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Abstract

Fungi are among the most devastating microbial pathogens in agriculture. There are
numerous species that cause diseases in specific hosts, and the genus Fusarium
includes many species that infect plants [1]. Among them, Fusarium graminearum (Fgr)
and Fusarium oxysporum f. sp. vasinfectum (Fov), which infect cereals and cotton,
respectively, are major pathogens globally, and have key impacts on yield and quality
of products [2-4]. There is low efficiency in managing Fgr and Fov and increasing

reports of pesticide resistance and fungal persistence are emerging [5,6].

The impacts on global food and fiber production presented by Fgr and Fov justify a
deeper understanding of the fundamental biology of their host-pathogen interactions,
such as cell-cell communication, to identify new antifungal targets and improve crop

protection.

Recently, the regulation of processes such as macromolecule transport, activation of
host immune cells, and drug resistance have been attributed to the extracellular
vesicles (EVs) produced by human-pathogenic yeast [7-9]. EVs are membrane-bound
particles of 30-1000 nm released from the plasma membrane of cells from different
kingdoms and have various cargoes [10]. EVs from fungal pathogens have only been

described recently and relatively little is known about their function and biosynthesis.
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EVs from mammalian organisms have a variety of functions such as tissue repair [11],
transmission of prions [12], roles in tumor growth and metastasis [13], cardioprotective
effects against myocardial infarction [14], and are a potential platform for liquid

biopsies and improved drug delivery [12,15,16].

Most of the research on fungal EVs has focused on yeast pathogens and when this
thesis started, very little was known about the role of EVs from plant fungal
pathogens. This was caused by difficulties in isolating EVs in the quantity and quality
needed for biochemical analysis. This thesis addresses fungal culture conditions and
optimization of EV isolation techniques to improve the yield and quality EVs from Fgr
and Fov cultures. This was followed by a comprehensive proteomic analysis on EVs
from Fgr and Fov to identify the protein cargo and potential roles in the infection
process. Finally, Fgr EVs were examined for the presence of the putative fungal EV
protein marker Sur7, first reported in C. albicans [17]. The fungal version of Sur7 has
similarity to the mammalian tetraspanins, which are protein markers exploited to
study EVs via a myriad of techniques, many of which cannot be used to study fungal
EVs. If Sur7 becomes a confirmed marker of fungal EVs, the characterization of fungal

EVs could be significantly expanded.
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Preface

Chapter One of this thesis provides an overview of the importance of Fusarium
graminearum (Fgr) and Fusarium oxysporum f. sp. vasinfectum (Fov) in molecular plant
pathology, as well as the function of fungal extracellular vesicles (EVs) in human

disease.

Chapter 2 is composed of two published research articles. The first, Extracellular
vesicles from the cotton pathogen Fusarium oxysporum f. sp. vasinfectum (Fov) induce a
hypersensitive response in plants describes the first isolation of EVs from Fov and their
proteome, and reveals that EVs carry components that cause a hypersensitive
response in cotton plants. While this was a breakthrough observation, challenges in
the recovery of EVs from Fov led to the subsequent work to improve the yield and
quality of Fov EVs. This was published in the second research article; Size-exclusion
chromatography allows the isolation of EVs from the filamentous fungal pathogen Fusarium
oxysporum f. sp. vasinfectum (Fov). This article describes the optimization of an EV
isolation protocol for filamentous fungi by using size-exclusion chromatography and
provides a description of the changes in the EV proteome that occur when Fov is

grown on different culture media.
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Chapter 3 includes the publication Extracellular vesicles from Fusarium graminearum
contain protein effectors expressed during infection of corn. This work presents the isolation
and proteomic analysis of EVs isolated from Fusarium graminearum (Fgr), a major
pathogen of cereals, with a focus on protein effectors, which are important
components of plant-fungal interactions. Also, a transcriptomic analysis of corn plants
infected by Fgr revealed genes that increase in expression as the infection progresses,
some of which encode proteins detected in EV samples. This chapter provides a list of
potential protein effectors that had typical effector characteristics such as small size
and signal peptide, plus another set of proteins that may belong to an undescribed

class of effectors.

Chapter 4 describes collaborative work with other members of the laboratory to
identify potential markers for fungal EVs which would be valuable tools to assist in
purification and to track the EVs in biological systems. This work was conducted with
EVs from Candida albicans and has been published in Protein markers for Candida albicans
EVs include claudin-like Sur7 family proteins. The protein Sur7 was identified as a good
candidate for a fungal EV marker due to its similarity to the human tetraspanins, some
of which are markers for mammalian EVs. This chapter moves on to describe how a
polyclonal antibody was raised to the Fgr homolog of Sur7 and tested for the detection
of Fgr EVs. A Western blot analysis confirmed the presence of Sur7 in EV samples,

indicating that Sur7 may indeed be a protein marker for fungal EVs.

13



Finally, the contributions of this thesis to the research field are presented, as well as
the future directions needed to reach a better understanding of the function of EVs in

plant-fungal interactions.
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1. Chapter One: Introduction

Fungi are some of the most destructive pathogens in agriculture. Some can infect
a broad range of plants, evolve rapid resistance to fungicides, and remain in
contaminated soils for years. Cotton and cereals are globally important for fibre
and food supplies, but these crops suffer fungal infections that require intensive
management. Descriptions of a cotton and cereal pathogen, respectively, are
provided next, finishing with an introduction to the research field of fungal
extracellular vesicles (EVs) which may provide useful information in the search for

new antifungals.

1.1 Fusarium oxysporum forma specialis vasinfectum (Fov)

The genus Fusarium has a plethora of strains with host specificities that are
indicated by the term ‘forma specialis’ (f. sp.) [18]. For Fov, the f. sp. reveals that it
infects mainly cotton (Gossypium hirsutum) causing a disease known as Fusarium
wilt. Fov has been detected in all cotton-producing countries worldwide, thriving
in soil where it invades the root of the plant and then colonizes the plant’s vascular
system [19]. As the disease progresses, Fov causes discoloration of the leaves from
green to yellow and browning of the fibrous component of the stem, leading to
necrosis of the entire plant [20]. Fov, similar to other Fusarium pathogens, is
extremely persistent in the right soil conditions even in the absence of its host,

being able to remain in the soil indefinitely [21]. The generation of resistant



cultivated varieties is the most effective measure to control Fov, but practices such
as soil solarization, seed thermotherapy, and fungicide application are also
common [6].

Some Fusarium pathogens achieve entrance to the plant by secreting cell wall-
degrading enzymes (CWDE). For instance, Fov produces polygalacturonase and
glucanases to access the root of the cotton plant [19,22]. Similarly, F. oxysporum f£. sp.
cubense secretes cellulase and pectinase that degrade tissues in the banana plant
[23], and F. solani f. sp. pisi produces cutinase when invading pea stems [24]. Once
the pathogen has entered its host, the infection is supported by the production of
pathogenicity-related molecules. For example, a mitogen-activated protein (MAP)
kinase encoded by the gene fmkl was essential for F. oxysporum f. sp. lycopersici
infection of tomato, and strains lacking fmkl were not infectious [25].
Complementation of fmkl mutants with pmk1, an orthologous gene from the rice
pathogen Magnaporthe oryzae, restored pathogenicity and invasive growth in F.
oxysporum f. sp. lycopersici, indicating that fmk1 is conserved in other soil-borne
pathogens and has implications on virulence [25]. Similarly, F. oxysporum strains
lacking the protein kinase FOSNF1 had altered production of CWDE, and their
virulence was reduced [26,27]. A correlation between the production of CWDE and

the pathogenicity of other fungal pathogens has also been established [28].

Fov continues to spread into new countries [2], and there are no varieties of cotton

that are resistant to Fusarium wilt. Thus, efforts are urgently required to improve
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management of Fov. Secretion processes, such as those as those presented above,
are crucial for the pathogenicity of Fov and other Fusarium fungi, making them
attractive targets for development of new antifungal interventions.

1.2 Fusarium graminearum (Fgr)

Fgr, also known as Gibberella zeae, is a filamentous fungus that infects corn, wheat,
oats, rice, and barley, causing a disease known as Fusarium head blight (FHB). The
disease is present in every continent, with estimated global losses of up to 50% of
production [29] and USD 3.5 billion dollars losses in the US in the decade of 1990
[29]. China had losses of up to 2.5 million tons of grain during epidemic years, with
up to 7 million hectares infected by Fgr [29,30]. FHB has a devastating effect on food
security [31], causing cereals to become light colored and necrotic. Fgr colonizes the
plant by depositing spores on aerial parts of the plant where it develops mycelia
that reach the stomata and other vulnerable areas. Next, it proceeds to invade the
vascular system until necrosis occurs, leading to plant death [32]. The accumulation
of pink conidiospores and the occurrence of several types of mycotoxins are typical
indications of FHB [33,34]. Fgr infections remain difficult to manage due to a
combination of poor fungicide effectiveness and the lack of resistant cultivated
varieties. Hence, removing contaminated plant material and reducing the number
of cereal crops consecutively planted are the best techniques available to control

Fgr[1].
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The production of mycotoxins is a critical feature of Fgr. Mycotoxins are toxic to
humans and animals and are the main limiting factor for wheat production in the
world [30]. The trichothecene deoxynivalenol (DON) is the most relevant
mycotoxin found in grain, causing diarrhea, contact dermatitis and hemorrhages
in animals [35]. In humans, DON causes nausea, vomiting and convulsions, as well
as neurological disorders and immunosuppression [35]. Zearalenone (ZEA), an
important polyketide mycotoxin also produced by Fgr, has estrogenic effects and
reduces animal fertility [35]. It is estimated that 50% of food samples in the
European Union contain DON, and 80% contain ZEA [36], while in China DON
and ZEA occur in 96% of tested foods [37]. A better understanding of the fungal
export of DON and ZEA from the cell is necessary to address the alarming

incidence of mycotoxins in food crops, and their impact on human and animal

health.

Fgr uses other compounds to support its infection. For instance, Fgr strains lacking
the gene mgu1, which encodes a MAP kinase involved in plant penetration [38], had
changes in their morphology and a weaker fungal cell wall [39]. Similarly,
disruption of the MAP kinase GPMKI1, involved in extracellular CWDE
production, caused morphological changes and abolition of pathogenicity of Fgr
[40]. These studies revealed that transduction pathways regulated by MAP kinases
have main roles in this fungus [41,42]. These observations suggest that the secretion

of mycotoxins and virulence factors in Fgr is important for pathogenesis, however
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the vehicles that allow the secretion of some of these compounds are unknown
[43,44]. While the characterization of virulence factors secreted via conventional
signals is required, evidence points to the existence of different classes of virulence
factors that are unconventionally secreted [45-48], and may be attractive candidates
as targets for new antifungals. Extracellular vesicles are a newly described

mechanism of unconventional secretion that is described next.

1.3 Fungal Extracellular vesicles (EVs)

EVs are a non-canonical secretion mechanism for macromolecules [49], metabolites
[50], pigments [51], and even prions [12]. EVs are best described in mammals, but
are also produced by bacteria, fungi, plants, and parasites [51-59]. In mammalian
cells, EVs are produced via three main mechanisms: from fusion of the plasma
membrane with multivesicular bodies (MVBs) aided by the endosomal sorting
complexes required for transport (ESCRT) proteins; by direct outward budding of
the plasma membrane; or by the formation of apoptotic bodies [10]. EVs are
typically between 30-1000 nm in size depending on the biosynthetic pathway [10].
Although the biogenesis of fungal EVs has not been elucidated, strains lacking
ESCRT proteins had alterations in the production of EVs [60], hence it is
hypothesized that ESCRT proteins probably have a role in the formation of fungal

EVs (Figure 1).
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Figure 1 Possible mechanisms for fungal extracellular vesicle (EV) biogenesis.
Fungal EVs may originate from the fusion of multivesicular bodies with the
plasma membrane, or by direct outward budding. Fungal EVs transport
carbohydrate-active enzymes (CAZy) to potentially assist in movement through
the fungal cell wall and/or degrade the plant cell wall and deliver their cargo.
These processes are likely to occur at the fungal-plant interface, such as the cotton
root for Fusarium oxysporum f. sp. vasinfectum (Fov) and the wheat spike for
Fusarium graminearum (Fgr).

The observation that EVs from the human yeast pathogen Cryptococcus neoformans
transport polysaccharides to build its immunogenic capsule [7] has led to the
hypothesis that other fungi rely on EVs for transporting virulence-related cargo.
The different functions of fungal EVs and their role in pathophysiology are

presented in section 1.4.
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1.4 Fungal Extracellular Vesicles in
Pathophysiology

This section of Chapter 1 has been published as a book chapter:

Garcia-Ceron D., Bleackley M.R., Anderson M.A. (2021) Fungal Extracellular

Vesicles in Pathophysiology. In: Mathivanan S., Fonseka P., Nedeva C.,
Atukorala 1. (eds) New Frontiers: Extracellular Vesicles. Subcellular
Biochemistry, vol 97. Springer, Cham. https://doi.org/10.1007/978-3-030-67171-
6_7
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Chapter 7 )
Fungal Extracellular Vesicles in e
Pathophysiology

Donovan Garcia-Ceron, Mark R. Bleackley, and Marilyn A. Anderson

Abstract Fungal pathogens are a concern in medicine and agriculture that has been
exacerbated by the emergence of antifungal-resistant varieties that severely threaten
human and animal health, as well as food security. This had led to the search for new
and sustainable treatments for fungal diseases. Innovative solutions require a deeper
understanding of the interactions between fungal pathogens and their hosts, and the
key determinants of fungal virulence. Recently, a link has emerged between the
release of extracellular vesicles (EVs) and fungal virulence that may contribute to
finding new methods for fungal control. Fungal EVs carry pigments, carbohydrates,
protein, nucleic acids and other macromolecules with similar functions as those
found in EVs from other organisms, however certain fungal features, such as the
fungal cell wall, impact EV release and cargo. Fungal EVs modulate immune
responses in the host, have a role in cell-cell communication and transport molecules
that function in virulence. Understanding the function of fungal EVs will expand our
knowledge of host-pathogen interactions and may provide new and specific targets
for antifungal drugs and agrichemicals.

Keywords Fungi - Extracellular vesicles - Yeast - Plant pathogens - Filamentous
fungi
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152 D. Garcia-Ceron et al.
The Impact of Fungi on Human Health

Of the estimated 1.5 million total fungal species (Hawksworth 2001), there are 300
severe human pathogens, most of which are members of the genera Candida,
Aspergillus, and Cryptococcus (LIFE 2017). Almost a billion people have fungal
infections of skin, nails and hair that are non-life-threatening. However, 150 million
people suffer severe fungal diseases, and 1.5 million die each year as a consequence
of fungal infections (Bongomin et al. 2017; Brown et al. 2012).

Invasive fungal diseases also impose a huge burden on healthcare systems since
they have mortalities of 30 to 90% (Fisher et al. 2020). The estimated cost of hospital
care for patients with fungal infections was USD 7.2 billion in 2017 in the US alone
(Benedict et al. 2019).

Candida spp. cause infections of mouth, vagina and skin, as well as life-threat-
ening systemic blood infections. Drug-resistant Candida strains have a reported
mortality of around 25% (CDC 2019) and the cost of hospitalizations due to
Candida spp. is estimated to be USD 1.4 billion (Benedict et al. 2019). The ability
of fungi to infect different tissues and the similarities in the biochemistry of fungal
and host cells have created challenges for the generation of new antifungal treat-
ments (Rodrigues and Nosanchuk 2020; Fisher et al. 2020). Right now, a potential
crisis is developing due to the spread of drug-resistant Candida auris. This species is
often resistant to all three main classes of available antifungal treatments (CDC
2019). With an increase of 318% in infection rates in the US from 2015 to 2018, ease
of transmission, and challenges in elimination by disinfection, C. auris is rapidly
becoming a global threat (CDC 2019).

Aspergillus spp. typically cause respiratory diseases such as allergic
bronchopulmonary aspergillosis (ABPA) and severe asthma with fungal sensitiza-
tion (SAFS). The main pathogenic species are A. fumigatus, A. flavus, A. niger, and
A. terreus (Lockhart et al. 2020). There are 4.8 million estimated cases of ABPA
around the world, and 1.2 million patients develop chronic pulmonary aspergillosis
after suffering from tuberculosis (Denning et al. 2011, 2013). The healthcare cost of
patients affected by Aspergillus spp. is estimated around USD 1.2 billion in 2017,
placing a huge load on health infrastructure (Benedict et al. 2019), and although
current antifungal therapy is usually effective against these pathogens, there are
emerging reports of antifungal resistance (Lockhart et al. 2020). Approximately one
third of drug-resistant isolates have no identifiable resistance mechanism, although it
is hypothesized that efflux pumps aid in this process (Snelders et al. 2008; da Silva
Ferreira et al. 2004).

Cryptococcus spp. cause lung infections in immunocompromised patients, and
the disease can evolve into meningoencephalitis particularly in HIV-infected indi-
viduals (Rodrigues et al. 1999). It is estimated that almost a quarter of a million of
new cases of cryptococcal meningitis occur each year causing 180,000 deaths
(Rajasingham et al. 2017).
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7 Fungal Extracellular Vesicles in Pathophysiology 153
The Impact of Fungi on Agriculture

There are 8000 estimated species of fungal plant pathogens in the world
(Hawksworth 2001). From these, the top 5 most devastating pathogens are
Magnaporthe oryzae, Botrytis cinerea, Puccinia spp., Fusarium graminearum and
Fusarium oxysporum (Dean et al. 2012).

M. oryzae causes rice blast disease. The fungus is responsible for global losses of
30% per year, which would have fed 60 million people (Nalley et al. 2016). The
disease is present in 85 countries and there is no comprehensive access to resistant
varieties of rice (Ryan 2016; Nalley et al. 2016). Reports indicate that if rice blast is
not managed, demand for this crop will not be met in future years (Ray et al. 2013).

B. cinerea, also known as gray mold, can infect more than 200 plant species. This
broad host spectrum leads to crop losses of about USDIO billion each year
(Williamson et al. 2007; Dean et al. 2012). Pesticides are employed extensively to
control B. cinerea and represent 10% of the world’s pesticide market (Dean et al.
2012).

Puccinia spp. cause rust on a variety of crops. The most important members of
this genus are those that infect wheat, such as Puccinia graminis f. sp. tritici (stem
rust), P. graminis f. sp. striiformis (stripe rust), and P. triticina (leaf rust) (Dracatos et
al. 2018). In 1998 a highly virulent race of P. graminis f. sp. tritici, named Ug99,
emerged in Uganda and migrated into east and southern Africa and the middle east
(Saunders et al. 2019). Since then, stem rust epidemics have occurred in Germany,
Sweden, the UK, Italy, and western Siberia with losses of 30-40% (Saunders et al.
2019; Bhattacharya 2017; Shamanin et al. 2016). Ug99 can affect 80% of the world’s
wheat varieties, making this fungus a serious threat to global food security (Singh et
al. 2011).

Fusarium graminearum is a pathogen of cereals, such as wheat, barley and corn.
It causes a disease named head blight that is characterized by loss of grain quality
and a potential accumulation of mycotoxins (Goswami and Kistler 2004). Myco-
toxins, such as zearalenone (ZEA) and deoxynivalenol (DON) are secondary metab-
olites that are particularly toxic for animals and humans (Sobrova et al. 2010). In the
US, epidemics of Fusarium head blight of wheat caused losses of almost USD 2.4
billion between 1993 and 2001 (Nganje et al. 2004).

The Fusarium oxysporum species complex includes more than 100 plant patho-
gens that each show strong affinity to specific host plants, as well as human and
animal hosts. The term forma specialis (f. sp.) is used to indicate this host specificity
(Delulio et al. 2018). F. oxysporum f. sp. cubense (Foc) causes Panama disease of
banana. Race 1 of Foc infections almost eradicated Gros Michel bananas in the mid-
1950s causing losses of USD 2.3 billion (Altendorf 2019). Now, race 4 of Foc is one
of the biggest threats to the USD 400 billion banana industry worldwide, with
presence in Australia, China, south east Asia, the middle east and Africa (O’Neill
et al. 2016; Zheng et al. 2018; Ordofiez et al. 2015).
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Characteristics Unique to Fungal EVs

EVs have been isolated from yeast and filamentous fungi (Table 7.1). They are
similar in morphology and cargo to EVs from other species (Bleackley et al. 2019a;
Rizzo et al. 2020a). Studies on fungal extracellular vesicles lagged remarkably
behind studies on human EVs, until a role was proposed in pathogenesis for fungal
EVs and in facilitating the colonization of a host (Fig. 7.1) (Freitas et al. 2019;
Rodrigues et al. 2007). This hypothesis is based on observations that fungal EVs are
loaded with virulence-associated proteins, pigments, cell wall degrading enzymes,
immunogenic carbohydrates, and nucleic acids and different types of lipids (Rodri-
gues et al. 2007, 2008; Alves et al. 2019; Vallejo et al. 2011, 2012b; Albuquerque et
al. 2008; Rizzo et al. 2020a). EVs from filamentous fungi are understudied compared
to yeast, and there is a gap in the knowledge surrounding the role of EVs in host-
pathogen interactions.

Similar to mammalian EVs, the cargo of fungal EVs consists of proteins, nucleic
acids and lipids involved in metabolism or basic cytoplasmic processes (Fig. 7.2).
Most research on fungal EV cargo has focused on proteins (Bleackley et al. 2019a).
Like EVs from other kingdoms, many of the proteins that are packaged into fungal
EVs work in basic physiological processes. However, there are proteins in fungal
EVs that are specific to fungi, such as those involved with the synthesis and
maintenance of the fungal cell wall (Bleackley et al. 2019a; Dawson et al. 2020).

The Fungal Cell Wall Impacts EV Content

The fungal cell wall distinguishes fungi from other eukaryotic cells as it contains
polysaccharides that are unique to fungi and hence ideal targets for specific antifun-
gal drugs. Fungal EVs carry proteins involved in cell wall architecture, synthesis and
integrity (Bleackley et al. 2019a; Zhao et al. 2019; Brown et al. 2015; Rodrigues et
al. 2008). Several synthases of cell wall polysaccharides such as glucan and chitin
have been detected in EVs from C. neoformans, H. capsulatum, C. albicans, P.
brasiliensis, S. cerevisiae and F. oxysporum f. sp. vasinfectum, among others
(Rodrigues et al. 2008; Gil-Bona et al. 2015; de Paula et al. 2019, Zhao et al.
2019; Bleackley et al. 2019b). EVs from yeast-form C. albicans transport 1,3 beta-
glucanosyltransferase and interestingly, EVs from biofilm-form C. albicans also
carry cell wall-degrading enzymes with exo-1,3-beta-glucosidase activity. This
supports the observation that the spectrum of EV proteins that affect cell wall
architecture changes depending on fungal morphology (Dawson et al. 2020).
Other cell wall degrading enzymes found in EVs include chitinases and glucanases
(Bleackley et al. 2019b; Oliveira et al. 2010b). These enzymes may be involved in
providing cell wall elasticity to allow EV release (Brown et al. 2015) and in stress-
triggered cell wall remodeling (Hopke et al. 2018). This cell wall remodeling allows
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Function of Fungal EVs (

b Y -/
G S
C Q -J“"\E‘ o)
F\I ::\)
o930 |
Do
Ko —
E—) -, S e ——

Fig. 7.1 Functions of fungal EVs. Yeast and filamentous fungi secrete EVs that work by
transporting macromolecules (Rodrigues et al. 2007), releasing virulence factors (Rodrigues et al.
2008), in intercellular communication (Bielska et al. 2018), by modulating the host defenses and
activating immune cells (da Silva et al. 2016; Brauer et al. 2020)

fungi to escape the host immune surveillance and resist biotic and abiotic stresses
(Hopke et al. 2018).

Fungal EVs Must Traverse the Cell Wall to Reach the Host

The fungal cell wall represents a significant barrier for EV release. It is often
considered a rigid, protective barrier that shields the fungal cell from biotic and
abiotic stresses. However, the fungal cell wall is a dynamic organelle that interacts
with the extracellular environment and the cell.

There are three main mechanisms thought to be involved in EV release through
the cell wall (Wolf et al. 2014). The first is that EVs are discharged by simple turgor
pressure after they are released from the plasma membrane. Fungal cell walls have
pores that allow molecules of up to 5.8 nm, or 400,000 Da, to diffuse across freely
(De Nobel et al. 1989, 1990). This process would not allow free diffusion of EVs.
However, Walker and colleagues described fungal cell walls as viscoelastic after
observing the transit of liposomes of 60—-80 nm, carrying the antifungal amphotericin
B across the cell walls of C. albicans and C. neoformans (Walker et al. 2018). EVs
may cross the cell wall in a similar manner.

The second mechanism for fungal EV release uses cell wall-degrading enzymes
contained in EVs, such as glucanases, chitinases and mannosidases, to loosen the
cell wall and enable passage of the EVs (Albuquerque et al. 2008; Gil-Bona et al.
2015; Zhao et al. 2019; Bleackley et al. 2019b). These proteins have been detected in
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Fig. 7.2 Typical contents of fungal EVs. Carbohydrates include immunogenic molecules such as
glucuronoxylomannan (GXM) (Rodrigues et al. 2007), galactosaminogalactan (GAG) (Rizzo et al.
2020b), and a-galactosyl epitopes (Vallejo et al. 2011); trehalose was associated to fungal adapta-
tion (Cleare et al. 2020). Several proteins associated with virulence, such as catalase/peroxidase
(Rodrigues et al. 2008), and with cell wall remodeling (Bleackley et al. 2019b), like glucanases and
chitin synthase (Zhao et al. 2019), have been reported for different fungi. Potential protein markers
from C. albicans (highlighted with red) include GTPases and eisosomal membrane proteins like
Sur7, CD81 and Evpl (Dawson et al. 2020). Lipid content includes glucosylceramide (Vargas et al.
2015; Rodrigues et al. 2007) ergosterol and general phospholipids (Vallejo et al. 2012b). Small
RNAs have been described in EVs from several fungi. snR36 and snR61 have roles in rRNA
synthesis and O-methylation of RNA, respectively (Peres da Silva et al. 2015b; Leone et al. 2018).
miRNAs like miR-210, miR26a and miR21, function in cell differentiation and proliferation (Leone
et al. 2018; Asangani et al. 2008). Melanin, a pigment used by C. neoformans, has been detected in
EVs from this pathogen (Rodrigues et al. 2008). Transport of the prion Sup35 was characterized in
EVs from S. cerevisiae (Kabani and Melki 2015)

most fungal species studied to date, supporting an important role in EV release
depending on their location in the vesicle. Interestingly, since C. neoformans forms
complexes of chitin and glucuronoxylomannan (GXM) that induce the production of
IL-10, IL-17 an TNF-a in macrophages (Ramos et al. 2012), some authors have
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suggested that cell wall-degrading enzymes transported by EVs generate smaller
polysaccharides from the cell wall that elicit immune responses (Nimrichter et al.
2016).

The third proposed mechanism for EV release is through cell wall channels,
suggested after observations of tubulin and actin were detected in EV preparations
(Wolf et al. 2014; Rodrigues et al. 2008). Microscopy evidence does not support the
presence of channels for EV release in C. neoformans, but rather a free transit
through the cell wall (Wolf et al. 2014).

The importance of the cell wall in EV function is gaining traction. EV trafficking
is an opportunity for the exchange of macromolecules within the cell wall and with
the extracellular compartment (Zhao et al. 2019; Champer et al. 2016; Vallejo et al.
2012b), suggesting a facilitating role of EVs for adaptation of fungal cells to the
environment. S. cerevisiae strains lacking genes associated with cell wall biosyn-
thesis produced more EVs than wildtype, showing that the cell wall also works as a
partial barrier to EV release. EVs may also function in cell wall strengthening under
conditions that affect cell wall integrity (Zhao et al. 2019).

The reports discussed above have built a better understanding of the role of the
fungal cell wall during EV production. Still, other points remain unanswered such as
the effect of cell walls with different polysaccharide composition and thickness on
EV release and content, and the role of the cell wall on EV release from filamentous
and plant pathogenic fungi.

Emergence of Protein Markers for Fungal EVs

Mammalian and fungal EVs display different EV-specific protein markers. Typical
mammalian EV markers such as tetraspanins and ESCRT proteins are not present in
fungal EVs (Fig. 7.3) (Bleackley et al. 2019a) which has hampered the identification
and isolation of fungal EVs. A recent study on EVs from C. albicans has provided a
list of 47 proteins that could be employed as markers (Dawson et al. 2020). Some of
these are eisosome-related proteins Sur7, NcelO1 and Evpl. The fungal eisosome is
a site of endocytosis located at the plasma membrane (Walther et al. 2006), which
supports the hypothesis of EV formation via multivesicular bodies (Raposo and
Stoorvogel 2013; Wolf et al. 2014). Other potential fungal EV markers include Rab
GTPases Sec4 and Ypt31, and Rho GTPases Cdc42, Racl, Rhol and Rho3. It
remains to be determined whether these markers are present in EVs from other
fungal species.
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Role of Fungal EVs in Pathophysiology

The role of fungal EVs in host-pathogen interactions has been reviewed widely
(Joffe et al. 2016; Rodrigues and Casadevall 2018; Samuel et al. 2015). There are
several reports showing direct links between EV production by human pathogens
and changes in immune responses from the host (Fig. 7.4). These reports are
discussed below.

| N a I
EVs from C. albicans, —— f' \-._ I | o EVs from C. neoformans, C. albicans, ~__
5. brasiliensis = @) o/ A C. gattii, T. intercligitale, A. flavus
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-0~ 0,0
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Fig. 7.4 Fungal EVs modulate the immune response of host cells. I. EVs from C. albicans and S.
brasiliensis activate dendritic cells and increase the production of cytokines such as IL-12p40, IFN-
¥, TNF-a, IL-10 and TGF-p. Other proteins upregulated in response to the presence of EVs were
CD86 and MHC-II (Vargas et al. 2015; Ikeda et al. 2018). II. EVs from pathogenic fungi increase
the production of TNF-a, TGF-f and nitric oxide by macrophages (Bielska et al. 2018; Bitencourt et
al. 2018; Brauer et al. 2020; Oliveira et al. 2010a; Vargas et al. 2015). Incubation of macrophages
with EVs from H. capsulatum reduced the ability of macrophages to phagocytize H. capsulatum
(Baltazar et al. 2018). These studies revealed that albumin disrupts EVs (Wolf et al. 2012). III. EVs
from the yeast E. dermatitidis were more cytotoxic than non-melanized EVs and had a greater
ability to cause cell death (Lavrin et al. 2020). IV. Expression of the intracellular adhesion molecule
1 (ICAM-1), involved in immune defense of skin cells, was increased in keratinocytes after
incubation with M. sympodialis EVs, which localized around the nuclei (Johansson et al. 2018;
Vallhov et al. 2020). Similarly, keratinocytes increased production of cytokines after exposure to 7.
interdigitale EVs (Bitencourt et al. 2018)
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Interactions of Yeast EVs with the Host Inmune System

Fungal EVs have the ability to modify the immune response from the host (Zamith-
Miranda et al. 2018). EVs from C. neoformans were internalized by murine macro-
phages, resulting in the production of TNF-a, a fungicidal cytokine, IL-10 and TGF-
B (Fig. 7.4, 1) (Oliveira et al. 2010a). Importantly, C. neoformans EVs appear to
cross the blood-brain barrier. This observation is relevant since the infection mech-
anism that leads to cryptococcal meningoencephalitis is largely unknown and it may
be mediated by C. neoformans EVs (Huang et al. 2012). Finally, EVs from C.
neoformans (and from the bacterium Bacillus anthracis) are destabilized by human
albumin and may have a short life in vivo, suggesting that content might be
discharged shortly after EV release (Fig. 7.4, II) (Wolf et al. 2012).

Fungal EVs also protect Histoplasma capsulatum from the host defense arsenal
by inhibiting phagocytosis by human bone marrow macrophages (Fig. 7.4, 1I)
(Baltazar et al. 2018). The interaction between H. capsulatum and host cells also
caused changes to EV content, suggesting that the composition of EVs is actively
regulated (Baltazar et al. 2016, 2018).

C. albicans EVs modulate the immune response of murine macrophages and
dendritic cells (Fig. 7.4, I and II), where they cause production of nitric oxide and
several cytokines. EVs from C. albicans also conferred a protective effect in the
infection model Galleria mellonella. Inoculating G. mellonella larvae with EVs from
C. albicans prior to a yeast challenge reduced the survival of viable yeast compared
to larvae that had not been pre-exposed to EVs, confirming the ability of EVs to
modify immune responses (Vargas et al. 2015). A similar protective effect from C.
albicans EVs was reported for mice, suggesting that fungal EVs may be used as a
vaccination (Vargas et al. 2020).

Host cells also produce EVs in the presence of fungi. For instance, macrophages
produce EVs with a different proteome after interaction with C. albicans. They have
more proteins involved in immune responses, signaling and cytoskeleton reorgani-
zation, showing a role for EVs in cell communication (Reales-Calderon et al. 2017).

An important example of the involvement of EVs in cell-cell communications
and in pathophysiology has come from a study with Cryptococcus gattii, the
causative agent of respiratory infections (Bielska et al. 2018). This fungus uses a
“division of labor” mechanism whereby cells with higher virulence due to mito-
chondrial changes facilitate the proliferation of cells without the mitochondrial
modification, creating a pool of pathogenic fungi inside macrophages (Voelz et al.
2014). This process is mediated by EVs from C. gattii (Bielska et al. 2018).
Similarly, C. neoformans can transition to the more virulent lineage VNIa-5, through
a process that involves secreted proteins from the more virulent strain that are
enriched in EVs (Hai et al. 2020).

Further evidence for the role of EVs in communication between fungi and host
are the observations that dendritic cells increase phagocytosis rates of the yeast
Sporothrix brasiliensis after they have been exposed to EVs from this pathogen (Fig.
7.4, 1) (Ikeda et al. 2018). The same study reported that subcutaneous lesions in mice
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were more severe, and the fungal load was higher at the time of euthanization, for
mice that were administered EVs from S. brasiliensis prior to infection with the
fungus (Ikeda et al. 2018). These findings are contrary to reports of a protective role
of fungal EVs in G. mellonella (Vargas et al. 2015).

Fungal pigments carried by EVs can also enhance the virulence of fungal
pathogens. For example, melanized EVs from the black yeast E. dermatitidis
reduced the viability of neuroblastoma cells significantly more than non-melanized
EVs (Fig. 7.4, IIT) (Lavrin et al. 2020). The authors suggest that these type of fungal
infections might be involved in triggering neurodegenerative diseases such as
Parkinson’s disease (Lavrin et al. 2020).

EVs from fungi associated with non-life-threatening diseases have also been
studied. Malassezia sympodialis is a yeast that causes atopic eczema (Bieber and
Novak 2009). EVs from this fungus carry allergens and antigens with the capacity to
activate human keratinocytes and monocytes (Fig. 7.4, IV) (Gehrmann et al. 2011;
Johansson et al. 2018; Vallhov et al. 2020).

Interactions of Mycelial EVs with the Host Immune System

EVs from filamentous fungal pathogens are understudied compared to EVs from
yeast. As mentioned above, Aspergillus spp. are a severe threat to human health and
the role of EVs during infection of these pathogens is mostly unknown. However,
EVs from A. fumigatus accelerate phagocytosis by neutrophils and macrophages,
and macrophages increase production of cytokines TNF-a and CCL2, showing that
EVs from filamentous fungi also modulate immune responses in the host (Souza et
al. 2019).

Human granulocytes also produce EVs in response to A. fumigatus (Shopova et
al. 2020). These mammalian EVs are enriched with antifungal molecules and were
able to limit fungal growth, showing that the exchange of EVs modulates immune
responses from the host and the pathogen (Shopova et al. 2020).

Similar to C. albicans, EVs from Aspergillus flavus increased the production of
cytokines in bone marrow macrophages, which also increased phagocytic rates and
developed the M1 phenotype (Brauer et al. 2020). Prior exposure to C. albicans EVs
also protects G. mellonella larvae from a lethal fungal infection (Brauer et al. 2020),
showing that both mycelial and yeast EVs can enhance the antifungal response from
the host.

Human keratinocytes increase production of nitric oxide and cytokines after
incubation with EVs from the dermatophyte Trichophyton interdigitale. Bone mar-
row macrophages responded in the same way as the keratinocytes after exposure to
EVs from this fungus, and an M1 phenotype was also observed (Bitencourt et al.
2018). Preconditioning of bone marrow macrophages with EVs from T. interdigitale
conidia also increased the fungicidal activity of the macrophages when they were
incubated with the fungus (Bitencourt et al. 2018). Similar findings have been
reported for Paracoccidioides brasiliensis (da Silva et al. 2016).
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EV Content from Human Fungal Pathogens Suggests a Role in
Virulence

Protein

Fungal EVs from human pathogens contain proteins that modulate the immune
responses of host cells and that facilitate infection (Rodrigues et al. 2008; Peres da
Silva et al. 2015a; da Silva et al. 2016; Rizzo et al. 2020a). For instance, proteins
involved in protection against oxidative stress have been reported in EVs from plant
and human pathogens (Vallejo et al. 2012a; Rodrigues et al. 2008; Bleackley et al.
2019b; Dawson et al. 2020). It is known that redox proteins, such as catalase and
peroxidase, are used by fungi during colonization of the host (Warris and Ballou
2019). Another example of transport of virulence-associated proteins found in fungal
EVs is phospholipase b, which disrupts phospholipids of the host and is essential for
C. albicans virulence (Ghannoum 2000).

Fungal EVs carry a variety of proteases that function by enhancing fungal
virulence (Yike 2011). For instance, the C. albicans protease Sap9 facilitates biofilm
formation (Dutton et al. 2016; Dawson et al. 2020) and the peptidase Yscll from S.
cerevisiae is used to obtain leucine from environmental sources (Hirsch et al. 1988;
Oliveira et al. 2010b).

Fungal EVs also transport enzymes involved in the production of pigments such
as melanin, which can act as virulence factors. Melanin reduces phagocytosis by
immune cells, alters cytokine production and reduces the toxicity of antifungal
compounds (Taborda et al. 2008; Liu and Nizet 2009; Nosanchuk and Casadevall
2003; Panepinto et al. 2009; Nosanchuk et al. 2015). Laccase, involved in melanin
production, was detected in EVs from C. neoformans (Rodrigues et al. 2008) and
Eisenman and colleagues proposed melanization of C. neoformans occurs via
synthesis inside EVs (Eisenman et al. 2009). Melanized EVs isolated from the
black yeast Exophiala dermatitidis had a more potent cytotoxic effect on neuroblas-
toma cells than non-melanized EVs, showing that melanin is an important compo-
nent for cytotoxicity (Lavrin et al. 2020).

RNA

EVs from C. neoformans, P. brasiliensis, C. albicans and S. cerevisiae carry RNA
sequences of less than 250 nt. composed of mRNA, tRNA, rRNA, snRNA, snoRNA
and miRNA (Peres da Silva et al. 2015a). Some of these sequences are involved in
splicing control and RNA degradation (Peres da Silva et al. 2015a; Leone et al.
2018). EVs from P. fermentans, C. neoformans, C. albicans, S. cerevisiae and P.
brasiliensis contain snR36 and snR61, snoRNAs involved in rRNA synthesis and O-
methylation of RNA, respectively (Peres da Silva et al. 2015a; Leone et al. 2018).
Other RNAs detected in EVs from Pichia fermentans with human orthologues, miR-
210 and miR-26a, are induced during cell differentiation and hypoxia, and have a
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potential role in pseudohyphal cell formation (Leone et al. 2018; Ramteke et al.
2015; Lee et al. 2015; Leeper et al. 2011). miR-21, also found in P. fermentans EVs,
has a role in cell proliferation and apoptosis in human cells (Asangani et al. 2008).

The RNA content of EVs from the pathogen Rhizopus delemar included around
400 sequences of 18-30 bases, with roles in regulation of carbohydrate metabolism
and biosynthesis of secondary metabolites, which in some fungal species is tightly
related to virulence (Liu et al. 2018; Pusztahelyi et al. 2015). Analysis of RNA from
Paracoccidioides spp. EVs revealed sSRNA sequences that map to genes encoding
fungal proteins such as a-amylase and p-glucanase, with a proposed role of regulat-
ing virulence genes (Peres da Silva et al. 2019).

The Golgi reassembly and stacking protein (GRASP) has a role in RNA export
via EVs in C. neoformans, which may involve a tightly regulated mechanism (Peres
da Silva et al. 2018). GRASP also functions in polysaccharide secretion in C.
neoformans (Kmetzsch et al. 2011) suggesting an important role in vesicle loading.

Carbohydrates

There has been limited work on the carbohydrate content of EVs, partly due to the
relatively large amount of material needed for glycomic analysis.

C. neoformans has an extracellular capsule made of glucuronoxylomannan
(GXM) which decreases the phagocytic ability of immune cells and is associated
with virulence (Vecchiarelli 2000). EVs have a fundamental role in the transport of
GXM from the cytosol to the cell surface (Rodrigues et al. 2007, 2008).

A comparative analysis of the cargo of H. capsulatum EVs produced in different
growth media revealed macromolecules associated with virulence, such as the
glycolipid ergosterylglucoside. Trehalose, also detected in H. capsulatum EVs, is a
carbohydrate associated to thermotolerance and growth under limited carbon sources
(Cleare et al. 2020; Francois and Parrou 2001; Thammahong et al. 2017; Hare et al.
1998).

EVs from A. fumigatus also transport polysaccharides. Carbohydrate analysis
revealed the presence of glucans, galactomannan and galactosaminogalactan (GAG)
in EVs (Rizzo et al. 2020b). GAG is a cell wall polysaccharide that has potent
immunomodulatory effects in mice (Fontaine et al. 2011; Gresnigt et al. 2014),
supporting the role of fungal EVs in altering immune responses in the host.

Further glycomic studies on EVs from Paracoccidioides revealed a-galactosyl
epitopes, which have the ability of activating immune cells (Vallejo et al. 2011).
Also found in EVs were different types of cell wall oligosaccharides like 4,6-a-
glucan and galactofuranosylmannan (da Silva et al. 2015; Peres da Silva et al.
2015b).
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Lipids

Similar to the carbohydrate analysis, high amounts of EV material are needed to
perform lipid analyses and hence there are few reports on the lipid composition of
fungal EVs, since lipids may have a relatively low abundance based on EV size
(Bleackley et al. 2019a).

EVs from C. neoformans contain sterol derivatives that, in other fungi, are
involved in resistance to different types of stress and hence are targets of antifungal
molecules (Lv et al. 2016; Rodrigues et al. 2007). Glucosylceramide, with a well-
described role in fungal virulence, has also been detected in EVs from C.
neoformans and from C. albicans (Rodrigues et al. 2007; Vargas et al. 2015;
Rittershaus et al. 2006).

A lipidomic analysis of EVs from P. brasiliensis, revealed the presence of a
plethora of phospholipids, fatty acids and sterols, with the most abundant being
brassicasterol (Vallejo et al. 2012b). Brassicasterol has been linked to resistance to
azole antifugal drugs (Camacho and Nifio-Vega 2017), suggesting a potential link
between EV production and drug resistance.

Prions

The transmission of prion Sup35 via EVs from S. cerevisiae has been reported
recently (Liu et al. 2016; Kabani and Melki 2015). Although prions are best spread
by direct contact between cells, EVs transport Sup35 into the extracellular space,
creating a new mechanism of prion transmission in fungi. The transport of prions via
EVs and their role in disease is well characterized in mammalian systems (Quek and
Hill 2017).

Fungal EVs in Drug Resistance

Recent research has shed light on the role of EVs in drug resistance and in the
morphological changes between yeast and biofilms. A C. albicans study revealed
that EVs from planktonic cells are morphologically different and have a different
proteome compared to biofilm-derived EVs. Also, WT EVs are able to confer
resistance to antifungal-susceptible C. albicans strains. These data show that EVs
have a role in biofilm matrix biogenesis and that there is a direct link between EV
production and drug resistance (Zarnowski et al. 2018; Dawson et al. 2020). A role
for morphological shifts was also reported for the industrial fungus Pichia
fermentans, in a process that my mediated by EVs (Leone et al. 2018). Similarly,
EVs were able protect S. cerevisiae from the antifungal caspofungin and the plant
defensin NaD1 (Zhao et al. 2019). The authors proposed two mechanisms for EV-
mediated drug resistance: the first is that EVs act as decoys and interact with these
lipid-binding antifungals, effectively sequestering them. The second mechanism
relies on EV internalization by host cells that derives in reinforcement of the fungal
cell wall and in protection against the antifungal agents (Zhao et al. 2019).
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EVs from Fungal Plant Pathogens Contain Molecules Related
to Virulence

Little is known about the content and function of EVs from fungal plant pathogens
compared to human fungal pathogens. Proteomic data is available only for EVs from
Alternaria infectoria (Silva et al. 2014), and Fusarium oxysporum f. sp. vasinfectum
(Fov) (Silva et al. 2014, Bleackley et al. 2019b). However, some proteins indicate a
potential role for fungal EVs during infection. For instance, Fov EVs contain a
Hsp70-like protein. Hsp70 is involved in conidiation and plant infection in Fusarium
pseudograminearum, an emerging plant pathogen (Chen et al. 2019).

Fov EVs are enriched with two types of polyketide synthases that might be
involved in the production of the pigment bikaverin. EVs and/or this pigment are
thought to be responsible for causing a hypersensitive response on cotton cotyledons
(Bleackley et al. 2019b). Polyketide synthases are used extensively in toxin produc-
tion from plant pathogens and have a clear role in virulence (Choquer et al. 2005;
Yang et al. 1996; Noar et al. 2019; Ruocco et al. 2018; Woo et al. 2012).

Proteases from plant pathogenic fungi can also increase the severity of plant
diseases (Podder et al. 2019). Fov EVs were enriched with various proteases such as
carboxypeptidases D and F, glutamate carboxypeptidase II, Pep1, vacuolar protease
a, and aspartic-type signal peptidase a (Bleackley et al. 2019b). The role of these
proteases in the context of a plant infection still needs to be addressed.

A. infectoria EVs contain proteins involved in polysaccharide metabolism, pig-
ment synthesis, and trafficking of vesicles (Silva et al. 2014).

Conclusion

The production of fungal extracellular vesicles has been reported for pathogenic and
non-pathogenic fungal species. Fungal EVs are similar in morphology and content to
EVs from other organisms, and multi omic analyses have revealed that EVs supports
a role in cell wall remodeling, infection, and interactions between yeast and fila-
mentous fungi with their animal or plant host.

The field of fungal EVs has consistently advanced towards a better understanding
of EV function. The absence of universal fungal markers to assist in isolation and
tracking in biological systems, the lack of knowledge on EV heterogeneity from a
single fungal species, as well as little information on specific pathways represent
exciting challenges. The diversity of fungi provides the opportunity to investigate
new pathogens and interactions with their hosts, which in time will lead to elicit a
more complete role of fungal EVs in the context of infection.

A better understanding of EV cargo and how they enhance virulence of fungal
pathogens or prime the immune response of the host for protection against pathogens
is highly likely to lead to the development of new drugs for treatment of fungal
diseases.
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2. Chapter Two

When this thesis was started there were few research articles on fungal EVs in the
literature and there was still debate about whether fungi produced EVs, largely
because there was doubt that EVs would be able to traverse the fungal cell wall. A
handful of research articles [7,51,56] described EVs from the yeast pathogens
Cryptococcus neoformans and Histoplasma capsulatum and preliminary proteomic
studies. Only one article had been published describing EVs from the filamentous
tungus Alternaria infectoria, but there were no studies on EVs from filamentous
fungi in the context of plant pathogenesis. The two articles presented in this
chapter describe the isolation and proteome of EVs produced by the cotton

pathogen Fusarium oxysporum f. sp. vasinfectum.
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2.1 Extracellular vesicles from the
cotton pathogen Fusarium oxysporum f£.
sp. vasinfectum (Fov) induce a
hypersensitive response in plants

The findings from this study have been published in a peer-reviewed journal,

Frontiers in Plant Science, January 2020.

Bleackley MR, Samuel M, Garcia-Ceron D, McKenna JA, Lowe RGT, Pathan M,

Zhao K, Ang CS, Mathivanan S, Anderson MA. Extracellular Vesicles From the
Cotton Pathogen Fusarium oxysporum f. sp. vasinfectum Induce a Phytotoxic
Response in Plants. Front Plant Sci. 2020 Jan 10;10:1610. doi:
10.3389/1pls.2019.01610.
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- Prepared samples for mass spectrometry

- Performed the gene ontology analysis
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Extracellular Vesicles From the
Cotton Pathogen Fusarium
oxysporum f. sp. vasinfectum Induce
a Phytotoxic Response in Plants

Mark R. Bleackley ', Monisha Samuel '™, Donovan Garcia-Ceron’, James A. McKenna',
Rohan G. T. Lowe, Mohashin Pathan, Kening Zhao, Ching-Seng Ang?, Suresh Mathivanan’
and Marilyn A. Anderson™

" Department of Biochemistry and Genetics, La Trobe Institute for Molecular Science, La Trobe University, Bundoora, VIC,
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Extracellular vesicles (EVs) represent a system for the coordinated secretion of a variety of
molecular cargo including proteins, lipids, nucleic acids, and metabolites. They have an
essential role in intercellular communication in multicellular organisms and have more
recently been implicated in host-pathogen interactions. Study of the role for EVs in fungal
biology has focused on pathogenic yeasts that are major pathogens in humans. In this
study we have expanded the investigation of fungal EVs to plant pathogens, specifically
the major cotton pathogen Fusarium oxysporum f. sp. vasinfectum. EVs isolated from
F. oxysporum f. sp. vasinfectum culture medium have a morphology and size distribution
similar to EVs from yeasts such as Candida albicans and Cryptococcus neoformans. A
unique feature of the EVs from F. oxysporum f. sp. vasinfectum is their purple color, which
is predicted to arise from a napthoquinone pigment being packaged into the EVs.
Proteomic analysis of F. oxysporum f. sp. vasinfectum EVs revealed that they are
enriched in proteins that function in synthesis of polyketides as well as proteases and
proteins that function in basic cellular processes. Infiltration of F. oxysporum f. sp.
vasinfectum EVs into the leaves of cotton or N. benthamiana plants led to a phytotoxic
response. These observations lead to the hypothesis that . oxysporum f. sp. vasinfectum
EVs are likely to play a crucial role in the infection process.

Keywords: fungi, extracellular vesicle (EV), host interaction, poly

INTRODUCTION

Extracellular vesicles (EVs) are involved in intercellular communications in all kingdoms of life
(Pathirana and Kaparakis-Liaskos, 2016; Maas et al., 2017; Bielska et al., 2018; Rybak and Robatzek,
2019). These small, lipid bilayer encapsulated particles provide a mechanism for the coordinated
transport of heterogeneous cargo. This is not limited to transport between cells within an organism
but also extends to cross kingdom interactions such as those between microbial pathogens and their
hosts (Schorey et al., 2015; Rutter and Innes, 2018). The best characterized EVs are from
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mammalian cells; their cargo includes nucleic acids, proteins,
lipids, and metabolites (Kalra et al.,, 2012; Maas et al.,, 2017).
Uptake of EVs by target cells induces changes in gene/protein
expression that consequently lead to altered physiology and
other phenotypes (Greening and Simpson, 2018). Our
understanding of EVs at the host-pathogen interface comes
largely from the study of outer membrane vesicles (OMVs)
produced by Gram negative bacteria that infect humans
(Pathirana and Kaparakis-Liaskos, 2016). OMVs contribute to
the host-pathogen interaction through their cargo, which can
induce immune responses (Ellis et al, 2010), contribute to
adhesion to mucosal surfaces (Olofsson et al., 2010), act as
virulence factors (Bomberger et al., 2009) or toxins (Horstman
and Kuehn, 2000), degrade antibiotics (Kim et al., 2018), acquire
trace nutrients (Prados-Rosales et al., 2014), and function in
inter-microbe competition (Vasilyeva et al., 2008).

Investigation of fungal EVs is in its relative infancy compared
to mammalian EVs or bacterial OMVs with most studies on
pathogenic yeasts that infect humans (reviewed in Bleackley
et al,, 2019). Like mammalian EVs and bacterial OMVs,
fungal EV cargo consists of proteins, lipids, and nucleic acids.
Polysaccharides are also transported by fungal EV's (Griffith et al.,
2004; da Silva et al.,, 2015). Proteomic characterization of the
cargo in EV's from pathogenic yeast has led to predicted roles in
stress responses, and metabolism of various cellular building
blocks including proteins, lipids, and carbohydrates. Functional
analysis of EVs in vitro supports several roles for these vesicles in
host-pathogen interactions. For example, EVs from a number of
pathogenic yeast induce responses when applied to cultured
innate immune cells, indicating EVs are probably sensed by the
host during infection (Oliveira et al., 2010; Wolf et al., 2015; da
Silva et al., 2016). Antifungal drug resistance is also linked to EV
production; EVs from biofilms produced by the major human
fungal pathogen Candida albicans contribute to resistance to
antifungal azoles (Zarnowski et al., 2018) and S. cerevisiae EV's
have a protective function against both caspofungin and
antifungal peptides(Zhao et al.,, 2019). Virulence has also been
linked to EV production. Hypervirulence of a Cryptococcus gattii
strain is facilitated by intra-cellular communication between
fungal cells mediated by EVs (Bielska et al., 2018).

Little is known about the role of EVs in plant-fungal
interactions, although there has been speculation based on the
study of mammalian yeast pathogens (Samuel et al, 2015;
Boevink, 2017). Experimental investigation into the role for
EVs in the plant-fungal interaction has focused on EVs
produced by the plant, defense related cargo, and the effect
they have on fungi (Rutter and Innes, 2018). Multivesicular
bodies, which are the site of biogenesis for many EVs,
accumulate at plasmodesmata during fungal infections leading
to a potential role for vesicles in the callose deposition that
isolates dying cells from living cells (An et al., 2006; Bohlenius
etal, 2010; Li et al,, 2018). Plant EVs may also deliver antifungal
molecules to the pathogen. For example, EVs from sunflower
seedlings inhibit the growth of Sclerotinia sclerotiorum spores
(Regente et al., 2017). Plant EVs are also proposed to transport

antimicrobial glucosinylates (Rutter and Innes, 2017). Very little
is known about EVs produced by filamentous fungi, with data
limited to a handful of studies on Alfernaria infectoria (Silva
et al, 2013), Trichophyton rubrum (Bitencourt et al.,, 2018),
and Rhizopus delemar (Liu et al., 2018). The EVs from
the filamentous fungi in these studies are similar to those
produced by yeast with respect to morphology, cargo, and
recognition by innate immune cells.

To address the lack of knowledge on how EVs contribute to
fungal pathogenesis in plants, we have isolated and characterized
EVs from the cotton pathogen Fusarium oxysporum f. sp.
vasinfectum. The F. oxysporum species complex causes vascular
wilt disease in many economically relevant crops and are
considered hemibiotrophic pathogens because the infection
consists of both a biotrophic and necrotrophic phase (Gordon
2017). The EVs had a similar morphology to those from yeasts
and contained protein cargo that was functionally related to
those described for human pathogens. EVs from F. oxysporum
were deep purple in color and were phytotoxic when applied to
plant leaves. This supports a role for fungal EVs in the host-
pathogen interaction with plants.

MATERIALS AND METHODS

Strains and Growth Conditions

F. oxysporum f. sp. vasinfectum, Australian isolate VCG01111
isolated from cotton, (gift from Wayne O’Neill, Farming Systems
Institute, Department of Primary Industries (DPI), Queensland,
Australia), was maintained on half strength potato dextrose agar
(1/2 PDA) at 25°C. Liquid cultures were grown in half-strength
potato dextrose broth (1/2 PDB) at room temperature with
shaking at 90 rpm. S. cerevisiae BY4741 were maintained on
1% yeast extract, 2% peptone, 2% dextrose, 2% agar (YPD-agar)
at 30°C. Liquid cultures were grown in YPD at 30°C with shaking
at 125 rpm.

Isolation of EVs

EVs were isolated using a procedure modified from Rodrigues
et al. (2007). Briefly, F. oxysporum f. sp. vasinfectum mycelium
was cultured in %2 PDB for 72 h at room temperature. Mycelium
was removed from the culture medium by filtration through
sterile Miracloth. Spores and cell debris were removed from the
culture medium by centrifugation at 4,000 x g for 15 min in a
Heraeus Multifuge X3 centrifuge (Thermo Fisher) followed by
15,000 x g for 30 min in an Avanti J-E centrifuge (Beckman
Coulter). Supernatant was further centrifuged at 100,000 x g
using an SW32 rotor in an Optima L-100 XP ultracentrifuge
(Beckman Coulter). EV pellets were resuspended in sterile
phosphate-buffered saline (PBS). Protein content of EVs
was initially assessed using a Qubit fluorimeter (Thermo
Fisher) and then separated on SDS-PAGE gels and stained
with SYPRO-Ruby (Invitrogen), and protein content was
determined according to the manufacturer’s instructions.
When needed, EVs were concentrated by pelleting using a TL-
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100 ultracentrifuge with a TLA100.3 rotor (Beckman Coulter);
the supernatant was removed and the pellet resuspended in an
appropriate volume to yield the desired concentration.

Transmission Electron Microscopy

EV samples (5 pl at 0.05 pg/ml protein) were deposited onto
carbon-coated 400-mesh copper grids (ProSciTech) that had
been glow discharged for 1 min in a K950X turbo evaporator
coupled to a K350 glow discharge unit (Quorum Technologies
Ltd), incubated for 1 min then washed with ultrapure water.
Grids were then stained three times with 4 pl of 2% (v/v) uranyl
acetate (Agar Scientific). Excess solution was blotted off and the
grids were dried overnight. Images were captured using a JEM
2100 electron microscope (JEOL Ltd) operated at 200 kV.

Nanoparticle Tracking Analysis

Particle size and number of purified EVs were determined using
a Nanosight NS300 with a 405 nm (blue) laser (Malvern
Instruments). Samples (0.1 pg/ml) were diluted 1:1,000 with
sterile PBS and injected using a syringe pump with a flow rate of
50. Three technical replicates were performed per sample with 1
min videos recorded for analysis. All samples were measured in
triplicate and data were analyzed using NTA 3.2 Dev Build 3.2.16
with the auto-analysis settings.

Proteomic Analysis

Three separate pools of EVs (each pooled from two or three
independent biological replicates) with 15 pg of total protein in
each, were loaded onto precast NuPAGE® 4-129% Bis-Tris gels in
1x MES SDS running buffer. Gels were run at 150 V followed by
visualization of proteins with Coomassie stain (Bio-Rad). Gel
bands (10) were excised and subjected to in-gel reduction,
alkylation, and trypsinization as described in Mathivanan et al.
(2012). Briefly, gel bands were reduced with 10 mM DTT (Bio-
Rad), alkylated with 25 mM iodoacetamide (Sigma) and digested
overnight at 37°C with 150 ng of sequencing grade trypsin
(Promega). Tryptic peptides were extracted by 0.1%
trifluoroacetic acid in 50% (w/v) acetonitrile and analyzed by
LC-MS/MS using LTQ Orbitrap Elite (Thermo Scientific), fitted
with nanoflow reversed-phase-HPLC (Ultimate 3000 RSLC,
Dionex). The nano-HPLC system was equipped with an
Acclaim Pepmap nano-trap column (Dionex—C18, 100 A, 75
um x 2 cm) and an Acclaim Pepmap RSLC analytical column
(Dionex—C18, 100 A, 75 um x 50cm). Typically, for each LC-
MS/MS experiment, 3 pl of the peptide mix was loaded onto the
enrichment (trap) column at an isocratic flow of 5 pl/min of 3%
CH;CN containing 0.1% formic acid for 5 min before the
enrichment column is switched in-line with the analytical
column. The eluents used for the LC were 0.1% v/v formic
acid (solvent A) and 100% CH3CN/0.1% formic acid v/v. The
gradient used was 3% B to 25% B for 23 min, 25% B to 40% B in 2
min, 40% B to 85% B in 2 min, and maintained at 85% B for 2
min before equilibration for 10 min at 3% B prior to the next
injection. The Orbitrap Elite MS was operated in the data-
dependent mode with a capillary temperature of 250°C, nano

ESI spray voltage of +1.9 kv, and S-lens RF value of 60%. All
spectra were acquired in positive mode with full scan MS spectra
scanning from m/z 300-1,650 in the FT mode at 240,000
resolution after accumulating to a target value of 1.00e6 and
maximum accumulation time of 200 ms. Lockmass of 445.12003
m/z was used. For MS/MS, the 20 most intense peptide ions with
minimum target value of 2,000 and charge states >2 were isolated
with isolation window of 1.6 m/z and fragmented by low energy
CID with normalized collision energy of 30 and activation Q of
0.25. A whole cell lysate (WCL) sample, prepared by lysing F.
oxysporum f. sp. vasinfectum mycelia using glass beads in a
Tissue lyser (Qiagen) and clarifying via centrifugation, was also
analyzed using the same method for comparison.

Bioinformatic Analysis of Proteomic

Data Set

Mascot Generic File Format (MGF) files were generated using
MSConvert with the parameter of peak picking set. X!Tandem
VENGEANCE (2015.12.15) was then used to search the MGF
files against a target and decoy databases. A predicted protein set
for F. oxysporum f. sp. vasinfectum was downloaded from
Ensembl Fungi (FO_Cotton_V1, GCA_000260175) and used
to generate the target database. Search parameters used were:
fixed modification (carboamidomethylation of cysteine; +57 Da),
variable modifications (oxidation of methionine; +16 Da and N-
terminal acetylation; +42 Da), three missed tryptic cleavages, 20
ppm peptide mass tolerance, and 0.6 Da fragment ion mass
tolerance. Protein identifications were shortlisted to obtain a
master list with less than 1% false discovery rate. Proteins that
were identified by at least two unique peptides in two of three
samples were classified as EV proteins.

Predicted functions of F. oxysporum f. sp. vasinfectum ORFs
were assigned by homology searching using Blast2Go v4.19 with
default parameters (Conesa et al., 2005). Functional enrichment
analysis was also performed using Blast2Go with Fisher’s exact
test. Statistically significant GO terms that were enriched in EV
proteins were condensed further to minimize overlap using the
reduced GO terms function in Blast2Go.

Absorbance Spectroscopy of EVs

Absorbance spectroscopy was performed using a SpectraMax m2
spectrophotometer. EVs fractions were loaded into 1 cm
pathlength 70 pl UV-Cuvette micro (BRAND, Germany)
cuvettes and the absorbance spectra were measured in 10 nm
intervals. Data were analyzed using Microsoft Excel.

Leaf Infiltration Assays

Coker 315 cotton seeds were germinated at 25°C in an Adaptis
(Conviron) growth cabinet with 16 h light and 8 h dark for 10
days with 5 seeds per squat pot in standard pine park potting
mix. Nicotiana benthamiana were grown in an Adaptis
(Conviron) growth cabinet with 16 h light and 8 h dark for 4-
6 weeks. Infiltrations were performed on the cotton cotyledons
or N. benthamiana leaves using a protocol modified from Poon
et al. (2018) used for infiltration of Agrobacterium into the leaves
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of N. benthamiana for transient protein expression. EVs were
prepared to a protein concentration of 0.1 ug/ml in 1 ml PBS and
infiltrated into the undersides of the cotyledons using a non-luer
lock 1 ml syringe (Terumo). Four infiltrations were performed
on each leaf. All infiltrations were paired with a PBS control on
the second cotyledon of the plant for cotton or on the other half
of the leaf for N. benthamiana. Cotton cotyledons were also
infiltrated with a solution of hyphae and spores that had been
removed from the culture supernatant during EV isolation. Hyphae
and spores were washed, resuspended in PBS, and diluted until the
solution was slightly turbid (OD 600 nm ~ 0.5) and still flowed
easily to facilitate infiltration. After infiltration plants were returned
to the growth cabinet for 5 days. After 5 days the cotyledons/leaves
were removed from the plants and images of lesions on cotyledons
were taken using a Nex-7 camera (Sony).

Optiprep Density Gradient Analysis of EVs
Density gradient ultracentrifugation was performed as described
previously with modifications (Kalra et al.,, 2013). A
discontinuous iodixanol gradient consisting of 40% w/v, 20%
w/v, 10% w/v, and 5% w/v solutions of iodixanol was prepared
by diluting a stock solution of OptiPrep [60% w/v aqueous
iodixanol (Sigma)] in 0.25 M sucrose/10 mM Tris, pH 7.5.
The crude EVs isolated from the F. oxysporum f. sp.
vasinfectum culture by differential centrifugation coupled with
ultracentrifugation, were resuspended in the OptiPrep solution,
and overlaid onto the top layer. A control tube consisting 3 ml of
each 40%, 20%, 10%, and 5% solutions was also prepared. Both
tubes were simultaneously subjected to ultracentrifugation at
100,000 x g for 18 h at 4°C (Beckman Coulter: SW-28 rotor). The
12 fractions were collected separately for further analysis. EVs
were pelleted by ultracentrifugation at 100,000 x g for 1 h at 4°C
(Beckman Coulter: TLA-55 rotor). Pellets were then washed with
1 ml of PBS and the supernatant was removed with two
successive ultracentrifugations at 100,000 x g for 1 h at 4°C
(Beckman Coulter: TLA-55 rotor) and resuspended in 30 pl
before being stored at -80°C.
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RESULTS

F. oxysporum f. sp. vasinfectum

Produces EVs

EVs were isolated from the supernatant from F. oxysporum
f. sp. vasinfectum suspension cultures grown in %2 PDB using
differential centrifugation and ultracentrifugation. Unexpectedly
the EV fraction had a deep purple color and dual absorbance
maximum at 550 and 590 nm (Figure 1A). Nanoparticle tracking
analysis was used to determine the number of particles and the
distribution of particle diameters (Figure 1B). F. oxysporum f. sp.
vasinfectum produced 1.0 x 10'? (st dev 2.8 x 10 '") EV's per mL
of culture medium with an average mean particle diameter of
155.1 nm (st dev 3.5 nm) and an average mode of 150.0 nm (st
dev 5.1 nm). The average protein concentration of the EV
fraction measured by Qubit was 0.05 pg/ul. TEM revealed that
the particles had the characteristic cup-like morphology of EVs
(Figure 1C). In addition to the cup-shaped particles, there were
an equivalent number of multi-lobed, rosette-shaped particles
observed in the sample.

F. oxysporum f. sp. vasinfectum EVs
Contain Proteins That Function in a
Variety of Cellular Processes

The protein cargo of F. oxysporum f. sp. vasinfectum EVs
was characterized by tryptic digest followed by LC-MS/MS
using an LTQ Orbitrap Elite mass spectrometer. The criteria
for positive identification of a protein from the mass
spectrometry data set were the detection of at least two unique
peptides in at least two of three samples. As a result, we identified
list of 482 proteins (Table S1). The most abundant proteins
(Table 1) in the EVs included three proteases (FOTG_10608,
FOTG_12971, FOTG_06834), two frequency/period clock
proteins (FOTG_02405, FOTG_15292), an HSP70 like protein
(FOTG_06291), and a polyketide synthase (FOTG_13424)
(Table 1). An additional polyketide synthase (FOTG_01390)

200 400 600
Diameter (nm)

FIGURE 1 | Characterization of EVs isolated from F. oxysporum f. sp. vasinfectum. EVs were isolated using differential centrifugation followed by ultracentrifugation.
(A) Absorption spectrum of the F. oxysporum f. sp. vasinfectum EV preparation had dual maxima at 550 and 590 nm. Data are representative of three independent
replicates. (B) The number and size distribution of the isolated EVs were determined using nanoparticle tracking analysis. The data from the three technical replicates
from one biological sample are representative of all samples used in this study. The average quantity and size of EVs from three independent isolations of EVs from
F. oxysporum f. sp. vasinfectum were 1.0 x 10'2 + 2.8 x 10" particles/ml of culture, mean diameter 155.1 nm + 3.5 nm, mode diameter 150.0 nm + 5.1 nm. Values
are presented + standard deviation of three biological replicates. (C) TEM confirmed that most particles had the characteristic cup like morphology of EVs (i-iii); some

particles had a multi-lobed rosette morphology as seen in (iv).
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TABLE 1 | The 30 most abundant proteins identified in F. oxysporum f. sp. vasinfectum EVs.

Protein

FOTG_08633
FOTG_10608
FOTG_02405
FOTG_03632

FOTG_15292
FOTG_07604
FOTG_05803
FOTG_06653
FOTG_03515
FOTG_12971
FOTG_02417

FOTG_15593
FOTG_06397

FOTG_11173
FOTG_10869

FOTG_08528

FOTG_13424

FOTG_03629

FOTG_16641

FOTG_06610

FOTG_06834

FOTG_03516

FOTG_02422

FOTG_07981

FOTG_06022

FOTG_03469

FOTG_14342

FOTG_06291

Locus

EXM24125
EXM21679
EXM33907
EXM32021

EXM16413
EXM25889
EXM28573
EXM27334
EXM31837

EXM18981
EXM33929

EXM16120
EXM26950

EXM21071
EXM21345

EXM24551

EXM18486

EXM32018

EXM14982

EXM27272

EXM26538

EXM31838

EXM33936

EXM24972

EXM27593

EXM31757

EXM17503

EXM28051

Function

Uncharacterized protein

Related to tripeptidyl-peptidase i
Frequency clock protein
Glucose-regulated protein

Related to period clock protein frg
Uncharacterized protein

Protein disulfide-isomerase
Uncharacterized protein

Related to csf1 protein

Cerevisin

Transcription initiation factor tfid
subunit 12

Related to cell wall protein
Related to glu asp-trna
amidotransferase subunit a
Related to oxidoreductase
qi74 protein

Acetyl- carboxylase

Polyketide synthase

Probable endonuclease exonuclease
phosphatase family protein
Probable isoamyl alcohol oxidase
Elongation factor 3

Vacuolar protease a

Elongation factor 2

atp-citrate synthase subunit 1
Protein mms22

Calnexin

Starch phosphorylase

Related to rf2 protein

hsp70-like protein

Associated GO terms

F: serine-type endopeptidase activity; P: proteolysis

C: nucleus; C: cytoplasm; P: regulation of transcription, DNA-templated; P: circadian rhythm

C: Golgi apparatus; C: nuclear membrane; C: luminal surveillance complex; F: ATP binding;

F: ATPase activity; F: unfolded protein binding; P: karyogamy involved in conjugation with cellular
fusion; P: SRP-dependent cotranslational protein targeting to membrane, translocation;

P: response to unfolded protein; P: ER-associated ubiquitin-dependent protein catabolic process;
P: posttranslational protein targeting to membrane, translocation; P: de novo posttranslational
protein folding

C: nucleus; C: cytoplasm; P: regulation of transcription, DNA-templated; P: circadian rhythm

C: endoplasmic reticulum; F: protein disulfide isomerase activity; F: FMN binding; F: oxidoreductase
activity; P: cell redox homeostasis; P: oxidation-reduction process

C: integral component of membrane; P: fermentation

F: serine-type endopeptidase activity; P: proteolysis

C: SAGA complex; C: transcription factor TFIID complex; C: SLIK (SAGA-like) complex; F: RNA
polymerase |l activating transcription factor binding; F: chromatin binding; F: translation initiation
factor activity; F: TBP-class protein binding; F: protein complex scaffold; F: identical protein binding;
F: protein heterodimerization activity; P: regulation of transcription from RNA polymerase Il
promoter; P: histone acetylation; P: RNA polymerase Il transcriptional preinitiation complex
assembly; C: chromatin; C: ribosome; P: regulation of translational initiation

F: transferase activity; F: carbon-nitrogen ligase activity, with glutamine as amido-N-donor

F: oxidoreductase activity, acting on CH-OH group of donors; F: flavin adenine dinucleotide
binding; P: oxidation-reduction process

F: acetyl-CoA carboxylase activity; F: biotin carboxylase activity; F: ATP binding; F: metal ion
binding; P: fatty acid biosynthetic process; P: pyruvate metabolic process; C: biotin carboxylase
complex

F: oxidoreductase activity; F: transferase activity; F: phosphopantetheine binding; P: oxidation—
reduction process

F: endonuclease activity; F: exonuclease activity; P: nucleic acid phosphodiester bond hydrolysis

F: oxidoreductase activity, acting on CH-OH group of donors; F: flavin adenine dinucleotide
binding; P: oxidation-reduction process

F: translation elongation factor activity; F: ATP binding; F: ATPase activity; C: ribosome;

P: regulation of translational elongation

F: aspartic-type endopeptidase activity; P: cellular response to starvation; P: lysosomal
microautophagy; P: proteolysis involved in cellular protein catabolic process

C: integral component of membrane; F: translation elongation factor activity; F: GTPase activity;

F: GTP binding; C: ribosome; P: regulation of translational elongation

C: nucleus; C: cytosol; C: large ribosomal subunit; F: structural constituent of ribosome; F: lyase
activity; F: transferase activity, transferring acyl groups, acyl groups converted into alkyl on transfer;
F: cofactor binding; P: translation; P: ribosome biogenesis

C: nucleus; P: DNA repair; P: replication fork processing

C: integral component of endoplasmic reticulum membrane; F: calcium ion binding; F: unfolded
protein binding; P: protein folding; P: ER-associated ubiquitin-dependent protein catabolic process
F: glycogen phosphorylase activity; F: pyridoxal phosphate binding; P: carbohydrate metabolic
process

F: chitinase activity; F: chitin binding; P: carbohydrate metabolic process; P: chitin catabolic
process; P: cell wall macromolecule catabolic process

C: nucleus; C: cytoplasm; C: integral component of membrane; F: ATP binding; F: unfolded protein
binding; P: protein folding; P: SRP-dependent cotranslational protein targeting to membrane,
translocation

and a fusarubin cluster-esterase (encoded by FOTG_16162) were

also identified but at lower abundance.

Functional enrichment analysis of the EV proteins identified
287 GO terms that were enriched with an adjusted p-value cut-
off of 0.05 (Table S2). The enriched GO terms were condensed to
remove overlapping terms and give a broader picture of the

annotated functions, cellular locations, and biological processes
that were overrepresented in the F. oxysporum EVs (Figure 2). A
similar enrichment analysis was performed using a proteomic
data set from WCL. Basic cellular processes including
protein and nucleotide metabolism, lipid biosynthesis, and
cell structure were overrepresented EVs. Both the EVs and
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FIGURE 2 | GO terms over- and underrepresented in F. oxysporum f. sp. vasinfectum EV proteins. (A) GO terms that are over- or underrepresented in the set of EV
proteins. EV proteins were identified by LC-MS/MS with the peptides aligned to the predicted F. oxysporum f. sp. vasinfectum proteome. A protein was listed as an
EV protein if there were at least two unique peptides from the protein identified in at least two of three EV pools. (B) Under- and overrepresented GO terms identified
in the list of proteins identified in F. oxysporum f. sp. vasinfectum whole cell lysate. These lists are the top 30 terms; full lists can be found in Tables $2 and §3. GO
terms were assigned to transcripts based on homology searches using Blast2Go. GO term enrichment was also performed using Blast2GO. The number next to

each bar is the p-value for the GO term.

WCL were enriched for proteins that function in carbohydrate
metabolism, the unfolded protein binding, GTP binding, GTPase
activity, and ribosomes. Functions such as oxidoreductase
activity, oxidative stress response, and vesicle mediated
transport were only enriched in EVs. ATP binding was
underrepresented in EVs but overrepresented in WCL, whereas
DNA-binding transcription factor activity was overrepresented
in EVs and underrepresented in WCL.

F. oxysporum f. sp. vasinfectum EVs Are
Phytotoxic to Plant Leaves

To determine whether EVs produced by F. oxysporum f. sp.
vasinfectum had any effect on plant tissue, EVs were infiltrated
into the underside of the cotyledons of cotton seedlings or young
leaves of N. benthamiana. After 5 days the F. oxysporum f. sp.
vasinfectum EVs induced the formation of a discolored area on
the cotyledon or leaf corresponding to the infiltration area, which
is indicative of phytotoxicity (Figure 3A). In contrast, there was
no discoloration in the infiltration areas of any of the cotyledons
or leaves that were infiltrated with sterile PBS demonstrating
that the infiltration procedure itself was not responsible for the
discolored region. Infiltration of resuspended spores and hyphae
led to the formation of discolored spots that were much smaller
than those observed for the EVs. To determine whether the
toxicity observed in the cotyledon was merely a response to
foreign material or if it was specific to components of the F.
oxysporum f. sp. vasinfectum EVs, the infiltration experiment was

repeated with EVs isolated from the non-pathogenic fungus S.
cerevisiae. No discoloration was observed in the regions
infiltrated with S. cerevisiae EVs; indeed it was difficult to
discern between the S. cerevisiae EV infiltrated and the paired
PBS infiltrated cotyledons (Figure 3B). As F. oxysporum f. sp.
vasinfectum is a specific pathogen of cotton, the infiltration
experiment was repeated on N. benthamiana to determine if
the phytotoxic effect was host specific. Infiltration of EV's from F.
oxysporum f. sp. vasinfectum was also phytotoxic on N.
benthamiana leaves (Figure 3C), indicating that the phytotoxic
effect is not host specific. Consistent with observations in cotton,
S. cerevisiae EVs did not elicit a response in N. benthamiana
leaves (Figure 3D). Infiltration of cotton cotyledons with
resuspended spores and hyphae led to a much-subdued
phytotoxic effect (Figure 3E), indicating that it is not just a
response to fungal material that causes the phytotoxic response
in plants but something specific to EVs.

As there are several different molecules produced by fungi
that can induce a cell death response in plants further
purification of the F. oxysporum f. sp. vasinfectum EVs by
Optiprep density gradient centrifugation was performed. The
purple pigment separated into two sections of the Optiprep
gradient. The first section spanned fractions 4-7 and a second
more condensed section in fraction 10 (Figure 4A). After
removal of the iodixanol, a selection of these fractions were
infiltrated into cotton cotyledons. Fractions 5, 6, and 7 induced
the strongest response and also contained an enrichment of EV's
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FIGURE 3 | The effect of fungal EVs on cotton cotyledons. EVs were purified from F. oxysporum f. sp. vasinfectum and S. cerevisiae and diluted to a protein
concentration of 0.1 pg/ml in PBS. (A, B) Paired cotyledons were infiltrated at four points with the EV solution and PBS control. After 5 days incubation, the
cotyledons were removed from the plants and imaged. Cotyledons infiltrated with EVs from F. oxysporum f. sp. vasinfectum (A) had discolored/brown spots around
the sites of infiltration, whereas the cotyledons infiltrated with EVs from S. cerevisiae (B) only had mild discoloration or no response. Cotyledons infiltrated with PBS
had no observable effect (the brown spot on the third cotyledon in the F. oxysporum panel (A) is due to a pinch point as a result of a fold in the leaf and not
infiltration). (C, D) N. benthamiana leaves were infiltrated with EVs at multiple points on the right half and PBS on the left. After 5 days the leaves were removed from
the plants and imaged. Leaf halves infiltrated with EVs from F. oxysporum f. sp. vasinfectum (C) showed substantial discoloration around the sites of infiltration,
whereas the half infiltrated with PBS had no discoloration. Leaf halves infiltrated with EVs from S. cerevisiae (D) appeared similar to the corresponding PBS infiltrated
leave halves. Infiltration of cotton cotyledons with resuspended F. oxysporum f. sp. vasinfectum spores and hyphae (E) led to the formation of very small discolored
spots at the sites of infiltration, but they were much smaller than those observed with EVs. Images are representative of three independent experiments.

(Figures 4B-D). Co-purification of the pigment with the EVs on
the optiprep gradient supports the notion that the pigment is
packaged in the EVs. The phytotoxicity of these fractions on
cotton plants indicated that EVs and/or the pigment are
responsible for initiating the response.

DISCUSSION

We have isolated EVs from the plant pathogen F. oxysporum f.
sp. vasinfectum, characterized their protein cargo, and discovered
that they have a phytotoxic effect when applied to the leaves of
cotton and N. benthamiana. A unique feature of the EVs isolated
from F. oxysporum f. sp. vasinfectum was their deep purple color,
which has not been reported for EVs from any other species.

There are no marker proteins for fungal EVs so confirmation
that the particles we had isolated via ultracentrifugation were
indeed EVs depended on physical characterization. TEM
confirmed that the EVs isolated from F. oxysporum f. sp.
vasinfectum had the characteristic morphology of EVs from
other organisms. NTA confirmed that the population of EVs
had a similar size distribution to those reported for C. albicans
and C. neoformans that also used NTA for size analysis (Bielska
and May, 2019). Larger vesicles (diameter greater than 450 nm)
have been detected in C. neoformans, C. albicans, and Malassezia
sympodialis EV preparations (Bielska and May, 2019) but were
not detected in this analysis. The rosette-shaped particles have
been described previously in an isolation of EVs from S.
cerevisiae, but their origin and identity remain unknown
(Giardina et al., 2014).

Proteomic characterization of EVs from F. oxysporum f. sp.
vasinfectum was conducted to elucidate potential functions of
these particles in the host-pathogen interaction. Proteomic
analysis F. oxysporum f. sp. vasinfectum EVs identified 482
proteins, which is greater than the 205 (or fewer) proteins
identified in the early studies on yeast EVs (Rodrigues et al.,
2008; Vallejo et al., 2012; Gil-Bona et al., 2014; Wolf et al., 2014;
Vargas et al., 2015; Wolf et al,, 2015) and lower than the 600 (or
greater) reported from S. cerevisiae and C. albicans EV's obtained
using similar methods of isolation and proteomic analysis (Zhao
et al,, 2019; unpublished data from the Anderson lab). This may
have arisen from the lower yield of EVs from F. oxysporum f. sp.
vasinfectum compared to yeast cultures. Functional enrichment
analysis of the F. oxysporum f. sp. vasinfectum EV cargo proteins
mostly identified basic cellular metabolic and biosynthetic
processes. In addition, there were many proteins with
unknown function. Yeast EVs are also enriched for proteins
that function in these basal cellular processes as well as proteins
that function in pathogenesis, stress responses, and cell wall
dynamics (Bleackley et al., 2019). The latter protein groups were
not identified in the F. oxysporum f. sp. vasinfectum EVs but this
is probably due to the relatively poor annotation of the genome
of F. oxysporum f. sp. vasinfectum. It is likely that a subset of the
uncharacterized proteins, as well as proteins that have been
incorrectly annotated based on sequence homology, have a
function in F. oxysporum f. sp. vasinfectum pathogenesis.

An Hsp70 like protein was also found in F. oxysporum f. sp.
vasinfectum EVs. Hsp70 was one of the few identified in all
previously published proteomic data sets for C. albicans and C.
neoformans EVs (reviewed in Bleackley et al., 2019) and is also
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FIGURE 4 | The optiprep fractions containing both EVs and the purple pigment are responsible for the hypersensitive response induced by the crude EV fraction in
plants. (A) Optiprep gradient centrifugation of the crude EV fraction revealed that the purple pigment concentrates in two regions, one centered at 10% and a
second close to 40% iodixanol. The purple pigment was concentrated in fractions 5-7. (B) Representative TEM of fractions 5-7. Particles with characteristic cup-like
morphology of EVs were detected in these fractions as well as some rosette-shaped particles. (C) Representative NTA of fractions 5-7. The mode particle diameter
was 104.5 nm; no particles were detected below 46.5 nm or above 226.5 nm. (D) Application of select fractions (numbered in white) to the cotyledons of a cotton
plant. Fractions (left cotyledon) were all paired with a PBS control (right cotyledon). Fraction 5 induced the strongest response with fractions 6 and 7 inducing a
lesser response. Fractions 1, 2, and 11 did not induce a response beyond that observed for the PBS control. The brown spots and holes on the control cotyledons

are due to wounding of the leaf during infiltration

found in mammalian exosomes (Lancaster and Febbraio, 2005).
Hsp70 proteins are molecular chaperones that assist in protein
folding and stability (Mayer and Bukau, 2005) that have been
proposed as molecules that communicate intercellular stresses
through packaging into EVs (De Maio, 2011). HSP70 may prove
to be a valuable marker for fungal EVs. Marker proteins in
mammalian EVs facilitate analysis of EV purity, that is, from
potential contamination from organelle fragments (Lotvall et al.,
2014), and the lack of markers for fungal EVs means that this is
not currently possible.

One of the most striking observations in this study was the
deep purple color of the EVs isolated from F. oxysporum f. sp.
vasinfectum. The pigment not only co-purified with the EVs
during ultracentrifugation but also co-purified with the EVs
during the Optiprep gradient analysis. Packaging of pigments
into EVs could represent a conserved secretion mechanism
across fungi because melanin, a pigment that has a role in the
virulence of C. neoformans, is also packaged into a subset of EVs
(Rodrigues et al., 2008). Proteomic analysis of EVs isolated from
A. infectoria, which also contain melanin, identified a polyketide
synthase involved in biosynthesis of melanin and other pigments
as EV cargo (Silva et al,, 2013). Fusarium spp., like most fungi,
produce a wide variety of secondary metabolites, which include

mycotoxins that negatively impact agricultural production as
well as molecules that have served as a starting point for
development of pharmaceuticals (Brown et al., 2012). The
source of the purple color was initially suspected to be a
polyketide secondary metabolite similar to purpurfusarin,
which was identified from a F. graminearum strain over
expressing PGLI (Frandsen et al., 2016). Purple pigments have
since been isolated from F. oxysporum cultures grown on defined
minimal dextrose broth (Lebeau et al., 2019). The absorbance
spectra of an ethanol extract of lyophilized culture medium was
consistent with the dual maxima at 550 and 590 nm of the EVs.
These purple pigments were further refined and had typical UV-
Vis absorbance profiles for napthoquinones, but specific peaks in
the UV spectra indicated that they are not purpurfusarin
(Frandsen et al., 2016) or 8-O-methyl anhydrofusarubin (Studt
et al., 2012), which are known purple pigments from Fusarium.
Bikaverin, a polyketide with antibiotic properties (Limén et al.,
2010), was also detected in the extracts containing the pigments
(Lebeau et al,, 2019); it follows that perhaps bikaverin is also
packaged into EVs. Analysis of the small molecule content of
EVs is required to further enhance understanding of potential
role of EVs in the secretion of polyketides and other fungal
metabolites. Identification of the two polyketide synthases and

Frontiers in Plant Science | www.frontiersin.org

January 2020 | Volume 10 | Article 1610

58



Bleackley et al

Fusarium oxysporum f. sp. vasinfectum EVs Are Phytotoxic

one fusarubin cluster-esterase as EV cargo in this study could
point towards EVs as a site of biosynthesis for pigments and/
or toxins.

We speculated that F. oxysporum f. sp. vasinfectum EVs had a
role in the fungal-plant interaction because the role of EVs in
bacterial infections is well described in mammalian systems
(Pathirana and Kaparakis-Liaskos, 2016). Furthermore,
pathogenic yeasts such as C. albicans, C. neoformans, and
Paracoccidioides brasiliensis are able to activate innate immune
cells such as macrophages (Oliveira et al,, 2010) and dendritic cells
(Vargas et al,, 2015; Wolf et al,, 2015). EVs are also a contributing
factor to the hypervirulence phenotype of a strain of C. gattii
(Bielska et al., 2018). This led to the hypothesis that EVs would
play a role in fungal pathogenesis in plants. EV's from F. oxysporum
f. sp. vasinfectum that were infiltrated into cotyledons of cotton or
leaves of N. benthamiana were phytotoxic. This toxicity was not
merely a response to fungal cell wall polysaccharides or lipids as
there was no phytotoxic response to EVs from S. cerevisiae or to
intact fungal spores and hyphae from F. oxysporum f. sp.
vasinfectum. EVs as the source of the phytotoxicity was further
supported by the observation that after further fractionation of the
initial EV prep using Optiprep gradient centrifugation, the EV
enriched fractions retained phytotoxic activity whereas fractions
that did not contain EVs did not. Although the leaf is not the normal
route of infection for F. oxysporum f. sp. vasinfectum, the effect of
EVs on leaf tissue demonstrates that the EVs do carry phytotoxic
compounds. Furthermore, a similar phytotoxic effect was observed
the F. oxysporum f. sp. vasinfectum EVs were infiltrated into N.
benthamiana, a plant that is not a host for F. oxysporum f. sp.
vasinfectum, demonstrates that the EVs contain a phytotoxic
compound and it is not a host specific virulence factor that is
eliciting this response. This could be related to the pigments and/or
other polyketides that are associated with the EVs as these molecules
can have a range of detrimental effects on plant cells (Mobius and
Hertweck, 2009). Alternatively, EV proteins could be the cause of
the phytotoxicity. Several proteases, a family of proteins that
contribute to pathogenesis of various plant pathogens (Olivieri
etal,, 2002; Yike, 2011; Lowe et al,, 2015), were packaged into EV's
and could play a key role in contributing to the damage caused by
the EV's. The phytotoxic effect of EVs during an infection is likely to
beless extreme that the one observed here due to the amount of EV's
used in these experiments compared to what would be present
during an infection. EVs were isolated from a 1 L culture and
resuspended in approximately 2 ml of PBS prior to infiltration and
exceeds what would be expected to be produced by the fungus at any
one point during an infection. However, a fungus would
continuously be producing EVs during an infection so the
cumulative exposure to EVs would increase over time. The high
concentration, single dose of EV's was used to ensure that an effect
was observed upon infiltration. Future investigation on the role of
EVs in an infection will need to investigate physiologically relevant
EV concentrations and use more sensitive techniques to measure
the response in the plant.

In summary, F. oxysporum f. sp. vasinfectum produces EVs
similar in morphology and size to EVs from other fungal species.

These EVs carry protein cargo and pigments that may have a role
in pathogenesis. Preliminary data demonstrated that EVs from F.
oxysporum f. sp. vasinfectum are phytotoxic to leaves of both its
host plant cotton and the unrelated plant N. benthamiana. This
may be a response turned on by the plant in recognition of the
fungal EVs to limit the spread of infection and may explain why
F. oxysporum f. sp. vasinfectum enters the plant through the roots
instead of the leaves. Alternatively, EV release could be
downregulated during the biotrophic phase of the infection
and then turned on when the fungus switches to necrotrophy.
Further characterization of EVs from F. oxysporum f. sp.
vasinfectum and other agricultural fungal pathogens will
improve our understanding of the plant-pathogen interaction
and may ultimately lead to identification of new targets to
enhance disease protection in crop plants.
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2.2 Development of an improved isolation method for recovery of EVs from
Fov

Study 1 was the first report that Fov produces EVs, and that they potentially have
a role in fungal-plant interactions. Sufficient material was obtained for a
proteomics analysis, but the yield of EVs from the fungal cultures was low. EVs
from several cultures had to be pooled to achieve the concentrations used in the
bioassay on the cotton plants. Furthermore, variations between different batches
of the commercial powder used to prepare the half-strength potato dextrose broth
(Y2 PDB) growth medium resulted in differences in fungal growth and hence
differences in EV yield. Finally, growing Fov at room temperature contributed to

biomass variability across biological replicates at the end of the incubation period.

For these reasons, it was essential to generate a more reproducible cultivation and
isolation protocol tailored for Fov, that would increase EV yield and allow
reproducible downstream analyses. A refrigerated incubator (Incu-shaker 10 L,
Benchmark) was obtained to prevent any fluctuations in temperature during the
culture period, and a defined growth medium was used to avoid batch to batch
variation. Finally, EVs prepared from Fov grown on different media were
compared to determine whether the medium affected the cargo incorporated into
the EVs. The isolation of EVs from Fov and the effect on the medium on EV cargo

are presented in Section 2.3.
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2.3 Size-exclusion chromatography
allows the isolation of EVs from the
filamentous fungal pathogen Fusarium
oxysporum f. sp. vasinfectum (Fov)

The findings from this study have been published in a peer-reviewed journal,

Proteomics, February 2021.
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1 | INTRODUCTION
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Abstract

Extracellular vesicles (EVs) are nano-sized compartments involved in cell communica-
tion and macromolecule transport that are well characterized in mammalian organ-
isms. Fungal EVs transport virulence-related cargo and modulate the host immune
response, but most work has been focused on human yeast pathogens. Additionally, the
study of EVs from filamentous fungi has been hindered by the lack of protein markers
and efficient isolation methods. In this study we performed the isolation and proteomic
characterization of EVs from the filamentous cotton pathogen Fusarium oxysporumf. sp.
vasinfectum (Fov). EVs were recovered from two different growth media, Czapek Dox
and Saboraud'’s dextrose broth, and purified by size-exclusion chromatography. Our
results show that the EV proteome changes depending on the growth medium but EV
production remains constant. EVs contained proteins involved in polyketide synthesis,
cell wall modifications, proteases and potential effectors. These results support a role

in modulation of host-pathogen interactions for Fov EVs.

KEYWORDS
cotton, extracellular vesicles (EVs), fungi, Fusarium, host-pathogen interactions

proteins, nucleic acids, pigments, polysaccharides, and molecules asso-

ciated with virulence [5, 6].

Extracellular vesicles (EVs) are produced by human, animal, plant and
microbial organisms [1]. EVs are particles of up to a micrometer,
delimitated by a lipidic membrane, with roles in transporting macro-
molecules, cell communication, neurodegenerative diseases, cancer
and other pathologies [2, 3].

Fungi also secrete EVs, but these have been severely understud-

ied compared to EVs from mammalian systems [4]. Fungal EVs carry

Abbreviations: 2 PDB, half-strength potato dextrose broth; CD, Czapek Dox medium; DPBS,
Dulbecco’s phosphate buffered saline; Fov, Fusarium oxysporum f. sp. vasinfectum; LFQ,
label-free quantitation; Log2(FC), log2(fold-change); NTA, nanoparticle tracking analysis;
PCA, Principal component analysis; SDB, Saboraud’s dextrose broth; TEM, transmission
electron microscopy; UA, Uranyl acetate; UC, Differential ultracentrifugation

Fungal EVs have a role in disease progression [7], unconventional
secretion [8], transport of virulence factors that support fungal survival
[8], and in cell wall remodeling [9]. EVs are also involved in antimicrobial
resistance and biofilm formation in the human pathogen Candida albi-
cans [10]. EVs from yeast have already gained recognition as key com-
ponents of human-fungal interactions.

One of the world’s most severe plant pathogens is the filamen-
tous fungus Fusarium oxysporum [11]. The term “forma specialis” was
adopted to indicate host-specificity among strains of F. oxysporum [12],
and so far over 100 formae speciales have been reported [13]. F. oxys-
porum f. sp. vasinfectum (Fov) causes cotton wilt and is present in all

major cotton-producing regions of the world [14, 15]. Studying the
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production of EVs from Fov will lead to a clearer view of host-pathogen
interactions in fungi.

Although most techniques for the analysis of fungal EVs have
been adapted from mammalian EV research, optimization is required
to ensure an efficient isolation of fungal EVs. The most common
methods for EV isolation involve separation by particle size, density,
immunoaffinity, or precipitation with polymers [16, 17]. The study of
fungal EVs has been limited by availability of appropriate isolation
methods, since some of the best protocols for isolation, characteriza-
tion and quality control of mammalian EVs rely on protein markers for
their detection, and these have only recently been proposed for fungi
[18]. Hence, methods such as immunoaffinity or flow cytometry have
not been used to investigate fungal EVs.

Ultracentrifugation (UC) continues to be the most common iso-
lation method for fungal EVs [4, 8]. Despite this, UC has major
drawbacks such as loss of EV integrity, the requirement for expen-
sive and specialized equipment, and time-consuming procedures [19,
20]. Other isolation methods, such as polymer-based precipitation
of EVs also present disadvantages such as co-precipitation of con-
taminants and polymer interference in mass spectrometry analysis
[21].

Size-exclusion chromatography (SEC) is effective for isolation of
EVs from human plasma [22], urine [23], and cell culture-conditioned
medium [24]. EVs from the human yeast pathogen C. albicans have been
isolated by combining UC and SEC [10]. EVs purified only by SEC are
suitable for proteomic characterization and other downstream analy-
ses [25]. Therefore, SEC offers attractive advantages for isolation of
EVs from fungi.

EV literature is only available for a few species of filamentous fungi.
Aspergillus fumigatus produces EVs that can alter immune responses
from the host [26] and Aspergillus flavus EVs induce M1 polarization of
macrophages and may favor fungal clearance in larval models [27]. The
only proteomic characterizations of EVs from plant pathogens are from
Alternaria infectoria [28], Zymoseptoria tritici [29] and a previous Fov
analysis [30]. EVs from A. infectoria contain proteins involved in cell wall
remodeling, synthesis of polyketides and metabolism [28], while Z. trit-
ici EVs transport the putative fungal EV marker Sur7 [16, 29]. Fov EVs
contained substantially more proteins than EVs from other filamen-
tous fungi [30]. Fov EVs are phytotoxic, co-purify with a purple pigment
and contain proteins involved in polyketide biosynthesis, proteases,
and basic cellular processes [30]. Limitations in EV yield impacted the
proteomic analysis of this study [30]; therefore, a more robust isola-
tion method is required to better understand the function of EVs from
Fov.

In this study we sought to adapt SEC for the isolation of EVs from
Fov and perform a proteomic analysis of EVs recovered from two
culture media that are different in nutrient composition: Czapek Dox
(CD) and Saboraud’s dextrose broth (SDB). CD is a defined medium
that is not as abundant in nutrients as SDB, which is an animal tissue
lysate. We discovered that EVs were produced in similar number and
with consistent morphology in the two media tested but there were

significant differences in protein content. We also found that SEC is an

Statement of significance

We characterized the proteome of Fov EVs recovered from
two different growth media. The size-exclusion chromatog-
raphy isolation protocol adapted in this study allowed an
inexpensive and efficient isolation of EVs, which may ben-
efit their study from other filamentous fungi and may be
attractive for research groups that do not rely on sophisti-
cated equipment for EV isolation. Furthermore, our results
revealed that there is a different enrichment of EV proteins
depending on the growth medium used, and those proteins
associated with virulence, cell wall modifications, and poten-
tial effectors were identified in EV samples. This proteomic
description suggests a role for fungal EVs in modulating host-
pathogen interactions and expands the knowledge about the
function of EVs from plant pathogens.

inexpensive method for EV isolation, making it easier for laboratories

to begin research on fungal EVs.

2 | MATERIALS AND METHODS
2.1 | Culture conditions and processing

Fusarium oxysporum f. sp. vasinfectum (Fov, Australian isolate
VCGO01111 from cotton; gift from Wayne O’Neil, Farming System
Institute, DPI, Queensland, Australia) was maintained in half-strength
Potato Dextrose Broth (2 PDB) agar plates at 25°C. In liquid culture,
Fov was grown in Czapek Dox (CD) (Becton Dickinson) for 72 h at
25°C, and 100 rpm of agitation. Mycelia were removed by filtering with
Miracloth (Calbiochem), and the filtrate was centrifuged at 4000 x g to
pellet the spores. The supernatant was discarded, and the spores were
washed three times with Dulbecco’s phosphate buffered saline (DPBS,
Gibco). An aliquot containing 1.9 x 107 spores/mL was resuspended in
1 mL of 20% glycerol and stored at -80°C.

2.2 | Isolation of vesicles

Fov was grown in 500 mL of CD or Saboraud’s Dextrose Broth (SDB)
(Becton Dickinson) with 3.8 x 10% spores/mL for 72 h at 25°C,
with 100 rpm of agitation. Mycelia were separated from culture
supernatants with sterile Miracloth. Fov growth was monitored by
measuring the ODgpg of the culture supernatant in a SpectraMax
M2 plate reader (Molecular Devices) and weighing the removed
mycelia. Culture supernatants were then passed through 0.45 pm
membrane filters (HV type, Millipore) and concentrated approximately
1000 times using centrifugal filter units (30 kDa MWCO, Millipore).
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Vesicles were isolated by size-exclusion chromatography (SEC) using
an adapted protocol [19]. Briefly, 500 pL of concentrated supernatant
were mixed with 5 pL of a 0.1 mg/mL solution of the fluorescent
lipophilic dye FM5-95 (Thermo Fisher) to achieve a final concentration
of 1.75 pM. The sample was incubated for 15 min at room temperature
and protected from light, and then applied to a CellThru plastic column
with a 1 cm diameter (Takara) containing 10 mL of Sepharose CL-2B
(Sigma-Aldrich), equilibrated with DPBS. New resin was used for every
isolation. Samples were eluted with DPBS to collect 300 pL fractions
in black microtiter plates (Greiner) protected from light. Fraction
fluorescence (Ex. 560 nm, Em. 734 nm) was measured immediately in
a SpectraMax M2 plate reader and the protein concentration of each
fraction was determined by micro BCA assay (Thermo Fisher). Frac-
tions with fluorescence levels above 3.5 RFU were pooled and named
“EV signal”. Secretomes, which include secreted soluble proteins and
EVs, were prepared by concentrating 50 mL of 0.45 pm-filtered culture
supernatants with 3 kDa MWCO centrifugal filter units (Millipore)
down to 1 mL. Cell lysates were prepared by grinding mycelia in 1 mL
of DPBS with glass beads (710-1180 pm, Sigma) using a Tissuelyser
(Qiagen), and clarifying by centrifugation at 21,130 x g for 5 min at
4°C, retaining the supernatant.

2.3 | Nanoparticle tracking analysis (NTA)

Particle size and concentration of EV signals were measured with
a NanoSight NS3000 (Malvern Panalytical). Samples were diluted in
DPBS and immediately loaded using 1 mL syringes, with automated
injection at an infusion rate of 50. The dilution of the sample was
adjusted to achieve a particle count per frame of 30-200. Captures
were set to 60 s with three technical replicates each. Capture settings
were set to a screen gain of 2, and camera level of 13. Process set-
tings were set to screen gain of 5, and threshold of 3. DPBS was used
as blank. Analysis was performed at 25°C. EV signals were analyzed
in triplicates using the same settings, with NanoSight software ver-
sion 3.2. Individual SEC fractions were analyzed in a ZetaView (Particle
Metrix). Samples were diluted in DPBS to visualize 50-200 particles
per frame, using the scatter mode with an intensity of 80. Eleven tech-
nical replicates were used for statistical analyses. All measurements
were performed at 25°C.

2.4 | Transmission electron microscopy (TEM)

Samples were prepared as described previously [18]. Briefly, a K950X
turbo evaporator coupled to a K350 glow discharge unit (Quorum
Technologies) was used to discharge carbon-coated 400-mes copper
grids (ProSciTech) for 60 s. EV samples were centrifuged for 5 min at
21,130 x g and 4°C prior to preparation. EV samples (5 pL) were placed
on the grid and incubated for 5 min at room temperature. Excess sam-
ple was absorbed with filter paper before the grid was washed with 5 uL
of ultrapure water, and excess water was absorbed with filter paper.
Samples were stained with three consecutive washes of 4 pL of 2%

Proteomics and Systems Biology

uranyl acetate (UA) (Agar Scientific). Excess UA was blotted with filter
paper. Grids were dried overnight at room temperature before imag-
ing. Imaging was performed on a Jeol JEM-2100 electron microscope
operating at 200 kV.

2.5 | Mass spectrometry (MS)

Sets of three samples (EVs, secretome, cell lysate) were obtained from
an individual culture. Three biological replicates were analyzed for
CD and SDB respectively. The protein content of EV signals, secre-
tomes and cell lysates was determined using a Qubit4 fluorometer
(Thermo Fisher). In total, 18 samples were prepared for LC-MS/MS as
described previously [18]. Briefly, 15 pg of protein from the samples
were separated by short-range SDS-PAGE. Proteins were fixed to the
gel with 50% methanol and 7% acetic acid for 30 min before bands were
excised. Proteins were then reduced with 2 mM TCEP (Thermo Fisher)
and alkylated with 40 mM iodoacetamide, followed by incubation with
1 pg of sequence-grade trypsin (Promega) for 18 h at 37°C. One ug
of peptides per sample was analyzed by mass spectrometry by injec-
tion on an Ultimate 3000 RSLnano UPLC instrument (Thermo Fisher)
coupled to a Q-Exactive HF Orbitrap mass spectrometer (Thermo
Fisher). The peptide search was performed with MaxQuant 1.6.3.3,
using the label-free quantitation (LFQ) function and matched against
the Fov proteome from Uniprot (UPO00030701, downloaded 12th of
June 2019). The output MaxQuant protein list was processed in R stu-
dio running the R version 3.6.0. The generated protein list was filtered
by removing contaminant proteins, proteins with only one matching
peptide or those that were present in only one biological replicate, LFQ
intensities were quantile-normalized, and missing LFQ intensities were
imputed using the “candidaev” package [18] which is based on the DEP
package [31]. Proteins with a Benjamini-Hochberg adjusted p-value
above 0.05 and Log,-(fold change) (Log,-FC) above 1 were considered

significantly enriched.

2.6 | Gene ontology (GO) and principal component
analysis (PCA)

The reference genome of Fov (UP000030701, downloaded 12th of
June 2019) was loaded into Blast2GO [32] and proteins were blasted,
mapped and annotated according to Blast2GO'’s default settings. The
resulting list was used as the genome reference to perform gene
ontology (GO) analyses. Lists of proteins detected in EVs, secretomes
and cell lysates were loaded into Blast2GO and the GO analysis was
obtained with Fisher’s exact test. The “reduced to most specific” func-
tion was applied for all GO lists. GO terms with a p-value below 0.05
were considered overrepresented.

A principal component analysis (PCA) was performed to visualize
the variance between the proteomes of CD and SBD samples. The LFQ
intensities of significantly enriched proteins in EVs, secretomes and
cell lysates were processed in ClustVis [33] to generate a score plot.
Prior to the analysis, the data were not transformed, unit variance was
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TABLE 1 Biomass and OD600 monitoring of Fov cultures

Growth medium ODg0o Biomass (mg)
Czapek Dox 0.46 +0.06 590 + 0.11
Saboraud'’s Dextrose Broth 1.05+0.09 2080 + 0.08

Fov was grown for 72 h at 25°C in 50 mL of medium. Mycelia were sepa-
rated with Miracloth, air-dried and weighted. The ODq of supernatants
were measured in an SpectraMax M2 plate reader. Values are the average
of three replicates and the standard error of the mean.

selected for row scaling, and the PCA method selected was SVD with

imputation.

2.7 | Data availability

The mass spectrometry proteomics data have been deposited to the
ProteomeXchange Consortium via the PRIDE [34] partner repository
with the dataset identifier PXD023907 at https://doi.org/10.6019/
PXD023907. These include the RAW files, mzTab file, the MaxQuant
search parameters and MaxQuant .txt output file, and the Fov Uniprot
reference genome FASTA file. The source code used to perform the
differential enrichment was adapted from a previous study [18]. The
source code for this study is available at github.com/csdaw/fovev.

3 | RESULTS

3.1 | Size-exclusion chromatography (SEC) allows
the isolation of EVs from Fov

EVs were purified from culture supernatants of Fov grown in Czapek
Dox (CD) or Saboraud’s Dextrose Broth (SDB), using SEC. Fov growth
was monitored in 50 mL cultures. After 72 h, the CD and SDB culture
supernatants (without mycelia) had an average ODgqq of 0.46 + 0.06
and 1.05 + 0.09, respectively (n = 3). The average net weight biomass
of the CD and SDB mycelia were 590 + 0.11 mg and 2083 + 0.08 mg,
respectively (Table 1,n = 3).

The fluorescence signal used to track the lipid in the EVs typically
peaked in fractions 10 to 15. This peak, named “EV signal” was normally
above 5 relative fluorescence units (RFU) (n = 6), and the fractions com-
prising the peak were pooled for downstream analyses (Figure 1A,C).
Two negative controls were performed to confirm that this fluores-
cence signal was not an artifact. For the first control, 500 mL of CD
or SDB medium without fungal inoculum were concentrated (30 kDa
MWCO) and mixed with FM5-95 before SEC purification. The second
control was prepared by inoculating 500 mL of CD or SDB medium
with Fov, concentrating the culture supernatant and mixing with 5 L
of DPBS instead of FM5-95, and subjecting it to SEC. These two con-
trols did not produce a fluorescence signal (Figure S1). Soluble protein
eluted around fractions 20 to 35, as determined by micro BCA assay
(n = 4) (Figure 1A,C). Particles eluted mostly in the fractions that com-
prise the EV signal (Figure 1B,C).

3.2 | Fov produces similar levels of EVs in different
culture media

Nanoparticle tracking analysis (NTA) was used to determine particle
size and concentration of the EVs. The EV signals (pooled fractions)
from CD and SDB cultures had an average concentration of 7.6 x
1010 particles/mL and 6.0 x 101° particles/mL, respectively, with sizes
ranging from 100-300 nm and an average diameter of about 120 nm
(n = 3 each, Table S1). The differences in particle production between
CD and SDB cultures were not statistically significant (p-value: 0.8,
Table S1). The total protein in the CD and SDB EV signals, calculated
with a Qubit4 fluorometer, was 0.093 and 0.0826 pg/pL, respectively
(n = 3, each). Using these data, CD EVs had a protein-per-particle ratio
of 1.2 x 10712 pg/particle, while the ratio for the SDB EVs was 1.3
x 10712 pg/particle. NTA confirmed that EVs from Fov elute mostly
separated from soluble protein (Figure S2). EVs eluted in 1800 pL
(six fractions of 300 pL). Adjusted to biomass, CD cultures produced
2.3 x 10! particles/g of biomass, while SDB cultures produced
5.3 x 1010 particles/g of biomass. Additional NTA controls (Figure
S3) showed that particles in uninoculated media or after the 72
h-incubation are in the 108 particles/mL range, while the particles
in the EV signals purified by SEC are around 10! total particles per
isolation.

Transmission-electron microscopy revealed sphere and cup-like
structures typical of EVs (Figure 2A-D) which were dehydrated as a
result of UA treatment [2]. EV-like structures were not identified when
imaging fractions 20-35 (Figure 2E,F).

3.3 | Gene ontology reveals differential enrichment
of EV proteins based on the growth medium

A comparative proteomic study was performed to determine whether
the protein cargo in the Fov EVs changed with growth conditions in

vitro.

3.3.1 | Comparison of EV proteome

After validating protein sequences, 465 proteins were detected in CD
EV samples. SDB EVs returned 658 sequences. Both EV types shared
311 proteins (Figure 3A). For each protein list, a gene ontology (GO)
analysis was performed to better understand protein function. The
reported GO terms represent the three classifications: biological pro-
cess (P), cellular compartment (C) and molecular function (F). Venn dia-
grams indicating the protein similarity between all the studied samples
areincluded in Figure 3A, Il and I1I.

For the 465 CD EV proteins, 150 GO terms were upregulated com-
pared to Fov’s Uniprot genome (UPO00030701, downloaded 12th of
June 2019). Overrepresented GO terms in CD EVs were related to
ATP binding, mitochondria, ribosomes, and others (Figure 3B). Zinc ion
binding and component of membrane terms were both underrepre-

sented in CD EV proteins compared to Fov's Uniprot genome. For the
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FIGURE 1 Size-exclusion chromatography efficiently separates Fov EVs from soluble protein. EVs from Fov were labelled with FM5-95 and
purified by SEC. Fov EVs from both Czapek Dox (CD) and Saboraud’s Dextrose Broth (SDB) had fluorescence maxima around six RFU and eluted in
fractions 10 to 15 (red series). Soluble protein eluted around fractions 20 to 40 (yellow series) (A and C). CD and SDB EV signals had an average
concentration of 7.6 x 101 particles/mL and 6 x 101° particles/mL, respectively, (n = 3). Additional NTA controls showed that particles elute

mostly on the EV signal (B and D, blue series, n = 1)

658 proteins detected in SDB EVs, 206 GO terms were differentially
represented. These were involved with ribosomes, drug binding, O-
glycosyl hydrolysis, and others. “Component of membrane” was a GO
term underrepresented in proteins from SDB EVs (Figure 3C).

The analysis of the 311 common EV proteins returned 117 signifi-
cantly different GO terms compared to Fov's Uniprot genome. Proteins
with putative functions in ribosomes, peptidases, GTPases and carbo-
hydrate binding proteins were identified in both types of EV samples.
These proteins are mainly components of ribosomes, the fungal cell

wall and proteasomes (Figure 3D).

3.3.2 | Comparison of the secretome

Comparing all secretome proteins in CD (312) and SDB samples
(264) (Figure 4A) revealed that more of the secreted proteins in
the CD samples were involved in oxidation-reduction, metabolism
of sulfur compounds and amides, and were bound to intracellular
organelles (Figure 4B), compared to SDB secreted proteins which were
overrepresented in aspartic-type endopeptidase activity, glycerolipid
metabolism, and cellulase activity (Figure 4B).

Compared to Fov's Uniprot genome, secretome proteins com-
mon to both CD and SDB were overrepresented in cytoplasmic
functions, serine and aspartic endopeptidase activities and 1,3-
p-glucanosyltransferase activity. In this comparison, Fov's Uniprot
genome had a higher number of proteins involved in DNA binding,

membrane transport, and membrane components (Figure 4C).

3.3.3 | Comparison of cell lysates

A similar GO analysis was performed for cell lysates proteins as
described above for the secretome. The comparison of all CD and SDB
cell lysate proteins (Figure 5A) revealed that more CD proteins were
involved in cell wall organization, threonine endopeptidase activity and
glycolytic processes (Figure 5B), compared to SDB cell lysate proteins.
The latter were overrepresented in protein binding, ribonucleotide
metabolism, and metabolism of benzene-containing compounds, com-
pared to CD cell lysate proteins (Figure 5B).

Common cell lysate proteins were overrepresented in proteasome
and ribosome-related functions, threonine endopeptidase activity, and
gluconeogenesis, compared to Fov's Uniprot genome (Figure 5C).
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FIGURE 2 TEM characterization of EVs from Fov. TEM images of
particles from CD EVs (A and B), SDB EVs (C and D), and pooled
fractions 20-35 (E and F)

Principal component analysis (PCA) showed clustering of EV, secre-
tome and cell lysate samples (Figure S4). For CD samples, principal
components (PC) 1 and 2 explained 32.3% and 21.1% of the total vari-
ance respectively, while PC 2 and 3 explain a total of 37.2%. In SDB sam-
ples PC 1 and 2 explain 25.9% and 23.2% of the variance, respectively,
while PC 2 and 3 explain a total of 37.6% of the variance.

3.4 | Proteomic analysis suggests a role for Fov
EVs in virulence and cell wall remodeling

After filtering protein lists, LFQ data was used to determine signifi-
cant differences in protein abundance between EVs, secretomes and
cell lysates.

3.4.1 | EV proteins from CD cultures

From the 465 proteins detected, 28 proteins were significantly more
abundant in CD EVs compared to the CD cell lysate (Table 2). Six

proteins have annotated roles in oxidation/reduction, four in cell wall

remodeling, and three as proteases. These proteins also included an
AltA1 domain-containing protein (XOLMZ6) with 49.5% identity to
a small-secreted cysteine-rich protein (SSCRP) from Fusarium fasci-
culatum, serine hydroxymethyltransferase, and a probable fusarubin
cluster—esterase. From these 28 proteins, 13 (marked with *in Table 2)
were also detected in Fov EVs previously [30].

Proteins detected in CD EVs that did not have significant differences
in abundance compared to the CD cell lysate include an isotricho-
dermin c-15 hydroxylase-like protein, lipases, oxidation/reduction pro-
teins, a LysM domain-containing protein, an SSCRP, a PR1-like protein,
perilipin MPL1, a polyketide synthase, an NPP1 domain-containing
protein, an AltA1 domain-containing protein, heat shock proteins, pro-
teins similar to allergens Asp f 4 and 7, protein YOP1 and more
than 20 proteins involved in cell wall modifications. Some proteins
with potential roles in EV biogenesis were Rab GTPases (XOMUKS,
XON260, XOLGB4, XOLGKS5), SEC factors (XOLKV6, XOLK74, XON181),
and SNARE proteins (XOMGAS8).

3.4.2 | EV proteins from SDB cultures

From the 658 proteins detected, 19 were significantly more abundant
in SDB EVs compared to the SDB cell lysate (Table 3). One of the most
abundant EV proteins was an WSC domain-containing sequence with
98.9% identity to a protein related to cornifin B from F. oxysporum.
Another protein (XOMBV9) shared 31.7% identity with IgE-binding
allergen rAsp f 9 from A. fumigatus. Four proteins have putative roles
in oxidation and reduction. Other proteins had roles in metabolism: a
serine-rich protein, phosphoenolpyruvate carboxykinase, cystathion-
ine gamma-lyase, and pyrABCN.

SDB EV proteins with no significant differences in abundance com-
pared to the SDB cell lysate include an enniatin synthase-like protein,
an allergen Asp f 2-like, NIS1, bikaverin cluster - o-methyltransferase,
bikaverin cluster - transcription factor enhancer, bikaverin cluster—
efflux pump, four MAP kinases, lipases, SnodProt1, tyrosinase, a con-
canavalin A-like protein, a SSCRP, GMP synthases, a PR1-like pro-
tein, and YOP1. Several proteins involved in cell wall remodeling were
also detected. Proteins potentially involved in EV biogenesis included
Rab GTPases (XON260, XOLGB4, XOLGKS5), SEC factors (XOLKV6,
XOMRC2), and COPI coating-proteins (XOLJ42, XOLQL6, XOM7YO).
The full list is available in Table S2.

3.4.3 | EV proteins common to CD and SDB
cultures

Ten significantly overrepresented EV proteins compared to the cell
lysates were common between CD and SDB samples (ID highlighted in
bold, Tables 2 and 3). The most abundant protein in CD and SDB EVs
was a 21 kDa uncharacterized sequence (XOMGXO0) without BLAST
matches, that has a signal peptide and is not a predicted as effector by
the EffectorP 2.0 tool [35]. The remaining proteins were involved in oxi-
doreduction, cell wall, cellular metabolism, or were uncharacterized.
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FIGURE 3 EV proteome in Fov changes in response to the growth medium. (A.l) Proteomic analyses detected 465 and 658 proteins in CD and
SDB EVs, respectively; 311 were common to both EVs. (A.ll and I11.) Venn diagrams of proteins identified in CD and SDB samples, respectively.
Proteins in Fov EVs were loaded onto Blast2GO to determine which gene ontology (GO) terms were upregulated, using Fisher’s Exact Test. (B)
More CD EV proteins were involved in O-glycosyl hydrolysis and ATP binding. (C) SDB EV proteins were overrepresented in lipid metabolism and
drug binding, compared to Fov’s genome. (D) Common EV proteins were overrepresented in protein catabolism, the fungal cell wall, and in
carbohydrate binding
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FIGURE 4 Analysis of secreted proteins from Fov cultures. (A) Proteomic analyses detected 312 and 264 proteins in CD and SDB secretomes,
respectively; 157 were common to both secretomes. Proteins in Fov secretomes were loaded onto Blast2GO to identify upregulated gene
ontology (GO) terms. (B) CD proteins were involved in oxidoreduction and amide biosynthesis; more SDB proteins had endopeptidase and
cellulase activity. (C) Compared to Fov's Uniprot genome, the common secretome proteins were overrepresented in gluconeogenesis, proteolysis

and endopeptidase activity

3.5 | Fov EVs are enriched with potential protein
markers of fungal EVs

A C. albicans study has provided a list of 48 potential protein markers
for fungal EVs [18]. From these 48 proteins, 16 homologues were
detected in CD EVs and 15 in SDB EVs (Table S4). Eleven were common
between the two types of Fov EVs. These are YOP1, Ras-like protein
Rab-11B, three 1,3-B-glucanosyltransferases, lysophospholipase, a
mitochondrial outer membrane porin, one ATPase, and three unchar-
acterized proteins with similarity to C. albicans MSB2, MIR1, and
MP65.

3.6 | Fov secretomes contain proteins with various
functions and without signal peptides

Proteins with significant differences in abundance compared to EVs are

reported next.

3.6.1 | CD secretome

From 312 detected proteins, 30 varied significantly in abundance com-
pared to CD EVs. The most abundant protein in the CD secretome was
aprobable isonitrile hydratase. This secretome also contained proteins
involved in redox homeostasis and metabolism of carbohydrates. Signal
peptides were annotated in 13 out of 30 secretome-enriched proteins
(Table S3).

3.6.2 | SDB secretome

From 264 detected proteins, 28 showed significant differences in
abundance compared to SDB EVs. Probable g-exoglucanase precursors
were the most abundant proteins is the SDB secretome. Other proteins
detected had functions in cell wall organization, oxidation-reduction,
or had activity as hydrolases. Signal peptides were annotated in 23 out

of 28 secretome-enriched proteins (Table S3).
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FIGURE 5 Analysis of cell lysate proteins from Fov cultures. (A) Proteomic analyses detected 369 and 709 proteins in CD and SDB cell lysates,
respectively; 303 were common to both cell lysates. Proteins detected in Fov cell lysates were loaded onto Blast2GO to determine which gene
ontology (GO) terms were upregulated. (B) CD proteins were involved in cell wall organization and in glycolytic processes; more SDB proteins
function in ribonucleotide metabolism and protein binding. (C) Compared to Fov’s Uniprot genome, the common cell lysate proteins were
overrepresented as components of ribosomes and were involved in protein catabolism and gluconeogenesis

4 | DISCUSSION

We report the use of size-exclusion chromatography (SEC) for the iso-
lation of EVs from filamentous fungi. EVs from Fusarium oxysporumf. sp.
vasinfectum (Fov) were characterized morphologically by transmission-
electron microscopy (TEM) and nanoparticle-tracking analysis (NTA)
and were similar to EVs reported previously for Fov, S. cerevisiae, and C.
albicans [9, 18, 30]. The EVs purified from Fov grown in the two differ-
ent culture media had similar morphologies and were produced at com-
parable levels, but the gene ontology (GO) analysis revealed changes
in protein cargo. Furthermore, proteins linked to virulence were
identified in EV samples, suggesting a role for EVs in host-pathogen
interactions.

To improve the isolation of Fov EVs we adopted a SEC-based isola-
tion protocol. This new procedure yielded almost 3 times more EVs per
isolation run when the fungus was grown in CD medium (1.4 x 1011 av.
particles/isolation, n = 3) and more than double the EVs per liter when
cultured in SDB medium (1.1 x 10! av. particles/isolation; n = 3) com-

pared to the yield of EVs from the UC isolation method on cultures

in ¥ PDB medium (5.0 x 1010 av. particles/isolation; n = 3) [30]. NTA
datafromindividual biological replicates show that the difference in EV
production between SDB or CD media is not statistically significant (p-
value 0.8). Still, the fluctuation in particle number between the growth
media may be influenced by their formulation, since CD is defined and
SDB is an animal tissue lysate.

The increase in EV yield allowed the proteomic analysis of indepen-
dent biological replicates without the need for pooling. Ultimately, a
simple and efficient SEC purification of larger culture volumes will facil-
itate other “omic” analyses of EVs that can be performed on individual
fungal cultures, improving the robustness and throughput of fungal EV
studies.

Changes in EV yield between UC and SEC might be explained by dif-
ferences in Fov EV density compared to yeast or mammalian EVs, which
could limit their isolation by UC. Other researchers have reported dam-
age, aggregation, and size variation of EVs that have been isolated by
UG, as well as changes to EV functionality due to loss of integrity [36].
SEC offers benefits for EV isolation, since it does not require special-
ized equipment, does not submit EVs to high centrifugal forces, and
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TABLE 2 CD EVs transport proteins with roles in virulence and cell wall remodeling

Uniprot ID Protein name—CD EVs

XOMGXO0 Uncharacterized protein FMAN_04916
XOLOF5; XOLOAO Related to isoamyl alcohol oxidase
XOLMZ6* AltA-1 domain-containing protein
XOM896* WSC domain-containing protein
XOMFG7* Related to oxidoreductase

XOM2L7 Ser-Thr GPI-anchored family protein
XONMW4* Carrier protein

XOMKD2 Uncharacterized protein FMAN_05603
XOMN84 Related to aspartic-type signal peptidase
X0LU36* Plasma membrane ATPase

XOL9WS5 Uncharacterized protein FPRN_08004
XOMFV4 QOuter mitochondrial membrane protein porin
XOLTM1 'WSC domain-containing protein

XOMLZ4* Woronin body major protein

X0M2Co Related to extracellular matrix protein precursor
XOM696 Uncharacterized protein FFUJ_13328
XOMIG3* Chitinase

XOKPE5* Fusarubin cluster-esterase

XOLPJ1 Related to CRH1-family of glycosidases
XON9D4* 40s ribosomal protein s2

XOL1L3 Related to berberine bridge enzyme
X0M106* Related to tyrosinase precursor

XOKR93 Probable subtilisin-like serine protease
XOLES6 AB hydrolase-1 domain-containing protein
XOLXP8; XOLXC7 Serine hydroxymethyltransferase
XOMARS8* CFEM domain-containing protein
XOL1P7* Probable isoamyl alcohol oxidase
XOMFP7* Related to beta-glucan glucosidase

Log,FC Gene ontology

8.89

7.18 F: oxidoreductase activity

6.61

6.61

6.33 F: oxidoreductase activity

4.98

4.76 C: integral component of membrane
4.68

4.65 F: aspartic-type endopeptidase activity
441 F: proton-exporting ATPase activity,
4.18 F: protein binding

4.13 F: voltage-gated anion channel activity
4.05

3.81 F: translation elongation factor activity
3.56

3.55

343 F: chitin binding

3.14

3.13 F: hydrolase activity, hydrolyzing O-glycosyl compounds
3.11 F: structural constituent of ribosome
3.09 F: oxidoreductase activity

3.05 F: oxidoreductase activity

293 C:cellwall

2.82

2.70 P: glycine biosynthetic process

225

2.14 F: oxidoreductase activity

1.96 F: hydrolase activity, hydrolyzing O-glycosyl compounds

The average LFQ intensity of three biological replicates was transformed to Log, base (Log,FC) to compare changes in protein abundance between EVs and
the CD cell lysate. Log,(FC) above 1 shows significant enrichment. Twenty-eight EV proteins were upregulated compared to the cell lysate. Some of these
proteins have roles in virulence, cell wall remodeling, and cellular metabolism. For Gene ontology P: biological process, F: molecular function, C: cellular

compartment.

ID in bold: protein common to CD and SDB EVs. *Protein also detected by Bleackley et al. [30]

allows direct proteomic analysis [19, 37]. The present isolation proto-
col produced EVs that are well separated from soluble protein, shown
by micro BCA and NTA, and that are morphologically similar to those
isolated by UC [30]. Although the fluorescence in the EV signal was
consistent in all biological replicates, we cannot rule out the apparent
unspecific interaction of FM5-95 with soluble protein around fraction
30.

The number of proteins detected in Fov EVs (465 for CD, 658 for
SDB) in this study is higher than the numbers reported for other fila-
mentous fungi like A. infectoria (20), T. reesei (188), or A. fumigatus (60)
[26, 28, 38]. This variation can be attributed to the mass spectrome-
try instruments employed, the databases used to match peptides, the

stringency of the statistical analysis of mass spectrometry data, and

the EV isolation and sample preparation. In a previous study on Fov
EVs isolated by UC 481 proteins were detected [30], which is simi-
lar to the 465 reported in the CD EVs in this study. The differences
in the protein cargo of the CD and SDB EVs, as well as their func-
tion, might be explained by differences in the nutrient content of each
growth medium. CD is a defined medium as opposed to SDB, which is
a nutrient-rich tissue lysate. Hence, the CD medium may lead to acti-
vation of metabolic routes not required in the SDB medium. Prior to
EV isolation, the biomass from the SDB cultures was higher than the
biomass from the CD cultures (590 mg for CD, 2080 mg for SDB, n = 3),
while the ODggp was more than twice higher for SDB (0.98, n = 3) than
for CD (0.40, n = 3). Although these changes may be explained by differ-
ences in nutrient availability across media, it was surprising to find that
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TABLE 3 SDB EVs transport proteins with roles in oxidoreduction and cellular metabolism

Uniprot ID Protein name—SDB EVs Log,FC Gene ontology

XOMGXO0 Uncharacterized protein FMAN_04916 6.82

XOM2L7 Ser-Thr GPI-anchored family protein 5.30

XOMODO Protein pyrABCN 4.95 P:’de novo’ pyrimidine nucleobase
biosynthetic process

X0OM896* 'WSC domain-containing protein 4.68

XON5Q5 Serine-rich protein 4.33 P: carbohydrate metabolic process

X0OM106* Related to tyrosinase precursor 4.16 F: oxidoreductase activity

XOMBV9 GH16 domain-containing protein 3.98 F: hydrolase activity, hydrolyzing
O-glycosyl compounds

XOL1P7* Probable isoamyl alcohol oxidase 3.98 F: oxidoreductase activity

XOMFG7* Related to oxidoreductase 3.90 F: oxidoreductase activity

XoM2co Related to extracellular matrix protein precursor 3.86

XOLTM1 Uncharacterized protein FMAN_16062 3.74

XOMPK4 Phosphoenolpyruvate carboxykinase 3.28 P: gluconeogenesis

XOM4Y1 Cystathionine gamma-lyase 3.05 P: glycine metabolic process

XOLKV6 SEC14 cytosolic factor 2.85 P: Golgi vesicle transport

XOKPE5* Fusarubin cluster-esterase 2.64

XOMJP9; XONMG2 3-isopropylmalate dehydrogenase 2.63 F: 3-isopropylmalate dehydrogenase
activity

XOMARS8* Cell wall protein 2.61

XOM4T8 Uncharacterized protein FFUJ_01422 242

XOLL20 Alcohol dehydrogenase 1 191 F: oxidoreductase activity

The average LFQ intensity of three biological replicates was transformed to Log, base (Log,FC) to compare changes in protein abundance between EVs and
the SDB cell lysate. Log, (FC) above 1 shows significant enrichment. Nineteen proteins were upregulated compared to the cell lysate. Proteins were involved
in oxidation/reduction processes as well as basic metabolism. For Gene ontology P: biological process, F: molecular function, C: cellular compartment.

ID in bold: protein common to CD and SDB EVs. *Protein also detected by Bleackley et al. [30]

EV production was actually lower in SDB (6 x 101° particles/mL, n = 3)
than in CD (7.6 x 1010 particles/mL, n = 3). These data show that EV
production in Fov may not necessarily correlate with available biomass
or cell density.

The EV proteome from the human fungal pathogen Histoplasma cap-
sulatum has also been reported to change with the growth medium [39].
Similarly, proteins [40] and metabolites [41] loaded in EVs from human
cells also changed in response to differences in growth media.

This study supports the fact that fungal EVs are not an artifact. The
number of exclusive proteins in Fov CD and SDB EVs was 118 and
93 (10%-20% of EV proteome), respectively. If EV samples were com-
posed of cellular debris, the similarity of EVs and cell lysate would
have to be greater. In addition, the differences between EVs and secre-
tome/cell lysate were further confirmed by gene ontology and PCA
analysis, and by research showing that the production of fungal EVs
is an actively controlled process [42] that is involved in host-pathogen
interactions [7, 43]. The discovery of putative EV markers in Candida
albicans [18] supports that EVs may be distinct vesicles and not cellular
debris, and while confirmation of these markers is still required, fun-
gal EVs are morphologically similar to EVs from other organisms and
isolated with protocols adapted from work on mammalian EVs that are

widely accepted and undisputed.

F. oxysporum relies on secretion of cell wall-degrading enzymes,
effectors and other virulence factors as part of its infection process
[44]. To investigate the involvement of EVs in fungal virulence, we per-
formed a detailed analysis of the EV proteome from Fov.

Proteins detected in both CD and SDB EVs suggest a role for EVs
in toxin production. Both types of EVs were enriched with a polyketide
synthase (XOLBU9) and a fusarubin cluster—esterase (XOKPE5),
which may be involved in the production of pigments [45]. Polyketide
synthases have been recognized as important machinery in the pro-
duction of toxins from fungal pathogens of maize [46], banana [47],
tobacco [48] and wheat [49], while the fusarubin cluster—esterase
contributes to the production of the toxic pigment fusarubin, and has
been detected in other pathogenic Fusarium species [50]. One enniatin
synthase (XOKNM?9) detected only in SDB EVs is involved in the
production of enniatins and beauvericin, which are cyclic mycotoxins.
The deleterious effect of these mycotoxins has been reported for
Fusarium strains, including F. oxysporum and F. graminearum, on several
crops [41, 51]. The polyketide synthase, Fusarubin cluster—esterase,
and enniatin synthase were also reported in Fov EVs by Bleackley
and colleagues [30]. One protein exclusive to CD EVs was similar
to isotrichodermin c-15 hydroxylase (XOKPU2). In some Fusarium

species, this hydrolase is part of the cluster involved in the production
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of mycotoxins [52]. Similarly, tyrosinase (XONOB4, exclusive to SDB
EVs) is implicated in synthesis of pigments like melanin, which is known
to contribute to virulence of human and fungal plant pathogens [53].
Based on this evidence, it's possible to think that fungal EVs work as
“mini-factories” for the production and delivery of toxins, as supported
by work with Aspergillus parasiticus and its production of aflatoxin
[54]. Experimental confirmation of this hypothesis for Fov EVs is still
required.

The Fov EV proteome analysis also revealed the presence of a
plethora of proteins linked to fungal virulence. In Fov, chitinases and
glucanases were abundant in EVs from both growth media, which may
work in cell wall alterations that allow EV release, or to modify the
cell wall of the host [55]. Oxidoreduction proteins, such as catalase-
peroxidase (XOKGJ5), were also present in Fov EVs. These proteins
might be transported by EVs to resist oxidative stress from the host
and to increase fungal virulence [56,57]. Fov EVs were loaded with
various proteases, which are also important for fungal colonization
[58]. EV protease types included aspartic (XOMNB84) and subtilisin-like
(XOKR93). Other assorted proteins suggest a role for EVs in infection,
such as the MAP kinase FMK1 from F. oxysporum. This kinase has an
essential role in root penetration and pathogenicity [59], and a protein
with 100% sequence identity was detected in SDB EVs, supporting
the transport of proteins involved in pathogenesis. Finally, SDB EVs
were enriched with five different sequences of GMP synthase, which is
involved in the production of nucleotides and is required for virulence
in C. neoformans [60], C. albicans and A. fumigatus [61]. Its presence in
EVs may also be linked to virulence in Fov. Proteins that may work as
effectors were also detected in Fov EVs. Some of these include small
secreted cysteine-rich proteins (SSCRPs), which are effectors with a
role in pathogenesis in Fusarium spp. The SSCRP FocCP1 was required
for penetration and full virulence of F. oxysporum f. sp. cubense [62],
and SSCRP’s may also be involved in virulence of different species
of Trichoderma [63]. Further potential effectors detected in Fov EVs
were a probable Perilipin MPL1 (XOM659) that in Metarhizium aniso-
pliae regulates virulence [64], and NIS1 (XOLCI2) from Colletotrichum
orbiculare that causes cell death in Nicotiana benthamiana [65]. Other
proteins in Fov EVs contained sequence domains that have been found
in fungal effectors. These domains include LysM [66], NPP1 [67], and
AltA-1 [68]. Our results support the recent discovery of potential
effectors in EVs from the wheat pathogen Zymoseptoria tritici [29].
The presence of effectors with and without signal peptides inside
fungal EVs could offer answers to unknown infection mechanisms
where fungi rely on unconventional secretion to colonize the host.
It is still required to confirm the presence of such effectors in EVs
experimentally.

The secretomes from Fov grown in CD and SDB media also showed
differences in protein enrichment compared to EVs. The majority of
highly produced secreted proteins, common to CD and SDB secre-
tomes, have roles in cell wall modifications. The CD secretome was
overrepresented with GO terms of proteins involved in oxidoreduc-
tion, while the SDB secretome contained more proteins with func-
tions as endopeptidases. Less proteins were detected in all CD sam-
ples except for the secretome. It is possible that the limited nutrient

conditions from the CD medium activated stress responses in the cell
and hence higher secretion of proteins, as opposed to SDB medium that
permitted a higher production of biomass.

Some proteins identified in this study could have potential roles in
EV formation such as Rab GTPases, SEC factors, SNARE proteins and
COPI-coating proteins, although none of the previously reported pro-
teins involved in EV biogenesis [69] were detected in this study.

One interesting observation was the detection of 59 ribosomal pro-
teins in EV samples. Twelve ribosomal proteins were exclusive to SDB
EVs, while none were exclusive to CD EVs. In mammalian systems, free
ribosomal proteins occur after stress in the biosynthesis of ribosomes,
which can be caused by nutrient starvation [70]. Although other studies
have detected ribosomal proteins in mammalian EVs [6, 30, 71], their
EV-relevance is virtually unknown, and the topic may pose an exciting
new area of EV research.

The investigation of mammalian EVs is facilitated by techniques
dependent on protein biomarkers for EVs. These marker proteins are
either absent from fungi, as is the case with tetraspanins, or the
homologs are not found in EVs as occurs with ESCRT proteins [4].
Proteins common to CD and SDB EVs that were exclusive to EVs or
upregulated compared to the cell lysate, and that satisfy the recom-
mendations for EV markers [72] include YOP1 (XOMQ72), 1,3-beta-
glucanosyltransferase (XOMJ85), a cornifin B-like protein (XOM896),
and a putative secreted lipase without signal peptide (XOKPE5). We
have recently identified potential marker proteins for EVs from the
human fungal pathogen C. albicans. [18], and in order to determine if
any of these potential markers could act as pan-fungal markers, we
searched for them in the Fov EV protein datasets. Of the 48 potential
markers identified in C. albicans, 11 were detected in both CD and SDB
EVs. One of the main candidates is Sur7 [18], and the presence of this
protein was recently confirmed in EVs from C. neoformans and Z. trit-
ici [29, 73], but its homologue was not detected in Fov EVs. This may
be explained by the lack of homology between the C. albicans and Fov
versions of Sur7, which only share 32% identity. However, these results
support our previous discoveries and move the field closer to having
broad-use fungal EV markers.

In summary, this study shows that SEC is an efficient, affordable
and simple method for the isolation of EVs from filamentous fungi. We
have characterized the proteome of EVs from Fov grown in two media
and discovered that EV production remains similar but EVs undergo
changes in protein cargo. Pathogenesis-related proteins, as well as cell
wall remodeling enzymes, were detected in both EV types suggesting
that EVs may work as an unconventional secretion mechanism, modu-

lating the immune response from the host.
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3. Chapter Three

As mentioned in section 1.2, Fusarium graminearum (Fgr) is a devastating pathogen
of cereal crops, with worldwide presence that threatens food security. Using the
new method to purify EVs developed for F. oxysporum, this thesis continued with

an investigation on the EVs from Fgr and their potential role in virulence.

Fgr was grown on Czapek Dox medium for the separation of EVs, but this medium
did not allow efficient isolation of EVs due to the blockage of the centrifugal filter
units used to concentrate the culture supernatant. Hence, a different culture
medium was tested, based on yeast-nitrogen base (YNB), and supplemented with
amino acids. These new culture conditions allowed the recovery of EVs from Fgr
using the size-exclusion chromatography method. The study presented in Section
3.1 presents the proteomic analysis of Fgr EVs with a focus on protein effectors,

which are important for fungal pathogenesis.
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3.1 Extracellular vesicles from Fusarium
graminearum contain protein effectors
expressed during infection of corn

The findings from this study have been published in a peer-reviewed journal,
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Abstract: Fusarium graminearum (Fgr) is a devastating filamentous fungal pathogen that causes
diseases in cereals, while producing mycotoxins that are toxic for humans and animals, and render
grains unusable. Low efficiency in managing Fgr poses a constant need for identifying novel control
mechanisms. Evidence that fungal extracellular vesicles (EVs) from pathogenic yeast have a role in
human disease led us to question whether this is also true for fungal plant pathogens. We separated
EVs from Fgr and performed a proteomic analysis to determine if EVs carry proteins with potential
roles in pathogenesis. We revealed that protein effectors, which are crucial for fungal virulence,
were detected in EV preparations and some of them did not contain predicted secretion signals.
Furthermore, a transcriptomic analysis of corn (Zea mays) plants infected by Fgr revealed that the
genes of some of the effectors were highly expressed in vivo, suggesting that the Fgr EVs are a
mechanism for the unconventional secretion of effectors and virulence factors. Our results expand
the knowledge on fungal EVs in plant pathogenesis and cross-kingdom communication, and may
contribute to the discovery of new antifungals.

Keywords: EVs; fungal extracellular vesicles; fungi; Fusarium graminearum; protein effectors; uncon-
ventional secretion; virulence factors

1. Introduction

The filamentous fungus Fusarium graminearum (Fgr) is a devastating agricultural
pathogen that infects cereals such as wheat, barley, and corn, where in the latter causes a
disease known as Fusarium stalk rot that is characterized by low grain yield and premature
plant death [1]. It also leads to losses in grain quality due to the accumulation of myco-
toxins, which are toxic for humans and animals [2,3]. There is low efficiency in managing
Fusarium stalk rot, partly because the interaction between Fgr and the corn plant is not
well understood [1]. For these reasons, it is important to explore the infection process of
Fgr to identify new targets for disease control.

Extracellular vesicles (EVs) are cell-derived particles delimited by lipid membranes
that vary in size from 30 to 1000 nm in diameter. They are produced by cells from all three
domains of life [4] and have different biological functions and cargo, composed mostly of
protein, nucleic acids, and carbohydrates. EVs have been identified in more than 20 yeasts
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and filamentous fungal species, although EVs from human pathogens such as Candida
albicans [5], and Cryptococcus neoformans [6] are the best characterized.

EVs contribute to virulence of fungal pathogens during infection of their hosts [7,8],
which led us to the question of whether EVs from filamentous plant pathogens also have
an essential role during infection. EVs from the cotton pathogen Fusarium oxysporum f. sp.
vasinfectum caused a hypersensitive response in cotton leaves [9], indicating that EVs do
indeed function in fungal-plant interactions, although the molecules involved in these
interactions have not been defined.

One key component of plant-fungal interactions is the secretion of protein effectors
by the fungus. Fungal effectors suppress the plant immune response and support fungal
survival, and while most known effectors are released from cells via the secretion of
signals [10], leaderless effectors have been reported [11,12]. The mechanisms of this
unconventional secretion have not been defined, but vesicular transport may have a
pivotal role [13,14]. Hence, the study of fungal EVs as potential transporters of virulence
factors may lead to the discovery of a new class of effectors previously unrecognized by
conventional approaches.

In this study we performed a proteome analysis of EVs, secretome, and whole-cell
lysate from Fgr and used bioinformatic tools to identify molecules in EV samples that may
enhance fungal virulence, such as protein effectors. We also analyzed the Fgr transcriptome
during the infection of corn to determine if EVs may carry proteins with transcripts
expressed during infection. In addition, we optimized the growth medium to improve the
yield of EVs from Fgr cultures.

The Fgr EV preparations contained proteins with annotated roles in pathogenesis
together with proteins previously reported as effectors, as well as candidate effectors
without conventional secretion signals. Some of the effector candidates were enriched
compared to the Fgr secretome, suggesting that EVs have a role in the unconventional
secretion of virulence factors. Furthermore, we discovered that expression of the genes
encoding these potential effectors is increased when Fgr infects corn plants.

2. Materials and Methods
2.1. Fungal Cultures

Fusarium graminearum (Fgr) strain PH-1 was a gift from Dr. Kim Hammond-Kosack
(Rothamsted Research, Harpenden, Herts., UK). The culture used for EV collection was
prepared by incubating 500 mL of growth medium with 10* spores/mL in a 2-L flask. The
medium contained yeast—nitrogen base (YNB) with ammonium sulfate, without amino
acids and carbohydrates (6.7 g/L, US Biological Life Sciences, Salem, MA, USA), with
added -Leu dropout supplement (0.69 g/L, Takara, Kusatsu, Shiga, Japan), L-leucine
(0.076 g/L, Sigma, St. Louis, MO, USA), and L-glutamic acid (0.5 g/L, Sigma). The
components were dissolved in ultrapure water, filter-sterilized using a 0.22-um Steritop
(Merck, Kenilworth, NJ, USA) and maintained at 4 °C until use. This growth medium was
named “YNB+”. The cultures were incubated for 5 days at 25 °C with 100 rpm agitation.
Mycelia were removed with Miracloth and discarded. The culture fluid was filtered using
0.45-um membrane filters (HAWP, Merck) and concentrated to about 500 pL using 100-kDa
MWCO centrifugal filter units (Merck).

2.2. Separation of Extracellular Vesicles (EVs)

EVs were separated by size-exclusion chromatography (SEC) as described previ-
ously [15]. Briefly, the concentrated supernatant was mixed with the fluorescent lipophilic
dye FM5-95 (Thermo Fisher, Waltham, MA, USA) at a concentration of 1.75 uM (5 puL,
0.1 mg/mL), on a rotary incubator for 15 m at room temperature with protection from light.
The sample was loaded onto a 20 mL plastic column (Takara) containing 10 mL of Sepharose
CL 2B (Sigma) equilibrated with Dulbecco’s phosphate buffered saline (DPBS, Thermo
Fisher). Forty-five fractions (approx. 300 uL each) were eluted with DPBS and collected
in black microtiter plates with black bottom (Bunzl, London, UK). The fluorescence of the
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fractions was measured immediately in a SpectraMax M2 plate reader (Molecular Devices,
San Jose, CA, USA). Adjacent fractions with consistent positive relative fluorescence units
(RFU) above the baseline were pooled and named “EV sample”. The protein concentration
of the EV sample was determined with a Qubit4 (Thermo Fisher). The protein content of
the unpooled fractions was quantified by microBCA (Thermo Fisher). All samples were
frozen in liquid nitrogen and preserved at —80 °C until further use.

2.3. Heat-Treatment of Fgr Cultures

Two controls were made to confirm that the separated particles were not an artifact.
First, Fgr was grown as described above for 5 d at 25 °C. The mycelia were separated and
rinsed with 20 mL of sterile DPBS, before they were heated to 90 °C for 18 h. An aliquot of
the heat-treated mycelia was plated on half-strength potato dextrose broth (/2 PDB) agar
to confirm complete cell death. The remaining mycelia were returned to fresh YNB+ and
incubated for 5 d at 25 °C with shaking. After incubation, the mycelia were removed and
discarded. The culture supernatant was 0.45-um-filtered and analyzed by nanoparticle
tracking analysis (NTA) as described below. It was compared to a 0.45-um filtrate from
a culture that had not been heat-treated, and to uncultured YNB+. A second control was
prepared by processing an Fgr culture for SEC isolation as described before but mixing the
concentrated supernatant with 5 uL. of DPBS, instead of FM5-95.

2.4. Preparation of Secretomes and Whole-Cell Lysates (WCL)

Secretomes (secreted soluble proteins and unenriched EVs) were obtained by concen-
trating 50 mL of the 0.45-um-filtered culture supernatant to 1 mL using 3-kDa MWCO
centrifugal units. WCL were prepared by grinding 80 mg of mycelia in 1 mL of DPBS with
70 mg of glass beads (710-1180 um, Sigma) on a TissueLyser (Qiagen, Venlo, Limburg,
Netherlands), with 30 s cycles shaking at a frequency of 30/s, incubating in an ice bath be-
tween cycles. The lysate was centrifuged at 21,130 g for 5 min at 4 °C and the supernatant
retained for further analysis. The protein concentration of the lysate and secretome was
determined immediately after collection with a Qubit4. Samples were stored at —80 °C.

2.5. Nanoparticle Tracking Analysis (NTA)

The size and concentration of the particles in the SEC fractions was measured using
the scatter mode in a ZetaView instrument (Particle Metrix, software 8.05.12 SP1) with a
405-nm laser, which had been calibrated with a solution of 100-nm beads (Thermo Fisher).
The concentration of particles in the samples was adjusted to 30-200 particles per frame,
using DPBS in a total volume of 1 mL. Samples were diluted and immediately injected
into the instrument’s loading chamber. Eleven chamber positions were measured for data
acquisition with a camera sensitivity of 80, shutter speed of 100, brightness between 30 and
255, area between 5 and 1000, and minimum trace length of 15. All samples were analyzed
at least in duplicate at a temperature of 25 °C.

2.6. Transmission-Electron Microscopy (TEM)

Samples were prepared as described in [16]. Five ul of sample were adjusted to a
protein concentration of 1 ug/uL using a Qubit4. Imaging was performed on a Jeol JEM-
2100 electron microscope operating at 200 kV. Images were processed with Gatan Digital
Micrograph, version 2.32.888.0.

2.7. Mass Spectrometry (MS)

EV samples, secretome, and cell lysates were prepared from the same culture, and
the samples from three biological replicates were analyzed by LC-MS/MS, as described
previously [16]. One ug of peptides was injected into an Ultimate 3000 RSLnano UPLC in-
strument (Thermo Fisher) coupled to a Q-Exactive HF Orbitrap mass spectrometer (Thermo
Fisher). A peptide search was performed using MaxQuant 1.6.3.3, with the label-free quan-
titation (LFQ) function and matched against the Fgr proteome from Uniprot (UP000070720,
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downloaded 09-10-19). The MaxQuant list was processed in R Studio running R 3.6.0
to remove contaminating proteins, proteins with only one matching peptide, or proteins
present in only one biological replicate. LFQ intensities were quantile-normalized and
missing LFQ values were imputed with the “candidaev” R package [16]. Proteins with a
Benjamini-Hochberg-adjusted p-value below 0.05 and with a logy-(fold change) (Log,-FC)
above 1 were considered significantly enriched.

2.8. Computational Prediction of Effector Proteins in EV Samples

Proteins with predicted transmembrane domains as well as housekeeping and riboso-
mal proteins were removed from this analysis. The remaining sequences (356) were submit-
ted to EffectorP 2.0 [17] to predict effector-like properties, ApoplastP to predict apoplastic
location [18]; SignalP-5.0, PrediSi, and Phobius to predict signal peptides (SP) [19-21];
SecretomeP to predict unconventional secretion (mammalian settings) [22]; PredGPI to
predict GPI anchoring [23]; and WolfPSORT and Deep Loc-1.0, to predict subcellular
location [24,25]. The percentage of cysteine for each protein was calculated manually.

2.9. Gene Ontology (GO) Analysis

The reference genome for Fgr in a Uniprot (UP000070720, assembly GCA_900044135.1)
was loaded into Blast2GO to annotate proteins with GO terms, using the default set-
tings [26]. The resulting list was used as a reference to perform GO analyses on the EV,
secretome and cell lysate proteins, using Fisher’s exact test. The “reduce to most specific”
function was applied to all analyses.

2.10. Maize Leaf Sheath Infection Assay

Zea mays cultivar PH17AW, provided by Corteva Agriscience, was employed in this
assay. Fgr was grown on synthetic nutrient-poor agar (KHyPO4 0.1% (w/v), KNO;3 0.1%
(w/v), MgSO4-7H,0 0.1% (w/v), glucose 0.02% (w/v), sucrose 0.02% (w/v), Bacto agar
1.5% (w/v)) at 25 °C with a 16:8 h light-dark cycle, under fluorescent lighting (Grolux,
Sylvania, Newhaven, Sussex, UK) for about 3 weeks. Macroconidia were filtered through
sterile facial tissue to remove hyphae. Corn plants were infected following protocols with
modifications [27,28]. Briefly, a 6-mm disc of filter paper (Whatman Grade AA, GE) was
soaked in a solution containing 10° conidia/mL and placed over a 1-mm x 2-mm wound in
the corn leaf sheath. Four 8-week-old plants were grown in a greenhouse for each treatment
(12 infected plants in total), with six wounds per sheath, and a total of 40 lesions per plant.
Wounds were covered in plastic sealing wrap immediately after infection, and the paper
disc and sealing wrap were removed after 3 days. Plants were randomized and each plant
was considered a biological replicate. Infected tissue was harvested at 3, 5, and 7 days
post-inoculation (d.p.i.). Fresh sheath tissue surrounding the lesion was discarded, and a
6-mm disc, collected from the center of the lesion, was frozen immediately after collection
using liquid nitrogen, lyophilized, and stored at —80 °C.

2.11. RNA Extraction from Infected Corn Tissue and Fgr Mycelium

Total RNA was separated from infected corn tissue and from culture-derived
mycelia using TRIzol reagent (Thermo Fisher) and treated with Turbo DNA-free DNase
(Thermo Fisher). The RNA sample was purified by precipitation and quality was moni-
tored by agarose gel electrophoresis and UV-Vis spectroscopy. The liquid Fgr culture for
RNA extraction was prepared by inoculating 50 mL of 1/2 PDB into a 250 mL flask with
5 x 10° conidia/mL, followed by incubation in the dark at 25 °C with 90 rpm of agitation
for 48 h. The mycelia were collected by filtration through Miracloth and were washed with
ultrapure water before being frozen in liquid nitrogen, lyophilized, and stored at —80 °C.
Each 50-mL culture was considered a biological replicate and four biological replicates
were prepared. This sample was named “in vitro” for the transcriptome analysis.
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2.12. Transcriptome Analysis

Libraries were prepared with an Illumina TruSeq Stranded mRNA kit (San Diego, CA,
USA), collecting 75-bp single-ended sequence reads in an Illumina NextSeq sequencer using a
NextSeq 500/550 high-output V2 kit. Two runs produced 50 to 70 million reads per biological
replicate, with four biological replicates being sequenced per treatment. Data quality was
assessed with FastQC (Babraham Bioinformatics, Cambridge, Cambridgeshire, UK) and
trimmed with TrimGalore (github.com/FelixKrueger/TrimGalore, version 0.4.1 downloaded
on 15 July 2017). Sequence reads were mapped to the Fgr PH-1 genome (GCA_000240135.3)
using Tophat 2.1.0 [29], and gene expression values were calculated using Cufflinks [29]. The
average gene expression per sample was expressed as fragments per kilobase of transcript per
million of mapped reads (FPKM), and significant differential gene expression was identified
using Cuffdiff [29]. The average transcript expressions of the four biological replicates of all
samples (in-vitro, 3, 5, and 7 d.p.i.) were compared and transcripts with an adjusted p-value
below 0.05 were considered to have significant changes in expression.

3. Results
3.1. Culture Optimization to Improve the Yield of EVs from Fgr

In our initial experiments we grew Fgr in 1/2 PDB broth and attempted to separate EVs
using ultracentrifugation (UC) as we described for Fusarium oxysporum (Fov) [9]. However,
the EV yield from Fgr was very low and the sample quality was poor. We then grew Fgr
on Czapek Dox medium and used size-exclusion chromatography (SEC) rather than UC
to isolate EVs because this procedure improved the yield and quality of the EVs from
Fov [15]. However, when Fgr was grown in Czapek Dox medium the culture fluid partially
obstructed the 100-kDa filters and could not be concentrated to the level required for SEC.
Although the separation of EVs from 1/2 PDB and Czapek Dox was achieved, EVs from Fgr
had the best quality and yield when using the “YNB+"” medium, which uses amino acids
rather than sucrose as the carbon source.

The elution of the EVs from the SEC column was monitored by fluorescence from the
lipid-bound FM5-95 dye (Figure 1A). Fractions 7-15 were thus pooled and named “EV
sample”. The fluorescence signal aligned with particle number from the NTA analysis
(Figure 1B), which revealed an average particle concentration of 4.3 x 10'° particles/mL
of pooled fractions (2.2 x 10" particles/L of culture), and an average particle size of
about 120 nm (n = 2, Figure 1C). Most of the soluble protein eluted after the EV sample, in
fractions 17 to 35 (Figure 1A). The heat-treated Fgr cultures and sterile YNB+ medium did
not significantly increase the particle number of the EV samples (Figure S1).

B Cc
SEC separation of Fgr EV signal NTA of SEC-separated fractions NTA of EV sample (pooled fractions)
50 —RFU re 3x10" . — RFU (overlay) 5x1010 s=—paicles
Protein (ug/pl) L 5 EVsample’  — particles
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F4 £ £
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Figure 1. Separation of EVs from Fusarium graminearum by size-exclusion chromatography (SEC). (A) Particles labeled
with the fluorescent dye FM5-95 eluted between fractions 7-15 (red line), while soluble protein eluted between fractions
17 to 35 (yellow line) (n = 2). (B) The particle number within each fraction was determined by NTA (blue line, n = 2), and
matched the RFU pattern from (A). (C) The pooled EV sample (fractions 7-15) was analyzed by NTA and had an average of
43 x 1010 particles/mL of fraction, corresponding to 2.2 x 1011 particles/L of culture, and an average particle size of about
120 nm (green line, n = 2). Error bars are SEM.
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TEM of the EV sample revealed particles partially dehydrated by the uranyl acetate
treatment [30], that had the typical cup-like morphology (Figure 2) similar to EVs from
other organisms, such as S. cerevisiae and C. albicans [16-44].

Figure 2. Transmission-electron microscopy (TEM) of EV samples from Fusarium graminearum. Five
uL of the EV sample were adjusted to 1 ug/uL of protein and were placed on copper grids before
treatment with uranyl acetate. TEM revealed spherical structures with apparent sizes ranging from
around 50 to 500 nm.

3.2. Fgr EV Samples Contain Putative Fungal EV Protein Markers and Proteins with Potential
Roles in Toxin Synthesis, Cell Wall Modifications, and Virulence

The proteomic analysis of the EV samples returned 647 validated proteins (Figure 3A),
and 130 of these were enriched in EVs compared to the whole-cell lysate (Table 1, Figure 3B).
The five most-abundant proteins in the EV preparations were a subtilisin-like serine pro-
tease 6, a polyol transporter, a peptide hydrolase, an AB hydrolase-1 domain-containing
protein, and a carboxylic ester hydrolase. From the EV-enriched proteins, 55 were anno-
tated membrane proteins, 28 were involved in transport, 17 were annotated peptidases and
nine were involved in carbohydrate hydrolysis. Nine were GTPases and 10 were associated
with redox homeostasis. The complete list is available in Table S1.

Table 1. Most abundant proteins detected in Fusarium graminearum (Fgr) EV samples compared to the whole-cell lysate.

LFQ-based proteomics revealed 647 proteins in the Fgr EV samples. Proteins with a p-value below 0.05 and with a logp-fold

change above 1.0 were considered significantly enriched. The 20 most-abundant proteins are presented. Homologs to
uncharacterized proteins were identified with BLAST and the E-value of the best match is reported. Gene ontology (GO)
terms were obtained with Blast2GO; P: biological process, C: cellular component, F: molecular function.

Uniprot ID Protein Name log,FC GO Terms
118356 ! Putative subtilisin-like serine protease (E-value: 0.0) 717 C: cell wall
I1RJE2 Polyol transporter 5 5.99 P: transmembrane transport
AOA1C3YMPO ! Peptide hydrolase 5.76 F: aminopeptidase activity
IRQZ5! AB hydrolase-1 domain-containing protein 5.39
AOAQ98DKT1 ! Carboxylic ester hydrolase 5.14 F: hydrolase activity
I1RY25 Niemann-Pick type C-related protein 1 (E-value: 0.0) 5.07 C: integral component of membrane
TIRUM2 ! Extracellular protein (E-value: 4.5 x 107164) 4.96
AOA1C3YIM6 ! Peptidase_M14 domain-containing protein 4.79 F: metallocarboxypeptidase activity
115050 Casein kinase I isoform gamma 2 4.70 F: protein serine/threonine kinase
A0A1C3Y]M7 ! Amine oxidase 4.67 P: oxidation-reduction process
11S2H9 Magnesium and cobalt transporter 4.49 C: integral component of membrane
T1IRP91 Siderophore iron transporter 1 4.31 P: transmembrane transport
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Table 1. Cont.
Uniprot ID Protein Name log,FC GO Terms
AOA1C3YNAY ! Putative serine carboxypeptidase 4.30 F: serine-type carboxypeptidase
A0A098DS79 1 Gamma-glutamyltransferase (E-value: 0.0) 4.28 F: glutathione hydrolase activity
V6R949 K(+)/H(+) antiporter 1 428 F: solute:proton antiporter activity
AO0A098E0Z5 H(+)/Cl(—) exchange transporter 5 427 F: voltage-gated Cl channel activity
I1Ry42! Alpha-amylase (E-value: 0.0) 426 F: alpha-amylase activity
I1RDK3 Flotillin-like protein 1 4.20
IIRMG9 ! Iron transport multicopper oxidase FET3 precursor 411 F: oxidoreductase activity
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Figure 3. Proteomic analysis revealed potential roles for proteins in the Fusarium graminearum (Fgr) EV samples. (A) Label-

free quantitative proteomics detected 647 proteins in the EV samples, 786 in the whole-cell lysate, and 324 in the secretome

(Sec). (B) Proteins with a p-value below 0.05 and a log, fold-change above 1.0 were considered significantly enriched;

130 proteins were enriched in the EV samples (blue) compared with the whole-cell lysate (red); (C) 84 proteins in the

EV samples (blue) were enriched compared with the secretome (yellow). All gene ontology (GO) comparisons were

performed against the complete Fgr proteome from Uniprot. GO analysis revealed that proteins in the EV samples (D) were

overrepresented in cell wall functions and GTPase activity. The cell lysate had more proteins with roles in cellular metabolism

or ribosome structure/function (E), and the secretome proteins were overrepresented with hydrolase activities (F).

Gene ontology revealed that GTP-related functions, cell wall and glycolytic processes
were overrepresented in the EV proteome, compared to the whole Fgr proteome (Figure 3D).
From the 47 putative protein markers reported for Candida albicans [16], 16 were
detected in Fgr EVs. These are similar to C. albicans proteins, CDC42, FET34, MTS1,
orf19.1054, PHR1, RAC1, RHO3, SEC4, SUR7, VACS8, YCK2, YKT6, PHM7, PMAL1, SEC61
and YOP1. Three of these were exclusive to EVs (similar to CDC42, RHO3, and YKT6),
and eight were enriched in EVs compared to the whole-cell lysate (similar to FET34, PHR1,
RAC1, SUR7, YCK2, PHM?7, SEC61, and YOP1).

Compared to the whole-cell lysate, 201 proteins were exclusively detected in EVs
(Table 2). Some had annotated roles in toxin synthesis such as zearalenone biosynthesis
protein 1-like. Other proteins had roles in cell wall modification, such as chitinase 1-like,
endo-1,5-alpha-L-arabinanase B-like, glucanase, and mannosidase, and further proteins
had roles in virulence, such as effector NIS1-like, and superoxide dismutase.
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Table 2. Proteins in the Fusarium graminearum (Fgr) EV samples and not in the whole-cell lysate have putative roles in toxin
synthesis, carbohydrate metabolism, hydrolysis, and vesicle transport. LFQ-based proteomics revealed 647 proteins present
in the Fgr EV samples. From these, 201 proteins were exclusive to EVs compared with the cell lysate. Several proteins had
annotated roles in metabolite biosynthesis, carbohydrate metabolism, hydrolysis, and vesicle transport. Gene ontology (GO)
terms were obtained with Blast2GO; P: biological process, C: cellular component, F: molecular function.

Uniprot ID Protein Name GO Terms
Host-pathogen interactions
AO0A1C3YLTO Allergen Asp f 9-like F: hydrolase; P: cell wall organization
I1RF56 Rubrofusarin-specific efflux pump aurT P: transmembrane transport
T1RFS2 Secreted effector NIS1-like
I1IRGY5 Allergen Asp f 9-like F: hydrolase; P: cell wall organization
IRIM4 ! Allergen Asp f 34-like
Transport
AOA1C3YHZ2 GTP-binding protein RHO3-like F: GTPase activity; F: GTP binding
AO0A1C3YJH3 Multidrug resistance protein FNX1 P: transmembrane transport
AO0A1C3YK53 VPS74 F: phosphatidylinositol-4-phosphate binding
[1RAS9 ! VPS10-like P: protein transport
T1RFKO GTP-binding protein RHY1 F: GTPase activity; F: GTP binding
1RG99 VPS35 P: endosome to Golgi transport
I1RN81 CDC42Sp-like F: GTPase activity; F: GTP binding
I1RQD6 SEC17 homolog P: vesicle-mediated transport
115278 Syntaxin PEP12 P: vesicle-mediated transport
I11SAMS5 v-SNARE protein VTI1 P: vesicle-mediated transport
Hydrolysis
AOA098DV80 ! Podosporapepsin-like F: aspartic-type endopeptidase activity
AOAQOEORMK?7 ! N-acetyl-beta-glucosaminidase 1-like P: carbohydrate metabolic process
AOAIC3YMSS ! Mannanase B P: carbohydrate metabolic process
T1RECS ! Probable secreted lipase ARB_02369 F: hydrolase activity
T1RF87 ! Chitinase 1-like P: carbohydrate metabolic process
I1RHGO ! Chitinase 1-like P: carbohydrate metabolic process
ITRHW3 Ribonuclease Trv F: RNA binding
NRJF8 ! Oryzapsin B-like F: aspartic-type endopeptidase activity
IIRLG1! Aspartic proteinase yapsin-6-like F: aspartic-type endopeptidase activity
IIRMU2 ! Laminarinase eglC-like P: carbohydrate metabolic process
I1RR60 ! Subtilisin protease 6-like C: cell wall
TIRRY4 ! Endo-1,3(4)-beta-glucanase-like P: carbohydrate metabolic process
TIRXM5 ! Lipase 4-like F: hydrolase activity
ns2wo ! Carboxypeptidase MCPB-like F: metallocarboxypeptidase activity
11S3J9 1 Secreted lipase ARB07186/07185-like
1ns3s2! Endo-1,5-alpha-L-arabinanase B-like P: xylan catabolic process
V6R5G9 Exo-1,3-beta-glucanase-like P: carbohydrate metabolic process
V6R5Q6 1 Man(9)-alpha-mannosidase 1b-like F: mannosyl hydrolysis; C: membrane
Biosynthesis
AO0A098DAHO Yanuthone D synthesis protein D
A0A098DV37 Pestheic acid biosynthesis cluster protein K-like P: oxidation-reduction process
AO0A098DVT4 Sesquiterpene synthase BOT2 C: membrane; F: lyase activity
AO0A1C3YLJ5 Anditomin synthesis protein L-like C: integral component of membrane
AO0A1C3YLRY Leucinostatins biosynthesis cluster protein R-like F: phospholipase D activity
AO0A1C3YMY7 Aspirochlorine biosynthesis protein Q-like
MRIG1 ! Solanapyrone biosynthesis protein 5-like F: oxidoreductase; F: FAD binding
IRI9 ! Citrinin synthesis protein MPL7-like F: oxidoreductase activity
T1RS87 Dothistromin biosynthesis protein epoA-like F: cis-stilbene-oxide hydrolase activity
T1RT88 Pestheic acid biosynthesis cluster protein L-like F: oxidoreductase activity
I1RUES ! Zearalenone biosynthesis protein 1-like F: oxidoreductase; F: FAD binding
IIRXR7 ! Terrein biosynthesis cluster protein terF-like
115011 Himeic acid A biosynthesis cluster protein E-like C: integral component of membrane
11S1K2 Tropolone synthesis protein G
11S6B9 1 Prenyl xanthone synthesis protein C-like

F: oxidoreductase activity

1 Protein also detected in the secretome.
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Proteins of interest that were present in EVs but more abundant in the whole-cell lysate
also had potential roles in toxin production, such as core trichothecene cluster protein 8,
sirodesmin biosynthesis protein J-like, patulin synthesis protein E-like, aflatoxin biosynthe-
sis protein-like, AF-toxin biosynthesis protein 10-1-like, and penitrem biosynthesis cluster
protein S-like. This group of EV proteins also included cell wall-modifying enzymes such
as class 3 chitin synthase and chitinase 1-like, and proteins with roles in virulence such as
allergen Alt A 7-like, effector SnodProt 1-like, and allergen Fusp4.0101-like.

3.3. The Secretome from Fgr Contains Proteins with Potential Roles in Carbohydrate Metabolism,
Oxidoreduction and Pathogenesis

Thirty of the 324 proteins detected in the secretome were more abundant in the
secretome compared to the EVs (Figure 3C). The five most abundant were a putative
endoglucanase, mannitol 2-dehydrogenase, a putative small-secreted cysteine-rich protein
(SSCRP), prenyl xanthone synthesis protein C-like, and galactose oxidase. Most of the
proteins in the secretomes had annotated roles in metabolism of carbohydrates, hydrolysis,
or oxidoreduction (Table S3). The GO analysis revealed that, compared with the complete
Fgr proteome, more proteins in the secretomes had peptidase functions (Figure 3F). The
GO analysis of the whole-cell lysate is also presented (Figure 3E).

3.4. EV Samples from Fgr Contain Candidate Protein Effectors

The detection of proteins with roles in fungal virulence in the EV preparations led us
to investigate if EVs also transport protein effectors. A computational analysis of proteins
in Fgr EV samples (Figure S4) revealed 9 effector candidates that have been reported
before [31,32], and three proteins that are similar to the known effectors SnodProt1 [33,34],
NIS1 [35], and extracellular lipase [36] (Table 3). Our analysis also revealed hydrophobin
3 (FGSG_09066), a previously unreported effector candidate from Fgr (Table 4). All these
putative effectors had a predicted signal peptide (SP).

Table 3. Effector candidates detected in the EV samples from Fusarium graminearum (Fgr) that have been reported previously.

The EV proteome from Fgr had 12 effector candidates that have been reported previously, although only seven were

identified by EffectorP 2.0. All proteins had a predicted signal peptide (Uniprot). The “Enrichment” column indicates the

sample in which a protein was most abundant (Sec up: enriched in secretome; EV up: enriched in EV samples; Not sig: no

statistical difference). Effectors with characterized function.

Uniprot ID Protein Name (Gene Symbol) L(eanag{):h Enrichment EffectorP2 Effector Function
I1RFS2 Effector NIS1-like (FGSG_02560) 140 Sec up non-effector cell death [35]
T . . required for

115341 SnodProtl-like (FGSG_11205) 140 Not sig unlikely effector virulence [33,34]
I1RPD9 Extracellular lipase (FGSG_05906) | 349 EV up effector inhibits innate
immunity [36]
ITRUM2 Hypothetical protein FGSG_07921 221 Not sig effector unknown [32]
I1RIV3 Hypothetical protein FGSG_03748 253 EV up effector unknown [32]
T1RIE9 Hypothetical protein FGSG_03581 198 Not sig effector unknown [31]
I1REI8 Hypothetical protein FGSG_02077 184 EV up non-effector unknown [31]
IIRAQ3 Hypothetical protein FGSG_00588 160 Not sig unlikely effector unknown [31]
T1RW93 Hypothetical protein FGSG_08554 207 EV up non-effector unknown [31]

AltAl domain-containing protein

I1RK25 FGSG_ 04213 166 Sec up effector unknown [31]
T1SOH8 Hypothetical protein FGSG_10206 162 Not sig effector unknown [31]
11S1J8 Hypothetical protein FGSG_10603 158 Not sig effector unknown [31]

1 Confirmed effector characterized in F. graminearum [36].
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Table 4. Prediction of new effector candidates in EV samples from Fusarium graminearum (Fgr). The computational prediction

returned sequences with effector potential with and without predicted signal peptide (SP). Uniprot ID and gene symbol

are shown in parenthesis. “Enrichment” indicates if the protein was most abundant in EVs, or secretome, or cell lysate.

The EffectorP2.0 result was included to monitor the prediction of candidate effectors with unconventional characteristics

(size > 300 a.a., Cys < 2%, no SP). The consensus of PrediSi, Uniprot, SignalP 5.0, and Phobius was used to determine the

potential presence of signal peptide. SecretomeP 2.0 was used to predict leader-less secretion under the mammalian settings,

where a score > 0.5 indicates possible secretion. PredGPI was used to predict GPI anchoring. ApoplastP 1.0, WolfPSORT

and DeepLoc 1.0 were used to predict the cellular location of the candidates.

Effector . Length  Effector Cys Signal Secretome Apoplast Location
Candidate Enrichment (a.a.) P20 % Peptide 1 P20 PredGPI P1.0 Prediction
Hydrophobin
EV . extracellular/
FSO %);{)56’6) exclusive &2 effector 98 yes NA unlikely yes mitochondria
Superoxide
dismutase
[Cu-Zn] cell lysate 228 effector 2.2 no 0.706 - no Cyrt?n}call:z?/
(ADA098DGQI1,
FGSG_08721)
Chitinase
no non
FG(SIéR[I)];95’9 " difference 417 effector 0.5 no 0.505 - yes cytoplasm
LysM domain-
containing
: no non _ cytoplasm/
(PI’{(I){tIeClg difference 403 effector 0.2 no 0.747 no nucleus
FGSG_03554)
Glucoamylase no non
(FAGOSACI;C&YzI;g;, difference 667 effector 1.2 no 0.518 - yes extracellular
Glucan
endo-1,3-beta- extracellular/
glucosidase no non
eglC-like difference 409 effector 12 no 0.703 - yes mer;ekgane
(IIRMU2,

FGSG_05292)

Five effector candidates without a predicted SP were also identified: superoxide
dismutase [Cu-Zn], chitinase, LysM domain-containing protein, glucoamylase, and glucan
endo 1,3-beta-glucosidase eglC-like (Table 4). The Fgr superoxide dismutase and chitinase
sequences were aligned with characterized sequences from other fungi to determine if the
catalytic residues were conserved (Figures S2 and S3, respectively). The complete protein
list generated in this analysis is presented in Table S2.

3.5. Candidate Protein Effectors Detected in EV Samples Are Expressed In Vivo

We then asked whether any of these potential effectors are produced during an in-
fection. To determine this, corn plants were inoculated with Fgr and tissue samples were
taken at 3,5, and 7 d.p.i. for transcriptome analysis (Figure 4A). The infected corn tissue
and Fgr mycelium, grown in vitro, returned 14,790 transcripts expressed in the infected
corn tissue at one or multiple timepoints. For better interpretation, the genes encoding
these transcripts were divided into relatively high (Figure 4B), medium (Figure 4C), and
low expression (Figure 4D). Superoxide dismutase [Cu-Zn] transcripts were highly ex-
pressed with FKPM values around 5000, while transcripts for secreted effector NIS1-like,
hydrophobin 3, and SnodProtl-like had medium expression with FKPM values between
3000 and 500. Transcripts of the uncharacterized effector candidates (Table 3) had rela-
tively low expression (Figure 4D). The statistical analysis of gene expression for individual
replicates is presented in Tables S4 and S5, respectively.
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Figure 4. Fusarium graminearum (Fgr) genes encoding candidate effector proteins detected in extracellular vesicles (EVs) are
expressed during corn infection. (A) Corn (Zea mays) plants were infected with Fgr and infected tissue was collected at
3,5, and 7 days post inoculation (d.p.i.). Mycelia from Fgr, grown in vitro, were also collected. Corn tissue and mycelia
were analyzed by RNAseq to identify fungal genes expressed during infection and in vitro culture. Gene expression was
expressed as fragments per kilobase of transcript per million of mapped reads (FPKM). The gene annotation from the
Broad Institute (FGSG_) was employed. Genes from the candidate effectors were significantly expressed in vivo (n = 4).
The transcripts were separated by their relative level of gene expression in high (B), medium (C), and low (D). Annotated
proteins are labelled, and the rest are hypothetical proteins. (*) significant changes in expression across time points (adjusted
p-value < 0.05). Error bars are SEM. The protein corresponding to each transcript was retrieved from the EV proteome and
its relative abundance is reported in green or purple. Unhighlighted transcripts had no significant differences in protein
abundance between EVs, secretome, or cell lysate.

4. Discussion

The discovery that extracellular vesicles (EVs) from yeast pathogens have a role in
the progression of fungal diseases in humans [38,39] led us to examine whether EVs also
contribute to the virulence of filamentous fungal pathogens of plants. In this study we
isolated EVs from Fusarium graminearum (Fgr) and searched their proteome for potential
virulence factors or effectors that are either transported in EVs through unconventional
secretion or are stabilized by EVs in the extracellular environment.

A challenge in the study of EVs from filamentous pathogens has been the preparation
of sufficient quantities of EVs of a quality suitable for biochemical analysis. This quality
varies between fungal species and the growth medium used for culture [15,40]. We discov-
ered that the culture supernatant from Fgr grown in Czapek Dox was viscous and could not
be concentrated sufficiently for the separation of EVs by size-exclusion chromatography
(SEC). This is likely due to the production of extracellular polysaccharides [41]. Further-
more, we discovered that the use of half-strength potato dextrose broth (1/2 PDB), which
is an undefined medium, produced inconsistencies in the growth of Fgr as well as low
yields of EVs, impeding further biochemical analyses and compromising experimental
reproducibility. To address these issues, we grew Fgr in YNB+ medium, which contained
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amino acids rather than carbohydrates as a carbon source [42]. This solved the viscosity
problem and allowed the separation of EVs by SEC.

Fgr EVs have been separated before by ultracentrifugation (UC) [43], requiring
pooled EVs from several cultures to obtain sufficient material. The authors reported
around 4.1 x 100 particles/mL per pooled separation, although the total culture volume
required was not reported [45] impeding a direct comparison with our procedure. Our
initial EV separations using UC also produced low yields of EVs and poor particle quality.
By using SEC and the YNB+ medium, we obtained an average of 2.2 x 10! particles/L of
culture (n = 2), with size and morphology consistent with other fungal EVs [9,15,44].

The cargo of EVs from plant pathogens suggests a role for EVs in fungal virulence. For
example, Fusarium oxysporum EVs contain biosynthetic proteins for secondary metabolites
involved in virulence, cell wall-degrading enzymes, and proteases [9,15]. Fgr EV samples
contained proteins similar to those that produce the toxic secondary metabolites dothistro-
min, aspirochlorines, solanapyrone, citrinin, and zearalenone [45-49]. The latter is one of
the main mycotoxins produced by Fgr. The presence of biosynthetic enzymes indicates that
EVs may transport phytotoxic secondary metabolites. Additionally, zearalenone, citrinin,
and dothistromin have low water solubility [50-52], explaining why vesicular transport
may facilitate delivery. Interestingly, Aspergillus parasiticus employs vesicles to synthesize
and release aflatoxin B1 [53].

The characterization of fungal secretomes followed by the prediction of protein effec-
tors is an effective way to identify components of the plant-pathogen interaction [54]. Of
the 647 proteins detected in the Fgr EV samples in this study, 18 have potential effector
properties. Twelve of these have been reported as candidate effectors before [31-35], and
six new effector candidates are proposed in this study.

The 12 previously reported candidate effectors had a predicted signal peptide (SP).
Indeed, the bioinformatics programs used to identify them selected proteins with conven-
tional effector features, such as SP, high Cys content, and size < 300 a.a. [10]. From these
12 candidates, NIS1, SnodProt1, and extracellular lipase are well characterized effectors in
other fungi [33,35,36], while the rest are uncharacterized [31,32].

Our corn infection data revealed that the transcripts from NIS1-like were among the
most abundant and had significant differences in expression between the in vitro and
in planta samples, implying a role in virulence. Three other genes produced transcripts
that increased in abundance as the infection progressed and thus merit further study to
evaluate their potential roles in infection. They were FGSG_05295 (eglC-like endoglucanase)
and, interestingly, two genes encoding proteins that are enriched in EVs (FGSG_02077
and FGSG_08544).

A promising new effector candidate for Fgr is the 82 amino acid-long hydrophobin
3 (FgHyd3) [55]. This protein was detected only in EV samples, had a predicted SP, Cys
content of almost 10%, and is predicted to reside in the plant apoplast. In our corn infection
study, expression from the encoding gene was almost 400-fold higher in planta than in vitro,
suggesting a role in pathogenesis. FgHyd3 is also expressed during the infection of barley
by Fgr [55]. Germlings from Fgr mutants lacking FgHyd3 bind poorly to hydrophobic
surfaces, such as plant leaves, and are not as infectious [55]. Other fungal hydrophobins
have effector activity [56,57], hence it is possible that FgHyd3 also has effector activity, but
this needs to be confirmed experimentally. The observation that FgHyd3 was exclusive to
the EV samples suggests that EVs function as an unconventional secretion mechanism for
some classes of protein effectors, that EVs could transport FgHyd3 to other areas of the
plant, or that EVs shield it from early recognition by the plant’s defenses. Since most of the
EV proteomes published to date contain numerous proteins with SP [9,58], we hypothesize
that EVs might physically encounter and bind secreted proteins and transport them through
the cell wall. Secreted hydrophobic proteins, such as the hydrophobins, may interact with
the membrane of EVs and hence be more mobile in the extracellular environment.

The second new effector candidate for Fgr is a superoxide dismutase [Cu-Zn] previ-
ously named SOD1 (FGSG_08721) [59]. The Fgr SOD1 does not have a predicted SP, was
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enriched in the whole-cell lysate, has 2.2% Cys content and had high expression in our
corn infection assay. This supports Yao’s and colleagues observations that SOD1 is highly
expressed in Fgr-infected wheat coleoptiles, and although they reported it as a cytosolic pro-
tein [59], SOD1 from other organisms has been detected extracellularly [60,61]. It is unclear
if this occurs exclusively via EVs [60,62]. However, SOD1 secretion has been attributed to
EVs [63] and has been detected in the EV proteome from numerous fungi [15,16,44,64—66].
SOD1 from Fgr and in homologs from B. cinerea, M. oryzae, Fusarium spp., Verticillium
spp., and the human SOD1 contain a diacidic Asp-Glu motif implicated in unconventional
secretion [64]. Hence, we believe that SOD1 may be secreted unconventionally via EVs in
Fgr, although experimental confirmation is still required.

The remaining group of proposed effectors are carbohydrate-active enzymes (CAZy).
One chitinase (FGSG_03591) has similarity to chitinases from other fungal pathogens [67,68].
This Fgr chitinase does not have a predicted SP although it is annotated as secreted
(Uniprot), has >300 a.a., and has a low Cys content. The gene encoding this chitinase
was expressed at relatively low levels during our corn infection assay, and did not change
as the infection progressed, indicating that its involvement in virulence may differ from
other chitinases that are highly expressed in vivo [69].

Another candidate effector was an eglC-like endoglucanase (FGSG_05292), which in
A. niger is involved in the degradation of plant cell walls [70]. The role of the eglC-like
has not been elucidated in Fgr, although our infected corn transcriptome data revealed
almost a five-fold increase in gene expression between 3 and 5 d.p.i. Such increase is a
characteristic of some effectors [71].

One further effector candidate is a LysM domain-containing protein (FGSG_03554).
LysM proteins interact with chitin and support fungal survival [72]. The last candidate
effector is a glucoamylase (FGSG_06278) with 57% identity to BcGs1 from B. cinerea. BcGsl
causes necrosis, accumulation of ROS, and cell death in different hosts [73]. The Fgr
glucoamylase and BcGs1 have no predicted SP although they are potentially secreted (Wolf-
PSORT, DeepLoc 1.0), suggesting that they are unconventionally secreted. The transcript
expression of this protein during corn infection was low compared with other effector
candidates, hence it is possible that the abundance of this glucoamylase does not need to be
as high as other candidate effectors, since the expression of fungal effector genes is known
to be differentially regulated [74,75].

The variety of CAZy enzymes detected in EV samples from Fgr suggests roles on host
pathogenesis and EV release. For instance, the endo-1,5-alpha-L-arabinanase B-like is a
virulence factor in B. cinerea during infection of Arabidopsis [76], and a similar arabinanase
B was detected in Fgr EV samples (FGSG_11468). The substrate for this arabinanase is
yet to be defined. Conversely, the presence of chitinase and glucanase in EV preparations
suggests that these enzymes loosen the fungal cell wall and facilitate EV release [77].

The leaderless candidate effectors identified in this study and the ones reported previ-
ously [11,12] have characteristics that would prevent their identification by bioinformatic
tools, such as lack of SP or low Cys content. This is not a limitation of these tools, but
rather an unintended bias towards proteins that fit conventional effector criteria. Our
results support evidence that a different class of protein effectors exists that are transported
via unconventional secretion mechanisms [78,79], and in the case of Fgr this is likely to
occur via EVs. The purification of these candidate effectors, their inplanta study, and the
generation of knockout fungal strains can confirm this notion.

Yang and colleagues identified 154 secretome proteins from Fgr that have potential
roles in the pathogenesis of wheat and barley [80]. We detected 21 of these proteins in our
secretome data, with the majority having annotated functions as glycosidases, proteases,
and esterases.

EVs from Fgr contained some of putative EV protein markers that have been re-
ported for C. albicans. Among these, the eisosomal SUR7 has similarity to the mammalian
tetraspanins, making it one ideal candidate to be a true fungal EV marker [16]. SUR7 has
been detected in EVs from Zymoseptoria tritici [81], S. cerevisiae [46] and A. fumigatus [64].
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Similarly, C. neoformans EVs contain proteins with SUR7 domains [6] suggesting that SUR7
is a conserved protein marker of fungal EVs.

In summary, we demonstrate that the filamentous fungal pathogen Fusarium gramin-
earum produces extracellular vesicles, and their cargo includes proteins associated with
virulence that are expressed during the infection of corn. Evidence from other fungal EV
studies [5,7,9] suggests that EVs from Fgr could support the infection of corn, although
future efforts must be directed at determining the specific role of these EVs.

These results contribute to the elucidation of the mechanism of action of EVs from
plant pathogens, which is mostly unknown, and indicate that EVs are a mechanism for
unconventional secretion that could protect and transport secreted proteins with conven-
tional secretion signals. Our study has revealed effector candidates that might be involved
in pathogenesis and are of interest for future research.
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4. Chapter Four

As described in Chapter 1, research into fungal EVs is a relatively new field
compared to the study of mammalian EVs. The latter has been enhanced by the
availability of EV-specific markers used for the development of advanced EV
isolation and characterization techniques, as well as in vivo analyses. When this
thesis began no markers were available to specifically tag fungal EVs. This has
hindered the development of new methods such as improved purifications of
fungal EVs using density gradients, or experiments to monitor EV interactions
with the host. Hence, many of the procedures used to study fungal EVs are based
on elemental techniques developed for mammalian EVs. The article presented in
this chapter describes the first set of EV-specific markers for a fungal species. The
electron microscopy methods developed in chapters 2 and 3 were employed to
confirm that the EVs that had been isolated from Candida albicans had the typical
appearance of fungal EVs, which were also similar to mammalian EVs. This study
revealed that the protein Sur7 had similarity to the mammalian tetraspanins, hence
other collaborators are now examining the application of Sur7 as a marker for C.
albicans EVs. This work was extended to determine whether Sur7 can also be used
as a marker of EVs from Fusarium graminearum, and whether an antibody can be
generated to detect Sur7, which is described in section 4.2, potentially unlocking

new characterization techniques for Fgr EVs.
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4.1 Protein markers for EVs from
Candida albicans and Fusarium
graminearum include the claudin-like
Sur?7

Part of the work from this chapter was a study on identifying potential protein
markers for EVs produced by the human fungal pathogen Candida albicans and the
plant pathogen Fusarium graminearum. The findings from the study on C. albicans
have been published in a peer-reviewed journal: Journal of Extracellular Vesicles,

March 2020.

Dawson CS, Garcia-Ceron D, Rajapaksha H, Faou P, Bleackley MR, Anderson MA.
Protein markers for Candida albicans EVs include claudin-like Sur7 family proteins.
Journal of Extracellular Vesicles. 2020 Apr 16;9(1):1750810. doi:

10.1080/20013078.2020.1750810.
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ABSTRACT

Background: Fungal extracellular vesicles (EVs) have been implicated in host-pathogen and
pathogen-pathogen communication in some fungal diseases. In depth research into fungal EVs
has been hindered by the lack of specific protein markers such as those found in mammalian EVs
that have enabled sophisticated isolation and analysis techniques. Despite their role in fungal EV
biogenesis, ESCRT proteins such as Vps23 (Tsg101) and Bro1 (ALIX) are not present as fungal EV
cargo. Furthermore, tetraspanin homologs are yet to be identified in many fungi including the
model yeast S. cerevisiae.

Objective: We performed de novo identification of EV protein markers for the major human
fungal pathogen Candida albicans with adherence to MISEV2018 guidelines.

Materials and methods: EVs were isolated by differential ultracentrifugation from DAY286,
ATCC90028 and ATCC10231 yeast cells, as well as DAY286 biofilms. Whole cell lysates (WCL)
were also obtained from the EV-releasing cells. Label-free quantitative proteomics was performed
to determine the set of proteins consistently enriched in EVs compared to WCL.

Results: 47 proteins were consistently enriched in C. albicans EVs. We refined these to 22 putative
C. albicans EV protein markers including the claudin-like Sur7 family (Pfam: PF06687) proteins
Sur7 and Evp1 (orf19.6741). A complementary set of 62 EV depleted proteins was selected as
potential negative markers.

Conclusions: The marker proteins for C. albicans EVs identified in this study will be useful tools
for studies on EV biogenesis and cargo loading in C. albicans and potentially other fungal species
and will also assist in elucidating the role of EVs in C. albicans pathogenesis. Many of the proteins
identified as putative markers are fungal specific proteins indicating that the pathways of EV
biogenesis and cargo loading may be specific to fungi, and that assumptions made based on
studies in mammalian cells could be misleading.

Abbreviations: A1 - ATCC10231; A9 - ATCC90028; DAY B — DAY286 biofilm; DAY Y — DAY286 yeast;
EV - extracellular vesicle; Evp1 - extracellular vesicle protein 1 (orf19.6741); GO - gene ontology; Log,
(FC) - log,(fold change); MCC - membrane compartment of Can1; MDS - multidimensional scaling;
MISEV - minimal information for studies of EVs; sEVs — small EVs; SP — signal peptide; TEMs —
tetraspanin enriched microdomains; TM - transmembrane; VDM - vesicle-depleted medium; WCL -
whole cell lysate
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Introduction Candida [3]. Candida is primarily associated with rela-

Fungal infections are ubiquitous and are estimated to affect
over 20% of the world’s population [1]. These infections
range from non-life-threatening mycoses of the skin and
nails, to deadly systemic infections. They represent
a significant burden on healthcare systems, with the direct
medical cost of fungal disease in the USA in 2017 estimated
to be 7.2 billion USD [2]. The fungi responsible for most
fungal infections worldwide are the various species of

tively harmless superficial infections [4], but infections of
the bloodstream or internal organs are associated with
mortality rates as high as 75% [4,5]. Over 12,000 people
were hospitalised for invasive candidiasis in the US in 2017
alone, at a cost of almost 1.2 billion USD [2]. The species
responsible for the majority of Candida infections is
Candida albicans [6]. C. albicans infections are most
often treated with two classes of antifungals, the azoles
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which target biosynthesis of the fungal-specific sterol
ergosterol, and the echinocandins, which target biosynth-
esis of the major cell wall polysaccharide 1,3-B-glucan [7].
Resistance to these and other antifungals has begun to
emerge [8-11] making the development of new antifungals
with novel mechanisms of action paramount.
Understanding the interface between the host and patho-
gen will help to identify new targets for controlling
C. albicans infections.

Extracellular vesicles (EVs) are key factors in the
progression of many diseases ranging from cancer
[12] to neurodegenerative diseases [13] and bacterial
infections [14]. EVs are defined as “particles naturally
released from the cell that are delimited by a lipid
bilayer and cannot replicate” [15]. Packaging of cargo
into EVs is a method for the coordinated release of
biological molecules via a non-classic method of secre-
tion. This facilitates intercellular communication both
within an organism [16] and between organisms [17].

Recently, EVs have been proposed to function in the
pathogenesis of fungal disease, particularly in yeast infec-
tions including those from the genera Cryptococcus [18-
20], Paracoccidioides [21,22] and Candida [23-25]. The
cargo of fungal EVs comprises proteins [26], nucleic
acids [27], lipids [23,24,28,29] and carbohydrates [22,28].
Fungal EVs activate innate immune cells in vitro
[18,23,24,30] and are responsible for the hypervirulence
of a Cryptococcus gattii strain that caused disease in immu-
nocompetent individuals [20]. Given the potential roles for
EVs in host-pathogen interactions, there is significant
motivation to better understand the biology of fungal EVs.

C. albicans EVs are typical of fungal EVs. They
contain proteins, lipids, nucleic acids and carbohy-
drates [23,24,27,31,32]. Activation of murine macro-
phages and dendritic cells by EVs from C. albicans
indicates a potential role for EVs in modulating the
innate immune response to the fungus [23,24].
Formation of biofilms is a critical component of
C. albicans pathogenesis [33] and the biofilm matrix
provides a protective layer for the fungus against anti-
fungal drugs [34]. The cargo of EVs produced by
C. albicans biofilms includes key proteins and carbo-
hydrates for biofilm biogenesis, making EVs crucial
contributors to the establishment of biofilms [32].
Furthermore, “add-back” of EVs from wildtype bio-
films restored the loss of azole resistance in biofilms
formed by strains with deletions in genes encoding
important enzymes for matrix generation [32]. That
is, EVs also function in antifungal drug resistance.

The tools and techniques for the study of fungal EVs
have been adapted from those established for mammalian
systems, where EVs are most intensively studied. Many of
the cutting-edge experimental techniques for isolation,

tracking and analysis of mammalian EVs are dependent
on protein markers [35]. They include identifying fractions
containing EVs after density gradient centrifugation [36] or
size exclusion chromatography [37], purification of EV's via
immunoaffinity capture [38], and imaging of EV release
and uptake [39]. Unfortunately, proteomic analyses of
fungal EVs have revealed that the markers that have been
so useful for the isolation and study of mammalian EVs are
not present in fungal EVs [26]. Thus, there are differences
in the protein cargo and possibly the biogenesis of EVs
from fungi and mammalian cells, and de novo identifica-
tion of fungal EV markers is essential. Inconsistencies
between published data sets on the protein content of
fungal EVs [26] means that a robust proteomic analysis of
EVs from a particular species is required to provide an
adequate data set for EV marker identification. In this
study, we have addressed this problem by performing in-
depth proteomic analyses on multiple C. albicans strains to
define a set of broadly applicable C. albicans EV markers.
Label-free quantitative proteomics was employed to
generate an overview of the differences in EV and
whole cell lysate (WCL) proteomes for a selection of
different C. albicans strains and morphologies;
DAY286 yeast, DAY286 biofilm, ATCC90028 yeast
and ATCC10231 yeast. By comparing the EV versus
WCL data across all strains and morphologies we
identified 47 putative EV markers which are enriched
in C. albicans EV's regardless of source, cell strain, or
morphology. These candidate protein markers include
GTPases, enzymes crucial for cell wall synthesis, and
plasma membrane proteins resembling mammalian tet-
raspanins or claudins. The “minimal information for
studies of EVs” (MISEV) 2018 position statement indi-
cates that, in addition to demonstrating the enrichment
of EV marker proteins in EV preparations, a deficiency
of non-EV proteins should also be shown [15]. With
this in mind, we identified 62 proteins that were
depleted in C. albicans EVs compared to the WCL
from the four data sets. Validation of these putative
EV markers in vitro will allow future C. albicans EV
research to align better with the recommendations set
out in MISEV2018. Furthermore, robust C. albicans EV
markers will allow adaptation of mammalian EV ana-
lysis techniques for use in the study of EVs in
C. albicans pathogenesis and will provide potential
new targets for the development of novel antifungals.

Materials and methods
C. albicans strains and maintenance

C. albicans strains used in this study were DAY286 [40],
ATCC90028 and ATCC10231. All strains were
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maintained on YPD Agar plates (1% yeast extract, 2%
peptone, 2% dextrose, 2% agar). Liquid starter cultures
were grown overnight in YPD medium (1% yeast extract,
2% peptone, 2% dextrose) at 30°C and 300 rpm.

Yeast culture conditions

For isolation of EVs from vyeast form C. albicans
(DAY286, ATCC90028, ATCC10231), YPD starter cul-
tures were used to inoculate 150 or 300 mL YPD at an
ODggo = 0.2 in a baffled flask. Cultures were incubated at
30°C overnight (approximately 20 h). The culture ODggo
was measured immediately prior to EV isolation.

Biofilm culture conditions

Biofilms (DAY286) were generated based on the
method described in [41] with modifications. Briefly,
500 mL pre-warmed % strength RPMI (250 mL RPMI
1640 (Sigma), 0.165 M MOPS (Sigma) and 250 mL
3.6% dextrose) was inoculated using a liquid starter
culture to 1.0 x 10° cells/mL. Five 25 x 25 c¢m non-
treated bioassay dishes (Thermo Fisher Scientific) were
each filled with 100 mL of inoculated % RPMI and
incubated statically for 4 h at 37°C to allow for adhe-
sion of cells to the dish. Following cell adhesion, the
culture medium (and any non-adherent cells) was dec-
anted and replaced with 200 mL pre-warmed full
strength RPMI. Biofilms were formed by incubating
the dishes for 54 h at 37°C with agitation at 28 rpm
in an Incu-Shaker Mini (Benchmark Scientific).

EV isolation

EVs were isolated according to the method described
in [28] with minor modifications. In brief, yeast cells or
biofilm fragments were separated from the culture
supernatants by centrifugation at 4000 x g for 15 min
in an Heraeus Multifuge X3 R (75,003,607 rotor, kyq;
= 11,778.7, Thermo Scientific), then 15,000 x g for
30 min in an Avanti J-E centrifuge (JLA 16.250 rotor,
kogj = 2790.4, Beckman Coulter). Supernatants were
0.45 pm filtered (Millipore) then ultracentrifuged at
100,000 x g for 1 h in a Beckman Coulter Optima
L-100XP using 70 mL polycarbonate bottle assemblies
(45Ti rotor, kag; = 312.6, Beckman Coulter) to pellet
EVs, which were resuspended in phosphate buffered
saline (137 mM NaCl, 2.7 mM KCI, 10 mM Na,HPO,,
1.8 mM KH,PO,) (PBS) and transferred to 1.5 mL
polypropylene tubes (Beckman Coulter). EVs were
ultracentrifuged again at 120,000 x g for 1 h using
a Beckman TL-100 ultracentrifuge (TLAS55 rotor, kg
= 102.3, Beckman Coulter) then resuspended in 100 pL
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PBS. An aliquot of yeast cells (250 pL) was reserved for
preparation of yeast whole cell lysate. Similarly, 250 pL
of biofilm scrapings were resuspended in PBS for pre-
paration of biofilm lysate.

Preparation of whole cell lysate and protein
quantification

C. albicans cells were washed three times with PBS prior
to the addition of approximately 400 uL of acid washed
glass beads (Sigma). Cells were lysed using a TissueLyser
(Qiagen) at 30 bps for 3 x 1 min bursts with 1 min
incubations on ice between bursts. Debris and beads
were pelleted by centrifugation for 5 min at 23,000 x g
at 4°C. The supernatant was retained as the respective
lysate sample. Protein concentration of EVs and whole
cell lysates (WCL) was determined using a Qubit™ 4
fluorimeter (Life Technologies) and the Qubit™ protein
assay kit according to the manufacturer’s instructions.

Nanoparticle tracking analysis

The particle size and concentration of EV samples was
determined using a NanoSight NS300 equipped with
a 405 nm (blue) laser (Malvern Instruments).
Immediately prior to injection, EVs were diluted
between 1:250 and 1:6000 in 0.22 pm (Millipore) filtered
PBS to bring the particle concentration within the man-
ufacturer’s recommended range (10°-10° particles/mL).
NTA software version 3.2 was used to record data in
60 s reads in triplicate. Instrument settings included:
a syringe infusion rate of 70, temperature held at 25°C,
a camera level of 11, and a detection threshold of 6. The
particle concentrations and particle size parameters were
recorded. Dilution factor correction and averaging of
data across biological replicates was performed using
the R package tidyNano [42].

Transmission electron microscopy

Carbon-coated 400-mesh copper grids (ProSciTech)
were glow discharged for 1 min in a K950X turbo
evaporator coupled to a K350 glow discharge unit
(Quorum Technologies Ltd). EVs (5 pL) were depos-
ited onto the grid and incubated for 1 min. Grids were
then washed once with ultrapure water and negatively
stained three times with 2% (v/v) uranyl acetate (Agar
Scientific). Excess solution was blotted off and the grids
were dried overnight. AJEM 2100 electron microscope
(JEOL Ltd) operated at 200 kV was used for imaging.
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Sample preparation for mass spectrometry

A total of 14 EV and WCL samples from four different
C. albicans strains were used for proteomics and NTA
analyses; DAY286 yeast (n = 3), ATCC90028 yeast
(n = 3), ATCC10231 yeast (n = 3), and DAY286 biofilm
(n = 5). Details of each independent culture from which
the EV and WCL samples were isolated are provided in
Supplementary Table 1. Preparation of EV and WCL
proteomics samples and MS data acquisition was per-
formed in three separate batches; DAY286 yeast,
DAY?286 biofilm, and then both ATCC strains.

EVs or WCLs (15 pug protein) were boiled in LDS
sample buffer (Life Technologies) and TCEP (tris(2-car-
boxyethyl)phosphine) (Thermo Fisher Scientific), then
separated by short-range SDS-PAGE [43]. The gel was
fixed in 50% (v/v) methanol, 7% (v/v) acetic acid for
30 min, and the samples were excised. The proteins were
reduced (2 mM TCEP, 1 h) and alkylated (40 mM
iodoacetamide, 30 min in the dark) before digestion
with 1 pg trypsin (Promega) for 18 h at 37°C. Peptides
were then extracted from the gel pieces with 85% (v/v)
ACN, 0.5% (v/v) TFA, lyophilised and resuspended in
20 pL of 5% (v/v) ACN, 0.5% (v/v) TFA.

Mass spectrometry (ESI-LC-MS/MS) of EVs and WCL
proteins

Two injections of 6 pL were used for each biological
replicate and the samples were randomised prior to injec-
tion. Peptides were analysed as described previously [44]
with modifications. Using a nanoflow UPLC instrument
(UltiMate™ 3000 RSLCnano, Thermo Fisher Scientific),
the reconstituted peptides were loaded onto a precolumn
(C18 PepMap 300 pum ID x 2 cm trapping column,
Thermo Fisher Scientific) and washed (water with 0.1%
formic acid, 2% ACN) prior to separation using a 90 min
linear ACN gradient on an analytical column (BEH C18,
1.7 um, 130 A and 75 um ID x 25 cm, Waters).

The nanoflow UPLC was coupled on-line to a Q
Exactive HF mass spectrometer (Thermo Fisher
Scientific) with a nanoelectrospray ion source (Nanospray
Flex, Thermo Fisher Scientific). The separation of peptides
was performed at 45°C, 250 nL/min using a linear ACN
gradient of buffer A(water with 0.1% formic acid, 2% ACN)
and buffer B (water with 0.1% formic acid, 80% ACN). The
gradient started from 2% buffer B to 13% in 6 min, to 33%
buffer B over 70 min, followed by 50% at 80 min. The
gradient was then increased from 50% buffer B to 95% for
5 min and stayed 95% for 1 min. The column was then
equilibrated for 4 min with buffer A.

Data were collected in data-dependent acquisition
mode using an MS scan range of m/z 350-1500 and

resolution of 60,000. HCD MS/MS spectra were col-
lected for the 15 most intense ions per MS scan at
30,000 resolution with a normalised collision energy
of 28% and an isolation window of 1.4 m/z. Dynamic
exclusion parameters were set as follows: exclude iso-
tope on, duration 30 s and peptide match preferred.
Other Orbitrap instrument parameters included an MS
maximum injection time of 30 ms with AGC target 3 x
10°, for a maximum injection time of 110 ms with an
AGT target of 1 x 10°.

Database search and protein identification

Tandem MS data collected for EVs and WCLs were
processed in MaxQuant version 1.6.0.16 [45].
Andromeda was used to search the data against the
UniProt C. albicans reference proteome (UP000000559;
downloaded 16/06/2018; 6035 entries) and the com-
mon contaminants and decoys list [46]. The raw data
from both injections of each biological replicate was
combined into one sample using the “set experiment”
option in MaxQuant. Trypsin was selected as the diges-
tion enzyme and up to 2 missed cleavages were
allowed. Carbamidomethylation of cysteine was set as
a fixed modification and oxidation of methionine and
N-terminal acetylation were set as variable modifica-
tions. Peptide mass tolerances were 20 ppm (first
search) and 4.5 ppm (main search), and false discovery
rate (FDR) cut offs were 0.01 for both proteins and
peptides. Minimum and maximum peptide lengths
were set to 8 and 25 respectively and match between
runs was not selected.

Label-free quantification (LFQ) of protein abun-
dances was performed using the MaxLFQ algorithm
[47]. Fast LFQ was selected and normalisation was
skipped. The proteinGroups.txt MaxQuant output was
used for further analyses. Metadata for identified pro-
teins (localisation, topology, function) were obtained
from the UniProt C. albicans reference proteome as
well as the C. albicans SC5314 Assembly 22 chromo-
somal feature file available from the Candida Genome
Database  (candidagenome.org/download/chromoso-
mal_feature_files) [48,49].

Protein filtering and proteomic analysis

All proteomics statistical and data analyses were per-
formed using R version 3.6.0 [50], Statistical tests, multi-
ple comparison corrections and important individual
R and Bioconductor packages are referenced where they
have been used. The DAY286 yeast, DAY286 biofilm and
ATCC proteinGroups.txt MaxQuant output files were
initially processed and analysed separately. The analysis
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Table 1. Candidate positive protein markers for C. albicans EVs. This list of proteins consists of those that were found to be exclusive
to EVs or significantly enriched in EVs across the four C. albicans strains examined in this study. Proteins are grouped according to
their subcellular localisation as annotated in the Candida Genome Database (candidagenome.org) [48,49] unless otherwise
indicated. The log2 ratio of the abundance (mean MaxQuant LFQ intensity) of each protein in EVs compared to whole cell lysate
(WCL) for each strain is listed. “ex” indicates where a protein was only quantified in the EV fraction and not the WCL for that strain.
The “TM” column indicates the number of transmembrane domains for each protein as annotated in UniProt. “SP” indicates whether
a protein is annotated as having a signal peptide according to UniProt. “VDM" shows whether a protein has been detected
previously in vesicle-depleted culture media (i.e. the proteins may also be in the soluble secretome) [31]. Underlined proteins are
those identified as the best candidates for positive EV markers according to the criteria depicted in Supplementary Figure S1.

log,(fold change) EV vs WCL
Name Function DAY Y A9 Al DAY B
Plasma membrane
ARF3 Arf family GTPase® ex 1.69 ex 345
CDC42 Rho family GTPase ex Tex ex Tex
CDRT;CDR2 Multidrug transporter of ABC superfamily ex ex ex 1719
CHS3 Major chitin synthase of yeast and hyphae ex 4.12 ex ex
ENA21 Predicted P-type ATPase sodium pump® ex ex ex ex
FAA4 Long-chain fatty acid-CoA ligase® 2.89 2.24 2.28 1.45
FET34 Multicopper feroxidase Tex Tex ex 6.18
GAP4 High-affinity S-adenosylmethionine permease ex ex ex 4.28
GSC1 1,3-beta-glucan synthase 2.57 345 5.97 8.01
HGT1 High-affinity MFS glucose transporter ex ex ex ex
HGT6 Putative high-affinity MFS glucose transporter 4.04 4.78 6.53 5.68
HGT7 Putative MFS glucose transporter ex 5.95 ex ex
MTS1 Sphingolipid C9-methyltransferase 2.20 1.86 141 213
NCET02 Non-classical protein export protein 334 220 ex 532
EVP1 S. cerevisiae ortholog is Pun1, plasma membrane protein® ex ex ex ex
PHM7 Putative ion transporter ex ex ex ex
PMA1 Plasma membrane ATPase 5.65 4.38 5.60 6.46
RAC1 G-protein of RAC subfamily ex ex ex 3.92
RHO1 Rho family GTPase 281 3.68 374 403
RHO3 Rho family GTPase Tex Tex ex Tex
5502 Plasma membrane t-SNARE® ex 1.88 357 ex
SUR7 Protein required for normal cell wall, plasma membrane® ex Tex Tex 7.04
YCK2 S, cerevisiae ortholog is Yck2, casein kinase ex 442 ex “ex
Cell wall, cell surface - - -
BGL2 1,3-beta-glucanosyltransferase 7.26 9.44 11.08 ex
CRH11 GPl-anchored cell wall transglycosylase ex ex ex ex
ECM33 GPl-anchored cell wall protein 439 5.28 831 7.03
GPD2 Glycerol-3-phosphate dehydrogenase ex 348 239 130
MP65 Cell surface mannoprotein ex ex ex ex
MSB2 Mucin family adhesin-like protein ex ex ex ex
PGA4 1,3-beta-glucanosyltransferase ex ex ex ex
PGA52 GPl-anchored cell surface protein of unknown function ex ex ex ex
PHR1 Cell surface glycosidase ex ex ex 5.65
PHR2 Glycosidase ex 351 6.44 Tex
PLB4.5 Phospholipase B ex ex ex ex
SAP9 Secreted aspartyl protease ex ex ex ex
YWP1 Secreted yeast cell wall protein 237 3.51 6.17 ex
Endoplasmic reticulum
ERO1 ER oxidoreductin ex ex 232 1.68
orf19.1054 S. cerevisiae ortholog is Pom33, transmembrane nucleoporin® 5.66 ex ex 251
0rf19.2168.3 S. cerevisie ortholog is YopT, reticulon-interacting protein” 4.77 1.98 2.29 1.81
0rf19.3799 S. cerevisiae ortholog is Rtn1, reticulon protein® 224 140 3.00 129
SEC61 ER protein-translocation complex subunit 253 216 210 146
Endosome, Golgi, transport vesicle
SEC4 Rab family GTPase® 1.88 1.20 1.86 290
YKT6 Palmitoyltransferase, putative vacuolar SNARE complex protein® ex 4.01 5.46 3.20
YPT31 Rab family GTPase” ex 57 133 333
Vacuole
VAC8 Protein involved in vacuolar inheritance® 279 ex ex 3.83
Mitochondrion — - - —
MIR1 Putative mitochondrial phosphate transporter® 3.68 438 4.24 1.60
POR1 Mitochondrial outer membrane porin® 344 251 3.69 1.38
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Protein localisation was inferred from sequence similarity with S. cerevisiae homolog as annotated in the Candida Genome Database [48,49].

bProtein localisation was obtained from the GO Cellular Component annotation in the C. albicans UniProt reference proteome UP000000559 [58].
“Presence of transmembrane domains and absence of a signal peptide was predicted using TOPCONS2 [59].

9The name Evp1 for the protein encoded by orf19.6741 was proposed in the present study.

methodology and some modified functions were derived
from the Bioconductor package DEP [51].

First, reversed and contaminant proteins as well as
proteins identified by less than 2 unique peptides were
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removed. The resulting proteins were filtered for those
quantified (LFQ intensity > 0) in a minimum of 2/3
yeast or 4/5 biofilm EV or WCL biological replicates
(Supplementary Data S1). LFQ intensities were log,
transformed, then normalised using the cyclic loess
normalisation method available in the Bioconductor
package limma [52]. Proteins were then separated
into two groups: those exclusive to EVs or WCL, and
those quantified in both samples. Missing LFQ values
in the latter group were imputed using the bpca
method from the Bioconductor package pcaMethods
[53], while exclusive proteins were left untouched.
Finally, differential abundance analyses of proteins in
EV versus WCL or EV vs EV were performed using the
empirical Bayes method available in limma [52,54].
The resulting p-values were adjusted using the
Benjamini-Hochberg approach [55] and the signifi-
cance threshold was set at an adjusted p-value of 0.01
and a log,(fold change) of 1. Results of the differential
abundance analyses are available in Supplementary
Data S2 and Supplementary Data S6.

Functional enrichment analysis and clustering

The online tool FungiFun2 version 2.2.8 (sbi.hki-jena.
de/fungifun) was used for all GO term enrichment
analyses [56]. The hypergeometric distribution signifi-
cance test was used and resulting p-values were
adjusted using the Benjamini-Hochberg procedure.
Enriched GO terms were those with an adjusted
p-value less than 0.01. Full results from the functional
enrichment analyses are presented in Supplementary
Data S3 and S7. Multidimensional scaling (MDS)
plots were constructed using the plotMDS function
from limma [52]. To construct the heatmap in
(Figure 5), unsupervised clustering of log,(FC) for the
proteins common to EVs from all strains was per-
formed using Gower’s formula via the daisy function
from the R package cluster [57].

Protein localisation and attribute prediction

Location information of proteins was obtained from the
Candida Genome Database (candidagenome.org) or the
C. albicans UniProt reference proteome (UP000000559;
downloaded 16/06/2018; 6035 entries) [48,49,58]. When
this information was not available, the subcellular location
of a C. albicans protein was inferred from the S. cerevisiae
homolog as annotated in the Candida Genome Database
[48,49]. Signal peptide and transmembrane domain anno-
tations for each protein were obtained from UniProt or
were predicted using TOPCONS2 (topcons.cbr.su.se)
[58,59]. Prediction of protein palmitoylation sites was

performed using CSS-PALM 4.0 (csspalm.biocuckoo.
org) [60].

C. albicans EV marker definition

Lists of proteins significantly enriched and exclusive to EVs
from each strain were compared using the R package
VennDiagram [61]. Proteins common to all the three strains
and both morphologies were selected as potential EV posi-
tive protein markers. This was repeated for significantly
enriched and exclusive proteins in WCL to define potential
EV negative protein markers. Initial candidate EV marker
proteins were refined using the following criteria to obtain
a shortlist of the best potential markers. Ideal positive EV
markers were proteins that satisfied MISEV2018 marker
categories 1 and 2 [15] and had less than five transmem-
brane domains, no recognisable signal peptide, and were not
detected in vesicle-depleted media [31]. Ideal negative EV
marker proteins were selected based on prior tagging with
fluorescent proteins in literature, prior detection via Western
blot, and adherence to MISEV2018 marker categories 3 or
4[15].

Data availability

The proteomics data have been deposited in the
ProteomeXchange Consortium database via the PRIDE
partner repository [62,63] with the data set identifiers
PXD014367 (DAY286 yeast), PXD014388 (ATCC90028
and ATCC10231) and PXDO014389 (DAY286 biofilm).
These data include “RAW” files, peak list files, MaxQuant
search parameters, MaxQuant search engine txt output and
the UniProt C. albicans reference proteome FASTA file. The
proteinGroups.txt files and source code used in this study is
freely available in an online research compendium available
at github.com/csdaw/candidaev. It was constructed using the
R package rrtools [64] and is structured as an R package
which can be used to reproduce the results as submitted.
The compendium has also been permanently archived at
zenodo (https://www.doi.org/10.5281/zenodo.3747549).

Results

EV size distribution is dependent on the C. albicans
source strain

EVs were isolated from different strains using a modified
version of the differential ultracentrifugation method
defined by [28] (Supplementary Figure S1). The strains
included the clinical isolate strains ATCC90028 (isolated
from blood) and ATCC10231 (isolated from a patient
with bronchomycosis). Areference strain commonly
used in experiments with C. albicans mutants, DAY286,
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was also assessed in both yeast and biofilm morphology.
Characterisation was performed in accordance with the
MISEV2018 recommendations wherein the EV prepara-
tion and the EV source are imaged and described quanti-
tatively [15]. Information on each EV preparation used
for proteomics experiments and the EV source culture is
provided in Supplementary Table S1.

The final protein yield of the EV samples ranged from
18.0 to 71.6 ug with concentrations of 0.192 to 0.716 ug/
pL (Supplementary Table S1). EVs from DAY286 yeast
and ATCC90028 had a higher protein content than those
from ATCC10231 cultures and DAY286 biofilms.

TEM visualisation revealed cup-shaped particles typically
200 nm or less in diameter as well as some non-vesicular co-
isolated components (Figure 1(A)). Nanoparticle tracking
analysis (NTA) of the EV preparations agreed with the
TEM imaging, revealing that the mode size of C. albicans
EVs isolated at 100,000 x g was less than 200 nm for all
samples (Supplementary Table S1). The EVs examined in
this study are primarily “small EVs” (sEVs) as defined in
MISEV2018 [15], hence the proteomics results are relevant
for sEVs and not necessarily larger EVs.

The distribution of EV particle size differed slightly
for each strain (Figure 1(B), Supplementary Figure S2).
The yeast form strains had a broader range of EV sizes,
with particles up to 500 nm being detected. Conversely,
the biofilm EVs showed a tight, symmetrical
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distribution centred around 100 nm. Interestingly,
EVs from both ATCC strains had a significantly larger
mode diameter than EVs from either morphology of
DAY286 (Supplementary Figure S3A) which was
reflected by a lack of detected particles for ATCC strain
EVs below 100 nm (Figure 1(B)). The total particle
concentration of EVs from ATCC90028, DAY286
yeast and DAY286 biofilm was not significantly differ-
ent (Supplementary Figure S3B), and typically ranged
from 1 to 3 x 10'* particles/mL; although one excep-
tional biofilm EV preparation had 8 x 10'* particles/
mL that skewed the biofilm average (Supplementary
Table S1). Conversely, the particle concentration of
ATCC10231 EVs was lower than all the other EV
samples (2 to 5 x 10" particles/mL), but this difference
was only significant compared to the biofilm EV pre-
parations (Supplementary Figure S3B). Comparing the
ratio of particles per pg of protein for each EV sample
revealed that DAY286 biofilm EVs had a significantly
higher ratio of particles per pg of protein than the
other C. albicans EVs.

C. albicans strains show similar numbers of
differentially abundant EV proteins

MaxQuant and the Andromeda search engine were
used to identify proteins in EVs and WCL for each

Particles / pg protein

0-100 100-200  200-300  300-400  400-500

Particle size (nm)

500-600 Y A9 A1 B

Figure 1. Characterisation and quantification of EVs from different C. albicans strains. (a) Representative TEM images of EVs
isolated from different C. albicans strains. Scale bar indicates 0.5 um. (B) Size distribution of DAY286 yeast (n = 3), ATCC90028 yeast
(n = 3), ATCC10231 yeast (n = 3), and DAY286 biofilm (n = 5) EVs as measured by nanoparticle tracking analysis. Bar plots show the
percentage of the total number of EVs that can be assigned to each size range. The size of the bars indicates the mean percentage
across each biological replicate and the error bars indicate the standard error of the mean. NTA traces for the individual biological
replicates are presented in Supplementary Figure S2. (C) Comparison of the ratio of particle concentration to protein concentration
of the EV fraction, (particles/mL) + (ug protein/mL), across the four EV sources. Each dot represents one biological replicate. Sample
means were compared using One-way ANOVA followed by Tukey’s HSD post-hoc test. Adjusted p-values indicating significant
differences are shown. The particle and protein concentrations for each biological replicate are provided in Supplementary Table S1.
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strain (Figure 2(A)). Raw MS/MS spectra were used to
query the C. albicans (SC5314) reference proteome in
the UniProt database. Initially, proteins identified by
less than two unique peptides were removed. Proteins
with two or more unique peptides were filtered to
ensure that they were detected in at least 2/3 replicates
of EV or WCL for the yeast strains and 4/5 replicates of
EV or WCL for the biofilm strain. EV proteins remain-
ing post-filtering ranged from 690 in DAY286 yeast
EVs to 1202 proteins in ATCC90028 yeast EVs.
Similarly, WCL proteins numbered from 760 for
DAY286 yeast WCL to 1229 for ATCC90028. There
was at least a 50% overlap between the proteins quan-
tified in EVs and those in WCL for each strain. The
biofilm samples had the highest degree of overlap at
77.1% whilst for ATCC10231 54.8% of proteins were
common to EVs and WCL (Figure 2(A)). For all
strains, the number of proteins exclusive to EVs was
less than WCL exclusive proteins. Of the proteins

quantified in EVs from DAY286 biofilms or yeast
cells, 44% were common (Supplementary Figure S4A).

Differential abundance analysis was performed on
the common EV and WCL proteins from each strain to
identify enriched proteins (Figure 2(B)). The full
results including log,(FC) values and p-values are
available in Supplementary Data S2. Following imputa-
tion of missing values, the mean normalised log, LFQ
intensities for each protein were compared using the
empirical Bayes method implemented in Ilimma
[52,54]. The resulting t-statistics were adjusted using
the Benjamini-Hochberg method [55] and an adjusted
p-value cut-off of 0.01, along with a log,(FC) cut-off of
1, was used to identify significantly enriched EV and
WCL proteins for each strain (Figure 2(B)). a similar
number of proteins were significantly enriched in EVs
compared to WCL across all datasets. The number of
EV-enriched proteins ranged from 101 to 121 whereas
the number of WCL-enriched proteins ranged from
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Figure 2. Differential abundance analysis of proteins identified in C. albicans EVs and whole cell lysates (WCL). (a) Venn
diagrams comparing the EV and WCL proteomes from four C. albicans strains; DAY286 yeast (n = 3), ATCC90028 yeast (n = 3),
ATCC10231 yeast (n = 3), and DAY286 biofilm (n = 5). Whole cell lysates were prepared from the EV source cells. Proteins were
quantified (MaxQuant LFQ intensity) in a minimum of 2/3 (yeast) and 4/5 (biofilm) biological replicates of EV or WCL. (B) Volcano
plots depicting significantly enriched EV or WCL proteins. Differential abundance analysis was performed by comparing the mean
normalised LFQ intensities of proteins identified in both EV and WCL (i.e. proteins in the Venn overlap) using the package limma
[47,52]. Significantly enriched proteins were identified using a Benjamini-Hochberg adjusted p-value cut-off of 0.01 and log,(FC)
cut-off of 1. Counts of significant and non-significant proteins are indicated on each graph. Proteins with a log,(FC) greater than 8
are labelled. Data tables underlying the Venn diagrams and volcano plots are provided in Supplementary Data S2.
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100 to 176. The differential abundance analysis was
repeated to compare the enrichment of proteins com-
mon to DAY286 yeast and biofilm EVs (Supplementary
Figure S4B, Supplementary Data S6). From the 433
shared proteins, 129 were significantly enriched in
biofilm EVs versus 136 proteins which were signifi-
cantly more abundant in DAY286 yeast EVs.

Cell wall and pathogenesis proteins are
overrepresented in EVs

We performed functional enrichment analyses on pro-
teins significantly enriched or exclusive to C. albicans
EVs from each strain (Figure 2(A,B)) to explore
whether there were common biological roles for the
cargo, and to provide insight on potential functions of
C. albicans EVs (Figure 3). This was implemented
using the online resource FungiFun2 which is a web-
tool specific for analysis of fungal genes and proteins
[56]. In agreement with previous reports [24,31], fun-
gal-type or yeast-type cell wall organisation were sig-
nificantly enriched biological processes that were
identified for all four types of EVs. Furthermore,
C. albicans EV proteins from all isolations were com-
monly associated with the C. albicans cell wall, the
plasma membrane, or generally to the cell surface.
Proteins involved in ER localisation and protein glyco-
sylation were overrepresented in the three yeast EV
data sets (Supplementary Data S3) and may relate to
the production of glycoproteins that are directed to the
fungal cell wall. Enrichment of ER, cell wall and plasma
membrane proteins suggest that the EVs contain a mix
of EV subtypes derived from potentially different vesi-
cle biogenesis pathways.

EVs from the two clinical isolates ATCC90028 and
ATCC10231 as well as the DAY286 biofilms were
enriched for proteins that function in pathogenesis, con-
sistent with the notion that EVs are crucial to the inter-
action between the fungus and the host. For example,
proteins with aspartic protease activity and adhesion
functions which were enriched in ATCC10213 and bio-
film EVs are linked to C. albicans virulence [65,66]. All
EV data sets were enriched with proteins with 1,3 beta-
glucanosyltransferase activity. However, the biofilm EVs
were also enriched with proteins with exo-1,3-beta-
glucosidase activity indicating that the role for EVs in
cell wall dynamics may change between morphologies.

Consequently, we performed functional analyses on
the differentially abundant proteins found in DAY286
biofilm and yeast EVs to explore how EV function may
change depending on source cell morphology
(Supplementary Figure S5). Compared to biofilm EVs,
DAY286 yeast EVs were enriched in ribosomal and
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mitochondrial proteins and proteins that function in
post-translational modification. EVs from C. albicans
biofilms have been shown to function in extracellular
matrix biogenesis [32], which was reflected here by an
enrichment of cell surface and cell wall proteins that
function in carbohydrate metabolism. Furthermore, bio-
film EVs were enriched in oxidative and heat stress
response proteins, which is reflective of the different
growth conditions compared to DAY286 yeast EVs.

WCL proteomes have a higher degree of similarity
than the EV proteomes from four C. albicans
strains

EV proteins from each isolation were compared to iden-
tify proteins that are packaged into C. albicans EVs,
regardless of cell morphology or strain. Of the 1487
proteins quantified in EV's across the four data sets, 396
(26.7%) were common to all (Figure 4(A)). Conversely,
more WCL proteins; 556 out of 1389 proteins (40.0%)
were common to the four proteomes (Figure 4(B)).

The relationship between the C. albicans proteomes
presented in this study was explored further via multi-
dimensional scaling plots (Figure 4(C,D)). Dimension
1, which represents the leading factor explaining the
log,(FC) between the four data sets, separates the sam-
ples based on source strain; DAY286 versus both
ATCC strains. The second dimension shows a batch
effect associated with each LC-MS/MS experiment. The
two ATCC strains cluster closely together, away from
both DAY286 yeast and biofilm. Likewise, the two
ATCC sample sets were run on the MS and analysed
together, whereas the other two strains were run sepa-
rately and analysed separately. Finally, dimension 3
separates the samples according to the primary condi-
tion of interest; EVs versus WCL (Figure 4(D)).

Immunogenic cell surface and cell wall
organisation proteins are universally EV enriched

The 396 proteins common to EVs from all sources
(Figure 4(A)) were assessed by unsupervised hierarch-
ical clustering to group proteins based on their log,
(FC) across the four data sets, with the results plotted
in a heatmap (Figure 5). The proteins were grouped
into eight clusters, C1 to C8. C1, C2 and C3 contained
proteins that were highly enriched or exclusive to EVs
with an abundance of proteins that were exclusive to
one or more EV isolations. C4 also contained EV
enriched proteins which were largely not EV exclusive.
C5 and C6 contained proteins with varied relative
abundance in EVs versus WCL, with C7 containing
highly WCL enriched proteins. Finally, C8 included
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Figure 3. Functional enrichment analyses of the significantly enriched and exclusive C. albicans EV proteins. The online tool
FungiFun2 (elbe.hki-jena.de/fungifun) was used to identify enriched biological process (BP), cellular component (CC), and molecular
function (MF) GO terms [56] based on EV enriched or exclusive proteins from (a) DAY286 yeast, (B) ATCC90028, (C) ATCC10231, and
(D) DAY286 biofilm. The top 8 (where present) significantly enriched terms for each GO domain are shown (Hypergeometric
distribution, Benjamini-Hochberg adjusted p-value < 0.01). They are presented top to bottom in order of increasing Benjamini-
Hochberg adjusted p-value. Full lists of enriched GO terms can be found in Supplementary Data S3.

proteins that were exclusive to EV's across all four data
sets. These could not be included in the cluster analysis
because they did not have any valid log,(FC) values
and were appended to the heat map manually.
Supplementary Data S5 contains the names and func-
tions of all the proteins represented in the heatmap in
order of appearance from top to bottom.

GO enrichment analyses of the proteins in each of
these clusters were performed to provide further
insight into the functional roles of C. albicans EV
proteins with similar log,(FC) patterns. The 13 pro-
teins in C8 are cell surface/wall (Crh11, Mp65, Msb2,
Pga4, Pga52, PIb4.5, Sap9) or plasma membrane-

localised proteins (Cdc42, Ena2l, Hgtl, orfl9.6741,
Phm7, Rho3) involved in cell wall organisation, estab-
lishment of cell polarity and pathogenesis. Many of
the cell surface/wall proteins, such as Mp65 and Bgl2,
are immunogenic and are released extracellularly by
soluble secretion as well as in vesicles in vitro
[31,67,68]. C1, C2 and C3 also contain primarily
plasma membrane-associated proteins, many of
which function in cell wall biosynthesis and organisa-
tion, morphogenesis and pathogenesis. Of note is the
enrichment of proteins from the eisosome; a fungal
plasma membrane domain also known as the mem-
brane compartment containing Canl (MCC). Several
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Figure 4. Combined comparison of C. albicans proteomes. (a) Venn diagram comparing four C. albicans EV proteomes. Lists of
EV proteins present in the Venn diagrams in Figure 2A were compared to identify proteins common to all four EV datasets. (B) Venn
diagram comparing four C. albicans WCL proteomes. Lists of WCL proteins present in the Venn diagrams in Figure 2A were
compared to identify proteins common to all four WCL datasets. The data tables underlying Figuress 4A and 4B are provided in
Supplementary Data S4. (C) Multidimensional scaling (MDS) plot of each LC-MS/MS biological replicate sample with the first 2
dimensions shown. Pairwise distance between samples approximately indicates the log2(FC) between samples. The plotMDS
function from limma was used to generate the MDS plots [52]. (D) MDS plot of each LC-MS/MS biological replicate sample with

the second and third dimensions shown.

MCC/eisosome proteins are EV enriched or exclusive
across all C. albicans strains including the transmem-
brane proteins Sur7, Ncel02, orf19.6741. The cytoso-
lic eisosome proteins Lspl and Pill were also detected
in EVs but were not enriched. C1 also contains the
multidrug transporter Cdrl (and Cdr2, which cannot
be distinguished from Cdrl based on the peptides
identified in this study) that is associated with azole
resistance [69]. The locations and functions of C4
proteins are more varied but importantly include
GTPases and secretory pathway proteins. Small
GTPases are associated with intracellular vesicular
trafficking and regulate a variety of membrane fusion
events [70,71]. C5, C6 and C7 proteins are mostly
cytosolic or ribosomal proteins with functions in gly-
colysis and translation.

Putative C. albicans EV positive markers include
trans-plasma membrane domain Sur7 family
proteins

Potential protein markers for C. albicans EVs were
selected firstly on the criteria that they were EV exclu-
sive or significantly enriched in EVs. That is, the

proteins had a log,(FC) greater than 1 and adjusted
p-value of less than 0.01 across all four datasets (Figure
6(A)). The 47 candidate positive EV markers that were
identified are listed in Table 1. These proteins are mostly
located on the plasma membrane and cell surface, with
ER, endosome and vacuole proteins also represented. Of
note were two mitochondrial proteins, which were
unexpectedly enriched across all strains.

The 47 candidate proteins were filtered according to
specific criteria (Supplementary Figure S1) to obtain a list
of the best potential markers for future use. Proteins with
signal peptides that had previously been detected in
a proteomic analysis of C. albicans vesicle-depleted culture
medium (VDM) [31], and proteins with more than 5 pre-
dicted transmembrane domains were not considered the
best marker candidates. This was because proteins with
signal peptides that have been detected in VDM are likely
secreted canonically as well as in EVs, hence they would not
be EV-specific markers. Furthermore, though marker candi-
dates with numerous transmembrane domains such as
GSC1 are likely to be secreted specifically in EVs, they
may prove difficult to work with in subsequent applications.
Following this refinement, 22 proteins were identified as
ideal C. albicans EV positive markers (Figure 7). These
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Figure 5. Identification of commonly enriched EV proteins across different C. albicans strains. Heatmap of proteins identified
in all four EV samples (n = 396, Venn overlap in Figure 4A). Each column represents a C. albicans strain and each row represents
a protein. The colours indicate the log,(FC) of the protein for that particular strain; red is EV enriched, blue is EV depleted, and black
is EV exclusive. Unsupervised clustering of rows and columns was performed using Gower’s formula via the daisy function from the
R package cluster [57]. Proteins which were exclusive to EVs in all four data sets and therefore had no valid log,(FC) values were
separated prior to clustering, in the group designated “Cluster 8”. Functional enrichment analyses were performed on the heatmap
protein clusters using the online tool FungiFun2 [56]. a selection of significantly enriched GO terms, biological process (BP), cellular
component (CC), and molecular function (MF), are presented in the table inset. Full lists of enriched GO terms and proteins in each
cluster are available in Supplementary Data S3 and S5 respectively. Proteins in bold italics are the 22 putative C. albicans EV marker

proteins presented in Figure 7.

included trans-plasma membrane proteins such as the Sur7
family proteins orf19.6741 and Sur7 (Pfam: PF06687) and
the MARVEL family protein Ncel02 (Pfam: PF01284).
Anumber of GTPases, which associate with the plasma
membrane (Arf3, Cdc42, Racl, Rhol, Rho3) and secretory
pathway (Sec4, Ypt31), respectively, were also determined to
be ideal marker candidates. The 22 proteins were only
present in clusters C1-C4 and C8 of the heatmap in
Figure 5 which included only proteins that were consistently
enriched across all four proteomics experiments. Metadata
regarding these proteins including their localisation and
associated GO terms are provided in Supplementary
Data S8.

The process for defining candidate EV positive markers
was repeated to identify potential EV negative markers.

Specifically, the lists of exclusive and significantly enriched
WCL proteins from each strain were compared (Figure 6
(B)). Sixty-two proteins were selected as potential negative
EV markers (Supplementary Table S2). These candidates
were refined to a short-list of seven proteins which have
been fluorescently tagged or detected by Western blot in
previous literature. The 7 proteins are located in the mito-
chondria (Lpdl, Sod2), vacuole (Aprl, Cpyl, Lap4l), cell
wall (Gpm1) and actin cortical patches (Abpl).

Discussion

EVs are increasingly being identified as crucial compo-
nents of cell-cell communication. Most EV studies have
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Figure 6. Identification of common significantly enriched
or exclusive C. albicans EV and WCL proteins. Proteins
identified as significantly enriched or exclusive to EVs in
Figure 2 were compared to select those which were common
to all four datasets. (A) 47 proteins were identified as potential
positive EV protein markers and (B) 62 proteins as potential
negative EV protein markers. The data tables underlying Figure
6 are provided in Supplementary Data S4. Details of the 47
positive EV protein marker candidates and 62 negative candi-
dates can be found in Table 1 and Supplementary Table S2,
respectively.

been performed in mammalian systems and a reliable set
of EV-specific marker proteins has been identified [15].
These markers have been invaluable for tracking EVs
during isolation and have also been exploited for immu-
noaffinity purification and monitoring of EV release and
distribution in vivo with fluorescently tagged markers
[72-74]. More recently EVs have been identified in
a range of yeast and filamentous fungi and their impor-
tance in fungal biology has been acknowledged particu-
larly in the interaction between the fungal pathogens and
their hosts [75]. However, research on fungal EVs has
been limited to the basic techniques developed early in
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Figure 7. Twenty-two best potential C. albicans positive
EV protein markers. The most promising EV marker proteins
are underlined in Table 1. They are enriched or exclusive to EVs
isolated from all the C. albicans strains investigated in this
study. The proteins fit within the EV biomarker categories 1
and 2 from MISEV2018 which includes transmembrane, GPI-
anchored, and cytosolic proteins that are EV enriched [15].

the investigation of mammalian EVs because of the
absence of suitable marker proteins to assist in purifica-
tion and tracking in biological systems. Many of the
mammalian EV marker proteins either have no homologs
in fungi, or the homologs are not found in fungal EVs
[26]. This has led to the need for de novo identification of
fungal EV protein markers based on the recommenda-
tions outlined in MISEV2018 [15]. These markers will
enable researchers to adapt cutting edge techniques from
mammalian EV research to the study of fungal EVs.

We have defined a suite of 22 proteins that are
putative markers of C. albicans EVs (Figure 7). These
positive markers are complemented by seven negative
markers that are depleted or absent from EVs versus
cell lysates. Both sets of markers were identified from
analysis of robust proteomic data sets generated from
multiple, independent isolations of EVs from three
C. albicans strains grown in the yeast form and one
strain grown as a biofilm. This represents a step change
in the quality of proteomic data published for
C. albicans EVs as three out of four previous studies
analysed EVs from a single isolation [26]. Thus, we are
highly confident that the proteins we have identified as
putative EV markers are present in C. albicans EVs.
These markers will need to be validated in future
studies using techniques including Western blotting,
immunogold labelling on TEM and/or Nano-FACS.
The validation studies will depend on generation of
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antibodies to EV marker proteins, particularly the
extracellular loops of membrane proteins, as no com-
mercial antibodies to specific C. albicans proteins are
available. One putative marker, Hgtl, has already been
independently ~ confirmed to  be  packaged
into C. albicans EVs using immunogold labelling and
electron microscopy [76]. The immunogold TEM
images from Kenno et al. [76] show the plasma mem-
brane protein Hgtl present in the membrane of small
EVs released from the C. albicans strain SN152. This
result not only confirms Hgtl as C. albicans EV cargo,
but also demonstrates that the markers presented here
may be applicable to EVs isolated from C. albicans
strains other than those assessed in this study.

Generally, the EVs isolated in this study had
morphologies and size distributions consistent with
published data [23,24,31,32]. The main difference was
in the number of proteins identified in EVs. Initial
investigations into the proteome of C. albicans yeast
EVs repeatedly found fewer than 100 proteins
[23,24,31]. We identified 690-1202 proteins in EVs,
which is consistent with the most recent C. albicans
EV report which identified 862 and 729 proteins in
yeast and biofilm EVs, respectively [32]. In addition to
the improved quality of our data due to analysis of
multiple biological replicates for EVs from each strain,
this work also represents the first comparative label-free
quantitative analyses of proteins in C. albicans EVs and
their parent planktonic cells. This is particularly impor-
tant because our meta-analysis of previously published
EV proteomes revealed only 12 proteins that were com-
mon to all available data sets [26]. Ten of these were also
detected in all four EV proteomes in this study
(Supplementary Data S1) but there was no consistent
significant difference in abundance between EVs and
WCL for seven of the proteins (Eft2, Enol, Hsp70,
Pdcll, Pgkl, Tall and Tdh3) (Supplementary Data
S2). Furthermore, one protein (Gpm1l) was consistently
EV depleted compared to WCL. Two out of ten proteins
were confirmed as enriched in all EVs tested; the cell
surface glycosidase Phr2 and the aspartyl protease Sap9.

Phr2 and Sap9 were among 47 proteins that were
either unique or significantly enriched in EVs across
the four EV proteomes analysed in this study. To
identify putative markers for C. albicans EVs, we
refined these 47 proteins to eliminate those with unfa-
vourable characteristics for downstream applications or
where there was published data indicating that they are
not secreted exclusively within EVs [31]. This left us
with 22 potential markers that could be grouped into
two broad categories, transmembrane/GPI-anchored
proteins and lumenal/cytosolic proteins, which align
with MISEV2018 biomarker categories 1 and 2.

The cytosolic/lumenal group of marker proteins
consists mainly of GTPases, which are associated with
different internal membranes. Rho-type GTPases
(Rhol, Rho3, Racl and Cdc42) are of particular inter-
est because they are from the same protein family as
the mammalian EV marker RhoA, which is involved in
microvesicle biogenesis alongside Racl [77,78]. The
primary role of C. albicans Rho GTPases is in polarised
growth and morphogenesis [79-81], but we show they
may also have a role in vesicle release from the fungal
plasma membrane. This is supported by the enrich-
ment of Arf3 in all four EV data sets (Table 1). Arf3
is the C. albicans homolog of human ARF6, a key
regulator of selective cargo recruitment and microve-
sicle shedding [82].

Potential functional roles of C. albicans EVs may
also be related to other activities of Rho GTPases.
EVs from §. cerevisiae are enriched for the cell wall
1,3-B-glucan  synthase Fksl and can provide
a protective effect against the 1,3-B-glucan synthase
inhibitor caspofungin [83]. Rhol is the essential regu-
latory GTPase that forms a complex with the 1,3-B-
glucan synthase in C. albicans, Gscl [84]. This 1,3- f-
glucan synthase in C. albicans is also enriched in EVs,
supporting a conserved role for EVs in cell wall main-
tenance between S. cerevisiae and C. albicans.

The four non-plasma membrane associated cytoso-
lic/luminal markers are predicted to associate with
secretory compartments (Ykt6, Sec4, Ypt31), and the
vacuole (Vac8). These proteins all have roles in intra-
cellular vesicle transport in yeast [85-87], particularly
the v-SNARE Ykt6 which is involved in vesicle fusion
to the ER, Golgi and vacuole [88,89]. In Drosophila and
human cells, Ykt6 is required for sorting of Wnt pro-
teins into exosomes for secretion [90,91]. Interestingly,
another SNARE protein similar to human syntaxin-2
was enriched in all the EV proteomes (Supplementary
Data S2). This t-SNARE, Ss02, is an integral membrane
protein involved in the fusion of secretory vesicles with
the plasma membrane [92]. Enrichment of these pro-
teins may reflect an endocytic origin of some
C. albicans EVs, similar to exosomes produced via
fusion of multivesicular bodies with the plasma mem-
brane in mammalian cells [73]. This is supported by
the abundance of the Rab GTPases Sec4 and Ypt31
which function in the vesicular exocytic pathway of
C. albicans and S. cerevisiae [87,93].

The transmembrane/GPI-anchored proteins could
be grouped into four subcellular locations; the mem-
brane compartment of Canl (MCC)/eisosome, the cell
surface, the plasma membrane and the ER membrane.
Of these the MCC/eisosome proteins, Sur7 and
orf19.6741 were the most intriguing.
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Sur7 is a four TM domain protein present in the
plasma membrane in stable, sphingolipid and ergos-
terol enriched microdomains known as the MCC [94].
orf19.6741 is a non-essential, chlamydospore induced
gene which encodes a predicted 3 TM domain protein
homologous to the S. cerevisiae MCC/eisosome protein
Punl [95,96]. Based on the detection of the orf19.6741
protein exclusively in all EV samples with particularly
high abundance, we designate this protein as ‘EV asso-
ciated Protein 1’ or Evpl. Sur7 and Evpl are both part
of the fungal-specific Sur7 family (Pfam: PF06687).
This family describes a group of fungal specific trans-
membrane proteins which localise to the plasma mem-
brane and have a conserved cysteine motif similar to
mammalian claudins [97,98]. Alongside their similari-
ties to claudins, Sur7 and Evpl have predicted topolo-
gies reminiscent of mammalian tetraspanins, which are
key markers for mammalian EVs (Figure 8) [15].
Tetraspanin family (Pfam: PF00335) proteins have
four transmembrane alpha helices and two extracellular
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loops, one short and one long which contains four or
more conserved cysteine residues. Similarly, Sur7 and
Evpl have 4 or 3 predicted transmembrane domains,
with two extracellular loops of different lengths. The
long extracellular loops of Sur7 and Evpl have at least
two cysteine residues in a conserved motif.

We hypothesize that Sur7 and Evpl will be ideal
C. albicans EV markers after validation because of
their potential topological similarity to tetraspanin EV
markers, specifically CD9, CD81 and CD63. The utility
of tetraspanins as EV markers is characterised by their
abundant and broad expression in different cell types,
their stability as part of tetraspanin-enriched microdo-
mains (TEMs) in EV membranes, and the plethora of
monoclonal antibodies that are available for them.
Antibodies raised against tetraspanins typically bind
to epitopes in the large extracellular loop [99-102],
which protrudes from the EV surface. This interaction
has been exploited to isolate EVs from complex biolo-
gical fluids such as plasma, serum and urine
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[72,103,104]. Unfortunately, commercial antibodies for
Sur7 are not available and Evp1 has largely been inves-
tigated at the transcript level [96,105]. However, if
these Sur7 and Evpl are validated as C. albicans EV
membrane proteins, then raising antibodies against
their extracellular loops would be vital for future
in vivo research. Alternatively, the genetic manipulabil-
ity of C. albicans means that the expression of fusion
proteins is relatively simple and rapid [106], as demon-
strated for Sur7 [98]. Isolation of EVs from C. albicans
strains with GFP-tagged Sur7 or Evpl will enable mon-
itoring of EVs via fluorescence or the use anti-GFP
antibodies for EV marker detection via Western blot.
Furthermore, if the predicted topology of Evpl is cor-
rect, expression of Evpl with a small N-terminal tag
may permit immunocapture of C. albicans EVs.

Of the 22 putative C. albicans EV markers, the
MCCl/eisosome proteins Sur7 and Evpl are certainly
the most promising candidates. Interestingly, other
MCCleisosome proteins including Ncel02, Pill and
Lspl were detected in all four EV proteomes and
Fmp45 was quantified in both DAY286 data sets.
MCCl/eisosomes are important for cell wall synthesis
and organisation as well as the recruitment of proteins
to the plasma membrane [107]. We speculate that these
fungal-specific microdomains also have a role in EV
biogenesis from C. albicans, and potentially other
fungi, based on the role of TEMs in sorting specific
cargo into mammalian EVs [108].

To supplement the positive EV markers, we selected
62 proteins that were significantly less abundant in, or
were absent from C. albicans EVs as potential negative
markers. They included ribosome associated proteins
such as Tifll and Tmal9, which are potential
MISEV2018 category 3 markers. Proteins of this cate-
gory are part of non-EV co-isolated structures (such as
ribosomes) and their depletion in EV isolations is
a measure of purity [15]. The 62 candidates were
refined to seven proteins that had been interrogated
using antibodies or fluorescent constructs as reported
in previous literature [109-114]; making them prime
targets for initial validation. All seven were from intra-
cellular compartments such as the mitochondria (Lpd1,
Sod2), the vacuole (Aprl, Cpyl, Lap4l), the cell wall
(Gpm1) and actin cortical patches (Apbl) and can be
roughly assigned to MISEV2018 marker category 4.

We have focused on the identification of EV marker
proteins; however, the biological activities of these proteins
provide insight into the function of C. albicans EVs.
Functional enrichment analysis of the EV proteins indicated
a likely role in pathogenesis (Figure 3). Several of the most
enriched proteins in all four data sets are antigenic virulence
factors involved in morphogenesis such as Bgl2, Mp65 and

Phrl [68,115,116]. Furthermore, hyphal-specific virulence
proteins including Xogl, Sap5, Hyrl and Ecel are highly
abundant in biofilm EVs but absent from the biofilm cell
lysates or EVs from yeast-form cells of the same strain
(Supplementary Data S2). Also, of note was the enrichment
of Cdr1/Cdr2 in EVs from all strains (Table 1). These drug
efflux pump proteins are important in the development of
resistance to azole antifungals [69]. Their presence in
C. albicans EVs indicates that EVs may function in azole
resistance through transportation of efflux pumps from
resistant to non-resistant C. albicans cells. This differs from
previous studies where C. albicans EV's contribute to azole
resistance through delivery of matrix components and glu-
can modification enzymes to promote biofilm growth [32].

Conclusion

In summary, the most promising putative markers for
C. albicans EVs are the plasma membrane proteins Sur7
and Evpl, which have potential to be the fungal equiva-
lents of the tetraspanin markers used for mammalian EV
research. Complementary negative EV markers include
the cell surface protein Gpm1, the actin binding protein
Apbl, and the intracellular proteins Aprl, Cpyl, Lap41,
Sod2 and Lpd1. We are confident that these positive and
negative EV marker proteins will be valuable in future
investigations on C. albicans EVs but antibody-based
validation is required. Following in vitro validation,
these markers will enable the use of a plethora of EV
analysis methods, which have not yet been applied to
fungal EVs due to the absence of protein markers.
Examples include EV immunocapture, in vitro tracking
of vesicle release and fusion, and in vivo monitoring of
C. albicans EVs over the course of an infection, for
example, in mice [73,117,118]. Gaining access to these
techniques will allow researchers to answer important
questions regarding C. albicans EV biology. Specifically,
are EVs involved in C. albicans pathogenesis in vivo, what
is their role during infection, and what are the EV bio-
genesis pathways in C. albicans? At this point, it is unclear
whether the markers identified in this study will be
applicable to other fungal species. Our previous analysis
determined that the likelihood of cross-species fungal EV
markers is low [26]. Therefore, the process of defining EV
enriched markers should be repeated for other patho-
genic fungi including C. neoformans, C. gattii and
P. brasiliensis, all of which are known to release EVs.
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4.2 Identification of protein markers
in EVs from Fusarium graminearum

The study presented in Section 4.1 produced a list of 47 putative protein markers
tor EVs from Candida albicans, with 22 of them being the best candidates for further
validation. The Fusarium graminearum (Fgr) EV proteome was thus scanned to
determine whether any of these proteins are conserved in Fgr, and to assess the
potential of these proteins for the generation of antibodies. Thirteen of the 22 C.
albicans candidates were detected in EVs from Fgr. This section presents the
predicted topology of the potential Fgr markers, the search for antigenic epitopes
that are likely to be exposed on the surface of the EVs, the generation of a
polyclonal antibody directed to the membrane protein Sur7 and the detection of

Sur7 in samples of Fgr EVs.

121



4.2.1 Introduction

The study of mammalian EVs has progressed rapidly due to the availability of EV
protein markers such as Rab-5b, TSG101, annexin2, integrin beta 1, flotillin-1,
cavolin-1, and the tetraspanins CD9, CD81, and CD63 [61]. These markers have
helped in the development of isolation procedures, characterization of subsets of
EVs, and the study of EV function in vivo. When this thesis started there were no
reported markers for fungal EVs and hence isolation procedures were based on
those developed for mammalian EVs based on size and/or density and there were
few studies on EV function. The article presented in section 4.1 described 47
putative protein markers for EVs from Candida albicans and revealed that the
markers for mammalian EVs were not suitable for fungal EVs [17]. Twenty-two of
the potential fungal EV markers were either enriched or were exclusive to EVs
from C. albicans, making them the ideal candidates for EV markers. They included
proteins from the cell surface, cytosol, GTPases, SNAREs, and most importantly
components of the “membrane compartment of Canl” (MCC)/eisosome (Sur?,
Ncel01, and Evpl), which have similar topology to the mammalian tetraspanins
[17]. The MCC/eisosome are stable complexes of proteins and lipids that have a key
role in the architecture and organization of the plasma membrane in yeast and
have been linked to sites of endocytosis [62]. Some of the proteins in the
MCC/eisosome such as Sur7 and Evpl, have transmembrane domains and
extracellular loops making them potential targets for antibody recognition. Here,

the work on C. albicans EV markers was expanded to determine whether the EV
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proteome from Fusarium graminearum (Fgr), described in section 3.1, has any of the
putative EV markers identified in C. albicans. A polyclonal antibody was generated
to detect Fgr Sur7, which was successfully identified in EV samples via Western

blot.

4.2.2 Materials and methods

4.2.2.1 Identification of Fusarium graminearum (Fgr) orthologs of protein markers
The list of the 22 best candidate protein markers from C. albicans [17] was retrieved
from the Candida genome database [63], and the Fgr proteome (assembly
ASM24013v3) was scanned for the 22 sequences using NCBI's BLASTp [64], using
default settings. The log:-fold change (log:FC) obtained in Section 3.1, which
compares the protein abundance between the Fgr EVs and the whole-cell lysate,
was retrieved to determine whether the putative markers were enriched in Fgr
EVs.

4.2.2.3 Prediction of the membrane topology of the putative EV markers

Protein sequences were analyzed using TOPCONS2 [65] and Protter 1.0 [66] to
predict their membrane topology and stretches of amino acids likely to be located
in the extracellular environment, using default settings.

4.2.2.4 Prediction of antigenic epitopes in putative protein markers

Complete protein sequences were analyzed with Bepipred [67] using default

settings to detect amino acid epitopes that are likely to be antigenic.
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4.2.2.5 Generation of a polyclonal antibody directed to a putative EV marker

A putative protein marker that had a peptide with a predicted extracellular
location and high probability of being antigenic was selected to generate a
polyclonal antibody, in collaboration with the company Mimotopes Pty. Ltd. The
sequence of the candidate peptide was modified to contain a cysteine residue at
the beginning of the peptide to link to the carrier protein keyhole limpet
hemocyanin (KLH). Five mg of synthetic peptide was mixed with 5 mg of KLH,
and coupled using Sulfo-SMCC, in 1 mL of PBS (pH 7.4). The conjugated peptide
was purified by HPLC, and the expected mass was confirmed by electrospray
ionization mass spectrometry. The KLH-conjugated peptide was mixed with
complete or incomplete Freund’s adjuvant in a 1:1 ratio in saline solution and
injected twice subcutaneously into two New Zealand white rabbits at different

timepoints. Serum and blood were collected on day 42 and 64, respectively (Table

1).
Day Immunization Immunization composition

1 1st Complete Freund's adjuvant + 500 pg of conjugated peptide
15 2nd Complete Freund's adjuvant + 500 pg of conjugated peptide
29 3rd Incomplete Freund's adjuvant + 250 pg of conjugated peptide
35 4th Incomplete Freund's adjuvant + 250 pg of conjugated peptide
42 - Serum collection

43 5th Incomplete Freund's adjuvant + 250 pg of conjugated peptide
50 6th Incomplete Freund's adjuvant + 250 pg of conjugated peptide
57 7th Incomplete Freund's adjuvant + 250 pg of conjugated peptide
63 - Blood collection

Table 1 Immunization schedule for the generation of polyclonal antibodies in
rabbits.
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Antibody production was monitored by ELISA. Blood from the two rabbits was
recovered from the ear artery, and serum was collected after standing at room
temperature overnight. The antibodies were affinity purified from the serum using
synthetic peptide linked to SulfoLink coupling resin (Thermo Fisher). The
antibodies were eluted using PBS and freeze-dried. The Fgr anti-Sur7 antibody
(anti-FgrSur7) was made up to a final concentration of 1 mg/ml using ultrapure
water. The sample was centrifuged briefly at 4000 x ¢ and 1 pL aliquots of the
supernatant were stored at -20°C.

4.2.2.6 SDS-PAGE and Western blot

The following samples were analyzed by SDS-PAGE: 25 ug of protein from EVs or
whole-cell lysate (WCL), and 20 ug of the 24-amino acid synthetic Fgr Sur7 peptide.
Each sample was mixed with 5 ul of NuPAGE LDS sample buffer (Thermo Fisher)
and with 1 ul TCEP (Thermo Fisher), before being heated to 95°C for 5 min.
Samples were loaded onto precast 4-12% Bis-Tris polyacrylamide gels (Thermo
Fisher), using MES running buffer (Thermo Fisher) containing NuPAGE
antioxidant (Thermo Fisher). Five pL of the size marker SeeBlue Plus2 (Thermo
Fisher) were included for reference. Samples were resolved for 15 min running at
180 volts. The gel was then rinsed twice with distilled water and transferred onto
amini PVDF transfer pack (Bio-Rad) using a Trans-blot Turbo transfer system (Bio-
Rad) at 25 volts for 7 min. The membrane was processed following the Amersham
ECL Select Western blotting protocol (Cytiva) by blocking with 3% BSA containing

0.1% Tween 20 for 1 h at room temperature. For simplicity onwards, one
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membrane “wash” represents two brief rinses, plus two 15-min washes, plus three
5-min washes in TBS buffer (8 g/L NaCl, 20 mL of 1 M Tris HCI/L, pH 7.6,
0.1%Tween). All washes and incubations were performed at room temperature in
an orbital shaker. After blocking, the membrane was washed, and probed with
anti-FgrSur?7 antibody diluted 1:1000 in TBS for 1 h at RT. The membrane was then
washed and probed with a goat anti-rabbit HRP-IgG secondary antibody (Pierce)
diluted 1:50000 in TBS, followed by incubation for 1 h. The membrane was washed,
and excess TBS was removed gently from the edges of the membrane using a paper
towel. The membrane was then placed on clear plastic wrap and 10 ml of a 1:1
solution of detection reagents A and B was pipetted onto the membrane, followed
by an incubation of 1 min without shaking. Immediately, the excess solution was
removed, and the membrane was placed into the chamber of a G Box Chemi XX6

(Syngene) and images were acquired using the “chemi” blot function.

4.2.3 Results

4.2.3.1 EVs from Fusarium graminearum (Fgr) contain proteins that are orthologs
of putative C. albicans EV markers

The study of C. albicans EVs yielded a list of 22 protein candidates as potential
markers for fungal EVs (Section 4.1). Using BLASTp, 13 of the 22 proteins were
detected in EVs from Fgr and had high identity to the putative markers from C.
albicans EVs indicating that they are potential orthologs (Table 2). The enrichment
of the putative protein markers in Fgr EVs was compared with the whole-cell lysate

(WCL), revealing that three were exclusively in the Fgr EV samples, six were
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enriched in EVs, and four had no difference between EVs and WCL (“Enrichment

Fgr EVs” column, Table 2). The Fgr proteins Fet3 and sphingolipid C9-

methyltransferase 2 have been reported to be true orthologs of Fet34 and Mts1 of

C. albicans, respectively (Table 2).

C. albicans Fgr potential E-value Sequence Query Fgrgene  Enrichment Source
marker ortholog identity = coverage name FgrEVs
Cdc42 CDC42 homolog 3x1072  79.4% 98% FGSG_05447 EV ex BLAST
Rho3 RHO3-like 9% 101 66.8% 99% FGSG_00170 EV ex BLAST
Ykt6 YKT6-like 9%x10%2  55.0% 99% FGSG_06394 EV ex BLAST
1l surf.
Fet34 fCeiroiliJ;;aaszeeFet3 0.0 51.8% 92% FGSG_05159 EV up [68]
1,3-beta-
Phrl slucanosyltransferase 3 X 1017 488% 81% FGSG_09980 EV up BLAST
Racl Err:t}e‘ia:demed 2x10%  65.5% 75% FGSG_08857 EV up BLAST
Sur7 Sur7-like 3x1020  27.4% 71% FGSG_08692 EV up BLAST
Yek2 I:;E:; fif;)a:;'em 1x1071%  652% 70% FGSG_10066 EV up BLAST
orf19.2168.3 Yopl 2 x 10746 46.4% 95% FGSG_07419 EV up BLAST
Mts1 if’e};;r;%:’rl;iﬁefjs'e ) 0.0 63.3% 96% FGSG_05593 No diff [69]
haracterized
orf19.1054 E;Ctef;ac enee 2x10%5  28.0% 84%  FGSG_04983  Nodiff ~ BLAST
imilar to GTP-
Secd i;“;;; ;r(jtein vy 1X107 61.9% 97%  FGSG_06209  Nodiff ~ BLAST
Vac8 Vacuolar protein 8 0.0 67.2% 89% FGSG_08997 No diff BLAST

Table 2 Orthologs of potential Candida albicans protein markers that are found in
Fusarium graminearum (Fgr) EVs. EV ex: EV exclusive; EV up: upregulated in EVs;
No diff: no difference in protein abundance between EVs and the whole-cell

lysate

Proteins that were not exclusive or enriched in Fgr EVs were removed from further

analysis. Also, proteins without predicted transmembrane domains were not
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analyzed further since they are unlikely to present domains on the EV surface for
recognition by antibodies. Four of the remaining candidates had transmembrane
domains, predicted extracellular domains, and were enriched in EVs, making them
the best candidates for Fgr EV markers. They were Fet3, 1,3-beta-

glucanosyltransferase, Sur7, and Yopl.

4.2.3.2 Potential Fusarium graminearum EV markers with predicted extracellular
domains
Figure 2 illustrates the predicted topology of the four potential Fgr markers: 1,3-p-

glucanosyltransferase, Fet3, Yopl, and Sur7 (Figure 2).

A
1,3-B-glucanosyltransferase Fet3 Yop1 Sur7

HNZ SP

o

Extracellular
[000000000000000000000000000000000000000000000 |

YOO000K OOOCOO000000000000000C

oo

B
1,3-B-glucanosyltransferase Fet3 Yop1 Sur7

Figure 2 Membrane topology prediction of the potential protein markers for

Fusarium graminearum extracellular vesicles (EVs). (A) TOPCONS2 [65] and (B)

Protter 1.0 [66] were used to identify the intra-protein domains of 1,3-8-
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glucanosyltransferase, Fet3, Yop1l, and Sur7 presented on the outer surface the
EV membrane. SP: signal peptide predicted by TOPCONS?2.

For Yopl, Protter 1.0 projected one extracellular loop and three transmembrane
domains, while TOPCONS2 predicted four transmembrane domains without a
significant stretch of amino acids on the surface. This discrepancy led to the
removal of Yopl from the analysis because the potential lack of extracellularly
exposed amino acids could compromise the detection of Yop1 by an antibody. The
predicted topology of Fgr Sur7 was similar to C. albicans Sur7 [17], as well as the
mammalian tetraspanins [70]. For this reason, Fgr Sur7 was chosen as the best
candidate for generation of a polyclonal antibody that binds EVs. Fgr Sur7 had a
global sequence similarity of 40.7%, and identity of 27.4% (EMBOSS needle)
compared to C. albicans Sur7, and the predicted extracellular amino acids of both

proteins were located in similar positions (highlighted in magenta, Figure 3).

C. albicans 1 ——VVFTFFNIRFE (ING ' IRTIRTIAT S < KHE] PANRS
Fgr 1 KNAPLGLAGIRVL k& L] I TSTT —DTT
C. albicans 59 DKADYSNSTL.I.GPRYBRISPEDNFGTTAD IRKDF@D——————
Fgr 60 YIRGAG-NND@DG: IGKAWDSNPRNANBSS GGRAGDTTS RQF
C. albicans 113 CiImAIRAR AT TDT OFE ' TDK VIRLITI meFTAGE o] T A D
Fgr 119 ITmTHEIg A FTGE C GRIGAG 'SGRTSME  IMRCSSV. WIT 2NN A SA
C. albicans 173 S C) ISNSYKKHIARVKAE QYNOP 'HEP
Fgr 179 SEERYAFEFANNS EAWMFNMAT IMFCLEMR-—————————————— DK§JSS GE&YS
C. albicans 233 DESSFTEAAPPTKDEENTGG 1FFKIKRNQ i DI . Predicted extracellular

d

Fgr 224 RSWRRR-————--——-——- S/IRSTNGYEGR amino acids

Figure 3 Sequence alignment of Sur7 from Candida albicans and Fusarium
graminearum (Fgr). The amino acid position of the predicted extracellular residues
(highlighted in magenta) were taken from Protter and TOPCONS.
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4.2.3.3 Sur7 from Fusarium graminearum contains epitopes with potential
antigenicity

Five peptides with potential antigenic properties were identified in Fgr Sur7 (Table
3) using the bioinformatics software Bepipred [67]. The first four peptides were in
the predicted extracellular domains of Sur7 (extra), while peptide five was
predicted to be intracellular (intra) and was thus removed from the analysis. The

probability of the peptides to have antigenic properties is also reported in Table 3.

Peptide three, minus the first three residues (NND) to improve linkage to the
carrier protein KLH, was selected (CDGARAAPVIGKAWDSNPRNAPSS) to

generate a polyclonal antibody for the recognition of Sur7 in Fgr EVs.

Prediction  Start End Peptide Length (amino acids) Eplto??
probability
1-extra 32 36 STTPF 5 0.516
2 - extra 49 54 ITGARD 6 0.545
3 - extra 68 94 NNDCDGARAAPVIGKAWDSNPRNAPSS 27 0.587
4 - extra 96 104 VGGRAGDTT 9 0.571
5 -intra 213 245 DKSSSSGGYSGRSWRRRRSVRSTNGYEGRRVKD 33 0.638

Table 3 Prediction of potentially antigenic peptides in Sur7 from Fusarium
graminearum. Extra: epitope is predicted to be extracellular; intra: epitope is
predicted to be intracellular.

4.2.3.4 Detection of Fgr Sur7 in Fgr EVs
A Western blot analysis was performed to determine whether the polyclonal
antibody could detect the FgrSur7 protein in EV samples. The anti-FgrSur?

antibody bound to a protein doublet of approximately 27 kDa in the EV sample
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(lane 4, Figure 4), that was not detected in the whole-cell lysate (WCL, lane 3,
Figure 4). In contrast, there was a strong signal in the sample containing the
purified, 24 residue-long peptide without KLH (expected size around 2600 Da)

synthesized by Mimotopes, around the 3000 Da mark (lane 2, Figure 4).

kDa (+) WCL EVs

|
1 1 ) I

17 4 —> ~27 kDa

Figure 4 Western blot of Sur7 in extracellular vesicle (EV) samples from Fusarium
graminearum. Proteins in samples of EVs, whole-cell lysate (WCL), and synthetic
Sur7 epitope peptide without keyhole limpet hemocyanin (KLH) (+) were
separated by SDS-PAGE and analyzed by Western blot. A doublet of
approximately 27 kDa was detected in EV samples but not in the WCL.

4.2.4 Discussion

Finding new protein markers is crucial for the development of technologies to
isolate and track fungal EVs in biological systems. Here we report that Sur7 is also
enriched in EVs from Fgr, and we have generated an antibody to Sur7 for further

study of its suitability as a fungal EV marker.
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The putative protein marker of C. albicans EVs Sur7 [17] is a tetraspanin-like
component of two plasma membrane complexes, the “membrane compartment of
Canl” (MCC) and the eisosome (Figure 5). The MCC in C. albicans is formed in part
by other tetraspanins-like proteins [17], while the eisosome is a collection of
cytoplasmic proteins that localize to the plasma membrane (PM) next to the MCC,
and together function in PM organization, sphingolipid homeostasis, and cell wall

morphogenesis (Figure 5) [71].

Can1

= Nce102|
- J
Fmp L /
Sur7| /orf19.6741

Pst2 °’f79,350

N S

Ycpd Pkh2

orf19.1246
Lsp1 Pil1

Figure 5 Model of the membrane compartment of Canl (MCC)/eisosome
complex in Candida albicans. The MCC is a transmembrane complex while the
eisosome is formed by cytoplasmic proteins that co-localize with the MCC.
Together, the MCC/eisosome form grooves on the plasma membrane that have
roles in plasma membrane organization, sphingolipid homeostasis, and cell wall
morphogenesis [71]. The putative extracellular vesicle (EV) protein marker Sur7
is relatively more abundant than some MCC/eisosomal proteins [71]. Figure
adapted from [17,71]
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The MCC/eisosome forms furrows on the cell surface that are surrounded by Sur?
[72], making Sur7 one of the most abundant proteins among the MCC/eisosomal
components [73]. This may explain why Sur7 is also enriched in EVs from
Zymoseptoria tritici [74], S. cerevisiae [60], and Aspergillus fumigatus [75]. However,
although Sur7 has been detected in EVs from filamentous fungi, studies on the A.
fumigatus and A. nidulans orthologs of Pill and Sur7 revealed that these proteins
are not located in distinct MCC/eisosomal-like structures, hence MCC/eisosome
function may be different in filamentous fungi [76]. Indeed, the Fgr EV proteome
obtained in section 3.1 did not contain all the MCC/eisosome proteins known in C.
albicans. Only proteins related to Sur7 and Pst2 were detected. This supports the
hypothesis that the MCC/eisosomal proteins may differ between yeast and

tilamentous fungi.

In S. cerevisiae the protein Pill (also present in C. albicans, Figure 5), is essential for
eisosome formation and Sur7 localization [77]. S. cerevisiae pillA strains cannot
localize Sur7 to the plasma membrane [77], hence if we assume that Sur7 is a true
EV marker, it could be speculated that Pill may have an effect in the production of
fungal EVs. Therefore, it would be interesting to study the production of EVs from

fungi deficient in the production of Pill.
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The Sur7 proteins from Fgr and C. albicans have similar predicted topology, having
four transmembrane domains with a long extracellular loop between the first two

TM sections (obtained with TMHMM, Figure 6).
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Figure 6 Predicted membrane topology of Sur7 from Fusarium graminearum (Fgr).
The amino acid sequence from Fgr Sur7 (Uniprot ID: IIRWL?7) was processed
with Bepipred 2.0 [67] to predict epitopes with antigenic potential. A peptide
comprised of 24 amino acids (highlighted in green) had antigenic potential and
was used to produce the polyclonal antibody. The software TMHMM was used
to compare the position of the transmembrane domains in Sur7 from (A) Fgr and
(B) Candida albicans. Both proteins have four predicted transmembrane domains.
The blue and magenta lines indicate the probability of amino acids to be located
inside or outside the plasma membrane, respectively.

A multiple sequence alignment of potential orthologs of Sur7 from other fungi

revealed that the epitope used to generate the anti-FgrSur7 antibody (Figure 7A,
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highlighted in magenta) is conserved in the major pathogens F. oxysporum (Fox), F.
oxysporum f. sp. cubense (Foc), F. oxysporum f. sp. vasinfectum (Fov), F. oxysporum f.
sp. lycopersici (Fol), and partially conserved in the plant pathogens Botrytis cinerea
and Verticillium dahliae (Figure 7A). This indicates that the anti-FgrSur7 antibody
could bind to Sur7 in other plant pathogens, particularly other Fusarium species.
Conversely, there was little identity between the FgrSur7 epitope and the putative
Sur? sequences from the human pathogens Histoplasma capsulatum, Paracoccidioides
brasiliensis, and Aspergillus fumigatus, suggesting that the Fgr antibody may not be

a useful EV marker for these organisms.

Our laboratory has also generated polyclonal antibodies against the C. albicans
Sur7 using different antigenic peptides (highlighted in magenta in Figure 7B),
resulting in two antibodies that can detect Sur7 in EV samples from C. albicans (Dr.
James McKenna, unpublished). These peptides were located in similar positions in
the C. albicans Sur7 sequence compared with FgrSur7. A second sequence
alignment revealed similarity between C. albicans Sur7 and the listed human
pathogens, including the peptides used to generate the C. albicans anti-Sur7
antibodies (Figure 7B). Thus, it is possible that the C. albicans anti-Sur7 antibodies

could be used to track Sur7 in other human fungal pathogens.
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Figure 7 Multiple sequence alignment of the longest extracellular domain of Sur?7.

The Candida albicans Sur7 sequence (Uniprot ID: Q5A4MS8) was used to find

potential orthologs in (A) Fusarium oxysporum (Fox), Fusarium oxysporum f. sp.

cubense (Foc), Fusarium oxysporum f. sp. vasinfectum (Fov), Fusarium oxysporum f.

sp. lycopersici (Fol), Fusarium graminearum (Fgr), Verticillium dahliae, Botrytis

cinerea, (B) Histoplasma capsulatum, Paracoccidioides brasiliensis, and Aspergillus

fumigatus. Clustal Omega was employed to align the sequences of the first

extracellular domain. The peptides used to generate the C. albicans (Dr. James

McKenna, unpublished) and Fgr anti-Sur7 antibodies were located in this region

and are highlighted in magenta.
BLAST did not find a significant match for Sur7 in Cryptococcus neoformans when
the C. albicans or Fgr sequences were used as the query. EVs from C. neoformans,
which are the best characterized to date, contain the proteins THS1, THS2 and
THS3 that have Sur7 domains [78], although these proteins have little similarity to
C. albicans Sur7. This is likely explained due to the evolutionary distance between
C. neoformans, which is a basidiomycete, and the rest of the human pathogens
mentioned above, which are ascomycetes. This also suggests that the plasma

membrane reorganization function of C. albicans Sur7 may have evolved

differently in C. neoformans.

Taken together, these sequence alignments imply that the anti-FgrSur7 antibody

may be useful to detect EVs from other plant pathogens, while a C. albicans Sur7
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antibody may be a suitable marker for EVs from some human pathogens. The
cross-reactivity of the anti-Sur7 antibodies must be further tested for example by
using EVs from other organisms that have Sur7, EVs from fungi that do not have
Sur7, or by treating EVs with proteinase K to remove the extracellular domain of
Sur?. Confirming the presence of FgrSur7 on the surface of extracellular vesicles

could be accomplished using immunogold electron microscopy [79] (Figure 8).

Electron microscopy Detection of SUR7(+) EVs

Figure 8 Potential identification of extracellular vesicles (EVs) using gold-
labeled antibodies (ab).

The Western blot analysis revealed a protein of approximately 27 kDa that bound
the anti-FgrSur7 antibody which corresponds to the predicted mass of Fgr Sur7 of
27,041 Da (Uniprot: IRWL?7). The presence of the doublet indicates that some post-
translation processing of Sur7 has occurred such as glycosylation. Sur7 was not
detected in the whole-cell lysate (WCL) on the Western blot, but this protein was
detected in only one out of three biological replicates of the WCL in the proteomic
analysis (section 3.1), and thus is likely to be less abundant in WCL than it is in

EVs.
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New EV proteomes from other fungi should be screened for the presence of Sur7
to determine if this potential fungal EV marker is conserved in other fungal
species. The results presented in this chapter support the hypothesis that Sur7 is a
protein marker for fungal EVs and advance the research field towards improved
isolation and characterization techniques. For instance, Sur7 could be immobilized
on beads that would capture EVs in solution, as has been done with mammalian
EVs [80], or Sur7-GFP constructs could be generated and used to visualize EVs in
vivo [81], providing more direct evidence of the involvement of EVs in modulating

host-pathogen interactions.

Finally, other putative markers that were exclusive to Fgr EVs and thus have
promising potential are Cdc42, Rho3, and Ykt6-like. Similarly, Yopl1 is a promising
candidate and more information on its protein structure will be helpful for the

future development of antibodies to track fungal EVs.
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5. Chapter Five

5.1 Concluding remarks

Extracellular vesicles (EVs) are small particles (30-1000 nm) released from cells
from all kingdoms studied to date [10], and have important roles in pathologies [82],
cellular communication, and transport of macromolecules [49]. For yeast, EVs
influence host-pathogen interactions, modulate the immune response of the host
and transport molecules that support the fungal infection [83,84]. However, when
the work for this thesis began there were three important gaps in the study of
fungal EVs. First, little was known about EVs from filamentous fungi that infect
plants and their potential roles in virulence, despite the enormous importance that
these pathogens have on global food security. Second, conventional isolation
methods had generally been adapted from procedures used for mammalian cells
and are associated with poor yields and low sample quality while being time-
consuming and expensive. Thirdly, there were no markers to assist in the
identification and tracking of EVs from filamentous fungi, placing a limitation on
the number and type of techniques used to study EVs. These topics have been

addressed in this thesis and the associated future directions are discussed next.

5.2 Size-exclusion chromatography (SEC) is a scalable method to separate EVs
Although finding a better technique to isolate EV's from filamentous fungi was not
an original aim for this thesis, it quickly became evident that the

ultracentrifugation (UC) protocol that had been used in the laboratory for
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preparation of EVs from S. cerevisine and C. albicans was not suitable for
tilamentous fungi because it was slow and irreproducible, and the sample quality
was relatively poor. The first improvement was the development of the SEC
isolation method which gave a 6-fold increase in particle yield for Fusarium
oxysporum f. sp. vasinfectum (Fov) compared to UC and halved the preparation time.
Further refinement was required for Fusarium graminearum (Fgr) because it
produced polysaccharides that blocked the filters in the concentration step
required before SEC. This was solved using a fully defined medium that used
amino acids in place of sugars as the carbon source. These modifications have
created the potential to produce fungal EVs at scale (Figure 9). The culture medium
could be concentrated by tangential-flow filtration (TFF) coupled to SEC as
described before for EVs from human cells [85]. TFF units are reusable, therefore

would be less expensive in the long term and would reduce laboratory waste.

p
—— Characterization
\\ — In vivo function
/| — OMIC analyses
: — EV engineering
Large-scale fungal culture  TFF SEC EVs
N

~

Figure 9 Potential large-scale fungal extracellular vesicle (EV) purification.
Coupling of tangential-flow filtration (TFF) with size-exclusion chromatography
(SEC) has been proposed as a potential pipeline for upscaled production of EVs
[85]. This thesis demonstrates that a similar isolation process could be adapted
for work with fungal EVs.
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In addition, obtaining larger amounts of EVs would lead to more reproducible and
biologically relevant results for future fungal EV studies. For instance, the
characterization of EVs derived from only one fungal culture would avoid the
normal biological changes that occur by chance in every fungal cultivation in vitro,
such as slight fluctuations in biomass production, EV yield, or production of
soluble protein. A greater EV yield permits multiple analyses to be performed in
parallel on a single sample, facilitating linkages between different classes of
biomolecular cargoes. Performing different omic analyses on one sample of EVs
will ensure that any assessments across experiments are truly comparable, and that
error is minimized. This approach would not replace the need to analyze an

appropriate number of biological replicates.

Due to the immunogenic proteins present in EVs, particularly yeast EVs, they have
been proposed as potential vaccine platforms against pathogenic fungi [78,86]. For
instance, mice immunized with EVs from a C. neoformans strain deficient in the
production of capsular polysaccharides were able to survive a wild-type C.
neoformans challenge compared to unimmunized mice, and produced antibodies
against EV proteins [78]. Similarly, mice and Galleria mellonella larvae exposed to
EVs from C. albicans lived longer than unimmunized controls after being
challenged with C. albicans cells [86]. In both studies, there was an increased
production of cytokines and antibodies in response to the EVs. It is possible that

similar results can be obtained for other important human pathogens such as A.
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fumigatus [75,87,88]. Finally, the content of fungal EVs could be engineered to expose
molecules, such as proteins or polysaccharides, that induce a desired immune
response, similar to the generalized modules of membrane antigens (GMMA)
system that has been described for bacterial outer membrane vesicles [89]. If these
technologies reach a commercial level, EV production most certainly needs a

scalable process such as the one hypothesized above (Figure 9).

The ability to produce fungal EVs inexpensively at large scale also makes them a
promising vehicle for the delivery of different drugs for humans. To achieve this,
the immune effect of different fungal EVs in humans must be studied to determine
their safety and efficacy in delivering EV cargo. Furthermore gene silencing tools
such as small interfering RNA (siRNA) and short hairpin RNA (shRNA) [90,91] may
be loaded into fungal EVs and administered intravenously, as has been established
for mammalian EVs [92]. If a particular type of fungal EVs are found to be non-
immunogenic and biocompatible with human cells, fungal EVs may be
significantly easier to produce than EVs from mammalian cells, while also being

less expensive.

Regarding plant-fungal interactions, the discovery of proteins with roles in
virulence led to a further examination of the Fgr EV proteome, revealing that
protein effectors may be transported via unconventional secretion. These results

are discussed next.
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5.3 EVs are likely to transport protein effectors

The proteomics conducted in this thesis revealed that fungal EVs carry hundreds
of proteins with a wide range of functions. For instance, EVs from Fusarium spp.
carry cell wall remodeling enzymes that may assist the EV release from the fungal
cell [60,93]. EVs also transport virulence factors and redox proteins that may alter
the defense response of the host cells [84]. These findings contribute to our

understanding of fungal EV functions (Figure 10).

‘ Cell wall remodeling

u)rug resistance

{ Biofilm formation

Phytotoxicity

Reecsss s ety

[Activation of host immune cellsl @

Figure 10 Functions of fungal extracellular vesicles (EVs). Fungal EVs carry cell
wall synthases and degrading enzymes to potentially facilitate EV release from
the fungal cell [60], are involved in drug resistance and biofilm formation [9],
transport phytotoxic compounds [50,83], activate the host immune cells [94], and
as presented in this thesis, may transport protein effectors [95].

Furthermore, EVs from Fgr potentially transport protein effectors, which are

important in plant-fungal interactions. They are generally peptides (<300 a. a.)
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produced from precursors with a signal peptide (SP) and hence are secreted
conventionally, are disulphide rich and may interact with products of the plant R
genes [96]. Some effectors have been described for filamentous fungal pathogens
that do not have SP and are secreted unconventionally through a variety of
mechanisms [97-99]. This thesis revealed that the EVs produced by Fgr may carry
virulence factors and effectors. Among these candidates, there are proteins with
SP, such as hydrophobin 3, and others without a SP, such as superoxide dismutase

1.

Hydrophobin 3 fits the criteria of a typical, SP-led effector. Why this protein was
only detected in EVs remains unclear, although there are potential explanations.
Some EVs may bud off directly from the plasma membrane transporting
components of the cytoplasm in the process. Both secretory vesicles and medium
EVs have sites in the plasma membrane that direct their fusion and excision,
respectively [100,101]. If both sites are in close proximity to one another, a secretory
vesicle of smaller size (approx. 100-200 nm [102]) may be engulfed by the medium
EVs (150-1000 nm) as the EV contents are being recruited. Alternatively,
hydrophobic proteins released from secretory vesicles at the plasma membrane
may bind to the lipid surrounding the EVs which subsequently transport them

through the fungal cell wall (Figure 11).

144



A B
Tetraspanins

L & ___Stabilized
h Medium EV o~ protein?
Engylfed \ ESCRT-II \#;, <—Small EV
vesicle? B o
B «

= 2 Lipid motifs X %)

Docking £y » Soluble I
site ‘\ : protein % oL
MVB —

Secretory vesicles

Figure 11 Potential explanations for the presence of proteins with predicted
signal peptides in or on extracellular vesicles (EVs). If the docking site of
secretory vesicles and the lipid motifs that direct the excision of medium EVs are
in proximity, it is possible that (A) secretory vesicles that are smaller than
medium EVs are engulfed inside the EV lumen, or that (B) free soluble protein
might encounter the surface of EVs and be carried and stabilized. MVB:
multivesicular body; ESCRT-III: endosomal sorting complexes required for
transport III.

The study in section 3.1 generated a list of potential effectors that may be
transported by EVs. The function of these candidate effectors needs to be
confirmed, and several approaches could be used to do this. One approach would
be to produce the candidate effector recombinantly at small scale using systems
such as PichiaPink [103]. After ensuring the purified effector candidate is folded, it
could be infiltrated into wheat leaves to examine whether it induces a
hypersensitive response as described for other fungal effectors [104,105]. If
recombinant expression fails, the protein could be expressed transiently in
Nicotiana benthamiana to determine whether it is toxic to plant tissues [106]. The

potential role of the protein in Fgr virulence could also be examined by producing
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Fgr strains deficient in the production of the candidate effector through the use of
a genome editing technique, such as CRISPR-Cas9 [107]. If the KO strain is viable,
virulence could be monitored by comparing the virulence of the KO strain with
the wild type Fgr in wheat head infection assays [108] or wheat leaf infiltrations
[105]. The variety of proteins in EVs from Fgr would make it difficult to study the
role of only one candidate effector. However, there could be differences in the
plant’s response when exposed to wild-type EVs compared to EVs from Fgr strains
lacking a particular protein effector. These infiltration experiments would have to
be adapted for the study of EVs, as it was done for F. oxysporum infecting cotton

[83].

5.4 The protein Sur7 is a potential marker for fungal EVs

The results presented in Chapter 4 support Sur? as a true protein marker for fungal
EVs. Indeed, Sur7 has recently been detected in EVs from Zymoseptoria tritici [74],
Aspergillus fumigatus [75], S. cerevisiae [60], and as Sur7 domains in Cryptococcus

neoformans [78].

Further research is required to verify that Sur7 is a true marker of fungal EVs. For
instance, the cross-reactivity and/or non-specific interaction of the anti-FgrSur?7
antibody must be tested using EVs from different sources, such as human,

bacterial, and fungal cells. This will determine if the current polyclonal anti-
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FgrSur7 antibody has the necessary specificity to track EVs in complex biological
samples.

The Sur7 orthologs that are distributed in yeast and filamentous fungi share similar
topologies that include four transmembrane domains and two extracellular loops
of approximately 85 and 19 amino amino acids, respectively (Figure 12). The
orientation of the V. dahliae Sur7-like protein needs to be confirmed. As presented
in this thesis, antibodies have been raised against the largest extracellular loop for
C. albicans (Dr. James McKenna, unpublished) and Fgr. This loop is highly
conserved in Sur? from other Fusarium species, and moderately conserved in Sur7
proteins from V. dahliae and B. cinerea. This is not the same for different families of
human pathogenic fungi such as H. capsulatum, A. fumigatus, and P. brasiliensis,
which all share more similarity to C. albicans Sur7. Hence, the anti-FgrSur7

antibody is likely to be specific for EVs from Fusarium species.

One important development for the study of fungal EVs and their potential role in
the plant-pathogen interactions would be the visual confirmation of EVs at the
plant-fungal interface, where they deliver virulence factors that enhance the
infection [109]. This could be achieved by obtaining thin sections of plant material
that was infected by Fgr and labeling the fungal EVs with the anti-Fgr Sur7
antibody followed by a secondary antibody coupled to gold nanoparticles. Similar

approaches have been used to image mammalian EVs [79].
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Figure 12 Predicted topology of Sur7 orthologs in other fungal pathogens. The
Candida albicans Sur7 (Uniprot: Q5A4MS8) sequence was used to find potential
Sur7 orthologs in other fungi, using BLASTp. TMHMM was employed to predict
the topology of the putative orthologs in Fusarium oxysporum (KAH7227783.1),
Botrytis cinerea (XP_024549305.1), Verticillium dahliae (XP_009651730.1), Fusarium
oxysporum f. sp. lycopersici (XP_018236958.1), Fusarium oxysporum f. sp.
vasinfectum (EXM34724.1), Fusarium oxysporum f. sp. cubense (N4TZG3),
Histoplasma capsulatum (KAG5297300.1), Aspergillus fumigatus (KAF4269045.1),
and Paracoccidioides brasiliensis (XP_010760610.1), revealing that the amino acid
positions (X axis) of the four transmembrane domains (TM, highlighted in red)
and two extracellular domains (“out”, highlighted in blue) are conserved. The
intracellular domains (“in”) are highlighted in yellow.

It is likely that fungi produce subtypes of EVs depending on the biosynthetic
routes activated during different growing conditions. Indeed, isolation procedures

have been developed to separate different classes of mammalian EVs cells [110]. In

the future, the subpopulations of EVs produced by Fgr and C. albicans should be
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investigated to determine if the anti Fgr Sur7 antibodies react with all EVs from
Fgr or just with a particular population. Not all protein markers are ubiquitous to
all subtypes of mammalian EVs [111], hence other protein markers for fungal EVs
will be needed in the case Sur7 is present only in a subset of EVs. In the future,
having several protein markers of fungal EVs will allow, for instance, the
purification of fungal EVs by immunocapture [112], detection of EVs by flow
cytometry [113], and the detection of EVs in biological systems using microscope

techniques [114].

Finally, because of the importance of Sur7 in the normal physiology of C. albicans
[115], it would be interesting to determine the role of this protein in the production,
morphology, cargo, and functional role of both C. albicans and Fgr EVs. This could
be achieved by using cutting-edge genome editing technologies such as CRISPR-
Cas9 to delete Sur 7 and examine the impact of a Sur 7 knockout on EV production.
This technology has been used to produce gene deletions in Fgr [107]. Similarly, C.

albicans Sur7A strains are available [116].

5.5 Future applications of fungal EVs
The discoveries presented in this thesis have opened opportunities for new

developments in fungal EV research. Fungal EVs are likely to transport cargo to
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the plant and modulate host defense mechanisms, suggesting that fungal EVs

could be exploited to protect crops from fungal pathogens.

The most obvious way to achieve crop protection would be by characterizing the
biogenesis of fungal EVs and finding chemicals that alter their production. This
might be a complicated task, since it is possible that several processes regulate the
production of EVs, with several mechanisms contributing to the production of
different classes of EVs and their cargo. However, since fungal EVs transport
molecules are likely associated with virulence, a chemical that blocks production
of EVs or the activity of one or more components of the EV cargo will attenuate

damage from a fungal pathogen.

In the future, EVs could also be employed in the diagnosis of fungal diseases. For
instance, a PCR could be performed to detect EV-associated fungal RNA in plant
samples, potentially simplifying the diagnosis. This could also be employed to
identify fungal infections in humans, detecting the EV nucleic acids in blood
samples by PCR instead of which may be more rapid than current diagnostic
procedures. Other EV components in human bodily fluids could be revealed by

ELISA or diagnostic magnetic resonance [117].

In summary, this thesis has broadened the understanding of extracellular vesicles

from filamentous fungi that infect plants. It provides a scalable method that yields
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EVs of suitable quality and in appropriate amounts for biochemical analysis. Also,
this thesis provides evidence that EVs from Fusarium contain virulence factors and
candidate effectors that may influence host-pathogen interactions. Finally, a solid
candidate for a protein marker was identified, potentially unlocking improved

techniques for the study of fungal EVs.
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