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Chapter 1: Introduction

Invasive Aspergillosis, a major fungal threat to public health

Inavasive Aspergillosis (IA) is a fungal infection caused by Aspergillus species, most commonly
Aspergillus fumigatus (Latge et al., 2019). These fungi are ubiquitous in nature and can be found
in various indoor and outdoor environments settings (Hameed et al., 2004; Pini et al., 2008). The
infections can range from mild allergic reactions to severe invasive diseases, particularly in
individuals with compromised immune systems (Bongomin et al., 2017). One of the primary
modes of transmission is through the inhalation of airborne Aspergillus conidia, which are tiny
asexual spores produced by the fungi. These conidia can be present in the air at varying
concentrations and can be inhaled into the lungs. In healthy individuals, the immune system
usually keeps the Aspergillus spores in check, preventing them from causing infection. However,
in people with weakened immune defenses, such as those with HIV/AIDS, organ transplant
recipients, or individuals undergoing chemotherapy, these spores can lead to serious respiratory
and systemic infections, commonly resulting in death (Bongomin et al., 2017) (Figure 1).

Figure 1. Brief overview of
Invasive Aspergillosis.
Caaa Aspergillus species are commonly
found in soil environments, where
‘I, : they grow and release spores
J & (black circles) into the air. As part
{ ; ,% of their life-cycle, spores can then
: land elsewhere in the
environment, and the life cycle

begin again. In other cases,
Aspergillus Aspergillus spores can be inhaled
T Rathogenentry by human. Once this happens,
there are several dynamics and

Aspergillosis interchanges between Aspergillus
gene expression and host factors.

While the full story of Aspergillus
immunocompromised h .. .
Aspergillus gene pathogenicity remains

expression unelucidated, what is known is
. that immunocompromised
ﬂ ol sl individuals are at risk of
developing Aspergillosis.

Aspergillus life-cycle '

Aspergillosis evaded



Immunocompetent patients

Different species of Aspergillus can result in persistent, noninvasive forms of infection with
overlapping features, ranging from the development of a fungus ball (aspergilloma) to a chronic
inflammatory and fibrotic process currently classified as chronic pulmonary aspergillosis
(Alastruey-Izquierdo et al., 2018). In particular, colonization of a parenchymal lung cavity by
Aspergillus is referred to as aspergilloma and consists of both dead and living mycelial elements,
inflammatory cells, fibrin, mucus, and components of degenerating blood and epithelia. The
mycelial mass may lie free within the cavity or be attached to the cavity wall by
inflammatory/granulomatous tissue (Denning et al., 2018).

Diagnosing aspergilloma and other chronic pulmonary aspergillosis (CPA) forms leans on a set
of standardized guidelines. These entail enduring symptoms lasting over three months, such as a
persistent cough producing sputum and loss of weight, coupled with shortness of breath, fatigue,
and potentially mild hemoptysis. Chest X-rays are the preferred diagnostic imaging technique,
typically showcasing a rounded solid mass partly encircled by a clear crescent in the upper
sections of the lungs. To better resolve the characteristics of an aspergilloma not visible on X-
rays, a chest CT scan might be employed, facilitating a detailed understanding of the disease’s
pattern and reach. It is critical to distinguish CPA from a straightforward aspergilloma, as the
former presents with systemic symptoms and involves more complex lung and pleural
abnormalities, including the formation of cavities.

Immunocompromised Patients

Upon the germination of conidia in the lung, hyphae of the Aspergillus species penetrate
pulmonary arterioles and the lung parenchyma, consequently causing necrosis. This invasion can
facilitate a systemic spread through the blood, leading to thrombosis and hemorrhagic infarction,
as well as affecting distant organs such as the kidneys, liver, spleen, sinuses, and the central
nervous system. Approximately one-third of autopsy results from individuals who suffered from
IA reveal such widespread organ invasion brought about by the spread of Aspergillus hyphae
through the arterioles (Pauw et al., 2008).

Prompt diagnosis is essential, particularly for individuals at heightened risk for IA, to enhance
the prognosis of the disease. In spite of advancements over the past two decades, pinpointing a
clear molecular marker for early IA detection remains a significant hurdle for both researchers
and healthcare providers. Distinguishing IA from non-syndromic infections (colonization) or
CPA is still a complex and imperfect process. This differentiation necessitates an amalgamation
of clinical assessments, radiological evaluations, and microbiological insights (Ullmann et al.,
2018). The establishment of uniform diagnostic criteria for invasive aspergillosis marks a pivotal
step forward in managing IA (Pauw et al., 2008). Nevertheless, a substantial number of IA
instances continue to go unnoticed by the current standards, particularly in nonneutropenic
patients exhibiting uncharacteristic clinical and radiographic signs of the infection (Huang et al.,
2017).

While recent years have seen a lack of substantial epidemiological research, the existing data
implies a stability in clinical outcomes over the last 25 years, suggesting that the morbidity and



mortality figures cited in the 2000s remain applicable today. Since the late 1990s, IA has
overtaken invasive candidiasis to become the most frequently identified fungal infection in post-
mortem examinations at several facilities, with Aspergillus species being the cause of fungal
pneumonia in about 15% to 20% of leukemia fatalities (Lehrnbecher et al., 2010). A. fumigatus
also has implications and co-morbidity with COVID-19 (Steenwyk & Mead et al., 2021).
Furthermore, IA’s high prevalence and the financial burden of its treatment strategies have
rendered it the most financially draining fungal illness in hospitals, with estimations of 1.2
billion dollars spent on hospitalizations caused by Aspergillus in the United States (Benedict et
al., 2017).

Introduction to Aspergillus fumigatus

Aspergillus fumigatus is a saprotrophic fungi that is found in soil and grows on decaying
vegetation and play important roles in carbon and nitrogen recycling (Bandres et al., 2023). 4.
Jfumigatus is also responsible for most cases of Invasive Aspergillosis, a deadly disease which
primarily affects the human lung, with a mortality rate > 50% (Bonomgin et al., 2017). A.
fumigatus is globally distributed and can be isolated from many environments, including the soil,
air and decaying vegetation. A. fumigatus is found in large quantities in garden and greenhouse
soil and is a primary inhabitant of compost heaps and has also been found to be present in both
urban and hospital settings (Hameed et al., 2004; Pini et al., 2008). A. fumigatus ability to
survive in wide range of environments is, in large part, due to A. fumigatus ability to grow at a
wide range of temperatures (25°C to above 37°C) and a wide range of pH (Bandres et al., 2023).
A. fumigatus ability to survive different external pressures is intricately linked to its life cycle
and its various stages.

Life Cycle

Conidium. Under starvation conditions, A. fumigatus produces conidia (asexual spores) on
specialized hyphal structures called conidiophores, which produce conidia on conidial heads. The
dispersal of asexual 4. fumigatus conidia in the environment is highly efficient compared with
other Aspergillus species, as A. fumigatus conidia are much more hydrophobic than conidia
produced by other species and can disperse easily (Kwon-Chung et al., 2013). This is reflected
by the observation that 4. fumigatus conidia were the dominant fungal components found after
air sampling (Hameed et al., 2004), including air in hospitals (Pini et al., 2008). Humans are
estimated to inhale 100—1,000 conidia each day, some of which can reach the alveoli in the lungs
owing to their small diameter of 2—3um (Latge et al., 2019) and hydrophobic outer layer
(Valsecchi et al., 2018). Cilia on airway epithelial cells and resident alveolar macrophages
remove inhaled conidia in immunocompetent individuals. For those who are unable to clear the
inhaled conidia, conidia remain in the lungs and can germinate to cause invasive infection. The
physiological human body temperature of 37°C degrees allow for the growth of A. fumigatus.
Within 4-6 hours, conidia can germinate into short hyphae (van de Veerdonk et al., 2017).

Ascospores. Early literature reporting on A. fumigatus did not include the capacity for sexual
reproduction. This changed in 2009 with the discovery of a sexual mating between A. fumigatus
strains by O’Gorman et al., 2009. Briefly, crosses set up between two strains of opposite mating
type, AFB62 (MAT11), isolated from a case of invasive aspergillosis, and AFIR928 (MAT12),



isolated from the environment, resulted in the formation of cleistothecia (completely closed fruit
bodies that have no opening to the outside) that contained multiple ascospores (Sugui et al.,
2011, O’Gorman et al., 2009). Further investigations have identified genes required for mating
and cleistothecia formation (Yu et al., 2017). The prerequisites for sexual reproduction in A.
fumigatus are exceedingly precise and non-physiological (O’Gorman et al., 2019). While the
occurrence of ascospores in natural settings has not been documented, it may be the case that
their sexual reproduction related processes enhance survival amidst adverse environmental
circumstances. One such instance is the speculated role of ascospores in bolstering viability
within compost heaps, where the temperature escalates significantly during the process of
fermentation. Despite these suppositions, the precise function of ascospores within the life cycle
of A. fumigatus remains unclear. However, they are unlikely to initiate aspergillosis, as
ascospores are dormant and can only germinate after a 65°C thermal shock, a condition not
found in humans.

Mycelium. Upon germination, subsequent hyphal or mycelial expansion leads to the
establishment of a fungal colony. Within such colonies, the hyphae of A. fumigatus become
embedded in an extracellular matrix (ECM), culminating in the formation of a biofilm (Morelli
et al., 2021). These biofilms are engendered through either static growth conditions or in vivo
scenarios during the emergence of an aspergilloma (Loussert et al., 2010). Notably, there exists a
considerable divergence in the composition and configuration of the cell wall between hyphae
that grow independently and those enmeshed within a biofilm (Beauvis et al., 2014). A.
fumigatus biofilms function to increase adhesion as well as increasing antifungal resistance
(Morelli et al., 2021). Mycelium cell wall architecture in filamentous fungi contrasts starkly
with that of conidia and conidiophores, which are better suited for dissemination. A. fumigatus
ranks among the fastest-growing species within the fungal realm, a trait shared with several
saprotrophic counterparts, thus facilitating their colonization of diverse ecological niches.
Preliminary investigations hinted at a direct correlation between the growth rates of distinct 4.
fumigatus isolates and their virulence within the host (Rhodes, 2006). However, evidence
suggests this may not be the case (Puttikamonkul et al., 2010) as a more virulent strain of 4.
fumigatus virulent was shown to demonstrate a lower percent of conidia activity compared to a
lesser virulent strain (Beauvais et al., 2013).

Metabolism and stress response

A. fumigatus demonstrates a proficient ability to recycle both carbon and nitrogen, showcasing
adaptability to a diverse spectrum of organic compounds to fuel its metabolic processes.
Consequently, the fungus appears to lack stringent, specific nutritional prerequisites.

Within the human host, the tissues susceptible to A. fumigatus infections possess the potential to
offer organic compounds and essential metals. Nonetheless, access to all indispensable nutrients
is not readily available to the fungus. Host defense mechanisms encompass the concept of
nutritional immunity, whereby A. fumigatus encounters impediments in procuring vital nutrients
(Hartmann et al., 2011). For 4. fumigatus, the lung serves as a 'sponge' necessitating degradation
to liberate nutrients essential for fungal propagation. The fungus synthesizes a diverse array of
proteases and enzymes that hold the capability to digest macromolecules within the environment
(Perez-Cuesta et al., 2021), yielding organic components for metabolic utilization. A. fumigatus
produces an assortment of proteases (Shemesh et al., 2017), facilitating its proliferation across a



myriad of environments. This broad biological repertoire inherent to these proteases and
enzymes seemingly also contributes to the fungus's adeptness in securing essential nutrients
within the human host. Yet, further investigations are required to fully understand the precise
roles of specific proteases and enzymes in furnishing nutrients to 4. fumigatus within the human
lung.

Nitrogen and carbon recycling

During the initial infection stages, obtaining nitrogen is essential. Thus, being contained inside
host cells and thereby being deprived of nitrogen puts significant stress on Aspergillus species
(Perez-Cuesta et al., 2021). Obtaining nitrogen is also required for the synthesis of amino acids,
which requires regulated processes. For example, when the transcription factor CpcA is removed,
it leads to increased vulnerability to amino acid deprivation. This is because CpcA plays a role in
the cross-pathway control system, a significant network that primarily focuses on amino acid
synthesis and helps organisms cope with starvation conditions. Its absence diminishes virulence
(Krappmann et al., 2004). Strains missing the transcription factor AreA, responsible for guiding
the use of nitrogen sources, show reduced virulence in mouse models of aspergillosis (Hensel et
al., 1998). The transcription factor CreA is pivotal for selecting carbon sources, ensuring 4.
nidulans thrives in varied carbon and nitrogen environments (Ries et al., 2016). When CreA is
absent, there is a noticeable decline in overall health and virulence in vivo (Beattie et al., 2017).

Cation Acquisition

A. fumigatus requires cations like iron, zinc, and calcium for growth. Acquiring iron from host
tissues is a challenge since most of it is attached to proteins, including heme and transferrin
(Michels et al., 2022). To source iron, 4. fumigatus employs a system called siderophores. This
system has four key components: two extracellular siderophores (fusarinin C and
triacetylfusarinin C) which are responsible for iron uptake, and two intracellular siderophores
(ferricrocin and hydroxyferricrocin) that store iron in hyphae and conidia respectively (Haas
2012). Iron regulation and siderophore production are managed by transcription factors SreA and
HapX. Excessive iron can harm Aspergillus species, so SreA acts to reduce iron acquisition
during periods of ample iron (Schrettl et al., 2008), while HapX limits iron-utilizing pathways
(Schrettl et al., 2010). Additionally, the “Sid” siderophore gene cluster also plays a key role in
iron acquisition as well (Happacher et al., 2023).

For zinc uptake within the host, 4. fumigatus relies on zinc transporters named ZrfA, ZrfB, and
ZrfC (Amich et al., 2013). Their expression is overseen by the transcription factor ZafA, which is
vital for the fungus's survival within the host (Moreno et al., 2007). Calcium is indispensable to
A. fumigatus because it serves as a cellular signaling agent in various pathways. The balance of
calcium within the cell is maintained through an array of calcium channels, pumps, and
transporters (Brown & Goldman et al., 2016). The calcium/calcineurin pathway, which is in part
governed by CrzA, a transcription factor which has gained interest as a required component for
A. fumigatus virulence in mice models of infectious disease (Ries et al., 2017).

Adaptation and survival in hypoxic conditions



A. fumigatus are obligate aerobes, needing oxygen to survive. However, in environments such as
compost piles or human lungs, 4. fumigatus might face reduced oxygen levels. The persistent
inflammatory response during an infection can led to hypoxia by causing pulmonary tissue
damage, consuming available oxygen, and blocking blood vessels (Latge et al., 2019). By
lessening this inflammatory reaction, the impact of local tissue hypoxia can be diminished,
improving outcomes in a mouse aspergillosis model (Gresnigt et al., 2016). Infections with A.
fumigatus have been shown to cause local lung tissue hypoxia in vivo (Gresnigt et al., 2016;
Grahl et al., 2011), emphasizing the organism's need to adapt to oxygen-scarce situations. The
ability of the strain to grow and produce spores in low oxygen conditions is linked to its
virulence (Chung et al., 2014). Moreover, growing in these hypoxic conditions triggers
significant transcriptional and metabolic alterations (Barker et al., 2012; Losada et al., 2014).
The sterol regulatory element-binding protein gene SrbA gets activated under conditions of low
oxygen or iron scarcity. This gene is vital for effective ergosterol creation and iron balance in
living organisms; when A. fumigatus lacks SrbA, its growth and virulence are notably diminished
in vivo (Chung et al., 2014). The fungus's mitochondrial electron transport chain and alcohol
dehydrogenase are crucial for adapting to low-oxygen environments and for maintaining
virulence (Grahl et al., 2011). Aspergillus species can also worsen lung hypoxia by halting
angiogenesis via producing the harmful compound gliotoxin, which stops the formation of new
blood vessels in injured tissues (Ben-Ami et al., 2009).

Cell wall

The infecting conidium and the growing mycelium have distinct cell wall compositions. There
are variations in both the external molecules and internal components of the conidium when
compared to the vegetative mycelium. The conidium's surface uniqueness and its water-repellent
traits are due to its surface layer properties (Latge et al., 2019). In the conidium's cell wall,
elements like a-1,3-glucan, melanin and the RodA hydrophobin create a thick shell around it
(Carrion et al., 2013). The hyphal cell wall's carbohydrate distribution significantly varies from
that of the conidial wall. Upon germination, the fungus discards its external melanin and rodlet
layers, paving the way for hyphal growth. Yet, this shedding doesn't eliminate all melanin or
hydrophobins from the hyphal wall. Depending on the surroundings, the 4. fumigatus hyphal
wall might contain melanin. Notably, the gene pksP, crucial for melanin synthesis, was active in
the hyphae of budding conidia obtained from the lungs of immune-deficient mice (Langfelder et
al., 2001), suggesting melanin a likely factor in aspergillosis virulence. As the A. fumigatus
melanin pathways has been studied more, several additional genes, such as arpl, arp2 and arb2
have been shown to play a role in both melanin production and A. fumigatus virulence (Perez-
Cuesta et al., 2019). However, the exact relationship between A. fumigatus melanin and its
virulence remains a mystery.

A. fumigatus encounters many external antifungal agents, leading it to adapt its cell wall structure
for protection. For instance, when faced with substances that disrupt the cell wall, including
antifungal medications, the fungus triggers its cell wall integrity (CWI) pathway. This is
primarily governed by the mitogen-activated protein kinase (MAPK) pathway, a key player in
this signaling mechanism (Valiante et al., 2015). Genes involved in chitin synthase such as csmA4
and csmB along with genes more directly involved in the CWI pathways (such as mkk?2) are also



involved in A. fumigatus virulence (Valiante et al., 2015). The CWI pathway plays a pivotal role
in safeguarding the cell wall, guiding stress reactions, and influencing the energy allocation in
growth and developmental processes.

Another essential response mechanism is the high-osmolarity glycerol (HOG) pathway (Ross et
al., 2021). This pathway detects challenges like low pH, reactive oxygen species (ROS), oxygen
scarcity, and antifungal medications. Calcium-mediated signaling is also involved, especially
when responding to antifungal drugs targeting the cell wall (Cramer et al., 2008). This signaling
engages the calcium-binding protein calmodulin and the protein phosphatase calcineurin.
Furthermore, research has indicated that the target of rapamycin (TOR) signaling pathway
notably amplifies the impact of the antifungal drug caspofungin on A. fumigatus. It's evident that
the interplay between the TOR, CWI, and HOG pathways, combined with calcium signaling,
modulates a dynamic cell wall based on environmental stimuli and stress (Brown & Goldman,
2016).

Virulence / Pathogenicity

The evolutionary roots of the factors that drive the virulence of environmental fungi, like A.
fumigatus, remain a mystery. In the environment, A. fumigatus confronts numerous living and
non-living threats. It's theorized that thriving in such a challenging setting has served as a kind of
evolutionary 'training ground' for the virulence of A. fumigatus, indicating that its survival skills
developed for its natural habitat may be fundamental to its potency against humans. Conversely,
some believe that because the natural environment varies vastly from the human body, the
survival mechanisms for the former may not necessarily align with those needed for human
virulence. A key point is that opportunistic pathogens from the environment, like 4. fumigatus,
might have faced various microorganisms and hosts in their ecological realm before infecting
humans. The soil, where Aspergillus species thrive, is an intensely competitive domain, with
Aspergillus species competing against roughly 4,000 different species for every gram of soil. In
such a setting, the battle for resources is fierce, and certain adaptive mechanisms may also play a
part in human virulence. The idea of 'dual use' virulence, initially proposed for Cryptococcus
neoformans and other fungi, might be applied to 4. fumigatus as well, illustrating how
competitive traits for environmental survival might transition to human virulence. Recent
research indicates similarities between 4. fumigatus's methods to dodge soil amoebae and its
tactics to elude human immune defenses. One such method is intracellular germination, which
leads to the bursting of the engulfing cell. In human immune cells, 4. fumigatus can sprout
within the phagosome, causing cell death. Moreover, 4. fumigatus boasts an array of efflux
pumps and transporters for defense against toxins, potentially offering a shield against antifungal
treatments used in aspergillosis (Latge et al., 2019). Another way of framing A. fumigatus
virulence is Arturo Casadevall’s “Cards of Virulence” (Casadevall, 2006), which likens the
virulome for humans and the ability of pathogenic microbes to survive within in the human host
to a hand of cards. With each trait that may aid in the microbe’s survival within a human as a
playing card. With the correct hand of cards, the microbe can survive; and may prove to be
pathogenic to the human host. Further investigations into 4. fumigatus secondary metabolite
production when compared across Aspergillus species has given credence to this concept
(Steenwyk et al., 2020).



Evasion of innate immunity

Conidia of 4. fumigatus have developed various strategies to bypass the defenses of the host
immune system. Elements on the surface of the conidia, like melanin and hydrophobin proteins,
effectively conceal cell wall components that the immune system would typically recognize.
Furthermore, melanin not only disguises the conidia but also actively hampers phagocytosis: it
prevents phagosome acidification, impedes the NADPH oxidase complex (crucial for producing
antifungal agents), and counters LAP, vital for the intracellular destruction of conidia by immune
cells. The significant role of melanin in eluding the immune response is evident from studies
showing that when melanin production is interrupted, the virulence of the fungus decreases in
animal tests (Perez-Cuesta et al., 2019). Additionally, 4. fumigatus secretes certain molecules
that diminish the host's ability to phagocytose. For instance, GAG can prompt neutrophil cell
death (Shevchenko et al., 2018). Toxins like fumagillin hinder neutrophil activity, while gliotoxin
disrupts a signaling pathway in macrophages, weakening their function in phagocytosis and
pathogen destruction (Shevchenko et al., 2018). Despite these defenses, it's intriguing to note that
A. fumigatus typically doesn't infect healthy individuals. This is largely because the human
immune system has a plethora of mechanisms to clear inhaled conidia, ensuring most people are
naturally resistant to such infections. Daily, we inhale hundreds of these spores. Yet, the myriad
of immune cells designed to detect and destroy these conidia in our respiratory system work
efficiently to keep us safe. It's only when crucial parts of our immune defenses are compromised,
as seen in certain conditions or treatments, that the fungal evasion techniques of A. fumigatus are
potent enough to overcome human defenses and lead to an infection.

Overview of Adaptive immune responses and adaptation of the host environment

Several T helper cells, including TH1, TH2, and cytotoxic T-cells, play roles in the body's
response to 4. fumigatus. These cells participate in both protective actions and potentially
harmful immune responses (Latge et al., 2019). Which T cell group is activated hinges on factors
like the specific fungal antigen, signaling pathways associated with pattern recognition receptors
(PRR), and how dendritic cells present the antigen. TH2 and TH9 cells are linked with fungal
allergies. In contrast, the responses of TH17 cells need precise control through IL-2 and gut
microorganisms to offer effective defense against the fungus. While TH17 cells produce 1L-22,
which is protective against 4. fumigatus, this production isn't limited to this T cell type; other
cells like natural killer cells or innate lymphoid cells can also generate IL-22 (Dewi et al., 2017).

Furthermore, there are regulatory T cells (Treg cells) and type 1 regulatory T cells (Tr1 cells)
specifically geared towards A. fumigatus in both humans and mice. These cells appear to have
unique but interlinked roles in coordinating the immune response against this fungus. Tr1 cells
control the growth of antigen-specific T cells, thereby reducing potential immune system
damage, while Treg cells modulate the immune system's tolerance to fungal components
associated with allergies (Seif et al., 2022). Given that humans possess specific T cells targeting
A. fumigatus, a deeper comprehension of the adaptive immune system's reactions to this fungus
can enhance patient risk assessment and treatment strategies, possibly leading to the creation of
vaccines for those especially susceptible to infections. Although recent research has shed light on



the roles of T helper cells, the ideal functionality (or combination thereof) for defending against
A. fumigatus remains uncertain.

While the ways in which 4. fumigatus evades the innate immune system are akin to its
environmental stress adaptations, the methods it uses to alter adaptive immune reactions can be
both unexpected and intriguing. The cell wall molecule GAG, found in the A. fumigatus biofilm
and released during hyphal growth, possesses significant immunomodulatory properties. In
human immune cells, GAG triggers the production of the anti-inflammatory cytokine IL-1Ra,
counteracting IL-1-driven immune activities (Seif et al., 2022). This includes promoting the
essential TH17 cell response vital for fungal elimination. Interestingly, even though A. fumigatus
doesn't come across cytokines in its natural environment, it has the capability to recognize and
bind to the human cytokine IL-17A, subsequently adjusting its form, metabolism, and virulence
(Seif et al., 2022). Furthermore, 4. fumigatus can adjust to the host's limited nutrient supply and
thrive in low oxygen environments. Its ability to stick to host cells and external matrices is vital
for its ongoing presence in the host (Latge et al., 2019). Its spores can attach to diverse structures
like the surface molecules of airway cells and the foundational layer, particularly in those with
pre-existing lung damage, which is a risk factor for aspergillosis. Beyond influencing the host's
response, GAG is essential for binding to various surfaces, inclusive of host cells, thus
facilitating infection.

Genetic Determinants of Virulence

An extensive literature and database search lead by Dr. Mead and Dr. Steenwyk identified 206
genetic determinants of virulence (Steenwyk & Mead et al., 2021). Genetic determinants of
virulence (GDOV) are defined as genes that alter virulence in an animal model of disease when
deleted or that are required for biosynthesis of secondary metabolites known to affect virulence.
This definition resulted in a list of genes distinct from those previously published at the time,
which include genes that contribute to allergy-related phenotypes and genes that are
computationally predicted to contribute to virulence but have yet to be validated in an animal
model of fungal disease (Steenwyk & Mead et al., 2021). The entire list of 206 GDOV be seen in
Figure 2.
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Figure 2. The 206 Genetic Determinants of Virulence (GDOYV).

Figure 2 categorizes the 206 GDOV by gene function, the model used to determine its virulence
(mouse mode, insect model or knockout phenotypic assay) and by how gene knockout impacts A.
fumigatus virulence or survival. For those genes whose role in A. fumigatus virulence were
determined by phenotypic assay, the gene knockouts resulted in a lack of survival, usually
measured as the inability for 4. fumigatus to grow normally on medium upon gene knockout.
This is the case for GDOV involved in amino acid biosynthesis, cell wall, metabolism, signaling
and other. However, this is not the case for genes involved in secondary metabolism (which are
indicated in black instead of red, blue or yellow). GDOV that are involved in secondary
metabolism but are not supported by evidence from an animal model of infectious disease
represents 35 genes (2" most amongst categories). The evidence for this set of genes comes from
A. fumigatus studies showing that the production of certain metabolites plays a role in A.
fumigatus virulence. Gliotoxin (a mycotoxin which impairs human immune cell function) has
been shown to attenuate A. fumigatus virulence when gliZ, gliP and gliZ are knocked out (Sugui
et al., 2007), as the production of gliotoxin plays a role in 4. fumigatus virulence (Sugui et al.,
2007). By extension, other g/i genes required for gliotoxin production are also included as
GDOV. Another example is the production of fumagillin (mycotoxin) which has also been
demonstrated to impact A. fumigatus virulence (Guruceaga et al., 2021), thus the fima genes
which regulate fumagillin production are listed as GDOV. The HAS-cluster is a secondary
metabolite cluster that is silent under laboratory culture conditions (Irmer et al., 2015).
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Overexpression of hasA, a putative transcription factor, leads to expression of all members of the
cluster and consequently to synthesis of HAS (Yin et al., 2013). HasA4 and hasD knockout
revealed attenuated virulence in mouse models, but the accessory has genes comprise 4
additional GDOYV as requirements for HAS secretion. The final remaining large subsection of
SM genes are the cyp5081set of genes, which are involved in helvolic acid biosynthesis and play
an important role in oxidation-reduction processes (Mitsuguch et al., 2009). This subset of genes
is considered “guilty by association” since there is no direct evidence to increment these genes,
the production of the SM that these genes are involved producing / secreting have been shown to
modulate A. fumigatus virulence, leading to their inclusion as a GDOV.

Of the 206 genetic determinants of virulence, 39 were shown to be essential to 4. fumigatus
virulence and/or survival via phenotypic assay. 31 of these genes were discerned via a classical
gene knockout approach, in which knockout of the given gene led to an inability of A. fumigatus
growth. However, for 8 of these genes, the knockout strain of 4. fumigatus resulted in a lack of
virulence in mouse models whereas all other animal model knockout assays resulted in
attenuated or increase virulence, but not the removal of virulence (as measured by kill curve
analysis). These 8 genes are aroB, cypS1A4, cyp51B, gfal, hsp90, gcd6, sec31 and tubl.

aroB is a chorismate synthase which is involved in the biosynthesis of aromatic amino acids.
Interestingly, of the several specific types of amino acids which are biosynthesized by 4.
fumigatus, including those whose expression play a role in 4. fumigatus virulence and survival, it
is specifically the biosynthesis of aromatics whose GDOV representative is essential for
virulence in neutropenic mice (Sasse et al., 2016).

cyp51A and cyp5 1B are two isoforms of cyp51 as well as two of the most well studied 4.
Sfumigatus genes. CYP51 is a crucial enzyme involved in the biosynthesis of ergosterol, a vital
component of fungal cell membranes, including those of the pathogenic fungus "Aspergillus
fumigatus." In the context of "4. fumigatus," CYP51 plays a pivotal role as it serves as a target
for antifungal agents used in medical therapy (Roundtree et al., 2020). Specifically, azole
antifungals like voriconazole and itraconazole target the CYP51 enzyme to inhibit the synthesis
of ergosterol, which essentially impairs the growth and survival of the fungus by disrupting the
integrity and function of its cell membrane (Roundtree et al., 2020). However, the extensive use
of azole antifungals has led to the emergence of resistance mechanisms involving alterations in
the CYP51 gene. These mutations can lead to a reduced aftinity of the drug to the CYP51
enzyme, rendering the azole antifungals less effective (Zhang et al., 2019).

Gfal encodes for glutamine-fructose-6-phosphate aminotransferase, catalyzing the first step in
the chitin biosynthesis pathway. Chitin biosynthesis was shown to be essential for A. fumigatus
virulence and is also required for 4. fumigatus growth on certain growth media (Hu et al., 2007).
The heat shock protein Asp90 is required for virulence and acts in stress response to temperature
but has also been shown to be intricately involved in the cell wall integrity pathway and cell wall
stress adaptation (Rocha et al., 2021). The initiation of 4. fumigatus infection occurs via dormant
conidia deposition into the airways. Therefore, conidial germination and hyphal extension and
growth occur in a sustained heat shock (HS) environment found in mammalian hosts from the A.
fumigatus perspective (Rocha et al., 2021). Understanding the dynamics between Asp90 and the
cell wall integrity pathway remains a growing area of study (Rocha et al., 2021).
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Gced6, sec31 and tubl round out the GDOV that were shown to essential for 4. fumigatus
virulence in mice. Briefly, gcd6 is a catalytic epsilon subunit of the translation initiation factor
elF2B; genes encoding translation factors are repressed by phagocytosis by murine macrophages
(Hu et al., 2007). Sec31 encodes for a component of the COPII coat of secretory pathway
vesicles (Gautam et al., 2008) and tub1 encodes for an alpha-tubulin housekeeping gene
(Mellado et al., 2007), but not much more is known about this gene.

Expanding our knowledge for any one of these 206 GDOV would provide greater insights in A.
fumigatus virulence and survival. Recent studies have begun to focus on this list of genes (Brown
et al., 2021; Mead et al., 2021). However, an even deeper understanding can be discerned by
comparing the gene presence/absence and evolutionary history of 4. fumigatus genes to that of
closely related Aspergillus species.

Brief overview of the diversity of Aspergillus species (Section Fumigati) and differences in
their pathogenic profiles.

Inhalation of A. fumigatus asexual spores along with a few other species in the genus cause a
group of diseases collectively referred to as aspergillosis (see subchapter C). The most severe
form of aspergillosis is invasive aspergillosis (IA), which primarily affects individuals with
compromised immune systems or preexisting lung conditions (see subchapter B). Since drugs
targeting IA are not always effective due to our lack of understanding of how they function
inside the human host (Rosowski et al., 2019) and the evolution of drug resistance (Revie et al.,
2018), infected individuals suffer high morbidity and mortality (Brown et al., 2012).
Collectively, Aspergillus affect millions of patients and cause hundreds of thousands of life-
threatening infections every year (Bongomin et al., 2017).

However, not every species within the Aspergillus genus contributes to infections equally. A.
fumigatus is responsible for roughly 70% of all cases, leaving the remaining 30% to other species
in the genus (Lamoth, 2016; Paulussen et al., 2016). This genus exhibits substantial diversity;
while species such as Aspergillus flavus and Aspergillus niger have a distant kinship with 4.
fumigatus, each falling under different Aspergillus sections and displaying wide genomic
divergence, others like Aspergillus lentulus and Aspergillus udagawae share a closer relationship,
belonging to the same section as A4. fumigatus - section Fumigati (a lineage of ~60 species that
includes A4. fumigatus and its close relatives) (Steenwyk et al., 2019; Kocsubé¢ et al., 2016).
Noteworthy is that a considerable fraction of species in this genus are either non-pathogenic or
infrequently induce disease, though several can sporadically give rise to opportunistic infections
in a range of hosts including mammals, birds, and occasionally other vertebrates and
invertebrates (Kocsubé et al., 2016).

While substantial knowledge exists concerning the pathogenicity of A. fumigatus (Raffa &
Keller, 2019; Rokas et al., 2020), a comprehensive understanding of the varied levels of
pathogenicity across the genus remains a work-in-progress, necessitating a deeper dive into the
contributing traits and genetic components. To unravel this, it is crucial to acknowledge that
these species are not reliant on hosts for survival, with pathogenic effects emerging more as
unintended consequences than evolved attributes. The pivotal inquiry, hence, revolves around
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discerning how the traits facilitating survival in natural habitats like soil and litter environments
inadvertently equipped a subset of these species with the ability to infect human hosts. By
bridging this knowledge gap, we embark on a path of not only comprehending the evolutionary
trajectory of pathogenicity within this genus but also fostering strategies to counter these
opportunistic pathogens more effectively.

A. fumigatus leads to infections in over 300,000 individuals annually (Bongomin et al., 2017)
and is considered the most clinically relevant amongst members of section Fumigati. Meanwhile,
the closely related species 4. fischeri, which showcases a considerable 95% average similarity in
protein sequences to A. fumigatus, rarely figures in human disease cases and lacks clinical
significance (Alastruey-Izquierdo et al., 2013). The evolutionary trajectory further unravels that
the pathogenic trait in A. fumigatus emerged post its divergence from A. fischeri or its even
nearer non-pathogenic kin A. oerlinghausenensis, steering to the inference that their most recent
common progenitor was non-pathogenic.

Echoing a similar narrative, numerous other pathogens in this section delineate independent
evolutionary paths to pathogenicity. To illustrate, although A. udagawae is the agent behind
several thousand infections every year, its nearest relatives, including Aspergillus aureolus,
Aspergillus acrensis, and Aspergillus wyomingensis, do not hold clinical importance (Alastruey-
Izquierdo et al., 2013). This circumstance strongly advocates for the independent evolutionary
acquisition of pathogenic traits by A. udagawae, distancing from a non-pathogenic shared
ancestor with its close relatives. This evolutionary pathway spotlighting the isolated development
of pathogenicity offers a rich ground for further exploration and understanding of the forces
driving the emergence of pathogenic traits. Several factors, including the pervasive presence of
small and easily airborne asexual spores, are believed to enhance the pathogenicity of
Aspergillus species, particularly 4. fumigatus (Paulussen et al., 2016). Despite the critical role
these ecological traits play in human infections, they alone cannot elucidate the wide range of
pathogenicity observed across species in the Fumigati section, as the variances in their ecologies
remain apparent (Tong et al., 2017).

The ability to tolerate high temperatures is another notable factor influencing fungal
pathogenicity (Robert et al., 2015). All examined species within the Fumigati section can survive
at 37°C, depending on the medium facilitating their growth (Samson et al., 2007). This indicates
that the propensity for pathogenicity is not merely a consequence of thermal tolerance. Although
there is a considerable variation in their growth capabilities at this temperature, it's presumed that
genetic factors predominantly influence this, hinting at a promising area for future investigations,
especially focusing on growth patterns under specific stressful conditions simulating human
infection environments (Samson et al., 2007).

Ascertainment bias might partly account for the dissimilarities in the pathogenicity spectrum
observed, where systematic divergences from the accurate disease incidence caused by specific
species result from current taxonomical identification methods of clinical isolates (Lamoth,
2016). This situation highlights a potential underestimation of the health impacts of cryptic
species — those morphologically akin to major pathogens but genetically divergent. Despite this,
consistent identification of known pathogens in molecular typing studies from various countries
substantiates that the variations in pathogenicity are not just artifacts of misdiagnosis, suggesting
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a partial genetic underpinning (Alastruey-Izquierdo et al., 2013; Negri et al., 2014). Further
endorsing the genetic differences' role in pathogenicity are the distinct traits, and their related
genes and pathways crucial for A. fumigatus pathogenicity, which showcase considerable genetic
and phenotypic diversity among the Fumigati section species (Raffa & Keller, 2019). These traits
encompass thermotolerance, response mechanisms to a variety of environmental stresses,
including resistance to antifungal drugs, and the ability to produce a broad array of secondary
metabolites with different structures (Frisvad & Larsen, 2016; Alastruey-Izquierdo et al., 2014).
The data thus highlight the necessity for continued research to comprehensively understand the
genetic bases influencing the observed spectrum of pathogenicity.
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Figure 3. Aspergillus phylogeny suggests that pathogenicity evolved multiple times
independently in the lineage.

Taxa marked in red represent Aspergillus species which are pathogenic to humans while those in
white are considered non-pathogenic. Red bars represent a transition to a pathogenic lifestyle.
From this sampling, Aspergillus pathogenicity appears to have evolved independently multiple
times. Figure adapted from (Rokas et al., 2020).
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Conserved Pathogenicity and Species-Specific Models
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Figure 4. Conserved pathogenicity and species-specific models. Figure adapted from
(Rokas et al., 2020).

Presented here are two potential and not necessarily exclusive theories, the “conserved
pathogenicity” model and the “species-specific pathogenicity” model, to illustrate the genetic
foundations of pathogenicity in Aspergillus section Fumigati. The conserved pathogenicity
model suggests that 4. fumigatus and other pathogenic species within this section harbor a set of
common pathogenic traits and genetic factors (or shared differences in such elements) that are
lacking in non-pathogenic species, either by possessing traits or elements such as E1 and E2 or
not having elements like E3 as depicted in Figure 4.

Contrastingly, the species-specific pathogenicity model hypothesizes that individual pathogenic
species have a distinctive array of traits and genetic factors (or unique variations in these
elements) that set them apart from their non-pathogenic counterparts. This distinctiveness can
emerge from the presence of unique traits or elements like E4 and ES or the absence of elements
such as E6 seen in Figure 4, found only in a particular pathogen and not in other pathogenic and
non-pathogenic relatives.
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It is essential to note that these mutual or species-specific genetic elements (or the disparities in
these elements) are not just confined to variations in gene content; they encompass any genetic
variation influencing pathogenic trait values. Such variations might span from minor differences,
such as single or multiple nucleotide alterations in conserved protein-coding or non-coding
(regulatory) regions, to more significant disparities including the presence or absence of
comprehensive genetic pathways and networks. This framework accommodates a wide spectrum
of genetic variations, offering a holistic approach to understanding the genetic dynamics
governing pathogenicity.

Understanding which model accurately depicts the recurrent evolution of pathogenicity is crucial
in crafting research approaches to delve into the fundamental molecular mechanisms present not
only in the genus but also extensively in filamentous fungi. If we adhere to the conserved
pathogenicity model, it anticipates that pathogenicity arises from the influence of preserved
genetic components. Consequently, this implies that the acknowledged genetic factors
influencing virulence in 4. fumigatus could play a vital role in the virulence of other pathogenic
entities within the Aspergillus species (Abad et al., 2010). This model has been the foundation
for recent studies scrutinizing the extent to which genetic elements recognized as contributors to
A. fumigatus pathogenicity find a parallel in other species (Abad et al., 2010; Rokas et al., 2020).

On the other hand, the species-specific pathogenicity model forecasts a contrasting scenario
where each pathogenic entity houses a unique set of virulence determinants, thereby making the
transfer of knowledge on virulence mechanisms from one species to another largely ineffective.
Current genomic analyses, including those contrasting the principal pathogen A. fumigatus with
its closely related non-pathogenic kin 4. fischeri, and expansive evaluations of selected species
throughout the genus, have started to illuminate the plausibility of both theories, presenting
evidence in favor of each (Fedorova et al., 2008; de Vries et al., 2017). It's a significant stride
towards a nuanced understanding of pathogenicity, laying a foundational basis for further
exploratory research in this domain.

Support for the conserved pathogenicity model

In line with the predictions set forth by the conserved pathogenicity model, studies encompassing
numerous A. fumigatus genes traditionally linked to virulence have exhibited a high level of
conservation in these virulence genetic factors amongst closely affiliated species (Mead et al.,
2019; Abad et al., 2010). For instance, when comparing genomic aspects of 4. fumigatus with its
non-pathogen counterpart A. fischeri, 199 out of 206 GDOV including critical agents like CrzA
and LaeA involved in calcium ion homeostasis and regulation of secondary metabolism
respectively, are shared between the two species (Mead et al., 2019). Additionally, the known
virulence factor gliotoxin (secondary metabolite) is biosynthesized in both A4. fumigatus and A.
fischeri, despite having vastly different pathogenic profiles (Knowles et al., 2020).

However, this research also brings to light the notion that the variable virulence witnessed across
different organisms might not fundamentally originate from the distinctions in gene content; a
focal point across comparative genomic studies of fungal pathogens and their non-pathogenic
relatives (de Vries et al., 2017). Exploring how these preserved virulence genetic determinants
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operate not just in other pathogenic but also in non-pathogenic species represents an intriguing
avenue for further research, opening potential pathways to a deeper comprehension of fungal
pathogenicity.

Support for species-specific pathogenicity model

Gene content analyses across closely allied Aspergillus species have pinpointed numerous genes
that seem to be exclusive to individual species. An expansive assessment comparing A. fumigatus
strains Af293 and A1163 with 4. fischeri and A. clavatus showed roughly 8.5% of the genes
being singular to A. fumigatus, not found in the latter species (Fedorova et al., 2008).
Interestingly, these distinctive genes of A. fumigatus predominantly occupy the subtelomeric
regions of chromosomes, with their functionalities predominantly linked to metabolic processes
including secondary metabolism, transport, and detoxification. This suggests a potential role of
these genes in facilitating the survival of 4. fumigatus within the human host (Fedorova et al.,
2008). Furthermore, over two-thirds of the biosynthetic gene clusters identified in A. fumigatus
are missing in the non-pathogenic relative A. fischeri (Mead et al., 2019); albeit some clusters are
present in other species under the Fumigati section, implying a loss in A. fischeri rather than an
emergence in A. fumigatus. It also seems that several clusters and their accompanying secondary
metabolites have either distinctly emerged in 4. fumigatus or have been widely lost in closely
related species, rendering them unique to A. fumigatus now.

While recent studies have elucidated the potential of both the conserved-pathogenicity and
species-specific model as viable theories, these theories have primarily focused on comparing
reference A. fumigatus strains (typically either Af293 or A1163 (CEA10)) to close relatives. Far
less is known about the comparative genomics and evolutionary histories between A. fumigatus
strains and how these models might better explain A. fumigatus virulence at a population-level.

Comparisons of A. fumigatus strains, a burgeoning field of study.

Comparative genomic and evolutionary analyses involving 4. fumigatus have classically focused
on comparing a reference A. fumigatus strain (typically Af293 or A1163 (CEA10)) to closely
related species such as A. fischeri, A. lentulus and A. clavatus (see subchapter D). However,
investigations in better understanding the differences between A4. fumigatus strains has
historically received less attention. The first comparative genomics study between A. fumigatus
strains was a comparison between Af293 and A1163 (Fedorova et al., 2008), which revealed
>98% orthologs across genes, and highly identical genomes. Despite being highly similar, A1163
was shown to be more virulent that Af293 (Colabardini et al., 2021), leading to the hypothesis
that different 4. fumigatus strains may display difference in their virulent propensities. Early
studies into A. fumigatus strain comparisons revealed nonsynonymous mutations in several genes
along with nucleotide deletions when comparing 8 A. fumigatus isolates from different patients
with Aspergillosis, potentially implying that strains may differ from host to host (Hagiwara et al.,
2014). Comparisons of secondary metabolite variation across 66 A. fumigatus strains revealed 5
general types of variation in SM gene clusters: nonfunctional gene polymorphisms; gene gain
and loss polymorphisms; whole cluster gain and loss polymorphisms; allelic polymorphisms, in
which different alleles corresponded to distinct, nonhomologous clusters; and location
polymorphisms (Lind et al., 2017).
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Over the past 5 years, the number of publicly available A. fumigatus strains with whole genome
sequences and annotations has increased to > 300 strains and counting. This has opened the door
to several strain comparisons with a large dataset. For example, comparisons of 300 isolates
revealed that 7,563 of the 10,907 unique orthogroups (69%) are core genes and present in all
isolates and the remaining 3,344 (accessory genes) show presence/absence of variation,
representing 16—-22% of the genome of each isolate (Barber et al., 2021). In this same research,
the authors found that 43% of the virulence genes in their study (155 genes) had some degree of
genetic variation expected to affect gene function and that secondary metabolism genes showed
the highest variability among the virulence-associated genes, with 59 genes either being absent
or showing a predicted loss of function among the 300 isolates (Barber et al., 2021).

Another question concerning A4. fumigatus strains that had remain unclear until recently was if
there were differences between A. fumigatus isolates from clinical patients vs those isolates
collected from the environment. Larger number of 4. fumigatus isolated has allowed deeper
inquiries. Interestingly, phylogenetic inferences revealed several instances of clinical isolates
being more closely grouped to environmental isolates as opposed to other clinical isolates
(Barber et al., 2021). Another study involving 260 A. fumigatus strains found evidence for 3
primary populations of A. fumigatus, with recombination occurring only rarely between
populations and often within them (Lofgren et al., 2022). Additionally, these 3 populations are
structured by both gene variation and distinct patterns of gene presence—absence with unique
suites of accessory genes present exclusively in each clade (Lofgren et al., 2022). Again, these
clades included representatives of both clinical and environmental isolates. This study also found
single non-synonymous variants and single nucleotide polymorphisms in both core and
accessory genes, including in several GDOV (Lofgren et al., 2022). In yet another study
involving 206 A. fumigatus strain, the researchers noted that no significant differences were
observed among clinical versus environmental isolates when phylogeny was accounted for,
despite observing ~40.6% of orthologs to be accessory (vary in their gene presences across all
isolates (Horta et al., 2022)). Taken together, differences in clinical vs environmental and
differences in geography are not drivers for differences between strains. Moreover, there exist
few differences in genes across strains, and those differences that have been quantitated are
either in gene presence/absence across orthologs or differences in gene nucleotide sequence,
commonly observed to be SNPs. While differences in genes have been documented between 4.
fumigatus strains and between A. fumigatus and close relatives, what is less known is how non-
coding regions may differ and what are the drivers behind such differences.
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Non-coding regions, a molecular view

It is recognized that hereditary shifts in gene expression contribute significantly to the
evolutionary trajectory of various phenotypes, this is often guided by alterations in non-coding
regulatory components such as promoters and enhancers (Emerson et al., 2010). This
transformation hinges on two primary avenues: cis and trans effects. Cis effects refer to genetic
fluctuations happening on the identical DNA molecule as the pertinent gene, influencing
transcription factor binding locales in promoters or enhancers. Conversely, trans effects are
driven by diffusible entities, potentially impacting any part of the genome, including
transcription factors (Singor & Nuzhdin et al., 2018). The elucidation of these mechanistic
underpinnings of gene expression evolution stands as a pivotal objective in evolutionary biology.

Research endeavors leveraging allele-specific RNA sequencing, encompassing the analysis of
parental strains alongside F1 hybrid progenies, have significantly illuminated the role of cis and
trans effects in dictating gene expression evolution. This methodology allows for the discernment
of expression variations steered by cis and trans variants, unraveling their relative impacts across
distinct taxa such as yeast, insects, and plants, amongst others (Emerson et al., 2010; Wittkopp et
al., 2008; Goncalves et al., 2012). Investigations into non-coding regions found prevalent role of
cis effects inter-species, whereas trans effects seem more pronounced intra-species, with a
frequent concurrent manifestation influencing target gene expression reciprocally, a phenomenon
potentially orchestrated by stabilizing selection over evolutionary spans (Mattioli et al., 2020;
Gordon & Ruvinsky, 2012).

Cis-Regulatory Elements

Cis-regulatory elements are genetic regions situated nearby (or sometimes within) the genes they
control. These regions harbor DNA sequences such as promoters, enhancers, silencers, and
insulators which play a pivotal role in governing the rate of gene transcription. Promoters, which
are located adjacent to the gene they control, serve as binding sites for RNA polymerase and
other transcription factors, facilitating the initiation of transcription. Enhancers and silencers,
which are more commonly found in more complex eukaryotic organisms (Kolovos et al., 2012)
can be located much farther away, and they increase or decrease the level of transcription,
respectively. These cis-elements operate in a gene-specific manner, meaning their regulatory
effects are limited to the nearby gene(s). They play a fundamental role in the tissue-specific and
developmental stage-specific expression of genes, thereby aiding in the establishment of an
organism’s complex biological traits through meticulous spatial and temporal control over gene
expression (Mattioli et al., 2020). The mutations in these regions can result in altered gene
expression, sometimes leading to diseases and various phenotypic aberrations (Vande Zande et
al., 2022).

Trans-Regulatory Elements

In contrast, trans-regulatory elements are not confined to a specific location relative to the genes
they regulate. These elements involve genes that encode for transcription factors or small RNAs
that can travel through the cell and influence the expression of target genes at distant locales
within the genome. The trans-regulatory factors operate through binding to cis-regulatory
elements, thereby modulating their activity. Since these factors can potentially interact with
multiple cis-elements across different genomic locations, they exhibit a more dispersed influence
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on gene expression, contributing to the coordinated regulation of numerous genes that partake in
a particular cellular pathway or process (Zhang & Emerson, 2019) This implies that changes in a
single trans-regulatory factor can have ripple effects, influencing a broad spectrum of genes and
thus bearing a significant potential for evolutionary changes in phenotypes. The coordinated
action of trans-regulatory elements maintains the homeostasis of gene networks by orchestrating
the synchronous expression of genes involved in common physiological processes (Zhang &
Emerson, 2019).

The intricacy of gene regulation lies in the sophisticated interplay between cis and trans
regulatory elements, orchestrating a network of gene expressions that underpin an organism's
physiology. While cis-regulatory elements offer a localized control over gene expression,
allowing for fine-tuned regulation, trans-regulatory elements ensure the coordinated regulation of
a set of genes, bringing about a harmonized response to physiological and environmental cues
(Zhang & Emerson, 2019). This dynamic and multifaceted regulatory system, comprising both
cis and trans elements, fosters adaptability and complexity in biological systems, playing a
cardinal role in evolutionary processes by engendering diversity in gene expression patterns,
which can be the substrate for natural selection. For the research presented in this thesis
document, the non-coding region exploration will focus on finding cis-regulatory elements.
However, understanding both cis and trans elements is key to understanding the role of non-
coding regions on gene expression.

Role of cis-regulatory non-coding regions in gene regulation, a look at classical models.

Much of what we know about fungal gene regulation comes from studies of the yeast
Saccharomyces cerevisiae (Abdulrehman et al., 2011). Most yeast genes are transcribed by the
enzyme RNA polymerase II (this is also true for filamentous fungi, such as 4. fumigatus)
(Kaplan, 2012). At least 50 proteins, including RNA polymerase can be involved in transcribing
a gene (Kaplan, 2012). Some of these proteins bind DNA directly and can act to form a platform
for polymerase. Other proteins are enzymes which can act to unwind DNA and promote
polymerase initiate transcription. Other enzymes can promote or hinder transcription by
chemically modifying histones. Proteins that bind to DNA and impact gene regulation (in this
case, for a nearby gene(s)) are referred to as transcription factors (Rothernberg, 2022). The
dynamics and intricacies between transcription factors and gene regulation are often
multifaceted, complex and elegant (Rothernberg et al., 2022). A classic example of gene
regulation and transcription factor binding is observed in the regulation of a GAL gene.

The GAL pathway in yeast is a well-studied regulatory system that governs the utilization of
galactose as a carbon source when glucose is scarce (Harrison et al., 2022). This pathway is
crucial for the yeast Saccharomyces cerevisiae to adapt to changing environmental conditions
(Harrison et al., 2022).. At the heart of the GAL pathway is the Gal4 transcription factor, which
plays a pivotal role in regulating the expression of genes involved in galactose metabolism
(Harrison et al., 2022)..

Gal4 is a transcriptional activator that binds to specific DNA sequences in the upstream

regulatory regions of GAL genes (Traven et al., 2006). These genes code for enzymes involved
in the breakdown and utilization of galactose (Harrison et al., 2022).. Gal4 is inactive under
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glucose-rich conditions because it is sequestered in the cytoplasm by Gal80, a repressor protein
(Harrison et al., 2022).. However, in the presence of galactose, Gal3, a sensor protein, binds to
galactose and interacts with Gal80, relieving its inhibition of Gal4 (Harrison et al., 2022).. This
allows Gal4 to enter the nucleus and activate the transcription of GAL genes. Gal4 activates
GAL gene expression by binding to upstream activating sequences (UAS) in the promoter
regions of these genes. These UAS elements are specific DNA sequences recognized by Gal4,
and their presence allows for the recruitment of RNA polymerase and other transcriptional
machinery, leading to gene transcription (Traven et al., 2006). The binding of Gal4 to UAS is a
prime example of a transcription factor recognizing and binding to specific cis-regulatory
elements to modulate gene expression. Non-coding regions of DNA also play a critical role in
GAL gene regulation. These regions include the promoter and enhancer sequences, as well as the
UAS elements (Traven et al., 2006). Non-coding regions also provide the necessary binding sites
for transcription factors like Gal4 and other regulatory proteins to interact with the DNA and
control gene expression (Traven et al., 2006). Additionally, the GAL pathway involves complex
regulatory loops and feedback mechanisms that ensure precise control over gene expression
levels (Sellick et al., 2008). While what is written here is an extremely brief overview of the
entire GAL pathway and its dynamics, the GAL pathway serves as a classic example of the
interplay between transcription factors binding at specific sequences and subsequent regulation
of gene expression.

Non-coding regions and gene regulation in Aspergillus fumigatus

Compared to protein-coding regions, little is known about non-coding regions in A. fumigatus as
it pertains to gene regulation. Models, such as the GAL pathway in S. cerevisiae provide insights
on general function/pathways but much remains unknown about A. fumigatus specifically. What
follows are some statistics, that [ have found, about non-coding regions of A. fumigatus as of the
time of this writing:

1. A. fumigatus genome size is 29.4 Mb, contains 9,630 protein-coding genes. For
comparison A. fischeri genome size is 32.5Mb and contains 10,407 genes.

2. 51% of the A. fumigatus genome is composed of non-coding regions.

3. 80% of A. fumigatus genes contain at least one intron and the average number of introns
per gene is ~1.8.

4. A. fumigatus encodes for ~400 transcription factors.

There are currently 6 transcription factor protein whose binding targets have been

elucidated via ChIP-Seq methodology. These 6 are AtrR, CrzA, HapX, NctA, SrbA, and

RgIT.

o

When it comes to comparing non-coding regions between A. fumigatus and other species/strains,
key questions that still remain include how (if any) changes are there across non-coding regions,
how can these changes be characterized and what are the drivers of these changes? In this
respect, a shift from a molecular focused approach to an evolutionary approaches are warranted
to find and describe non-coding regions.
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Non-coding regions, an evolutionary view and general theory

Characterizing sequence difference between species

In molecular population genetics or evolutionary studies, it is often assumed that DNA regions
are subject to no natural selection, so that all observed mutations in each region are selectively
neutral. For example, in protein-coding region synonymous mutations are often assumed to be
neutral while non-coding region are usually assumed to be subject to no selective constraints.
The most common test used for identifying regions (or sites) exhibiting selection between
species is the dN/dS test.

The dN/dS test is a pivotal method in molecular biology and evolutionary genetics, utilized to
assess the selective pressures acting on protein-coding genes. This ratio, also known as the
nonsynonymous (d/N) to synonymous (d/S) substitution rate ratio, offers insights into the
evolutionary forces driving the alterations in coding sequences and helps decipher whether a
gene is undergoing positive selection, negative selection, or evolving neutrally. The fundamental
theory underscoring the dN/dS test revolves around the different impacts of synonymous and
nonsynonymous mutations. Synonymous mutations are changes in the DNA sequence that do not
alter the amino acid sequence of the protein, whereas nonsynonymous mutations do result in a
change in the amino acid sequence, and potentially the function of the protein.

The first step in conducting the dN/dS test is typically to align the coding sequences of the gene
of interest from different species or populations and ensure that the sequences are homologous.
The number of synonymous (S) and nonsynonymous (N) sites, along with the number of
synonymous (s) and nonsynonymous (n) substitutions, are calculated. The rates of synonymous
and nonsynonymous substitutions (d/S and d/N, respectively) are then estimated using these
values. The formulae for estimating dN/dS and dN can be quite intricate, accounting for multiple
substitutions at the same site and variations in the substitution rates across different codons.
Several methods and models, such as the Jukes-Cantor model and the Kimura two-parameter
model, can be used for these estimations. Additionally, the dN/dS can be specified for a certain
branches across a given phylogeny or can be used to identify signatures of selection at specific
sites. The resulting value of a dN/dS analysis can yield the following results:

1. Neutral Evolution: When dN/dS =1, it suggests that nonsynonymous and synonymous
substitutions are occurring at the same rate, indicative of neutral evolution.

2. Positive Selection: When 1 dN/dS >1 this indicates that nonsynonymous substitutions are
occurring more frequently than synonymous ones, suggesting that the altered protein
sequences are being favored by natural selection.

3. Negative or Purifying Selection: Conversely, a dN/dS < 1 signifies that nonsynonymous

substitutions are less frequent, indicating that changes in the protein sequence are
selectively constrained (purifying selection).
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The dN/dS test can also be adapted for non-coding regions, referred to as the dNnoncoding/dS. This
test is similar to the dN/dS, except that the non-coding region (in which all sites are considered
nonsynonymous, since any of these sites may play a role in gene expression) are used for dN and
the dS comes from the synonymous sites of the associated protein-coding region. In this case, a
dN/dS > 1 suggests that substitutions are occurring more frequently in the non-coding regions
than synonymous ones, indicating the potential for positive selection in the non-coding region.
Subsequently, these non-coding region then make for candidate sites for further exploration as it
pertains to gene expression.

Characterizing sequence differences within species

The tests presented in this section are for testing the neutral mutation hypothesis. This states that
both the variation within populations and the differences between populations are due to neutral
or nearly neutral mutations. Tests based on utilizing within and between population DNA
sequence comparisons include the Hudon-Kreitman-Aguade (HKA) test and the McDonald-
Kreitman (MK) test (Fig 5).
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Figure 5. Descriptions of the HKA and MK tests.
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HKA test

The Hudson-Kreitman-Aguadé (HKA) test, conceived independently by Richard Hudson, Martin
Kreitman, and Montserrat Aguadé in 1987, stands as a pivotal method in population genetics.
This test has been instrumental in investigating whether the observed level of genetic
polymorphism within a species aligns with the level of divergence between species, a critical
assessment under the neutral theory of molecular evolution. The neutral theory assumes the
following:

1. Neutral Evolution: Nearly all most mutations are selectively neutral.

2. Constant Population Size: Constant population size over time, a significant consideration
given that population size fluctuations can skew results.

3. Random Mating: A panmictic population, where mating is random.

4. No Recombination: The test stipulates that there is no recombination within the regions
being compared across loci.

5. No Migration: The populations compared are isolated, with no gene flow between them.

The HKA test is informative to determining whether levels of within and between population
DNA variation are positively correlated, as predicted by the neutral mutation hypothesis. By
comparing the observed quantity of polymorphism and divergence across different genetic loci,
the HKA test determines whether the observed genetic variations are consistent with the
predictions laid out by the neutral theory. This assessment allows a framework for understanding
the evolutionary dynamics of populations and discerning the role of natural selection and genetic
drift in shaping genetic diversity.

The basic formulation of the HKA test involves comparing observed values of polymorphism
and divergence to their expected values under the neutral theory across multiple loci. A chi-
square statistic is typically used to determine whether the observed data significantly deviate
from the expectations under the neutral model.

Let Pi be the observed polymorphism at locus 1, Di be the observed divergence at locus i, and Mi
be the mutation rate at locus i. Under the neutral theory, E(Pi/Mi) should be equal to E(Di/Mi)
for all loci. The expected ratio of polymorphism to divergence is thus the same across all loci,
and deviations from this expectation can be tested using a chi-square statistic.

The HKA is not region-specific, meaning that the test can be used to observe polymorphism and
divergence in either protein-coding or non-coding regions. One of the pioneering HKA test use-
cases, levels of polymorphisms and divergence was investigated in the

Adh (alcohol dehydrogenase) gene and 5’ flanking region in 3 species of Drosophila
melanogaster (Kreitman & Hudson, 1991). This study considered all sites in the non-coding 5’
flanking region as silent sites (position at which mutations do not change polypeptide sequence
encoded by the gene). In a coding region, only certain sites were considered sites (synonymous
sites), these sites are represented by the 3™ codons, while other sites are generally considered
nonsynonymous. Using the HKA tests, they found that coding regions were the cause of
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departure from neutrality for the adh gene. Moreover, this tests provided a method to compare
polymorphisms and divergence within a population for either protein-coding or non-coding
regions.

MK test

The MK test provides a method to compare the patterns of within-species polymorphisms and
between-species divergence at synonymous (silent) sites and non-synonymous (replacement)
sites in the coding-regions of a gene. In a singular coding-region, the synonymous sites and the
nonsynonymous sites should have the same evolutionary history since the they are tightly linked.
Thus, if polymorphisms and divergence are due to neutral the ratio of nonsynonymous to
synonymous between species should be the same as within species. A significance difference
between the two ratios is then used to reject the neutral mutation hypothesis.

McDonald and Kreitman applied this test to DNA sequences of the coding region of Adh gene
from D. melanogaster, D. simulans and D. yakuba (McDonald & Kreitman, 1991). They found
that the ratio of nonsynonymous changes to synonymous changes that are fixed between species
is significantly greater than the ratio of nonsynonymous to synonymous polymorphisms, an
indicator of positive selection. In contrast, examples of the ratio of nonsynonymous changes to
synonymous changes that are fixed between species being significantly lower than the ratio of
nonsynonymous to synonymous polymorphisms is thought to be an indicator of negative
selection and represents mutations that persist in a population but are not fixed.

The MK-test has been suggested to be a conservative test since nonsynonymous mutations are
subject to stronger negative selection than are synonymous mutations. Further implementations
of the MK test have also considered codon usage bias.

Due to its comparisons of nonsynonymous and synonymous sites, the MK test would not be
applicable to non-coding regions. While a comparison between non-coding regions would not be
applicable, a comparison between a protein-coding region and an associated non-coding region
(for example, an upstream promoter region) can be used. To do so requires additional
assumptions. First, one must assume that the non-coding region plays a role in the expression of
the gene and second, that all non-coding sites are nonsynonymous, since any of these sites may
play a role in gene expression. Given these assumptions, the non-coding MK test can be applied
to a given protein-coding region and an associated non-coding region to compare the ratio of
nonsynonymous to synonymous changes between and within species where the nonsynonymous
sites are represented by the non-coding region and synonymous sites are represented by the
synonymous sites from the associated protein-coding region. In this case, if the ratio of
nonsynonymous changes to synonymous changes that are fixed between species is significantly
greater than the ratio of nonsynonymous to synonymous polymorphisms, then this is indicator
that positive selection is due to a relatively higher number of mutations in the non-coding region.
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Thesis Aims

In the 15 years since the first A. fumigatus genome was published, hundreds of genes
have been shown to contribute to virulence. However, efforts to identify genetic determinants
of A. fumigatus virulence have overwhelmingly focused on protein-coding regions, whereas the
impact of noncoding regions on the regulation of A. fumigatus genes known to contribute to
virulence, and to the organism’s ability to cause disease more generally, is much less
understood.

I hypothesize that there is abundant genetic variation in noncoding regions
among A. fumigatus strains and between Aspergillus species and that this variation
contributes to the observed differences in pathogenicity. I will test this hypothesis by (i)
comparing genome-wide sequence patterns of variation in noncoding regions between A.
fumigatus and closely related species (Aim 1), (ii) examining levels of genetic variation in
noncoding regions between strains of A. fumigatus (Aim I1), and (iii) Descriptive analyses of
non-coding regions comparing A. fumigatus Af293, A. fumigatus A1163 and A. fischeri to
identify differences in putative transcription factor binding sites of known regulators involved in
virulence. (Aim III).

Specific Aim | (Chapter I11): Compare genome-wide sequence patterns of variation
in noncoding regions between A. fumigatus and closely related species. | hypothesize that
differences in noncoding regions involved in regulating the expression of orthologous virulence
genes contribute to the disparity between A. fumigatus pathogenicity and that of closely
related Aspergillus species. To test this, I will compare the noncoding regions upstream of the
transcription start site and the protein-coding regions (as a control) of all single copy orthologous
genes (orthogroups) present in A. fumigatus Af293 strain and 9 closely
related Aspergillus species (5 pathogenic and 5 nonpathogenic). This set will include 206
genes in which the A. fumigatus gene is a known genetic determinant of virulence. For
noncoding and protein-coding regions of each orthogroup, | will estimate their mutation rates
and identify regions of greatest sequence divergence between species. The results of this aim will
help to identify genetic differences between A. fumigatus and close relatives in noncoding
regions upstream of genes known to be genetic determinants of A. fumigatus virulence.

Specific Aim Il (Chapter I11): Identify and compare levels of genetic variation in
noncoding regions between strains of A. fumigatus. | hypothesize that differences in
noncoding regions are potential contributors to differences in regulation of genetic determinants
of virulence between A. fumigatus strains. | will test this by comparing the noncoding and
protein-coding regions of all A. fumigatus genes, including those known to be involved in
virulence, in a set of 265 strains to infer whole-genome genetic variation for single nucleotide
polymorphisms, insertions-deletion polymorphisms and copy number variants. The results of this
aim will aid in our understanding of noncoding region variation in A. fumigatus and how this
variation may contribute to differences in the regulation of genes that contribute to virulence in
different A. fumigatus strains.

Specific Aim 111 (Chapter 1V): : Descriptive analyses of non-coding regions
comparing A. fumigatus Af293, A. fumigatus A1163 and A. fischeri to identify differences in
putative transcription factor binding sites of known regulators involved in virulence. |
hypothesize that differences in TF binding motifs contribute to expression differences of genes
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that play a role in A. fumigatus virulence. To test this, | will identify TF binding site
presence/absence differences for a set of previously characterized TF binding sites between A.
fumigatus and A. fischeri for TFs that are known genetic determinants of virulence in A.
fumigatus. Non-coding regions that differ in the presence/absence or sequence content of
transcription factor binding sites will be candidates for the observed differences in virulence;
these could be experimentally tested in future experiments. These results will provide the first
insights as to how non-coding region differences may contribute to differences in gene
expression and virulence between A. fumigatus and A. fischeri.

It would be helpful to map these aims onto your chapters (just put the chapter numbers
above).
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Chapter 2: Extensive non-coding sequence divergence between the major human pathogen
Aspergillus fumigatus and its relatives

(This Chapter is adapted from Brown et al., 2022)

Abstract

Invasive aspergillosis is a deadly fungal disease; more than 400,000 patients are infected
worldwide each year and the mortality rate can be as high as 50-95%. Of the ~450 species in the
genus Aspergillus only a few are known to be clinically relevant, with the major pathogen
Aspergillus fumigatus being responsible for ~50% of all invasive mold infections. Genomic
comparisons between A. fumigatus and other Aspergillus species have historically focused on
protein-coding regions. However, most 4. fumigatus genes, including those that modulate its
virulence, are also present in other pathogenic and non-pathogenic closely related species. Our
hypothesis is that differential gene regulation — mediated through the non-coding regions
upstream of genes’ first codon — contributes to 4. fumigatus pathogenicity. To begin testing this,
we compared non-coding regions upstream of the first codon of single-copy orthologous genes
from the two A. fumigatus reference strains Af293 and A1163 and eight closely related
Aspergillus section Fumigati species. We found that these non-coding regions showed extensive
sequence variation and lack of homology across species. By examining the evolutionary rates of
both protein-coding and non-coding regions in a subset of orthologous genes with highly
conserved non-coding regions across the phylogeny, we identified 418 genes, including 25 genes
known to modulate 4. fumigatus virulence, whose non-coding regions exhibit a different rate of
evolution in A. fumigatus. Examination of sequence alignments of these non-coding regions
revealed numerous instances of insertions, deletions, and other types of mutations of at least a
few nucleotides in 4. fumigatus compared to its close relatives. These results show that closely
related Aspergillus species that vary greatly in their pathogenicity exhibit extensive non-coding
sequence variation and identify numerous changes in non-coding regions of A. fumigatus genes
known to contribute to virulence.
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Introduction
Invasive aspergillosis (IA), a human disease caused by members of the fungal genus Aspergillus,
is responsible for >400,000 cases worldwide per year with a mortality rate between 50-95%
(Bongomin et al., 2017). More than 90% of A cases are caused by Aspergillus fumigatus, with
about a dozen other species such as Aspergillus lentulus, Aspergillus thermomutatus, and
Aspergillus udagawae accounting for the rest (Steinbach et al., 2012; Rokas et al., 2020). Studies
in both environmental (Flores et al., 2013) and hospital settings (Wirmann et al., 2018) show that
asexual spores (conidia) of A. fumigatus and many other Aspergillus species are present in the
air, yet A. fumigatus causes IA more frequently than its close relatives.

IA begins with inhalation of Aspergillus asexual spores and subsequent interaction between the
asexual spores and the epithelium of the lung (Chotirmall et al., 2013). Several defense
mechanisms including physical removal of asexual spores (Croft et al., 2016), secretion of
antimicrobial peptides (Wiesner et al., 2017), and recruitment of specialized immune cells are
employed by the human host to prevent spore germination (Bertuzzi et al., 2018). To cause
infection, A. fumigatus must overcome these challenges and adapt to the host environment. The
dynamics and intricacies of the interaction between A. fumigatus and host responses have yet to
be fully elucidated. Decades of work have identified at least 206 genetic determinants of A.
fumigatus virulence, that is genes whose deletion is known to modulate the virulence of 4.
fumigatus (for a detailed list, see: Steenwyk et al., 2021). These genetic determinants of
virulence are involved in a wide range of activities including gene regulation, RNA processing,
protein modification, production of secondary metabolites, amino acid biosynthesis, cell cycle
regulation, morphological regulation, and others (Steenwyk et al., 2021).

The phylogeny of the genus Aspergillus reveals that pathogenic species are often more closely
related to nonpathogenic species than to other pathogenic ones (Houbraken et al., 2014; de Vries
et al., 2017; Steenwyk et al., 2019; Rokas et al., 2020; Mead & Steenwyk et al., 2021). For
example, A. fischeri is a close relative of A. fumigatus (the two share >90% average nucleotide
sequence similarity and >95% average amino acid sequence similarity between orthologs), yet 4.
fischeri is less virulent and is not considered clinically relevant (Mead et al., 2019; Steenwyk et
al., 2020). Given the large disparity of A cases caused by 4. fumigatus and closely related
species, early studies looked to species-specific genes in 4. fumigatus as a potential contributor
(Fedorova et al., 2008). However, a recent examination found that 206 known genetic
determinants of virulence in A. fumigatus are shared between A. fumigatus and at least one other
closely related species (Mead & Steenwyk et al., 2021).

Variation in non-coding regions can also contribute to phenotypic diversity (Carroll, 2008; Li &
Johnson, 2012) and disease (Caron et al., 2019; Ropero et al., 2017; Jang et al., 2018). In fungi,
non-coding regions found immediately upstream of genes’ protein-coding regions are bound by
transcription factors (TFs), impact transcriptional activity (Kim et al., 2019), and play roles in
vital biological processes such as zinc homeostasis (Eide, 2020) and thermotolerance (Yamamoto
et al., 2020). Differences in gene expression have become an important focus in understanding A.
fumigatus virulence (de Castro et al., 2014, Chung et al., 2014; Furukawa et al., 2020; Ries et al.,
2020; Colabardini et al., 2021; Takahashi et al., 2021). However, the role non-coding regions
play in differential gene regulation between A. fumigatus and close relatives remains largely
unknown.
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Here, we perform genome-wide comparisons of intergenic, non-coding regions upstream of the
first codon of single-copy orthologous genes of the reference strains 4. fumigatus Af293 and
A1163 against those of eight closely related species. We identified 5,215 single-copy orthologous
genes across the 10 taxa of interest. Of the 5,215 genes, the non-coding regions of 4,483 genes
either lacked homology across the ten taxa or showed extensive sequence variation, such that
multiple sequence alignment was not possible. For the remaining 732 genes, each non-coding
sequence was >500 bp long in all ten taxa and the sequence similarity of the sequence alignment
between the 4. fumigatus Af293 sequence and those of all other nine strains / species was >75%,
enabling us to construct accurate multiple sequence alignments. Examination of the evolutionary
rates of the non-coding and protein-coding regions of these 732 genes identified 418 upstream
non-coding and 100 protein-coding regions whose evolutionary rate was different in 4.
Sfumigatus compared to close relatives. These 418 non-coding regions include 25 known genetic
determinants of A. fumigatus virulence, such as pkaR (a regulatory subunit essential for protein
kinase A pathway), g/iG (glutathione S-transferase required for gliotoxin production), and metR
(transcription factor required for sulfur assimilation).
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Methods

Genomic data collection

All Aspergillus genomes are publicly available and were downloaded from NCBI
(https://www.ncbi.nlm.nih.gov/). These strains include 4. fumigatus Af293 (Nierman et al.,
2005), A. fumigatus A1163 (Fedorova et al., 2008), A. oerlinghausenensis CBS139183
(Steenwyk et al., 2020), A. fischeri NRRL1881 (Fedorova et al., 2008), A. lentulus IFM54703
(Kusuya et al., 2016), A. novofumigatus IBT 16806 (GenBank accession: MSZS00000000.1) A.
fumigatiaffinis 5878 (Santos et al., 2020), A. udagawae IFM 46973 (Kusuya et al., 2016), A4.
turcosus HMR AF 1038 (Parent-Michaud et al., 2019), and A. thermomutatus HMR AF 39
(Parent-Michaud et al., 2019).

Identification of single-copy orthologous genes

To infer single-copy orthologous genes among all protein-coding sequences for all ten taxa, we
used OrthoFinder, version 2.4.0 (Emms & Kelly, 2015). OrthoFinder clustered genes into
orthogroups from gene-gene sequence similarity information obtained using the program
DIAMOND version 2.0.9 (Buchfink et al., 2015) with the proteomes of the ten Aspergillus
species as input. The key parameters used in DIAMOND were e-value = 1 x 10-* with a percent
identity cutoff of 30% and percent match cutoff of 70%. This approach identified 5,215 single
copy orthologous genes.

Identification of highly conserved non-coding regions

To identify highly conserved non-coding regions, we first retrieved intergenic sequences directly
upstream of the first codon of all 5,215 single-copy orthologous genes for each of the ten
Aspergillus species/strains using a custom script
(https://github.com/alecbrown24/General_Bio_Scripts; this script was based on a previously
available script: https://github.com/shenwei356/bio_scripts). We retrieved the first 500 bp of
intergenic sequence directly upstream of each gene’s first codon and used these sequences to
generate FASTA files of non-coding regions, as well as FASTA files of single-copy orthologous
protein-coding sequences using Python version 3.8.2 (https:/www.python.org/). For some of the
non-coding regions, there were <500 bp of non-coding sequence between the first codon of the
gene of interest and an upstream gene; in these instances, only the intergenic region was used for
subsequent analyses.

All multiple sequence alignments were constructed using MAFFT, version 7.453, with default
parameter settings (Rozewicki et al., 2019). Analyses were conducted using custom Python
scripts that used BioPython, version 1.78 (Cock et al., 2009), and NumPy, version 1.20.3 (Harris
et al., 2020), modules. Sequence similarity in protein-coding and non-coding regions was
calculated from their corresponding multiple sequence alignment files. The percent sequence
similarity for each position in the alignment was calculated by determining if the nucleotide /
amino acid at each position was the same as the nucleotide / amino acid for A. fumigatus Af293
and then dividing by 10. The percent similarity for each nucleotide / amino acid in each of the
5,215 non-coding and protein-coding regions of genes was averaged and reported. We discovered
that the non-coding regions of only 732 of the 5,215 genes contained >500 bp of sequence
directly upstream of the first codon in all ten taxa and exhibited sequence similarity >75%

32


https://www.ncbi.nlm.nih.gov/
https://github.com/alecbrown24/General_Bio_Scripts
https://www.python.org/

between the 4. fumigatus Af293 sequence and each of the other other nine strains / species,
enabling us to construct accurate multiple sequence alignments. Thus, we focused our analyses
on these 732 genes.

Phylogenetic tree inference and comparisons

To construct a phylogenomic data matrix, codon-based alignments for all 5,215 single-copy
protein-coding orthologs were individually trimmed using ClipKIT, version 1.1.5 (Steenwyk et
al., 2020), with the ‘gappy’ mode and the gaps parameter set to 0.7. The resulting trimmed
codon-based alignments were then concatenated into a single matrix with 9,248,205 sites using
the ‘create_concat’ function from PhyKIT, version 1.2.1 (Steenwyk et al., 2021). Next, the
evolutionary history of the ten Aspergillus genomes was inferred using IQ-TREE, version 2.0.6
(Minh et al., 2020), and the “GTR+F+I+G4” model of sequence evolution, which was the best
fitting one according to the Bayesian Information Criterion (Waddell and Steel, 1997; Vinet and
Zhedanov, 2011). Bipartition support was assessed using ultrafast bootstrap approximations
(Hoang et al., 2018). All bipartitions received full support. The inferred topology is congruent
with known relationships inferred from analyses of single or a few loci as well as from genome-
scale analyses (Hubka et al., 2018; Steenwyk et al., 2019; dos Santos et al., 2020).

To identify gene trees whose phylogeny was statistically different from the species phylogeny,
we used the approximately unbiased test (Shimodaira, 2002). Protein-coding region and non-
coding region trees were inferred using IQ-TREE, version 2.0.6 (Minh et al., 2020), with
“GTR+I+G+F” as it was the best fitting substitution model (Waddell and Steel, 1997; Vinet and
Zhedanov, 2011). The distributions of branch lengths for protein-coding region and non-coding
region trees were determined using the “total tree length” function from PhyKIT version 1.2.1
(Steenwyk et al., 2021).

Analysis of molecular evolutionary rates of protein-coding and non-coding regions between
the major pathogen A. fumigatus and its relatives

To determine the rate of sequence evolution in protein-coding region alignments between A.
fumigatus and close relatives, we examined variation in the ratio of the rate of nonsynonymous
(dN) to the rate of synonymous (dS) substitutions (dN/dS or ®) across the phylogeny. We first
obtained codon-based alignments from their corresponding protein sequence alignments using
pal2nal, version 14 (Suyama et al., 2006). We next used the codon-based alignments to calculate
o values under two different hypotheses using the codeml module in paml, version 4.9 (Yang,
2007). For each gene tested, the null hypothesis (Ho) was that all branches of the phylogeny
exhibit the same estimated « value. We compared Ho to an alternative hypothesis (Ha) which
allows for the branch leading to 4. fumigatus to have a distinct estimated o value from the rest of
the branches. To determine whether Ha was significantly different from Ho for each of the
codon-based alignments, we used the likelihood ratio test with a statistical significance threshold
of a=0.01.

To determine the rate of sequence evolution in non-coding region alignments between A.
fumigatus and close relatives, we examined variation in the ratio of the rate of substitutions in
each non-coding region (dNC) to the rate of synonymous (dS) substitutions in its corresponding
protein-coding region (ANC/dS or {) across the phylogeny. Like the analysis of the protein-
coding regions, the null hypothesis (Ho) was that all branches of the phylogeny exhibit the same
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estimated  value. We compared Ho to an alternative hypothesis (Ha) which allows for the branch
leading to A. fumigatus to have a distinct estimated C value from the rest of the branches. { values
were calculated under the different hypotheses using HyPhy version 2.2.2 (Pond et al., 2004)
with the “nonCodingSelection.bf” batch file as established by Oliver Fedrigo (Haygood et al.,
2007; Fedrigo et al., 2011). To determine whether Ha was significantly different from Ho for
each of the non-coding region alignments, we used the likelihood ratio test with a statistical
significance threshold of oo = 0.01.

Functional enrichment analyses of genes with signatures of different evolutionary rates

To determine whether genes with signatures of different evolutionary rates in either their protein-
coding or non-coding regions are enriched for particular functional categories, we implemented
the Gene Ontology (GO) Term Finder webtool on AspGD (Cerqueira et al., 2013) using default
settings. We conducted two separate analyses. The first examined those 4. fumigatus genes that
exhibited a different evolutionary rate in their non-coding regions, whereas the second examined
those A. fumigatus genes with a different evolutionary rate in their protein-coding regions. These
gene sets were compared to a general background set that includes all the features / gene names
in the database with at least one GO annotation for 4. fumigatus. Both analyses used a p-value
cutoff of 0.05.

Examination and visualization of mutational signatures

To identify interesting examples of sequence variation between A4. fumigatus and the other
species for non-coding regions of genes of interest, we visualized and compared multiple
sequence alignments using the MView function in EMBL-EBI (Madeira et al., 2019). Workflow
of methods can be seen in Figure 6.

Proteomes of 10 Aspergillus species/strains

OrthoFinder 2.4.0
DIAMOND 2.0.9

5215 single copy orthologous genes

MAFFT 7.453
Biopython 1.78
NumPy 1.20.3

732 sequence alignments with homologous non-coding regions

ClipKIT 1.1.5
PhyKIT 1.2.1
IQ-TREE 2.0.6
Pal2nal v. 14

Codon alignments and phylogenetic trees constructed for protein-coding regions

v

Test for different evolution rate in protein-coding and non-coding regions

HyPhy 2.2.2 /\Cmem in paml 4.9

418 genes with different evolutionary 100 genes with different evolutionary
rate in their A. fumigatus non-coding rate in their A. fumigatus protein-coding

regions regions
MView in EMBL-EBI

25 genetic determinants of virulence
sequence alignment visualization

Figure 6. Workflow of methods for Chapter 2.
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Results

Aspergillus species exhibit extensive sequence variation in their non-coding regions.

To analyze the sequence diversity of non-coding regions in section Fumigati, we first identified
5,215 single-copy orthologous genes amongst ten strains / species in the section (Figure 1A). We
then computed the percent similarity between the non-coding and protein-coding regions of each
A. fumigatus Af293 ortholog and their homologous non-coding and protein-coding regions in the
other nine taxa. Those individual percent similarities were then averaged to get the final percent
similarity for the non-coding and protein-coding regions of that ortholog. Averaging the non-
coding region percent similarities for the 5,215 single-copy orthologous genes revealed an
average similarity of ~72%; 648 alignments exhibited <50% similarity, 3,665 exhibited sequence
similarity between >50% and <75%, and 902 exhibited >75% similarity. Interestingly, three
genes exhibited > 90% similarity. These genes were cnaB, whose protein product is a calcineurin
regulatory subunit and whose transcript is induced by exposure to human airway epithelial cells
(Juvvadi et al., 2011; Oosthuizen et al., 2011), AFUA_6G07800, which is predicted to be a
transcription factor with unknown function (Cerqueira et al., 2013), and AFUA _6G04530, which
is predicted to have a role in histone acetylation (Cerqueira et al., 2013).

Average percent similarity by position in Aspergillus non-coding region alignments (Figure 1B)
revealed that the percent similarity directly upstream of the first codon (-1 bp upstream) is higher
than 60% and decreases as the distance from the first codon increases, approaching 40%
similarity. This result suggests that potentially conserved promoter and cis-regulatory elements
occur in these non-coding regions and is consistent with transcription factor binding location in
A. fumigatus (de Castro et al., 2014; Chung et al., 2014). For comparison, we also calculated the
average percent similarity by position in the protein-coding region alignments of all 5,215 genes
(Figure 1C). We found that the percent similarity of the first amino acid (+1) was ~100%,
indicative of the first methionine; similarity was high throughout the first 167 sites of amino acid
alignment but decreased as the distance from the first amino acid increased, approaching 60%
amino acid sequence similarity.

Examination of the 4,567 genes whose non-coding region alignments exhibited >50% similarity
(i.e., the 3,665 genes whose similarity was >50% and <75%, and the 902 that had >75%
similarity) revealed several instances in which one or more sequences were poorly aligned for
stretches of 100 bp or more. This was especially true when sequences in these alignments
exhibited large variation in their lengths. Further, we found a low level of synteny as genes
immediately upstream of a non-coding region of interest generally differed between species.

We also determined the number of conserved non-coding regions with >75% sequence similarity
and that were >500 bp in length between 4. fumigatus Af293 and each of the other nine taxa,
separately (Figure 1). We found that 4. novofumigatus shares the fewest number of conserved
non-coding regions (2,321) despite being more closely related to A. fumigatus than other species
included in our phylogeny (Houbraken et al., 2014; Steenwyk et al., 2019; Rokas et al., 2020);
this suggests that the quality of annotations may differ across the ten genomes examined and that
improvements in the gene annotation of these genomes could increase the number of conserved
non-coding regions shared by these taxa. A. fumigatus A1163 shared the greatest number of
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conserved non-coding regions with A. fumigatus Af293 (5,020). With the exceptions of A.
novofumigatus, A. oerlinghausenensis, and A. thermomutatus, the closer a relative is to 4.
fumigatus Af293, the greater the number of conserved non-coding regions that are shared.

Number conserved non-coding
Tree scale: 0.01 regions
A. fumigatus A293
A. fumigatus A1163 5,060
A cerlinghausenensis 3,922
A. fischeri 4,138
A. novofumigatus 2,321
A. fumigatiaffinis 3,756
A. lentulus 3,712
A. udagawae 3,242
A thermomutatus 2407
A. lurcosus 2,498
B c D
Average similarity by position in Aspergillus Average similarity by position in Aspergilius Average non-coding sequence length (max 500 bp)
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Figure 7. Aspergillus section Fumigati species exhibit sequence variation in non-coding
regions that are 500 base pairs upstream of genes’ first codon.

A. Species phylogeny of two A. fumigatus reference strains (Af293 and A1163) and closely
related Aspergillus section Fumigati species constructed from concatenation analysis of a 5,215-
gene data matrix. Branch lengths correspond to nucleotide substitutions / site. Note the long
branch leading to 4. fumigatus, indicative of a greater number of nucleotide substitutions per site
in this species. The number of genes whose non-coding regions were conserved (> 75% sequence
similarity between each species and > 500 bp in length) between A. fumigatus Af293 and each
species are shown next to the corresponding taxa. B. Average percent sequence similarity of non-
coding regions of 5,215 genes by position, relative to the gene’s first codon. Sequence
alignments of non-coding regions were compared by position and the average percent similarities
for each site are reported with -1 indicating the site directly upstream of the first codon and -500
indicating the site 500 bp upstream of the first codon. C. Average percent sequence similarity by
position of the first 167 amino acid sites in the alignments of 5,215 genes, relative to the gene’s
first codon. The average percent similarity for each site is reported, with +1 indicating the first
amino acid. D. Average sequence alignment lengths of the 5,215 non-coding regions examined in
this study. 4,079 of the 5,215 non-coding regions have > 500 bp in all 10 strains/species used in
this study.
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Phylogenetic analyses reveal differences between non-coding region trees and protein-
coding region trees.

To help determine if differences existed between non-coding and protein-coding regions across
our species, we first compared total branch lengths in phylogenetic trees constructed from both
non-coding and protein-coding regions from all 5,215 genes. Comparisons of the overall
distributions between these two groups revealed a statistically significant difference between the
overall branch lengths of protein-coding and non-coding regions (Wilcoxon signed-ranked test;
p-value = 0.004), suggesting that non-coding regions of single-copy orthologs evolve faster than
protein-coding regions.

Many non-coding but fewer protein-coding regions exhibit different rates of evolution in A.
Jumigatus.

Given the uncertainty regarding the homology of some sequences in these 5,215 non-coding
region alignments and our finding that most sequence conservation was found near the first
codon position, we focused our evolutionary rate analyses only on the 732 non-coding region
alignments whose sequences were all >500 bp long and exhibited >75% sequence similarity
between A. fumigatus Af293 and each other strain / species in the phylogeny. Briefly, to
determine the rate of sequence evolution in protein-coding and non-coding region alignments
between A. fumigatus and close relatives, we examined variation in the ratio of the rate of
nonsynonymous (dN) to the rate of synonymous (dS) substitutions (® value) for protein-coding
regions and the variation in the ratio of the rate of non-coding (dNC) to the rate of synonymous
(dS) substitutions (ANC/dS or € value) for non-coding regions across the phylogeny. To test
whether the molecular evolutionary rates of protein-coding and non-coding regions differed
between the major pathogen A. fumigatus and its relatives, we statistically examined whether
protein-coding and non-coding A. fumigatus sequences evolved at a similar (Ho) or different (Ha)
rate as those of other taxa (Figure 8).
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Figure 8. Examining whether the non-coding and protein-coding regions of 732 genes have
different evolutionary rates in the major pathogen A. fumigatus.

The top two panels present the null and alternative hypotheses for evolutionary rate difference in
the protein-coding regions of A. fumigatus genes relative to the other species. The null
hypothesis (Ho, upper left) constrains all @ (dN/dS) values across all branches to be less than or
equal to 1, the neutral evolutionary rate. The alternative hypothesis (Ha, upper right) allows the
branch leading to A. fumigatus (dashed branch) to have an o value lower than, equal to, or
greater than 1 (indicative of evolutionary rate difference) compared to the background branches.
The bottom two panels present the null and alternative hypotheses for evolutionary rate
difference in the non-coding regions of 4. fumigatus genes relative to other species. Similarly,
the null hypothesis (Ho, bottom left) constrains all { (ANC/dS) values across all branches to less
than or equal to 1. The alternative hypothesis (Ha, bottom right) allows for the branch leading to
A. fumigatus (dashed branch) to have a { value lower than, equal to, or greater than 1
(evolutionary rate difference) compared to the background branches. For each protein-coding
and non-coding region, a likelihood ratio test was used to determine which hypothesis best fits
the data.

Examination of protein-coding regions identified 100 / 732 genes (13.7% of examined genes)
that significantly rejected Ho (under which all branches exhibited the same » value) over Ha
(which postulates that the o value of the branch leading to A. fumigatus was distinct from the
background o value of all other branches) (Figure 9). Examination of non-coding regions
identified 418 / 732 genes (57.1% of examined genes) that significantly rejected Ho (under which
all branches exhibited the same { value) over Ha (which postulates that the { value of the branch
leading to A. fumigatus was distinct from the background ( value of all other branches) (Figure
3C). Taken together, these results suggest a much higher amount of variation in non-coding
regions than in protein-coding regions between A. fumigatus and relatives. The p-value
distribution of protein-coding regions is uniform, while the p-value distribution of non-coding
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regions is bimodal with nearly all p-values being either under 0.05 or 1.0. This result suggests
that the 418 non-coding regions exhibited major differences in their relative fit for the two
hypotheses, whereas protein-coding regions exhibited much smaller differences.
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Figure 9. Non-coding regions of 4. fumigatus genes exhibit many more signatures of
evolutionary rate difference than their corresponding protein-coding regions.

A. The null hypothesis (Ho) that all branches have the same evolutionary rate. B-C. The
alternative hypotheses assume that the o value (Bi) or the { value (Ci) in the branch leading to A4.
Sfumigatus differs from the value in the rest of the branches of the phylogeny. Bii. 632 of 732
protein-coding regions (84.34%) did not reject Ho (gray) and 100 of 732 (16.66%) rejected Ho
(blue). Biii. The distribution of p-values for protein-coding regions that did not (gray) and did
(blue) reject Ho. Cii. 314 of 732 non-coding regions (42.90%) did not reject Ho (gray) and 418 of
732 non-coding regions (57.10%) rejected Ho (red), which suggests a greater amount of variation
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in non-coding regions than in protein-coding regions between A. fumigatus and relatives. Ciii
The distribution of p-values for non-coding regions that did not (gray) and did (red) reject Ho.

Genes with signatures of a different evolutionary rate in non-coding regions are enriched
for regulatory functions in A. fumigatus.

To identify functions that were over-represented in the list of genes that rejected Ho for either
their coding or non-coding regions, we conducted gene ontology (GO) enrichment analyses.
Examination of significantly over-represented GO terms for the 418 genes with signatures of
different evolutionary rates in non-coding regions revealed numerous biological processes
related to regulation, metabolism, and development (e.g., “cellular component organization or
biogenesis”, p = 0.00016; “regulation of protein metabolic process”, p = 0.00101; “hyphal
growth”, p = 0.00352; “regulation of cell cycle”; p = 0.0076; “developmental process”, p =
0.01233; “reproduction”. p = 0.00361). Of the 418 genes, 71 lacked any functional GO
annotation. In comparison, for the 314 genes that did not exhibit a different evolutionary rate in
their non-coding regions, the only term that was enriched was “nucleotide binding” (p =
0.06129) and was found associated with 48 genes. For the 100 genes with signatures of different
evolutionary rate in their protein-coding regions, only one function was found enriched
(“regulation of cellular process”, p = 0.02647). Of note, 74 of the protein-coding genes lacked
any functional GO annotation.

Four genes whose non-coding regions exhibit different evolutionary rates in A. fumigatus
also bind transcription factors that are known genetic determinants of virulence.

To identify if any of the A. fumigatus genes with different evolutionary rates in their respective
non-coding regions also contain known TF binding sites, we compared the list of 418 non-coding
regions to binding sites of two TFs known to be genetic determinants of virulence, CrzA and
SrbA (Cramer et al., 2008; Willger et al., 2008). ChIP-seq analysis of CrzA (de Castro et al.,
2014) uncovered 110 genes that are directly bound by the TF in 4. fumigatus strain Af293. Of
these, 28 were reported to exhibit CrzA binding within 500 bp of the first codon, and two genes,
AFUA_8G05090 (a putative MFS transporter) and AFUA_3G09960 (Aureobasidin resistance
protein), exhibited a different evolutionary rate in the non-coding regions of 4. fumigatus strains
in our analysis. ChIP-seq analysis of StbA (Chung et al., 2014) revealed 112 genes directly
bound by the TF in A. fumigatus strain A1163. Of these, 57 were reported to exhibit SrbA
binding within 500 bp of the first codon, and two genes, AFUB 074100 (a gene of unknown
function which appears to interact with s/dA4, a checkpoint protein kinase) and AFUB_012300 (a
gene predicted to be involved in nitrate assimilation), exhibited a different evolutionary rate in
the non-coding regions of 4. fumigatus strains in our analysis. Importantly, we found that for all
four genes (AFUA_8G05090, AFUA_3G09960, AFUB_074100, and AFUB_012300) there was at
least a 2 bp sequence difference between A. fumigatus and at least one close relative in their
sequences at the TF binding site location (Figure 10). Together, our results suggest that
intergenic non-coding regions that bind known TFs can exhibit substantial differences in their
evolutionary rates between A. fumigatus and close relatives, which raises the hypothesis that
these differences may lead to differences in gene expression.
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Figure 10. CrzA and SrbA binding locations in 4 genes that exhibit a different evolutionary
rate in their non-coding regions.

Two A. fumigatus genes (AFUA_8G05090 and AFUA_3G09960) known to bind CrzA in their
non-coding regions and two A. fumigatus genes (AFUB_074100 and AFUB_012300) known to
bind SrbA in their non-coding regions have at least a 2 bp difference in the TF binding site
between A. fumigatus and one or more relatives. Red boxes represent the binding site locations
found in previous ChIP-seq experiments.

Non-coding regions upstream of genetic determinants of virulence with different rates of
evolution in A. fumigatus.

We identified 25 genetic determinants of virulence whose non-coding regions exhibited a
different rate of evolution in A. fumigatus (Table 1). Three genes (metR, his3, and metl6) are
involved in amino acid biosynthesis, eight genes (chsF, calA, gel2, nrpsi, gfal, csmB, rimA, and
rodA) are involved in cell wall biosynthesis, nine genes (noc3, spe2, gusl, pril,

AFUA _2G10600, maks, pkaR, ramA, and somA) are involved in cellular metabolism, two genes
(aspB and tom40) are involved in hyphal growth, and three genes (g/iG, glil, and gliJ) are
involved in gliotoxin biosynthesis. Of the 25, 14 genes (metR, chsF, calA, gel2, nrpsl, gfal,
csmB, rimA, rodA, AFUA_2G10600, pkaR, ramA, somA, and aspB) have been shown to
modulate virulence in an animal model of infectious disease. Three genes (g/iG, glil, and gliJ)
are required for the biosynthesis of gliotoxin, a secondary metabolite involved in A. fumigatus
virulence (Brakhage & Langfelder, 2002; Dagenais & Keller, 2009), and deletions of the eight
remaining genes (his3, metl6, noc3, spe2, gusl, pril, mak5, and tom40) have been previously
shown to be important for viability and therefore, likely virulence (for a detailed list, see:
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Steenwyk et al., 2021). Interestingly, only two of these 25 genes (csmB and rodA) exhibit a
signature of different evolutionary rate in their protein-coding region as well, a finding consistent
with our result that there are more changes in non-coding regions than in protein-coding regions

of Aspergillus genes.

Table 1: Twenty-five genetic determinants of A. fumigatus virulence have a different
evolutionary rate in their non-coding regions.

Gene ID Gene Specific Function General Pathway Reference
Name

AFUA_4G06530 metR putative bZip amino acid Amich et al.,
transcription factor biosynthesis 2013

AFUA_6G04700 his3 Putative amino acid Hu et al.,
imidazoleglycerol- biosynthesis 2007
phosphate
dehydratase

AFUA_3G06540 metl6 phosphoadenylyl- amino acid Hu et al.,
sulfate reductase biosynthesis 2007
(thioredoxin) activity

AFUA_8G05630 chsF putative chitin cell wall biology Muszkieta et
synthase al.,, 2014

AFUA_5G09360 calA calcineurin a cell wall biology Juvvadi et al.,
catalytic subunit 2013

AFUA 6G11390 gel2 GPl-anchored 1,3- cell wall biology Mouyna et
beta- al., 2005
glucanosyltransferas
e

AFUA_1G10380 nrps1 non-ribosomal cell wall biology Reeves et al.,
peptide synthase 2006

AFUA_6G06340 gfal glutamine-fructose- | cell wall biology Hu et al.,
6-phosphate 2007
transaminase
activity

AFUA 2G13430 csmB putative chitin cell wall biology Muszkieta et
synthase al., 2014

AFUA 3G08520 rimA cell wall cell wall biology Rocha et al.,
organization, cellular 2016
response to stress

AFUA _5G09580 rodA Asexual spores cell wall biology Shibuya et al.,
hydrophobin 1999

AFUA _2G17050 noc3 rRNA processing metabolism Hu et al.,

2007

AFUA _5G03670 spe2 role in spermidine metabolism Hu et al.,

biosynthetic process 2007
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AFUA _5G03560 gusl Putative glutamyl- metabolism Hu et al.,
tRNA synthetase 2007

AFUA 3G09020 pril DNA primase small metabolism Hu et al.,
subunit 2007

AFUA_2G10600 N/A Complex | NADH metabolism Bromley et
oxidoredutase al., 2016

AFUA_6G08900 mak5 role in maturation of | metabolism Hu et al.,
5.85 rRNA 2007

AFUA _3G10000 pkaR cAMP-dependent metabolism Zhao et al.,
protein kinase 2006
regulatory subunit

AFUA_4G10330 ramA role in protein metabolism Norton et al.,
farnesylation 2017

AFUA_7G02260 SomA putative role in lipid | metabolism Linetal.,
homeostasis 2015

AFUA_7G05370 aspB Putative septin hyphal growth Vargas-Muniz

et al., 2015

AFUA_6G05110 tom40 role in conidium hyphal growth Hu et al.,,
formation, hyphal 2007
growth

AFUA _6G09690 gliG gliotoxin production, | secondary Scharf et al.,
Glutathione S- metabolism 2011
transferase

AFUA_6G09640 glil gliotoxin production, | secondary Forseth et al.,
Aminotransferase metabolism 2011

AFUA_6G09650 gliJ gliotoxin production, | secondary Scharf et al.,
Dipeptidase metabolism 2011

Examination of sequence alignments of non-coding regions of these 25 genes (Table 1) revealed
several interesting patterns (Figure 11). For example, the non-coding region of pkaR exhibits a
10 bp stretch from -434 bp to -424 bp upstream of the first codon, which is deleted exclusively in
A. fumigatus and present and largely conserved in all other species (Figure 11A). The non-
coding region of gfal also has a stretch of 5 bp exclusively deleted in A. fumigatus and present in
all other species. Sequence alignment of the g/iG non-coding region revealed an 11 bp G-rich
insertion that is unique to the two 4. fumigatus strains (Figure 11B). In addition to A. fumigatus-
specific indels, we also observed that the non-coding regions of several genes known to be
involved in A. fumigatus virulence exhibited indel variation across the other Aspergillus species
examined as well. For example, the non-coding region of metR exhibits a 7 bp pyrimidine rich
insertion that is found only in 4. fumigatus, A. oerlinghausenensis, and A. lentulus (Figure 11C),
while the non-coding regions of cal4 and pril both have small sequences (12 bp and 5 bp,
respectively) that are exclusively absent in A. fumigatus strains Af293 andA 1163, and in A.

oerlinghausenensis.
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Figure 11. Notable examples of sequence differences between A. fumigatus and its close
relatives in non-coding regions located upstream of three known genetic determinants of A.
fumigatus virulence that exhibited signatures of a different evolutionary rate.

A. pkaR encodes a regulatory subunit involved in the regulation of the cyclic AMP — dependent
protein kinase pathway; deletion of pkaR in A. fumigatus has been shown to attenuate virulence
in a neutropenic mouse model (Zhao et al., 2006). The sequence alignment of the non-coding
region of the pkaR gene exhibits a 10 bp region (red box) that is uniquely deleted in 4. fumigatus
but present in all other close relatives. B. gl/iG encodes for a glutathione S-transferase (GST) that
is part of the gliotoxin biosynthetic gene cluster and is required for gliotoxin production (Scharf
et al., 2011). Gliotoxin contributes to the virulence of 4. fumigatus, inactivating host vital
proteins via conjugation (Scharf et al., 2011). The sequence alignment of the non-coding region
upstream of the g/iG gene exhibits a 15 bp G-rich region that has been inserted in A. fumigatus
and is absent from all other species. C. metR encodes for a TF involved in sulfur assimilation and
is a known A. fumigatus virulence factor (Amich et al., 2013). The sequence alignment of the
non-coding region of the metR gene contains a 7 bp region that is absent only in A. fumigatus, A.
oerlinghausenensis, and A. lentulus. Colored nucleotides represent sites that are present in 4.
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Sfumigatus Af293 and shared between other species, highlighting differences between the
reference strain and close relatives.

Discussion

We identified a set of 732 genes whose non-coding regions were conserved between the genomes
of reference strain A. fumigatus Af293, the more virulent A. fumigatus reference strain A1163,
and eight closely related species. In these 732 genes, we also tested whether the branch leading
to A. fumigatus exhibited a difference in the evolutionary rate in either its protein-coding or its
non-coding regions compared to the other species. We found that the non-coding regions of 418
of these genes exhibit signatures of a different evolutionary rate in A. fumigatus. These 418 genes
include 25 that are known genetic determinants of A. fumigatus virulence (Steenwyk et al., 2021)
(Table 1). Given the differences in reported invasive aspergillosis cases caused by A. fumigatus
compared to other Aspergillus species (Steinbach et al., 2012), genetic differences in the non-
coding regions of these 418 genes, and especially of these 25 genes previously connected to
virulence, may play a role in varying pathogenic potentials of Aspergillus section Fumigati
species.

Gene Ontology (GO) analysis of the 418 genes which exhibit signatures of a different
evolutionary rate in non-coding regions revealed an enrichment for genes involved in regulation
of metabolism and development. This is consistent with previous studies of the evolution of non-
coding regions in humans (Haygood et al., 2007), which experienced positive selection in non-
coding regions for genes involved in metabolism regulation (particularly glucose metabolism)
and regulation of development (particularly the nervous system) compared to close relatives.
These results raise the possibility that non-coding regions associated with particular functions in
diverse taxa are more likely to experience changes in their evolutionary rates.

We compared our list of genes with signatures of different evolutionary rates with previous
ChIP-seq studies of the transcription factors CrzA and SrbA, both of which are well studied
genetic determinants of virulence for 4. fumigatus (Cramer et al., 2008; de Castro et al., 2014;
Colabardini et al., 2021; Willger et al., 2008; Chung et al., 2014). We found that the non-coding
regions of two genes bound by CrzA (AFUA_8G05090 and AFUA_3G09960) and two genes
bound by StbA (AFUB_074100 and AFUB_012300) also exhibited different evolutionary rates
in A. fumigatus. We found several nucleotide differences in these non-coding regions that likely
contributed to the observed differences in evolutionary rate. Interestingly, when we examined the
sequence alignments of the non-coding regions of these genes, we found differences at the TF
binding sites (TFBS) between A. fumigatus and relatives. We hypothesize that the different
evolutionary rate we observed in these A. fumigatus genes are due, in part, to changes in the
associated TFBS, which may influence the regulation of these genes.

Comparisons between Saccharomyces cerevisiae and Saccharomyces paradoxus non-coding
regions that were similar to the ones we report here, revealed that TFBS tend be more conserved
in the proximal promoter region (within 200bp of the transcription start site) than the distal
region, yet some differences in TFBS were reported between the two species in their respective
proximal promoter regions (Schaefke et al., 2015). Evolutionary differences near the
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transcription start site have also been reported in Drosophila species, with certain species (such
as Drosophila pseudoobscura) exhibiting an increased mutation rate upstream of the
transcription start site when compared to Drosophila melanogaster (Main et al., 2013).
Combined with the results presented here, it is likely that the evolution of non-coding regions is
not uniform across closely related species and that these differences may play a functional role in
downstream gene expression.

We compared our list of 418 genes with signatures of a different evolutionary rate in the non-
coding regions of A. fumigatus to a previously curated set of 206 genetic determinants of A.
fumigatus virulence (Steenwyk et al., 2021) and found that 25 of the 206 exhibited a different
evolutionary rate their non-coding regions between A. fumigatus and close relatives. We found
that the most represented general function amongst these 25 genes was “metabolism”, which
raises the question of their impact on virulence, given the role that metabolism has been shown
to play in A. fumigatus virulence (Willger et al., 2009). In particular, pkaR is essential for proper
protein kinase A signaling (Griffioen & Thevelein, 2002) and plays a key role in the germination
and growth of 4. fumigatus asexual spores (Zhao et al., 2006). Moreover, pkaR has been shown
to be required for 4. fumigatus virulence (Lin et al., 2015) in an immunocompromised murine
model of invasive aspergillosis (Fuller et al., 2011). We found that the protein-coding region of
pkaR does not exhibit a different evolutionary rate in 4. fumigatus, suggesting that it is
conserved. However, analysis of the sequence alignment of the non-coding region revealed a 11
bp region (CAACTTCTTT) absent in 4. fumigatus but present in all other species (Figure 11).
Interestingly, this binding site is similar to the predicted TFBS for the S. cerevisiae TF Stel2
(Badis et al., 2008), a homolog to SteA in 4. fumigatus. While it has yet to be elucidated if this
region is involved in SteA binding, it may be that its absence changed the regulation of pkaR and
thus somehow contributed to the evolution of 4. fumigatus virulence.

The role of gliotoxin in 4. fumigatus-mediated disease has been of increasing interest, due to its
ability to inhibit the host immune response (Raffa & Keller, 2019). However, the gliotoxin
biosynthetic gene cluster is found in both A. fumigatus and its non-pathogenic close relatives 4.
oerlinghausenensis and A. fischeri, and all three species are known to produce gliotoxin
(Knowles et al., 2020; Steenwyk et al., 2020). Here, we identify that three genes in the gliotoxin
biosynthetic gene cluster (g/iG, gliJ, glil) exhibit a different evolutionary rate in their non-coding
regions in A. fumigatus. Gliotoxin genes have been shown to require certain TFs (GliZ and RgIT
for example) for gliotoxin biosynthesis and/or self-protection (Schrettl et al., 2010; Ries et al.,
2020; de Castro et al., 2021). Interestingly, analysis of the sequence alignment of the non-coding
region of gliG revealed a G-rich region unique to 4. fumigatus (Figure 11). G-rich regions have
been previously reported to be found in biologically active sites and to play important roles in
regulating cellular processes such as gene expression (Maizels & Gray, 2013; Maity et al., 2020).
This A. fumigatus-specific G-rich region may contribute to some unknown gliotoxin expression
pattern that contributes to A. fumigatus virulence or the lack of disease caused by other closely
related Aspergillus species.

metR encodes a bZIP DNA binding protein required for sulfur metabolism in A. fumigatus and
whose gene expression is regulated by LaeA, a major regulator of secondary metabolism (Jain et
al., 2018. Pertaining to A. fumigatus virulence, sulfur assimilation plays key roles in oxidative
stress response and gliotoxin biosynthesis (Traynor et al., 2019). Recent efforts have identified
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differences in the transcriptional profiles of 4. fumigatus and relatives in response to exogenous
gliotoxin, highlighting the pathways relating sulfur assimilation and gliotoxin production (de
Castro et al., 2021). The non-coding region of metR contains a 7 bp region (TCACCT) in 4.
fischeri and five other species; in contrast, the two strains of A. fumigatus, A. oerlinghausenensis
and A. lentulus all lack this 7 bp motif (Figure 5). While it remains unclear if this 7 bp motif has
a functional role in the expression of merR, this result nicely illustrates the complex patterns of
sequence evolution of non-coding regions in this clade of pathogens and non-pathogens.

A major outstanding question emanating from our work is whether this extensive non-coding
sequence variation of closely related Aspergillus species that vary in their pathogenicity
functionally contributes to differences in gene expression between strains and species. Currently,
there are no datasets available that report genome-wide differential expression data for A4.
fumigatus and close relatives; to our knowledge, the only published differential expression study
of A. fumigatus and close relatives focused on expression differences only for genes involved in
secondary metabolism (Takahashi et al., 2021). Designing and performing differential gene
expression experiments in diverse Aspergillus species will be a future aim. Additional future
work will include functionally test if the non-coding region differences we report here play a role
in A. fumigatus expression and virulence. Further, testing if non-coding regions in a larger set of
A. fumigatus strains exhibit differences in evolutionary rates would help to elucidate more recent
evolutionary changes in A. fumigatus and the pathogenic differences observed in these strains as
well.
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Chapter 3: Genome-wide patterns of non-coding sequence variation in the major fungal
pathogen Aspergillus fumigatus

(This Chapter is adapted from Brown et al., 2024)

Abstract

A. fumigatus is a deadly fungal pathogen, responsible for >400,000 infections per year and high
mortality rates. 4. fumigatus strains exhibit multiple phenotypic differences. For example, the
A1163 strain is more virulent than the Af293 strain in multiple animal models of fungal disease.
However, most 4. fumigatus protein-coding genes, including those that modulate its virulence,
are shared between A. fumigatus strains as well as with closely related non-pathogenic relatives.
We hypothesized that A. fumigatus genes exhibit substantial genetic variation in the non-coding
regions immediately upstream to the start codons of genes, which could reflect differences in
gene regulation between strains. To begin testing this hypothesis, we identified 5,812 single-copy
orthologs across the genomes of 263 A. fumigatus strains. A. fumigatus non-coding regions
showed higher levels of sequence variation compared to their corresponding protein-coding
regions. Specifically, we found that 1,274 non-coding regions exhibited <75% nucleotide
sequence similarity (compared to 928 protein-coding regions) and 3,721 non-coding regions
exhibited between 75% and 99% similarity (compared to 2,482 protein-coding regions) across
strains. Only 817 non-coding regions exhibited > 99% sequence similarity compared to 2,402
protein-coding regions. By examining 2,482 genes whose protein-coding sequence identity
scores ranged between 75% and 99%, we identified 478 total genes with signatures of positive
selection only in their non-coding regions and 65 total genes with signatures only in their
protein-coding regions. 28 of the 478 non-coding regions and 5 of the 65 protein-coding regions
under selection are associated with genes known to modulate A. fumigatus virulence. Non-coding
region variation between A. fumigatus strains included single nucleotide polymorphisms and
insertions or deletions of at least a few nucleotides. These results show that non-coding regions
of A. fumigatus genes harbor greater amounts of sequence variation than protein-coding regions,
raising the hypothesis that this variation may substantially contribute to 4. fumigatus phenotypic
strain heterogeneity.
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Introduction

Invasive Aspergillosis (IA) is one of the deadliest fungal diseases to humans, responsible for
over 400,000 infection per year with mortality rate >50% (Bongomin et al., 2017). Most IA cases
(>90%) are caused by Aspergillus fumigatus (Steinbach et al., 2012; Rokas et al., 2020), a
saprophytic fungus commonly found in the soil (Flores et al., 2014) as well as urban
environments, such as waste piles and hospitals (Wirmann et al., 2018). In its natural
environment, 4. fumigatus plays an important role in nitrogen and carbon recycling (Latge et al.,
2019). A. fumigatus has adapted over time to survive environmental pressures, such as high
temperatures, variation in pH, and low oxygen availability (Bhabhra & Askew, 2005; Park & Yu,
2016; Rees et al., 2017), and to compete with other microorganisms for resources (Latge et al.,
2019). Recently, the World Health Organization included A4. fumigatus in its first ever list of
fungal “priority pathogens”, a testament to its seriousness as a threat to public health (WHO,
2022).

A. fumigatus typically reproduces via asexual spores (conidia), which are released into the air for
eventual germination. While some spores eventually return to the soil, others are inhaled by
humans, where they interact with the epithelium of the lung (Chotirmall et al., 2013). Aided by
their small diameter (2-3 pm) and hydrophobic outer layer, these spores can subsequentially
reach the lung alveoli (Croft et al., 2016). Once in the lung, A. fumigatus must survive a hostile
environment and host defense system (Bertuzzi et al., 2018). Immunocompetent individuals clear
these spores, but immunocompromised ones are at risk of developing IA (Cadena et al., 2021).

Several species closely related to 4. fumigatus are not considered pathogenic (de Vries et al.,
2017; Rokas et al., 2020; Mead et al., 2021). For example, Aspergillus fischeri is a close relative
of A. fumigatus (the two species share >90% average nucleotide sequence identity and >95%
average amino acid sequence identity between orthologs), yet 4. fischeri is less virulent and is
not considered clinically relevant (Mead et al., 2019; Steenwyk et al., 2020). Early genomic
comparisons between two strains of A. fumigatus (Af293 and A1163) and one strain of 4. fischeri
(NRRL 181) revealed a set of genes uniquely present in 4. fumigatus (Fedorova et al., 2008).
However, a more recent genomic examination of 18 Aspergillus section Fumigati strains
representing 13 species found that 206 known genetic determinants of virulence in A. fumigatus
are all shared between A. fumigatus and at least one other closely related, non-pathogenic species
(Mead et al., 2021). Finally, recent examinations of genomic variation between the genomes of
hundreds of A. fumigatus isolates (Barber et al., 2021; Lofgren et al., 2021, Horta et al., 2022)
have revealed that A. fumigatus has an open pangenome with ~70% of its genes being highly
conserved across strains (core) and that orthologs from both clinical and environmental strains
exhibit a high degree of sequence conservation.

Variation in non-coding regions can also contribute to phenotypic variation, including variation
in gene expression, between and within species (Caroll, 2005). We have previously demonstrated
that non-coding regions between two A. fumigatus reference strains, Af293 and A1163 (Brown et
al., 2022; Colabardini et al., 2022), as well as between A. fumigatus and its non-pathogenic close
relatives are highly variable (Brown et al., 2022). For example, we found that 418 A. fumigatus
genes exhibit a different rate of evolution in their non-coding regions (relative to non-pathogenic
close relatives), including the non-coding regions of 25 genes that are known genetic
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determinants of 4. fumigatus virulence. Examination of these non-coding regions revealed
numerous single nucleotide and insertion/deletion (indel) differences between A. fumigatus and
closely related non-pathogenic species (Brown et al., 2022).

To increase our knowledge of non-coding region variation within A. fumigatus and how levels of
non-coding sequence variation compare to levels of protein-coding sequence variation, we
examined the genomes of 263 A. fumigatus strains (using 2 A. fischeri strains as an outgroup). Of
the 5,812 single copy orthologs identified across all strains, 2,402 genes had identical or near
identical sequences (= 99%); the same was true for 817 non-coding regions; 3,721 non-coding
regions exhibited between 75% and 99% similarity (compared to 2,482 protein-coding regions);
and 1,274 genes had a percent identity < 75% in their respective non-coding regions and 928 in
their protein-coding regions; regions with low sequence similarity tend to yield unreliable
sequence alignments, and were not included in subsequent analyses. Instead, we focused our
analyses on 2,482 genes whose protein-coding regions exhibited percent sequence identities
between 75% and 99%, performing two different tests of positive selection: the McDonald-
Kreitman test (McDonald & Kreitman, 1991, Murga-Moreno et al., 2019) and the HKA test
(Hudson et al., 1987, Ferretti et al., 2012). Examination of relative levels of sequence
polymorphism to divergence of the non-coding and protein-coding regions of these 2,482 genes
using the MK test identified 472 non-coding and 217 protein-coding regions with signatures of
positive selection. These non-coding regions include 18 known genetic determinants of A.
fumigatus virulence, such as zrfB (plasma membrane zinc transporter), myoE (class V myosin,
involved in cellular morphogenesis), and p/d2 (putative phospholipase D protein). The HKA test
identified 207 non-coding and 4 protein-coding regions whose polymorphism to divergence ratio
was different compared to a neutral locus. The 207 upstream non-coding regions identified with
the HKA test included 4 genetic determinants of 4. fumigatus virulence; 1 of the 4 protein-
coding regions was a genetic determinant of virulence. Molecular function terms enriched for
genes associated with the non-coding regions that showed evidence of selection in both the MK
and HKA tests, include ion-binding, transcriptional regulation, and stress response. Taken
together, these results demonstrate that 4. fumigatus non-coding regions are typically more
variable and more often under positive selection than their protein-coding counterparts, raising
the hypothesis that they too may contribute to phenotypic differences between A. fumigatus
strains.
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Methods

Genomic data collection
All Aspergillus genomes are publicly available and were downloaded from NCBI
(https://www.ncbi.nlm.nih.gov/).

Identification of single-copy orthologous genes

To infer single-copy orthologous genes across all 265 taxa, we used OrthoFinder, version 2.4.0
(Emms & Kelly, 2015). OrthoFinder clustered genes into orthogroups from gene-gene sequence
similarity information obtained using the program DIAMOND version 2.0.9 (Buchfink et al.,
2015) with the proteomes of the 263 A. fumigatus strains and 2 A. fischeri strains as input. The
key parameters used in DIAMOND were e-value = 1 x 10-* with a percent identity cutoff of 30%
and percent match cutoff of 70%. We considered genes to be single-copy orthologs if they were
within the cutoff thresholds and were present in all 265 taxa.

Retrieval of non-coding regions

To identify highly conserved non-coding regions, we first retrieved the non-coding sequences
directly upstream of the first codon of all single-copy orthologous genes from all genomes. Non-
coding sequence retrieval was performed using custom python code which can be found at
https://github.com/alecbrown24/General Bio Scripts (this script was adapted from a previously
available script: https://github.com/shenwei356/bio_scripts). We retrieved the first 1,500 bp of
non-coding sequence directly upstream of the first codon of each gene and used these sequences
to generate FASTA files of non-coding regions, as well as FASTA files of single-copy
orthologous protein-coding sequences using Python version 3.8.2. For some of the non-coding
regions, there were <1,500 bp of non-coding sequence between the first codon of the gene of
interest and an upstream gene; in these instances, only the intergenic region was used for
subsequent analyses.

Alignment and identification of conserved non-coding and protein-coding regions

Multiple sequence alignments for all non-coding and protein-coding regions were constructed
using MAFFT, version 7.453, with default parameter settings (Rozewicki et al., 2019). Codon-
based alignments were inferred from the corresponding protein sequence alignments using
pal2nal, version 14 (Suyama et al., 2006). Sequence identity in protein-coding and non-coding
regions was calculated from their corresponding multiple sequence alignment files using AliStat
version 1.12 (Wong et al., 2020). The percent sequence identity for each position in the
alignment was calculated by determining if the nucleotide at each position was the same as
across all taxa.

To measure evolutionary conservation across individual alignment sites, we implemented the
PhyloP program as part of the Phylogenetic Analysis with Space/Time Models (PHAST) suite of
programs (Ramani et al., 2019). PhyloP scores reflect the evolutionary conservation of individual
nucleotide sites relative to the degree of conservation expected under neutrality. A positive score
is predictive of evolutionary conservation and a negative score is predictive of evolutionary
acceleration relative to neutral expectations.
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Phylogenetic tree inference

A phylogenetic tree of the 265 strains used in this study was generated by pruning from a larger
Aspergillus species phylogeny (Steenwyk et al., 2022) using the Treehouse software in R using
default parameters (Steenwyk & Rokas, 2019). Individual protein-coding region and non-coding
region trees were inferred using IQ-TREE, version 2.0.6 (Minh et al., 2020), with
“GTR+I+G+F” as it was the best fitting substitution model (Waddell and Steel, 1997; Vinet and
Zhedanov, 2011).

Identifying signatures of selection in A. fumigatus protein-coding and non-coding regions
To examine signatures of selection in A. fumigatus protein-coding and non-coding region
alignments, we examined variation in the ratio of non-synonymous / non-coding sites (likely
under selection) to synonymous sites (likely neutral) (Fig. 1). We used the protein-coding and /
or non-coding region alignments to calculate the fractions of polymorphic (differences between
A. fumigatus strains) and divergent sites (differences between A. fumigatus and the outgroup 4.
fischeri) for non-synonymous, synonymous, and non-coding sites using the standard McDonald
Kreitman test function as part of the iIMKT software in R (Murga-Moreno et al., 2019). For
protein-coding regions, the ratio of polymorphic non-synonymous to synonymous sites was
compared to the ratio of divergent non-synonymous to synonymous sites. For non-coding
regions, the ratio of polymorphic non-coding to synonymous sites was compared to the ratio of
divergent non-coding to synonymous sites (Figure 12). For each MK test, the null hypothesis
(HO) assumed that the ratio of selected vs neutral divergent sites was similar to the ratio of
selected vs neutral polymorphic sites. We compared HO to an alternative hypothesis (HI) in
which there are more divergent sites that polymorphic sites across a given protein-coding or non-
coding region, indicating positive selection. To determine whether H1 was significantly different
from HO for each of the codon-based alignments, we used Fischer’s exact test with a statistical
significance threshold of p < 0.05 and a Bonferroni-adjusted alpha value < 0.01 to adjust for
multiple testing.
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Figure 12. Brief overview of the MK and HKA tests of selection for Chapter 3.

The MK test (top) compares the polymorphisms (i.e., sites that vary within 4. fumigatus) and
divergence (sites that are fixed within A. fumigatus but differ from A. fischeri) between selected
sites (non-synonymous or non-coding) and neutral sites (synonymous) between the protein-
coding and non-coding regions of a given gene. For protein-coding regions, non-synonymous
sites are compared to synonymous sites, while for non-coding regions, all sites are considered
non-synonymous sites and are compared to the synonymous sites of the associated protein-
coding region. Under a neutral model, the ratio of selected and neutral sites that are polymorphic
1s the same as the ratio of selected and neutral sites that are divergent. When the ratio of
divergence is greater than the ratio of polymorphism, the MK test assumes that the selection is
acting to fix advantageous non-synonymous changes, resulting in positive selection. The HKA
test (bottom) compares the levels of polymorphism and divergence between two loci (the locus
of interest and a reference, neutral locus). When ratio of polymorphism within species is equal to
the ratio of divergence between species in the two loci, both loci are evolving neutrally. Should
these ratios differ, we conclude that selection is occurring at the locus of interest.

The HKA test was also implemented, which compares the rate of polymorphism within A.
fumigatus to divergence (between A. fumigatus and A. fischeri) at multiple loci (Hudson et al.,
1987) (Figure 12). The HKA test assumes that if two loci are evolving neutrally, the ratio of
polymorphism to divergence at these loci should be relatively constant. We compared loci of
interest to neutral loci using the HKADirect program (Ferretti et al., 2012). Neutral loci were
determined by comparing each of the 2,482 loci to the genomic background using Tajima D’s
test as part of the HKADirect program. The null hypothesis (HO) assumes that the patterns of
genetic variation within a species (polymorphism) and the patterns of genetic differentiation
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between species (divergence) are consistent with neutral evolution. Under these conditions, the
polymorphism to divergence ratio is similar between the loci of interest and neutral loci. We
compared HO to an alternative hypothesis (H1) in which assumes that the patterns of
polymorphism and divergence at the loci of interest deviate from that of neutral loci due to the
action of natural selection. We used Fischer’s exact test with a statistical significance threshold
of p < 0.05 to determine significance.

Unlike the MK test, whose results can be used to directly compare the protein-coding and the
non-coding regions of each gene, the HKA test instead compares each protein-coding and non-
coding region to neutral loci. Thus, the MK test was used to determine differences in signatures
of selection between non-coding regions and their associated protein-coding regions while the
HKA test was used to detect signatures of selection in specific non-coding / protein-coding
regions when compared to neutrally evolving non-coding / protein-coding regions.

Functional enrichment analyses of genes with signatures of selection

To determine whether genes with signatures of selection in either their protein-coding or non-
coding regions were enriched for particular functional categories, we implemented the Gene
Ontology (GO) tool g:PROFILER (Raudvere et al., 2019) using default settings. We performed
four separate analyses for a) enrichment of genes that were significant according to the MK test
of protein-coding regions, b) enrichment of genes that were significant according to the MK test
of non-coding regions, c) enrichment of genes that were significant according to the HKA test of
protein-coding regions, and d) enrichment of genes that were significant according to the HKA
test of non-coding regions. Each of these gene sets was compared to a general background set
that includes all the features / gene names in the database with at least one GO annotation for A.
fumigatus. All functional enrichment analyses used a p-value cutoff of 0.05.

Examination and visualization of mutational signatures

To identify interesting examples of sequence variation between A. fumigatus strains for non-
coding regions of genes of interest, we visualized and compared multiple sequence alignments
using the MView function in EMBL-EBI (Madeira et al., 2019). Workflow of methods can be
seen in Figure 13.
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Figure 13. Flow chart of Methods for Chapter 3.
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Results and Discussion

Protein-coding and non-coding regions exhibit differing levels of sequence conservation
within A. fumigatus

To analyze the sequence diversity of non-coding regions across 4. fumigatus strains (Figure. 14),
we first identified 5,812 single-copy orthologous genes amongst 263 A. fumigatus strains and 2
A. fischeri strains. We then looked to measure evolutionary conservation at individual alignment
sites for both protein-coding and non-coding regions across the 5,812 single copy orthologous
genes of interest. Of the 5,812 single copy orthologous genes, 5,646 were found to be alignable,
thus we focused our subsequent analyses around these genes.

Tree scale: 0.001 +

Figure 14. Phylogeny of the 263 A. fumigatus strains used in this study.

57



A phylogenetic tree of the 265 strains used in this study was generated by pruning from a larger
Aspergillus species tree inferred from analyses of 1,362 protein-coding regions (Steenwyk et al.,
2022).

Examination of PhyloP scores for each protein-coding and non-coding alignment individually
revealed that both protein-coding and non-coding regions exhibit varying levels of conservation
across single copy orthologous genes (Figure 15). Examination of average PhyloP scores in
protein-coding regions revealed a lower area of conservation near their start (first ~100 bp). This
may be due to slight differences in gene annotation between strains or the presence of genuine
variation; utilization of alternate start sites for the same gene has been demonstrated in
Aspergillus (Kjerbelling et al., 2020). Beyond the first ~100 bp, conservation levels of protein-
coding regions remain high throughout the first 1,500 bp. High conservation among protein-
coding regions is also consistent with comparisons between A4. fumigatus and closely related
species (Fedorova et al., 2008).

The average PhyloP score in non-coding regions across A. fumigatus strains revealed the highest
levels of sequence conservation (as indicated by a higher PhyloP score) were directly upstream
of the start site, with conservation generally decreasing further away from the start site. We also
found that conservation begins to fade around 1,500 bp upstream of the start site (as indicated by
a PhyloP score of 0). This pattern of higher sequence conservation in non-coding regions right
upstream of the transcription start site is consistent with a previous study of non-coding regions
comparing A. fumigatus and closely related species (Brown et al., 2022).

To further examine the conservation of pairs of non-coding and protein-coding sequences, we
calculated the percent identity for all single copy orthologs in both their protein-coding and
associated non-coding regions. We found that percent nucleotide sequence identity of protein-
coding regions exhibited weak but significant correlation (r*2 = 0.143 and p-value = <0.0001)
with the percent nucleotide sequence identity of the associated non-coding regions (i.e.,
orthologs with higher percent identity in their protein-coding regions also exhibited higher
percent identity in their non-coding regions). Thus, it was sometimes the case that highly similar
protein-coding regions were associated with non-coding regions that display higher sequence
variation. This result suggested that the functions of genes with highly conserved protein-coding
regions may still differ between strains due to differences in the genes’ non-coding regions. In a
few cases, we also identified highly divergent protein-coding regions that were associated with
highly similar non-coding regions.
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Figure 15. Non-coding regions are less conserved than protein-coding regions in the major
fungal pathogen A. fumigatus.

PhyloP Score for protein-coding and non-coding regions. To determine conservation in protein-
coding (blue) and non-coding (orange) regions, we calculated the PhyloP score across sites of all
multiple nucleotide sequence alignments of protein-coding and upstream non-coding regions of
5,646 single copy orthologs across 263 A. fumigatus strains and 2 A. fischeri strains. Scores of
conservation were measured for individual nucleotide sites and scores were then averaged across
all orthologs. Conserved sites have PhyloP scores above 0 and non-conserved sites have scores
below 0. We find that in non-coding regions, sites that are closer to the start of the transcription
start site (TSS) exhibit a higher level of conservation and generally decrease in conservation as
we move further from the TSS. In protein-coding regions, PhyloP scores are generally above 0,
which are indicative of high sequence conservation; the lowest scores are observed near the start
of the protein-coding regions, which is likely an artifact caused by variation in starting codon
position of gene annotations across 4. fumigatus strains.

We next computed the percent nucleotide sequence identity between the non-coding and protein-
coding regions of each single-copy orthologous gene across all 265 strains (Figure 16) for the
5,646 genes whose protein-coding sequences were alignable. Averaging the non-coding region
percent similarities for the 5,646 single-copy orthologous genes revealed an average identity of
~85%, while the average protein-coding percent identity was ~92%. Additionally, we found that
928 protein-coding alignments exhibited <75% nucleotide sequence identity (this number
includes the 166 unalignable genes), 2,482 exhibited sequence identity between >75% and
<99%, and 2,402 exhibited >99% identity. For non-coding region alignments, there were 1,274
non-coding alignments that exhibited a <75% identity, 3,721 that exhibited sequence identity
between >75% and <99%, and 817 that exhibited >99% identity.
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Figure 16. A. fumigatus orthologs exhibit numerous instances of highly conserved protein-
coding genes whose non-coding regions are poorly conserved.

Percent identity of protein-coding and non-coding regions of 5,646 A. fumigatus genes. Up to
1.5kb upstream noncoding region (orange) is shown to the left were calculated and plotted by
percent identity starting with 100% similar (top row) and descending. The associated protein-
coding regions (blue) are shown to the right. Although the sequence conservation of protein-
coding regions and the sequence conservation of their corresponding non-coding regions are
correlated, there are numerous instances of genes with high protein-coding sequence identity and
a lower identity in their non-coding region. A) A. fumigatus genes ranked by percent nucleotide
sequence identity of their non-coding regions. B) A. fumigatus genes ranked by percent
nucleotide sequence identity of their protein-coding regions.

Many non-coding regions have signatures of positive selection

To examine signatures of selection in 4. fumigatus genes, we performed the MKA and HKA tests
of selection in 2,482 pairs of protein-coding and non-coding region alignments. For the MK test,
we found that a total of 472/2,482 (19.0%) genes exhibit signatures of selection in their non-
coding regions but not in their protein-coding regions, a total of 217/2,482 (8.7%) genes
experienced selection in their protein-coding regions but not in their non-coding regions, and
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144/2,482 (5.80%) genes experienced selection in both their protein-coding and non-coding
regions (Figure 17).

-
o R l'-_--_..1
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Figure 17. A higher number of non-coding regions than protein-coding regions exhibit
signatures of selection under the McDonald-Kreitman test.

Histogram of the distribution of p-values of the MK test. The MK test was calculated for 2,482
single copy orthologs in both protein-coding (blue) and non-coding regions (orange). 217
protein-coding and 472 non-coding regions were found to be significant (p < 0.05).

For the HKA test, we found 4/2,482 (8.8%) and 207/2,482 genes with evidence of positive
selection in their protein-coding and non-coding regions, respectively (Figure 18). Examination
of the genes that were significant under the MK and HKA tests shows that there is relatively
limited overlap for both protein-coding and non-coding regions (Figure 18). For example, only
36 non-coding regions exclusively exhibit evidence of selection by both tests. For protein-coding
regions, the lack of overlap is largely due to the very small number of protein-coding regions that
show evidence of selection in the HKA test. For the non-coding regions, the limited overlap is
likely due to the differences in the neutral sites used by the two tests (the MK test uses the
synonymous sites of the corresponding protein-coding region whereas the HKA test uses all the
sites of a neutrally evolving non-coding region).
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Figure 18. HKA test identified 207 non-coding and 4 protein-coding regions that exhibit a
signature of selection.

Histogram of the distribution of p-values of the HKA test across protein-coding (blue) and non-
coding (orange) regions of 2,482 genes. 207 non-coding and 4 protein-coding regions were
found to be significant (p < 0.05).
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Figure 19. Venn Diagram of significant results from HKA protein-coding, MK-protein-
coding, MK non-coding and HKA protein-coding tests.

There were 478 (290 + 36 + 152) genes with evidence of selection only in their non-coding
regions compared to 65 genes with evidence of selection only in their protein-coding regions
across both MK and HKA tests.

Genes with evidence of selection in non-coding regions are enriched for binding and
regulatory activity, including 21 genes involved in 4. fumigatus virulence

We used GO enrichment to determine if there were any functions that were overrepresented. For
the 472 genes with evidence of selection under the MK test in their non-coding regions, we
found 22 categories that were enriched for molecular function. “DNA Binding” was the top term
identified for molecular function (p= 9.06x10%) and the most enriched term overall.
“Cytoskeleton motor activity” (p=6.59x107%), “Ion Binding” (p=7.33x10-5) and “Transcription
factor binding” (p=4.08x10-%) were also represented grouped terms for molecular function
components respectively (Table S7). For the 217 genes with evidence of selection in their
protein-coding regions, 7 molecular functions were overrepresented, including “ATP hydrolysis
activity” (p=1.37x10%) and various functions involved in binding activities. For the HKA test,
we find that enzyme regulator activity (p =3.33x107%) was the only molecular term found for the
non-coding regions, and no GO terms were enriched for the HKA protein-coding results (Table
S7). Additionally, the 36 genes that experienced selection in their non-coding regions under both
the HKA and MK tests, GO analysis revealed enrichment for various binding processes.

We compared our list of genes under selection to a previously curated set of 206 genetic
determinants of A. fumigatus virulence (Steenwyk et al., 2021). Given that 4. fumigatus strains
have been demonstrated to exhibit differences in virulence in mouse models of fungal disease
(Keizer et al.,2021), selection in the non-coding or protein-coding regions of these genes may be
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of relevance to A. fumigatus virulence. We found that the non-coding regions of 18 of the 206
virulence genes were under selection according to the MK test (argEF, agsl, csmB, pabA, medA
,mtfA ,myoB ,myoE ,pld2, gliP, rgsC, aceA, atfA, cchl, fbx15, flcB, schA, zrfB) and 3 according to
the HKA test (cds 1, nop4, dvrA). We found that the most represented general function amongst
these 18 genes was “stress response”, which raises the question of their impact on virulence,
given the role that stress response has been shown to play in 4. fumigatus virulence (Colabardini
et al., 2022). We also identified 4 protein-coding regions of virulence genes (lysF, myoB, afiA,
fbx15) that showed evidence of selection under the MK test. Similarly, we found 11 virulence
genes (hesA, lysF, agsl, chsG, ergl 2, rtfA, tom24, fmakE, gliC, gliT, sidl) with evidence of
selection in their non-coding regions under the HKA test, and 1 (ace4) with evidence of selection
in its protein-coding region.

Examples of non-coding region differences between A. fumigatus strains

We next sought to identify representative sequence differences in non-coding regions between A.
fumigatus strains that exhibited signatures of selection according to the MK test or HKA test.
(Figure. 20). One such example was the non-coding region of AFUA_3G03310, which was
found to be under selection according to the MK test. The non-coding region exhibits a 12 bp
region (AGCCACAGAACT) present in 4. fumigatus Af293 and 91other strains but absent from
the rest, including strain BA78-1137. This binding site location is an exact match to the Met31
transcription factor binding site involved in sulfur metabolism in S. cerevisiae (Cormier et al.,
2010). The MetZ transcription factor performs a similar function in Aspergillus nidulans (Pilsyk
et al., 2015) and may be also in 4. fumigatus (Amich et al., 2016). Another gene with evidence of
selection in its non-coding region is AFUA_3G11330, which encodes the putative transcription
factor AftA involved in stress response and spore viability in Aspergillus (Lara-Rojas et al.,
2011). The AFUA 3G11330 non-coding region exhibits a 6 bp region (TACTCT) present in 4.
Sfumigatus Af293 and about half of the other A. fumigatus strains while absent in the other 4.
fumigatus strains, including the KXX37 strain. This 6 bp region is similar to the 6 bp binding site
for Yapl in S. cerevisiae, which is required for oxidative stress tolerance (Natkanska et al.,
2017). An ortholog of Yap1 is known to be involved in voriconazole resistance in 4. flavus (Ukai
et al., 2018) and may play role in stress response in 4. fumigatus, which is important as a
mechanism for survival within the human lung. Both the MK and HKA tests found signatures of
selection in AFUA_6G03660, an uncharacterized gene in A. fumigatus. Although of unknown
function, this gene is of particular interest as its non-coding region differs between the two
reference strains A4. fumigatus Af293 and A. fumigatus A1163, which vary in their virulence in
animal models of fungal disease. A. fumigatus A1163 exhibits a larger region of 22 bp that is
absent in 4. fumigatus A1163. This region helps to illustrate the complex non-coding sequence
differences between 4. fumigatus strains, including those that are closely related.
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Figure 20. Notable examples of sequence differences between A. fumigatus strains in non-
coding regions.

Here, we show three regions of sequence alignments of non-coding regions that differ between
A. fumigatus Af293 and another 4. fumigatus strain. (A) AFUA 3G03310 (RTA1 domain
protein) exhibits a 12 bp region present in A. fumigatus Af293 but absent in several other strains,
including BA78 1337. (B) AFUA 3G11330 (transcription factor AtfA) exhibits a 6 bp region
absent in 4. fumigatus Af293 but present in several other strains, including KXX37 005875. (C)
AFUA 6G03660 (predicted to be involved in the production of biotin) exhibits a non-coding
difference between the two reference strains of A. fumigatus (Af293 and A1163).

Here, we presented a comprehensive study of signatures of positive selection in both protein-
coding and non-coding regions across a large number of strains from the fungal pathogen A.
fumigatus. We identified several non-coding regions under selection in A. fumigatus, including
several candidate transcription factor binding sites that differ between strains are await further
exploration. Currently, there are no datasets available that report genome-wide differential
expression data for A. fumigatus strains. Experiments on diverse A. fumigatus strains to
investigate and analyze the differential expression of genes and examine the functional
implications of the non-coding region disparities we have identified, specifically in relation to
the expression and virulence of 4. fumigatus, will be of great interest.
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Chapter 4: Descriptive analyses of non-coding regions comparing A. fumigatus Af293, A.
Sfumigatus A1163 and A. fischeri to identify differences in putative transcription factor
binding sites of known regulators involved in virulence.

Abstract

The filamentous fungus Aspergillus fumigatus holds immense importance as a human pathogen,
causing a range of severe infections (chiefly invasive aspergillosis), particularly in
immunocompromised individuals. The understanding of its transcriptional regulatory
mechanisms is crucial for developing targeted therapeutic strategies against invasive
aspergillosis. Transcription factors (TFs) and upstream non-coding regions play pivotal roles in
gene expression, growth, and virulence in 4. fumigatus. A. fumigatus exhibits a complex
regulatory network that governs the expression of virulence factors, antifungal resistance
determinants, and various metabolic pathways. Transcription factors serve as regulatory
switches, binding to specific DNA motifs within gene promoter regions to activate or repress
gene transcription. These regulatory proteins control the expression of genes involved in stress
response, metabolism, conidiation/sporulation, and host immune evasion, influencing the overall
fitness and pathogenic potential of 4. fumigatus. Moreover, the investigation of upstream non-
coding regions in A. fumigatus has emerged as a critical area of research. These regions harbor
vital cis-regulatory elements that fine-tune gene expression in response to environmental cues
and host signals. Understanding the organization and function of these non-coding regions is
essential for deciphering the complex gene regulatory networks that govern fungal development
and pathogenesis. Additionally, the interplay between transcription factors and these non-coding
regions further contributes to the intricate regulatory landscape in A. fumigatus.

Aspergillus fischeri, a close related, non-pathogens shares >95% sequence identity across coding
regions and shares most of the same genes as 4. fumigatus. Yet, they differ in their pathogenic
profiles. Moreover, despite being >98% identical in their protein coding regions, A. fumigatus
al163 differs in its virulence propensity (more virulent) than 4. fumigatus af293. Taken together,
it may be that differences in virulence across species/strains is due to differences in gene
regulation as opposed to gene presence/absence. Here, we compare the binding location for the 6
transcription factors whose binding targets have been elucidated in A. fumigatus across the
reference strains A. fumigatus af293, A. fumigatus al163 and A. fischeri. We identified a set of
genes whose upstream binding targets in 4. fumigatus differ from A. fischeri in their equivalent
upstream position. The research presented here is the first study comparing known TF binding
locations between A. fumigatus and A. fischeri. Deciphering the regulatory mechanisms
governing gene expression may better explain pathogenic differences across these 3 Aspergillus
species/strains.

66



Introduction to the 6 transcription factors.

CrzA

Aspergillus fumigatus has developed sophisticated strategies to thrive in diverse niches,
including the human respiratory system and the ability of the fungus to sense and respond to
fluctuating calcium levels is crucial for its survival and virulence (Latge et al., 2019). CrzA has
been identified as a key mediator of calcium-mediated signaling in 4. fumigatus. CrzA contains
conserved C2H2 zinc-finger domains that enable its binding to specific DNA motifs within target
gene promoters (Chang, 2008). It acts downstream of the calcium/calcineurin pathway, which
includes the calcium sensor protein calmodulin and the serine/threonine phosphatase calcineurin
(Shwab et al., 2019). Upon an increase in intracellular calcium levels, calcineurin
dephosphorylates and activates CrzA, allowing its translocation to the nucleus, where it
modulates gene expression (Shwab et al., 2019).

CrzA governs the expression of various genes involved in critical cellular processes in A.
fumigatus (de Castro et al., 2014, Colabardini et al., 2022). CrzA regulates the expression of cell
wall-related genes, influencing cell wall integrity and morphology (de Castro et al., 2014,
Colabardini et al., 2022). Additionally, CrzA plays a pivotal role in mediating responses to
oxidative stress, cation homeostasis, and adaptation to antifungal drugs (Abad et al., 2010). The
tight control of these cellular functions by CrzA underscores its significance in maintaining
cellular homeostasis and combating adverse conditions.

CrzA's regulatory influence extends to 4. fumigatus virulence and pathogenicity. Studies have
shown that CrzA is involved in regulating the expression of genes associated with conidiation,
hyphal growth, and the production of secondary metabolites, all of which are crucial for the
establishment and dissemination of infection (de Castro et al., 2014, Colabardini et al., 2022).
Notably, CrzA contributes to immune evasion by influencing the expression of
immunomodulatory proteins, allowing A. fumigatus to evade host immune surveillance.

CrzA has been demonstrated to play a role in 4. fumigatus azole resistance. More specifically,
deletion of CrzA in A. fumigatus has been shown to impact the A. fumigatus transcriptome and
morphology differently depending on exposure to differing concentration of caspofungin (known
as the “caspofungin paradoxical effect”’) (Colabardini et al., 2022). Transcriptomics revealed
shared genes between A. fumigatus af293 and A. fumigatus al163 being regulated differently
given exposure to the same concentration of caspofungin (example, a higher concertation of
caspofungin resulted in different genes being up/down regulated when compared across A.
fumigatus strains) (Colabardini et al., 2022).

CrzA has also been shown to essential for A. fumigatus virulence in a mouse mode of infectious

disease (de Castro et al., 2014). Several of the genes whose non-coding region is bound by CrzA
in Chip-seq studies are also genetic determinants of virulence (Mead & Steenwyk et al., 2021).

SrbA
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SrbA, a member of the basic helix-loop-helix (bHLH) family, acts as a transcription factor that
modulates gene expression in an oxygen-dependent manner (Chung et al., 2014). Under hypoxic
conditions, StbA accumulates and binds to specific DNA motifs within target gene promoters,
activating the transcription of genes involved in the adaptation to low oxygen levels (Chung et
al., 2014). Notably, SrbA controls the expression of genes related to ergosterol biosynthesis, a
crucial component of fungal cell membranes, and heme biosynthesis, which is essential for
various cellular processes, including respiration and iron acquisition (Gsaller et al., 2016).

SrbA's regulatory influence extends beyond cellular adaptation to oxygen availability and
encompasses critical aspects of 4. fumigatus pathogenesis (Abad et al., 2010). Studies have
revealed that StbA contributes to the regulation of genes involved in stress responses, antioxidant
defense mechanisms, and virulence factor expression (Blatzer et al., 2011, Chung et al., 2014,
Dhingra & Cramer, 2017). Furthermore, StbA's role in coordinating iron homeostasis and heme
biosynthesis is crucial for the acquisition of iron from the host during infection, providing A4.
fumigatus with a competitive advantage in the host environment . Given its central role in
oxygen sensing and adaptation, as well as its impact on A. fumigatus virulence, StbA presents a
promising target for antifungal drug development (Blatzer et al., 2011). Disrupting SrbA's
regulatory function could potentially impair the fungus's ability to adapt to host environments,
attenuate its virulence, and enhance susceptibility to antifungal treatments. Deletion of s7bA4 in A.
fumigatus resulted in loss of virulence in mouse models (Chung et al., 2014). Thus, StbA binding
and subsequent regulation of gene targets may be essential for A. fumigatus virulence.

HapX
HapX, a transcription factor belonging to the CCAAT-binding complex family, plays a central
role in regulating iron homeostasis in response to changing iron levels in the environment
(Schrettl et al., 2010). Understanding the regulatory functions of HapX is essential for
deciphering the intricate mechanisms underlying iron acquisition and utilization in 4. fumigatus.
HapX operates as a key transcriptional repressor in iron-starved conditions, inhibiting the
expression of iron-consuming proteins, including those involved in heme biosynthesis and iron-
sulfur cluster assembly (Lopez-Berges et al., 2021). Under iron-replete conditions, the FepA-
FepB complex acts as a sensor to detect iron availability, leading to the degradation of HapX
through proteasomal pathways (Schrettl et al., 2010). This degradation enables the expression of
iron-responsive genes, including siderophore biosynthetic genes, which are crucial for iron
acquisition from the host and the environment.

The impact of HapX on A. fumigatus pathogenicity is multifaceted. The transcription factor
influences the expression of genes involved in iron acquisition and utilization, essential for the
establishment of infection within the host (Furukawa et al., 2020). Through its regulation of
siderophore biosynthesis, HapX facilitates the acquisition of iron from the host during infection,
bolstering the fungal pathogen's virulence (Furukawa et al., 2020). Additionally, HapX's
repression of iron-consuming processes in iron-starved conditions helps the fungus conserve
limited iron resources and maintain cellular homeostasis (Furukawa et al., 2020). Given its
pivotal role in iron metabolism and its influence on 4. fumigatus virulence, HapX represents a
promising target for antifungal drug development (Abad et al., 2010). Disruption of HapX
function could impair the fungus's ability to adapt to iron-limiting conditions and limit its ability
to establish and sustain infection in the host. Moreover, deletion of HapX resulted in attenuated
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virulence in A. fumigatus (Furakawa et al., 2020). Developing strategies to manipulate HapX-
mediated iron regulation may offer novel therapeutic opportunities for managing A. fumigatus
infections.

NctA & AtrR
Aspergillus fumigatus azole resistance is a concerning challenge in the treatment of invasive
aspergillosis, especially in immunocompromised patients (Latge et al., 2019) . One of the
primary mechanisms underlying this resistance is the alteration of the Cyp51A protein, which is
the target of azole antifungal drugs (Zhang et al., 2019). Cyp51A, a lanosterol 14a-demethylase,
is an essential enzyme involved in the ergosterol biosynthesis pathway in fungi (Paul et al.,
2017). Azole drugs bind to and inhibit Cyp51A, disrupting ergosterol production and
compromising fungal cell membrane integrity (Paul et al., 2017). Mutations in the Cyp51A gene
can lead to amino acid substitutions in the Cyp51A protein, reducing the drug's binding affinity
and rendering azoles less effective against A. fumigatus (Bader et al., 2013). Consequently, these

genetic changes confer resistance to azole antifungal agents and pose a significant therapeutic
challenge (Arastehfar et al., 2021).

NctA and NctB are two CBF/NF-Y family transcription factors which have been found to
contribute to azole resistance when their function is lost in 4. fumigatus (Furakawa et al., 2020).
Both NctA and NctB (Negative cofactor two A and B) function as components of the same
transcriptional regulatory complex. Moreover, it was demonstrated that this NCT complex
played a critical role in regulating ergosterol biosynthesis and the azole exporter CDR1B
(Furukawa et al., 2020). While the interplay of NctA/NctB, Cyp51A and azole resistance has yet
to be fully determined, it is likely that NctA/NctB plays a role in A. fumigatus virulence, as
deletion of NctA resulted in reduced virulence (Furukawa et al., 2020).

In addition to Cyp51A being under transcriptional control of NtcA, it was also found that AtrR
plays a role in its expression (Hagiwara et al., 2017). AtrR, was found to be present in A.
fumigatus and to be required for iron acquisition (Yap et al., 2023). AtrR was found to be linked
to regulation of both cyp51A and the ATP-binding cassette (ABC) transporter-encoding gene
abcG1 (Hagiwara et al., 2017). Strains lacking atrR failed to drive normal transcription of either
cypS1A or abcG1 and ChIP experiments demonstrated that AtrR bound to both the cypS51A and
abcG1 promoter regions (Hagiwara et al., 2017). Moreover, deletion of AtrR was shown to be
essential for 4. fumigatus virulence in mice (Jackson et al., 2009).

RgIT
To defend itself against the fungicidal oxidative activities of the host immune system, 4.
fumigatus employs various defensive strategies (Latge et al., 2019). These include the secretion
and production of a range of secondary metabolites (SMs), which promote fungal fitness and
growth during infection (Latge et al., 2019). Among these SMs, gliotoxin is a well-characterized
compound in 4. fumigatus (Gomez-Lopez et al., 2022). The biosynthesis and secretion of
gliotoxin are controlled by a cluster of 13 gli genes located on chromosome VI (Dolan et al.,
2015). regulation of gli genes involves numerous proteins, including the transcription factor
RglIT whose deletion was shown to attenuate 4. fumigatus virulence in mice (Ries et al., 2020).
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Methods
All Aspergillus genomes are publicly available and were downloaded from NCBI
(https://www.ncbi.nlm.nih.gov/). These strains include 4. fumigatus Af293 (Nierman et al.,
2005), A. fumigatus A1163 (Fedorova et al., 2008) and A. fischeri NRRL1881 (Fedorova et al.,
2008).

Identification of single-copy orthologous genes

To infer single-copy orthologous genes among all protein-coding sequences for all ten taxa, we
used OrthoFinder, version 2.4.0 (Emms & Kelly, 2015). OrthoFinder clustered genes into
orthogroups algorithm Markov clustering models from gene similarity information using the
sequence search program DIAMOND version 2.0.9 (Buchfink et al., 2015) and the proteomes of
the ten Aspergillus species as input. The key parameters used in DIAMOND were e-value = 1 x
10-3 with a percent identity cutoff of 30% and percent match cutoff of 70%. This approach
identified 7,414 single copy orthologous genes wherein all Aspergillus species are represented by
one sequence.

Identification of non-coding regions

We first curated intergenic sequences directly upstream of the transcription start sites of all 7,414
single-copy orthologous genes for each of the Aspergillus species/strains using a custom script
(https://github.com/alecbrown24/General Bio Scripts) based on a previously available script
(https://github.com/shenwei356/bio_scripts). Up to the first 1500 bp of intergenic sequence
directly upstream of each gene’s transcription start site were used to generate FASTA files of
non-coding regions, as well as FASTA files of single-copy orthologous protein-coding sequences
using Python version 3.8.2 (https://www.python.org/). For some non-coding regions, we found a
coding regions existed within the 1500 bp threshold, in these instances, only the intergenic
region was used for subsequent analyses. Non-coding region FASTA sequence files were used to
generate multiple sequence alignments via MAFFT version 7.453 using default parameters
(Katoh et al., 2019).

Identification and comparison of TF binding sites.

We curated a set of 6 A. fumigatus TF binding motifs based on previous Chip-Seq studies, CrzA,
SrbA, HapX, NctA, RgltT and AtrR along with their binding locations (Table 2). To search for
occurrences of the TF binding motif, we used the Find Individual Motif Occurrences (FIMO)
program, version 5.3.3 (Grant et al., 2011). We specifically investigated the occurrence and
conservation of the TF binding motif in the A. fumigatus and A. ficheri non-coding regions
whose orthologs were shown to exhibit TF binding via ChIP-seq in the A. fumigatus strain (af293
or al163) used in the original study.

Examination and visualization of non-coding regions with differences in TF motifs

To identify examples of sequence variation between A. fumigatus and A. fischeri at TF binding
site locations, we visualized and compared multiple sequence alignments using the Mview
function in EMBL-EBI (Madeira et al., 2019).
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Results

Table 2. Six transcription factors with known binding site locations.
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Proteomes of A. fumigatus af293, a1163 and A. fischeri
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Figure 21. Workflow of methods for Chapter 4.
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Figure 22. Histogram of TF binding peaks across all 6 TF factors of interest.

Position 1 represent 1 nucleotide upstream of the protein-coding region. Ranges to 5,000 bp
upstream. The general trend of the histogram shows highest number of TF binding locations
closer to the protein-coding regions start site and decreases further from the start site. The
highest peaks are found between 50-100 bp upstream of the protein-coding region start site.
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Figure 23. Sequence alignments detailing differences at TF binding site locations.

Red boxes represent the binding site locations found in previous ChIP-seq experiments.

We note 9 different binding location of interest. For each of these 9 binding locations there are
differences in the sequence between A. fumigatus and A. fischeri. AFUA_5G00910 (CrzA),
AFUA 1G07740 (SrbA), AFUA 5G12060 (NctA) and AFUA 1G13750 (NctA) exhibit a region
that has been inserted in 4. fumigatus and is absent from all other species. Sequence alignment of
the non-coding region of AFUA 2G04262 (NctA) exhibits a 7 bp region (red box) which
contains 3 bp that are uniquely deleted in A. fumigatus but present in A. fischeri. Sequence
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alignments of the non-coding region of AFUA 5G10650 (SrbA), AFUA 1G05270 (SrbA),
AFUA 5G10340 and AFUA 8G00480 all exhibit several bp differences between A. fumigatus
and A. fischeri. Colored nucleotides represent sites that are present in A. fumigatus af293 and

shared between other species, highlighting differences between the A. fumigatus strains and 4.
fischeri.

Results and Discussion
Understanding the regulatory mechanisms governing gene expression is crucial for deciphering
the complex biology of organisms. In this study, we investigated the binding site distribution of
six key transcription factors in Aspergillus fumigatus using publicly available ChIP-seq data.
Through a comprehensive analysis of binding site locations, we identified intriguing patterns that
shed light on the regulatory landscape of this fungal pathogen.

We curated binding site locations from ChIP-seq data corresponding to six A. fumigatus
transcription factors. Each binding site location was annotated by its distance upstream of the
target gene. Constructing histograms based on these distances provided insights into the
distribution of binding sites across the genome. Notably, a consistent trend emerged, wherein the
number of binding locations decreased as the distance from the target gene increased. Within a
proximity of 5000 bp from their respective genes, we found a total of 1182 binding locations. Of
these, 416 were situated within a mere 500 bp, indicating the prevalence of proximal binding
events. Additionally, 812 binding sites were identified within 1500 bp of the target genes, further
emphasizing the significance of close-range regulatory interactions.

Upon closer examination of the binding site distribution, a pronounced peak emerged between
50-100 bp upstream of the genes, comprising 59 binding locations. Intriguingly, beyond the 1500
bp threshold, two distinct peaks garnered attention: one around 1700-1750 bp and another around
1900-1950 bp. Remarkably, the majority of binding locations within the 1700-1750 bp peak were
attributed to the HapX transcription factor, suggesting a potential unknown regulatory role for
this factor at this range. The peak centered at 1900-1950 bp exhibited a diverse representation,
involving transcription factors CrzA, StbA, HapX, and AtrR. These observed patterns of binding
site localization offer introductory insights into the regulatory hierarchy of these factors and their
potential roles in orchestrating gene expression.

To unravel species-specific regulatory mechanisms, we conducted a comprehensive investigation
into TF binding motifs in Aspergillus fumigatus af293, A. fumigatus al163, and A. fischeri.
Through multiple sequence alignments of upstream regions containing TF binding locations, we
employed FIMO analysis to identify binding motifs for six key transcription factors. A
breakdown of genes with binding locations and the identification of candidate regions were
undertaken. Our findings revealed 53 genes displaying variations in TF binding motifs between
A. fumigatus and A. fischeri. Subsequent scrutiny identified nine genes with distinct binding
motifs in specific upstream regions, highlighting potential species-specific regulatory events.
We initiated our analysis by collating binding locations for six transcription factors across the
three Aspergillus strains. Multiple sequence alignments were executed on upstream regions
encompassing binding sites situated up to 1500 bp from the gene start. Leveraging the FIMO
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tool, we computationally identified binding motifs in alignment with known TF binding motifs
for each factor.

Our investigation yielded 53 genes with notable differences in TF binding motifs between A.
fumigatus and A. fischeri. The distribution among the transcription factors included 3 genes for
CrzA, 6 genes for SrbA, 2 genes for RglT, 17 genes for HapX, 22 genes for NctA, and 3 genes
for AtrR. Although intriguing, the presence of multiple motifs within candidate regions raised the
possibility of diverse binding strategies by TFs in the two species.

To focus on the most compelling results, we scrutinized cases where binding motifs differed
specifically in the region unique to one species. This meticulous examination revealed nine genes
exemplifying such attributes. Specifically, these genes comprised 1 for CrzA, 2 for StbA, 2 for
RglT, 1 for HapX, and 3 for NctA, while AtrR did not exhibit this phenomenon. By identifying
genes with distinct motifs in specific upstream regions, we provide insights into the potential
divergence of regulatory mechanisms between A. fumigatus and A. fischeri. These findings
contribute to the understanding of species-specific gene regulation and offer a foundation for
further investigations into the functional implications of these regulatory variations.

In our investigation of candidate regions across A. fumigatus and A. fischeri, we focused on
comparing the binding site locations for the identified transcription factor binding motifs. Among
the 9 candidate regions, we observed distinct patterns that could be categorized into three main
groups.

Category 1: Unique Motifs in A. fumigatus. Within this category, we found four examples where
the transcription factor binding motif was present in 4. fumigatus but absent in A. fischeri.
Specifically, these regions belonged to genes AFUA 5G00910 (CrzA), AFUA _1G07740 (SrbA),
AFUA 5G12060 (NctA), and AFUA 1G13750 (NctA). Notably, each of these genes exhibited a
binding peak at specific distances upstream of the gene start.

e AFUA 5G00910 : This gene encodes a MBL2-like secreted peptide. Its binding peak
was found at 86 bp upstream of the gene start. The presence of a distinct binding motif in
A. fumigatus suggests potential species-specific regulation of this gene.

o AFUB 004360: This gene encodes an uncharacterized protein. The binding peak was
identified at 748 bp upstream. The significance of this motif in relation to the gene’s
function warrants further investigation.

e AFUB 008070: Encoding a LEM3/CDC50 family protein, this gene displayed a binding
peak at 1093 bp upstream. The regulatory implications of this binding event require
deeper exploration.

o AFUB _059650: This gene encodes a putative C2H2 transcription factor and displayed a
binding peak at 550 bp upstream. The presence of a unique binding motif in 4. fumigatus
hints at specialized regulatory mechanisms.

Category 2: Variations in Binding Site Location. In the second category, we identified four
examples where there were several base pair differences between the binding site locations in A.
fumigatus and A. fischeri. These genes were AFUA_5G10650 (SrbA), AFUA _8G00480 (RglT),
AFUB 021320 (HapX), and AFUB 013240 (HapX).
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o AFUA 5G10650: This gene encodes a putative pyridoxamine phosphate oxidase, with a
binding peak at 105 bp upstream. The differential binding site location between the two
species suggests potential variations in regulatory networks.

e AFUA 8G00480: This gene encodes a phytanoyl-CoA dioxygenase family protein and
had a binding peak at 335 bp upstream. The observed differences in binding site locations
could point to divergent gene regulation mechanisms.

e AFUA 5G10340: Encoding a putative MFS transporter, this gene exhibited a binding
peak at 301 bp upstream. The differences in binding sites may have implications for
transporter gene regulation.

o AFUB 021320: This gene encodes a C6 transcription factor and had a binding peak at 22
bp upstream. The presence of distinct binding locations in the two species suggests
potential differences in regulatory logic.

e AFUB 013240: Encoding Rpn4, a C2H2 transcription factor, this gene exhibited a
binding peak at 751 bp upstream. Variations in binding site location could impact the
gene’s regulatory role.

Category 3: Insertion-Induced Binding Site Shift. In the final category, we identified one
instance where an insertion in A. fischeri caused a difference in the binding site location for the
gene AFUB_059650 (HapX). This gene encodes a putative C2H2 transcription factor and
displayed a binding peak at 550 bp upstream. It remains unclear how an insertion may play a role
in differences in HapX binding opportunity for this gene. These findings reveal intricate
differences in transcription factor binding motifs and their corresponding site locations between
A. fumigatus and A. fischeri. These variations suggest species-specific regulatory mechanisms,
potentially influencing gene expression patterns and ultimately contributing to the distinct
biology of each species. Further investigations into the functional implications of these
differences are warranted to unravel the underlying regulatory networks.

In this investigation of transcription factor binding patterns across 4. fumigatus and A. fischeri,
we have unveiled novel insights into the regulatory landscape of these fungal species. By
curating and analyzing binding site locations for six transcription factors, we uncovered distinct
trends in binding motif distribution and site locations, shedding light on the intricate mechanisms
governing gene expression. The comparative analysis of the candidate regions has revealed a
diverse array of species-specific regulatory events that encompass both the presence and absence
of transcription factor binding motifs, as well as variations in binding site distances.

Our findings underscore the dynamic nature of gene regulation within and across fungal species,
offering a deeper understanding of how transcription factors orchestrate gene expression in
diverse environmental contexts. The identification of genes with unique binding motifs and
altered binding site locations between species implies the existence of fine-tuned regulatory
strategies that contribute to the phenotypic differences observed. This research paves the way for
further investigations into the functional consequences of these regulatory variations and opens
new avenues for studying fungal gene regulation networks. Ultimately, our study contributes to
the broader field of genomics by providing valuable insights into the molecular basis of species-
specific gene expression and the intricate interplay between transcription factors and their target
genes.
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Chapter 5: Conclusion
Future Directions

This thesis outlines several non-coding regions which show a unique distinction between A.
fumigatus and A. fischeri. Phenotypic validation of these candidate sites would be the first, and
likely most important, next step. For an experimental design, the first step would be to examine
TF binding site presence/absence between A. fumigatus and A. fischeri by examining the
noncoding regions upstream of a direct gene target for each of the six TFs known to play a role
in A. fumigatus virulence (as described in Chapter 4). I would prioritize CrzA and SrbA first
since their involvement in A. fumigatus virulence is well described. I would start with non-
coding region differences upstream of genetic determinants of virulence found in Chpater 2 such
as pkaR, gliG, metR, then move on to any additional non-coding target regions. For direct target
genes showing the biggest TF binding site differences between A. fumigatus and A. fischeri, RT-
qPCR would be used to confirm that expression of the gene differs between the two species.
Then, I would select the direct gene target gene showing the largest difference in gene expression
between the two species. For this gene, [ would engineer a mutant strain of A. fumigatus Af293
whose TF binding motif sequence for the gene of interest has been replaced with the positionally
equivalent sequence from A. fischeri using a set of previously established procedures’’-38, 1
would use this same procedure to engineer mutant strains of A. fischeri by replacing the native
noncoding sequence with the TF binding site-containing sequence from A. fumigatus. A.
fumigatus and A. fischeri engineered strains would be grown in triplicate. Two growth conditions
would be implemented. The first would grow in both liquid and solid complete media at 37°C
and pH 6.5. The second would grow in the same conditions but would also be exposed to
conditions relevant to biological function of the TF of interest. For example, crzA4 is upregulated
when A. fumigatus undergoes osmotic stress, so it would make sense to grow the strains under
osmotic stress conditions (e.g., by treating strains with 1.0 M sorbitol for 60 min>°). I would then
use RT-qPCR to compare differences in gene expression in vitro between the engineered and
wild-type (WT) strains of the two species in the two conditions using previously established
methods®’.

For direct gene targets that differ in gene expression between the mutant and WT strains, |
would test for differences in virulence using the insect Galleria mellonella model of fungal disease.
Galleria is well established for studies of Aspergillus virulence'®®!, is cost effective, and many
insects can be tested quickly. Briefly, spores of mutant or WT strains would be harvested in
phosphate-buffered saline (PBS) and filtered through Miracloth (Calbiochem) after 2 days of
growth in their respective growth conditions. Spore concentration would be estimated using a
hemocytometer, and spore viability assessed through incubation on YAG medium at 37°C for 48
h. 20 Galleria larvae in the final instar larval stage of development would be used per condition.
Each larva in the test group would be infected with a Sul inoculum of spores from the mutant strain
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(at a concentration of 1 x 10° spores/ul), whereas each larva in the control group would be
inoculated with the same concentration of spores from the WT strain. The negative control would
be inoculated with PBS (no spores). All injections would be performed at the hemocoel of each
larva via the last left proleg. Following inoculation, all larvae would be incubated in glass petri
dishes in darkness at 37°C, with larval killing scored daily. Statistical significance between
survival curves of strains would be determined using Mantel-Cox log rank and Gehan-Breslow-
Wilcoxon tests.

Additionally, we have yet to characterize other non-coding regions across 4. fumigatus and other
species / strains, particularly intronic sequences and downstream regions. For this, I would
recommend starting with whole genome sequences and gene annotations and using the python
scripts I have developed to parse and align these non-coding regions. Next, I would recommend
creating multiple sequence alignments and performing dNnoncoding/dS as described in Chapter 2.
Here, it is likely we would find additional candidate sites for further exploration, including some
genetic determinants of virulence.

Outstanding Questions

While the results shown here provide a framework for better understanding non-coding regions
across 4. fumigatus and close relatives, there remain many questions that are unelucidated or not
directly answered within the dissertations. Below are short lists of outstanding questions, both
because they remain unanswered in the dissertation and because they are good questions, worthy
of further explorations.

1. Population Structure:

With the increase in number of sequenced A. fumigatus strains, there has been an increased
interest in how population dynamics may impact genomic differences. As of the time of this
writing there are 291 A. fumigatus strains that are publicly available and over 300 reported. Of
these, the majority of strains were isolated from Spain, Japan and the UK. Comparison of genes
across a large set of A. fumigatus strains found several instances of strains isolated from distinct
countries being more closely related to strains isolated from other countries as opposed to like
countries (Barber et al., 2021, Lofgren et al., 2022). Though not shown here, we were able to
verify these patterns in my own phylogenetic inferences comparing protein-coding regions
across the 263 A. fumigauts strains presented in Chapter 3. This also holds true for non-coding
regions, where we find additional strains being more closely related to strains isolated from
distinct populations. The degree to which population structure plays a role in 4. fumigatus
history remains unclear. It will be interesting to see if this pattern holds true as more A. fumigatus
strains, from more distinct countries, are isolated and sequenced.

2. Clinical vs Environmental
As an opportunistic infectious agent, there has been an interest (historically) in trying to better

understand which 4. fumigatus pathogenic features/gene expression evolved in their environment
(soil, compost piles) and which are prominent with the human host.
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Of the 300 4. fumigatus species sequenced for Barber et al., 2021, 217 are clinical isolated and
87 are environmental. The imbalance in the number of isolates between clinical and
environmental makes it difficult to perform a true comparisons between the two groups.
However, when generating phylogenetic trees across protein-coding and non-coding regions, we
find several instances of clinical and environmental strains being more closely related between
groups as opposed to closer to each other. This was also found between core genes across 4.
fumigatus strains (Barber et al., 2021, Lofgren et al., 2022).

3. Trans Effects

The regulation of genes is, in large part, due to a combination of both cis-regulatory and trans-
regulatory elements. Cis regulatory elements are thought to be non-coding motifs that aid in
binding transcription factors as either promoters or enhancers. In Chapter 4, we identify that the
majority of transcription factor binding occurs with 1500bp of a gene’s protein-coding region.
While this may not necessarily be true across the >400 transcription factors present in A.
fumigatus, this is the case for all the transcription factors whose binding target site have been
elucidated. What is less known is the role that trans-regulatory elements play in 4. fumigatus
gene expression.

Trans-regulatory elements, unlike cis-regulatory elements, do not neccesarily require sequence
specific motifs and can arise, in theory, from anywhere else in the genome. This makes
pinpointing trans effects a difficult task, especially without a wealth of previous knowledge and
established procedures to identify trans-effects, which is currently the case for Aspergillus.
However, there have been several methodologies developed to characterize and measure trans-
regulatory impacts across genes. One of these methods involves comparative genomics between
two or more test groups. For example, one study compared the difference in cellular
environments (tissue types) between mice and human cells. Since the genes that were focused on
exhibited similar protein-coding and non-coding region sequence similarity, differences in gene
expression were attributed to differences in trans regulatory elements, though what those exact
elements were are not fully explained (Mattioli et al., 2020).

Other methodologies for identifying trans-regulatory elements include eQTL mapping (genome-
wide) and GWAS (compare the genomes of many individuals), which involve identifying regions
of the genome that contribute to variation in gene expression levels. These methods correlate
genetic variation with gene expression levels across a population, helping to identify trans-
regulatory elements. However, this methods, while powerful, cannot alone identify which
specific trans-regulatory elements impact gene expression. RNA-seq can be used to measure
gene expression levels across the genome, and by over-expressing a certain transcription factor,
can use increase or decreases in gene expression across the genome as a proxy for which genes
are affected by the expression of that transcription factor. But this alone does not determine
whether these are due to cis or trans regulation.

One method, and potential future aim, for elucidating which proteins act as trans-regulators

would be to focus on a singular 4. fumigatus pathway. For this one pathway, we could use a
combination of Chip-Seq, mass spectrometry and co-immunoprecipitation/pull down assays to
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identifying binding site location for a specific protein for a well-known pathway. We can
overexpress said protein and use mass spectrometry. to help identify other proteins that are
expressed in the pathway, then use Immunoprecipitation to isolate these proteins along with their
interaction partners.

Conclusion

Aspergillus fumigatus is one of the deadliest fungal pathogens, responsible for a severe fungal
disease, invasive aspergillosis, afflicting more than 400,000 patients globally each year. While
there are roughly 450 species under the Aspergillus genus, only a handful have been identified as
clinically pertinent, with 4. fumigatus taking the lead, causing >90% of all IA cases. Historically,
genomic comparisons between A. fumigatus and closely related species/strains, have often
centered on gene presence/absence. However, the majority of A. fumigatus genes, including
those that influence its virulence, can be found in both pathogenic and non-pathogenic species.
This observation has led to the following hypothesis: There is abundant genetic variation in
noncoding regions among A. fumigatus strains and between Aspergillus species; this variation
contributes to the observed differences in pathogenicity.

The studies presented in this thesis make substantial headway in providing the first, whole
genomic comparisons of non-coding regions between A. fumigatus and close relatives.
Comparisons between non-coding regions, specifically those upstream of genes' initial codons,
have unveiled significant sequence variations and an absence of homology across Aspergillus
species. Interestingly, even among A. fumigatus strains, such as the highly virulent A1163 and
the less virulent Af293, non-coding regions displayed greater sequence diversity than their
corresponding protein-coding regions. These genetic distinctions suggest a profound role for
these non-coding regions in gene regulation, potentially contributing to the phenotypic disparities
observed between different 4. fumigatus strains.

Supplementing these findings, the exploration of transcriptional regulatory mechanisms,
particularly the roles of transcription factors (TFs) and non-coding regions upstream, has opened
a new avenue for understanding the A. fumigatus pathogenesis. TFs, as regulatory switches, have
been observed to bind to specific DNA motifs in gene promoter regions, dictating the activation
or suppression of gene transcription. These proteins play an instrumental role in managing gene
expressions critical for various facets of the fungal lifecycle, including its virulence, metabolism,
and interactions with the host. Moreover, the presence of vital cis-regulatory elements within the
upstream non-coding regions further underscores the intricate relationship between gene
regulation and fungal pathogenicity. Comparisons between the TF binding sites across reference
strains of A. fumigatus and its close, non-pathogenic relative, A. fischeri, have spotlighted a
subset of genes with upstream binding targets that differ between the species. Such variations in
TF binding locations may indeed be pivotal in elucidating the differential pathogenic profiles
across these Aspergillus strains and species.

While the genomic composition and presence of certain genes undeniably plays a role in the
pathogenesis of 4. fumigatus, the intricate dance of gene regulation, mediated by non-coding
regions and transcription factors, emerges as a potential cornerstone in understanding its
virulence. Future research geared towards decoding these regulatory mechanisms promises not
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only a deeper comprehension of fungal pathogenesis but also paves the way for better
understanding how non-coding regions influence differences in gene regulation.
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