1
WT 13
Failed to re-grow 2
068-02 | Lancashire pot/planter + TR34/L98H 1

compost bag
137-02 North Yorkshire border TR34/L98H 1
165-01 | Lincolnshire compost heap TR34/L98H 1
TRas/Y121F/T289A 3
(TR46)2/Y121F/M1721/T289A/G448S 1
Failed to re-grow 3
126-01 | West Yorkshire compost bag TR34/L98H 1
126-02 | West Yorkshire compost heap TR34/L98H 7
048-02 | Greater pot/planter Failed to re-grow 6
Manchester

237




024-02 | Greater pot/planter TR34/L98H 3
Manchester
182-02 | Greater pot/planter + TR34/L98H/D481N 1
Manchester compost bag TRs4/L98H 21
Failed to re-grow 6
007-02 Merseyside border TR34/L98H 2
Failed to re-grow 1
062-02 | Greater pot/planter TR34/L98H 2
Manchester
015-02 | Greater pot/planter TR34/L98H/K240R 1
Manchester TR34/L98H/A460S 1
TR34/L98H 8
Failed to re-grow 1
015-03 | Greater border TR34/L98H/K240R 1
Manchester TRs4/L98H 29
015-05 | Greater border Failed to re-grow 1
Manchester
015-16 | Greater pot/planter TR34/L98H 4
Manchester
198-02 | South Yorkshire compost heap TR34/L98H 1
129-01 | South Yorkshire compost bag TR34/L98H 2
Failed to re-grow 2
106-01 | Cheshire pot/planter TR34/L98H 2
102-01 | Derbyshire pot/planter Failed to re-grow 1
023-02 | Cheshire compost heap TR34/L98H 17
167-02 | Cheshire compost bag TR34/L98H 2
074-02 Lincolnshire border TR34/L98H 11
(TR34)?/L98H 1
Failed to re-grow 18
078-01 Nottinghamshire pot/planter TR34/L98H 4
WT 5
Failed to re-grow 5
216-01 | Lincolnshire pot/planter TR34/L98H 1
231-01 | Nottinghamshire compost heap TR34/L98H 1
160-01 Norfolk compost heap TR34/L98H 26
Failed to re-grow 4
160-02 | Norfolk compost bag TR34/L98H
255-01 | Shropshire compost heap TR34/L98H/K372R 1
TR34/L98H 12
TRas/Y121F/T289A 1
not Afum?
210-01 | Norfolk pot/planter + TR34/L98H 2
compost bag
207-01 | West Midlands compost bag TR34/L98H/D481N 1
TR34/L98H 5
Failed to re-grow 6
018-02 | West Midlands border TR34/L98H 2
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101-01 Worcestershire border TR34/L98H 10
082-02 | Cambridgeshire compost heap TRas/Y121F/T289A 1
032-01 Cambridgeshire pot/planter TR34/L98H/P443L 1
TR34/L98H 2
WT 2
054-02 Essex border TR34/L98H 3
WT 1
Failed to re-grow 1
135-01 | Gloucestershire pot/planter TR34/L98H 6
Failed to re-grow 2
135-02 | Gloucestershire pot/planter TR34/L98H 1
Failed to re-grow 2
097-01 | Gloucestershire pot/planter + TR34/L98H 6
compost bag

149-01 Hertfordshire pot/planter + TR34/L98H 2
compost bag TR3a 1
TRas/Y121F/T289A 1
Failed to re-grow 5
149-02 Hertfordshire pot/planter TR34/L98H 1
055-02 Oxfordshire compost heap TR34/L98H/T289A/1364V/G448S 1
TR34/L98H 28
TRa6/Y121F/T289A 1

038-01 Oxfordshire compost bag TR34/L98H/P394R
TR34/L98H/K421R 1
TR34/L98H 28
150-01 Pembrokeshire border TR34/L98H 4
Failed to re-grow 1
150-02 Pembrokeshire compost heap Failed to re-grow 1
158-02 | Buckinghamshire | compost heap TR34/L98H/T289A/1364V/G448S 5
TR34/L98H 7
TR46/Y121F/T289A 3
TR53 1
not Afum? 1
Failed to re-grow 2
146-02 | Buckinghamshire | compost bag Failed to re-grow 3
072-01 Oxfordshire compost heap TR34/L98H 1
033-02 | Mid Glamorgan compost bag TR34/L98H 8
071-02 | Essex compost bag TR34/L98H 2
009-01 | Oxfordshire compost heap TR34/L98H/N406M 1
TR34/L98H 3
WT 1
Failed to re-grow 3
009-02 | Oxfordshire pot/planter TR34/L98H 1
Failed to re-grow 1
029-01 | Oxfordshire pot/planter TR34/L98H 2
029-02 Oxfordshire compost bag TR34/L98H/F404V 1
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TR34/L98H 5
151-01 | Greater London pot/planter + Failed to re-grow 3
compost bag
229-01 Berkshire compost heap TRas/Y121F/T289A 1
084-02 Oxfordshire pot/planter TR34/L98H 1
WT 1
123-02 | Greater London pot/planter Failed to re-grow 5
134-01 | South compost bag TR34/L98H 1
Gloucestershire
253-01 | Surrey border TR34/L98H 1
099-01 | Bristol pot/planter TR34/L98H 4
249-01 | Berkshire compost heap TR34/L98H 2
161-01 | Kent compost heap TR34/L98H 1
130-01 | Greater London border Failed to re-grow 1
010-01 | Greater London pot/planter TR34/L98H/P443L 1
TR34/L98H 6
Failed to re-grow 2
010-02 | Greater London compost bag TR34/L98H/F404C/F459S/A460S 1
TR34/L98H/N406D 1
TR34/L98H 3
087-01 | Greater London border not Afum? 3
087-02 | Greater London compost heap TR3a 1
TR34/L98H 8
TRas/Y121F/T289A/S363P/1364V/G448S 1
TRas/Y121F/T289A 3
TR130/D430G 4
257-02 | Berkshire compost bag TR34/L98H 3
TRa6/Y121F/T289A 1
056-02 | Greater London compost bag TR34/L98H 30
195-02 | Wiltshire border TR34/L98H 12
039-01 Somerset compost heap TR34/L98H 3
127-01 | Greater London pot/planter + TR34/L98H 1
compost bag
127-02 | Greater London compost heap TR34/L98H 1
TRas/Y121F/T289A 1
053-01 Surrey compost heap TR34/L98H 3
012-02 Surrey compost bag TR34/L98H 4
052-01 | Kent border TR34/L98H 1
052-02 | Kent pot/planter not Afum? 2
114-02 | Devon compost bag TR34/L98H/Q191E 1
TR34/L98H 3
136-02 Somerset compost bag TR34/L98H 2
Failed to re-grow 1
110-02 Devon compost heap TR34/L98H 3
Failed to re-grow 1
256-01 | Devon TR34/L98H/R196L 1
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border/compost | TR3a/L98H 7
bag
238-02 | Hampshire pot/planter TR34/L98H 1
073-01 Sussex compost heap TRas/Y121F/M178W/T289A/S363P/1364V/G448S 1
TRas/Y121F/T289A/S363P/1364V/G448S 3
091-02 | Sussex pot/planter + TR34/L98H 1
compost bag
199-01 | Hampshire compost heap TR34/L98H 30
107-02 | Dorset compost bag TR34/L98H 2
042-01 | Isle of Wight compost bag TR34/L98H
176-01 | Cornwall compost heap TR34/L98H 13
124-01 Devon pot/planter TR34/L98H 1
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Appendix 15: Certificate of Attendance for Public Health England Mycology Reference

Laboratory, Bristol.

Public Health
England

Certificate of Attendance

awarded fo

Jennifer Shelton

For the laboratory siudy of pathogenic fungi and diagnostic
methods by practical experience and presentations from 17" —
27" September 2019. Techniques inlcuded direct microscopy,
susceptibility testing of yeast and mould isolates, detection of
antibody, antigenic and molecular biomarkers of disease,
containment level 3 testing, phenotypie, genotypic and
proteomic identification of yeast and moulds, discussion of
antfungal drugs and patient management.

presented by

Dr Elizabeth M. Johnson
PHE Mycology Reference Laboratory, Bristol

o1

27" September 2019

Dr E M Johnson
Laboratory Director

1]
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Appendix 16: Certification for participation in Young Entrepreneur Scheme (YES) 2020 with
business proposal “TerraGrow” — mycorrhizal mixes of fungi for promoting growth of newly-
planted trees.

Unleash your ingenuity M

VOUNG ENTREPRENEURS SCHEME

This is to certify that

Jennifer Shelton
participated in the YES 2020 Competitions

Professor Simon Mosey
on behalf of the Organising Group

Biotechnology and Nolungham University
i Busmess School

BIDSCIENCE

E 4 OWPER &
@ A o (@ 2eeon syngenta CATALYST
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Appendix 17: Co-authored papers published during PhD that are relevant to this thesis.

[Pre-print] Shelton, J. M. G., Collins, R., Uzzell, C. B., Alghamdi, A. & Dyer, P. S. (2021): Citizen-
science surveillance of triazole-resistant Aspergillus fumigatus in UK residential garden soils. bioRxiv
1-21.

Ghosh, P., Brookes, L., Edwards, H., Fisher, M., Jervis, P., Kappel, D., Sewell, T., Shelton, J. M. G.,
Skelly, E., and Rhodes, J. (2020): Cross-disciplinary genomics approaches to studying emerging fungal
infections. Life 10(12), 1-16.

Brackin, A., Shelton, J. M. G., Abdolrasouli, A., Fisher, M., and Sewell, T. (2020): A Low-Cost
Tebuconazole-Based Screening Test for Azole-Resistant Aspergillus fumigatus. Current Protocols in
Microbiology 58(1), 1-12.

Shelton, J. M. G,, Fisher, M., Singer, A. (2020): Campaign-Based Citizen Science for Environmental
Mycology: the ‘Science Solstice’ and ‘Summer Soil-stice’ Projects to Assess Drug Resistance in Air and
Soilborne Aspergillus fumigatus. Citizen Science: Theory and Practice 5(1), 20.

Sewell, T., Zhang, Y., Brackin, A., Shelton, J. M. G., Rhodes, J., Fisher, M. (2019): Elevated prevalence
of azole resistant Aspergillus fumigatus in urban versus rural environments in the United Kingdom.
Antimicrobial Agents and Chemotherapy 63, 1-3.

Nash, A., Sewell, T., Farrer, R., Abdolrasouli, A., Shelton, J. M. G., Fisher, M., Rhodes, J. (2018)
MARDy: Mycology Antifungal Resistance Database. Bioinformatics 34(18), 3233-3234.
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Appendix 18: Blogs and articles published during PhD that are relevant to this thesis.

Imperial Medicine Blog (2021) — “The future is fungal”
https://blogs.imperial.ac.uk/imperial-medicine/2021/04/28/the-future-is-fungal/

British Society of Antimicrobial Chemotherapy (2020) — “The forgotten superbug”
bsac.org.uk/the-forgotten-superbug-is-it-time-to-bring-fungal-infections-out-of-the-dark

Imperial Medicine Blog (2021) — “Covid-19 and fungal lung infections”
https://blogs.imperial.ac.uk/imperial-medicine/2020/05/27/covid-19-and-fungal-lung-infections-a-
case-study-on-aspergillosis/

Society for Applied Microbiology magazine (2019) — “Science Solstice: sticky side up”
issuu.com/societyforappliedmicrobiology/docs/sfam_microbiologist_march_2019 web

Imperial Medicine Blog (2021) — “Strength in numbers”

https://blogs.imperial.ac.uk/imperial-medicine/2019/01/09/strength-in-numbers-monitoring-of-
fungicide-resistance-with-the-help-of-500-citizen-scientists/

245



