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Abstract

In recent years, the number of reported fungal infections has increased significantly,
prompting experts to recognize invasive fungal diseases as a major public health
concern.

The rising threat of fungal infections has roots across the full One Health spectrum,
including climate change, population growth, globalization, deforestation, and intensive
farming. These factors alter the interactions between humans, animals, and the
environment, enabling pathogens to evolve new survival strategies. In particular, the
excessive application of fungicides both in agricultural and clinical settings not only
contributes to the increase of fungal resistance but also complicates the treatment
landscape for immunocompromised patients, thus increasing the at-risk population.

A consistent number of clinically relevant pathogens recently have been identifies as
already known pathogens in agricultural field. This ability of certain pathogens to cause
infection in hosts across different kingdoms is known as transkingdom pathogenicity.
In this context, plant pathogens, once primarily an agriculture concern due to their role
in food contamination (e.g., mycotoxins) and significant crop losses, have now
emerged as direct threats to human health through their ability to cross kingdoms and
infect humans.

In response to fungal infection emergence, the fungal priority pathogens list (FPPL)
was established in 2022, highlighting species of global concern that pose serious risks
of morbidity and mortality due to limited therapeutic options and diagnostic challenges
that often result in late detection.

Fusarium spp. are included in the “high priority group” of FPPL due to their
demonstrated inherent resistance to many antifungal agents and yet global incidence
rates of fusariosis remain unclear due to insufficient studies. Many Fusarium species
are recognized for their transkingdom pathogenicity. Among the most recently
identified is F. musae, a causative agent of crown rot disease in bananas that has also
been implicated in superficial infections in immunocompromised human patients.
This thesis aims to investigate F musae as a model organism for studying
transkingdom pathogens, integrating methodologies from various fields to understand



its behavior across different hosts. Using a global collection of F. musae strains isolated
from both bananas and human patients, we characterized the species' genetic diversity
and clarified its phylogenetic relationship to F. verticillioides through multilocus
phylogenetic analyses. Chromosome-level genome sequencing provided an initial
comprehensive view of F musae genomics, while mitochondrial haplotype
comparisons revealed potential cross-host transmission events. In vitro sensitivity tests
revealed that £ musae is less susceptible to azole treatments than F. verticillioides,
potentially offering it adaptive advantages. Finally, infection models with banana fruits
and Galleria mellonella larvae confirmed F. musae’s transkingdom pathogenicity,
providing the first experimental evidence of its transkingdom infectious capacity and
the first bioluminescence readout to quantify £ musae fungal burden and to track
disease progression in different hosts. The contemporary threat of this species was
confirmed by isolating F. musae from symptomatic bananas in Milan (ltaly) markets.
Indeed, our research encompassed a comprehensive study on transkingdom
pathogens, integrating diverse fields such as morphology, phenotypic analysis,
genetics, taxonomy, molecular biology, infection biology, and evolutionary fitness.
Our findings highlight the importance of interdisciplinary collaboration in tackling this
priority threat. By enhancing our understanding of fungal transkingdom pathogens, this
work aims to inform food safety strategies and address the emerging risks posed by F.
musae to consumer health. Ultimately, this research aligns with the One Health
initiative, emphasizing the need for interdisciplinary collaboration in tackling this
complex and emerging category of fungi.

We established a set of protocols for investigating fungal infections and outlined
strategies to address emerging fungal species. This research contributes to the
development of new food safety standards and raises awareness in medical and
agricultural fields about the significance of fungal infections within the One Health

framework, emphasizing the risks posed by transkingdom pathogens.



Chapter 1

Introduction



Chapter 1

Introduction

1.10ne world, One Health, two kingdoms

One Health is an integrated, unifying approach that aims to sustainably balance and
optimize the health of people, animals, and ecosystems. It recognizes that the health
of humans, animals and their shared environment are strictly connected and
interdepend.

The concept of One Health was firstly introduced in 2004 after the global outbreak of
Severe Acute Respiratory Syndrome caused by the coronavirus SARS-CoV-1. It is
believed that this virus originated first in bats and only afterword crossed over to
human, highlighted the interconnection between human and animal diseases
(Mackenzie and Jeggo, 2019; “The Manhattan Principles,” 2005). Zoonoses diseases
are currently considered 60% of the new emerging infectious diseases. Since then,
this approach has become a priority, mobilizing collaborations across multiple sectors,
discipline and communities (“One Health - European Commission,” 2023; “One Health
- WHO,” 2024; “One Health - WOAH,” 2024; Pitt and Gunn, 2024).

Climate change, population growth, globalization, deforestation and intensive farming
have been altering the balance between interactions among animal, humans and their
shared environment. Access to sufficient amounts of safe and nutritious food is
essential for sustaining life and promoting good health. The use of crop treatments has
increased to improve food production and protect crops; consequently, also
antimicrobial resistance has risen. Pathogens constantly adapt and the extensive use
of treatments in plants can induce them to evolve resistance and new survival
strategies. An increasing number of human pathogenic species isolated from
hospitalized patients are being identified as originally known as plant pathogens. This
suggests these new strategies can lead to invasion of different hosts, even those
belonging to different kingdom. The ability of pathogen to cause infection in hosts from
different kingdom is known as transkingdom pathogen or cross-kingdom pathogenicity.
In this context, plant pathogens, that were once a concern primarily for agriculture and



indirectly a threat the human health by generating food contamination (as mycotoxins)
and important food losses, have now become a direct threat to human health together
with the rising of transkingdom pathogens (Berg et al., 2015; Gauthier and Keller, 2013;
Van Baarlen et al., 2007). In this comprehensive context, food plays a crucial role, as
access to sufficient amounts of safe and nutritious food is key to sustaining life and
promoting good health.

The growing interest in transkingdom pathogens within the pathology community,
along with their significant impact on food safety and overall health, motivated our

investigation into these organisms.

1.2 Towards investigation of the emerging threat of fungal

transkingdom pathogens

1.2.1 Abstract:

Numerous microbial species have already been associated with the ability to cause
infection in different hosts, even hosts belonging to different kingdoms, known as
transkingdom or cross-kingdom pathogens. Fungal plant pathogens have a
remarkable capacity to adapt and evolve, acquiring the ability to thrive in novel
environments and hosts. Additionally, antifungal resistance caused by the massive
application of fungicides in agriculture and the increased number of patients with
immunodeficiency disorders facilitate the success of transkingdom pathogenic fungi,
making these fungi a threat to public health. Here, we collected the current knowledge
about fungal transkingdom pathogens. We focus specifically on those which moved
from the agricultural sector to the clinical environment. Thereby, we identify the
challenges that scientists must overcome when studying this type of pathogens
towards harnessing the emerging threats transkingdom pathogens pose to public
health as well as to agriculture. Our results indicate that the field of transkingdom
pathogens is still in its infancy. There is no common experimental strategy to
investigate species considered as or newly defined as transkingdom pathogens. The
biggest gap found in the literature is the lack of experimental proofs of transmission in
models from different kingdoms. Fungal transkingdom pathogens represent a dynamic

and evolving field of study that profits from interdisciplinary collaboration. Studying



transkingdom pathogens is a methodological challenge which requires the integration

of diverse, traditionally separated, scientific disciplines.

1.2.2 Transkingdom pathogens

Several pathogenic microorganisms can infect a broad range of organisms, including
different species, genera, families, or even kingdoms. In recent years a conspicuous
number of bacterial and fungal pathogens of clinical interest have been isolated,
characterised and identified that were already known to act as plant pathogens (Kim
et al., 2020). It is well known that pathogens occupying spaces close to potential new
hosts can evolve and develop the ability to overcome the host's defence systems.
Through generations, these pathogens adapt to the new host environment, increasing
their infectious potential and competitiveness. The contact between humans and
different microbial species has significantly risen in recent decades due to factors such
as encroachment into wildlife habitats, deforestation, live animal transportation, long-
distance product transport, modern agricultural practices, changes in food preparation,
and international travel (Sharma et al., 2014). Additionally, the population boom has
led to a greater abundance of hosts with increased susceptibility which, combined with
pathogen co-evolution and changing climate conditions, has resulted in the emergence
of new pathogens that exhibit altered pathogenic behaviour (Misra and Chaturvedi,
2015).

Cross-kingdom pathogens, typically soil saprophytes, can evolve strategies that
enable them to become plant pathogens and cause opportunistic infections in humans.
A large part of the literature investigating these virulence determinants focused on
bacterial pathogens while few studies have analysed in detail fungal pathogens able
to infect distant hosts.

1.2.3 The rise of fungal transkingdom pathogens

Fungal plant pathogens exhibit a remarkable adaptability to thrive in novel
environments and hosts. Thereby, climate change may play an important role in
increasing the geographic distribution of pathogenic fungi (Nnadi and Carter, 2021)
accompanied by the adaptation to the body temperature of the human hosts due to an
increased heat tolerance (Casadevall, 2023). Consequently, the increase of clinical



diseases of fungal pathogens and associated infections establishes a growing global
public health concern (Fisher and Denning, 2023). Invasive fungal diseases are on the
rise, particularly as the at-risk population continues to expand (“One Health - WHO,”
2024), it is predictable that fungal cross-kingdom pathogens can become a novel
important threat to human and animal health. This urges us to undertake immediate
action and no longer overlook the threat pose by this emerging category of pathogens.
Generally, cross-kingdom fungal pathogens are considered weak pathogens for both
plants and humans. In plants, they often remain asymptomatic but can have clinical
significance especially in individuals with compromised immunity or those who have
experienced penetrating trauma (Gauthier and Keller, 2013; Van Baarlen et al., 2007).
In this context, fungal pathogens capable of crossing kingdom borders and causing
diseases in plants, humans, and animals have become a subject of significant interest
among researchers. Of special interest are species that have demonstrated the
capacity to cycle through ecosystems, infecting animal hosts, transferring back to
plants, and multiplying within them (Sharma et al., 2014). Despite the various defence
mechanisms and barriers present in different hosts, cross-kingdom pathogens have
shown the ability to overcome host-specific barriers and immune defences, potentially
due to homologies between target receptors in animals and plants (Gauthier and
Keller, 2013; Yasir Rehman, 2015).

It is plausible that fungi associated with plant infections might occasionally develop the
ability to jump from one host to another, even if the new host belong to a different
kingdom. In doing so, they can become a direct threat to human health.

Both Ascomycota and Mucoromycota fungal species have been reported to cause
diseases in humans and plants, and various species have been associated with the
ability to infect distant taxonomic groups (Kim et al., 2020; Van Baarlen et al., 2007).
The increase in the use of antifungal treatment of plants as well as the use of similar
compounds in treatment of human patients plays a role in prompting alterations in
fungi, causing a build-up of drug resistance and the evolution of new survival strategies
(Resendiz Sharpe et al., 2018). Consequently, cross-kingdom pathogens can more
easily jump on humans and develop resistance that limits therapeutic options for
treating new diseases (Gauthier and Keller, 2013). In this scenario, opportunistic fungi

have emerged first as an important cause of disease in immunocompromised patients



and, consequently, as an important more general threat to public health (Zhai et al.,
2020).

1.2.4 What is known so far

We collected the current knowledge on fungal cross-kingdom pathogens that are able
to cause diseases in both, humans and the agricultural/plant sector, and aimed to
understand the strategies used by researchers to identify the pathogens as cross-
kingdom pathogens. From there, we focussed on the important aspects that scientists
should follow to study this complex and newly defined group of pathogens.

An extensive systematic investigation was conducted using the Scopus and PubMed
databases with specific keywords: “cross-kingdom virulence”, “trans-kingdom
virulence”, “cross-kingdom pathogenicity”, “transkingdom pathogenicity”, “cross-
kingdom fungi”, “transkingdom fungi”, “cross-kingdom approach”, “cross-kingdom
pathogens”, “transkingdom pathogens”, “cross-species transmission”, “crossover
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pathogens”, “global analysis trans-kingdom”, “plant human pathogens”, “plant human
fungi”, “cross-kingdom plant human”. “Reference” and “cited by” sections were also
analysed for all the articles. More than 3000 articles were obtained through this
approach. The concept of species capable of infecting both plants and humans had
been known for a long time. However, it was first addressed in a scientific publication
in 2007 by Van Baarlen et al., who introduced the term 'cross-kingdom pathogen' (Van
Baarlen et al., 2007). Later this concept was formally emphasized by Sharma et al. and
by Gauthier and Keller who introduced another term for this category of fungi, coining
the ‘trans-kingdom pathogen’ (Gauthier and Keller, 2013; Sharma et al., 2014).

Results indicated that the field of cross-kingdom pathogenic fungi is still in its infancy.
A major challenge is the lack of a universally applicable model to verify the ability of
pathogens to jump from one host to another. There is no commonly shared strategy
used to investigate species that might be considered as cross-kingdom pathogens.
Usually, pathogen identification is based only on morphological characteristics, without
necessarily incorporating molecular analysis. In addition, infection is rarely
experimentally confirmed, classification as cross-kingdom pathogen is based only on
identification of the causal agent isolated from different hosts, rather than on the ability
of the microorganisms to actually invade the hosts. Consequently, there is a clear need



for harmonization of experimental work addressing the complex matter of fungal cross-

kingdom pathogens.

1.2.5 Which methods are used

Investigation of a pathogen and its virulence potential involves fundamental steps,
including accurate identification at the species level and experimental proof of
infection. As described in Koch’s postulates, to be considered pathogenic to a specific
host, a microorganism must be isolated from a diseased host, cultured and
reinoculated in a healthy individual where the disease shows the original symptoms as
visualised by an approach studying the infection of loggerhead sea turtles by Fusarium
species from the F. solani species complex (Sarmiento-Ramirez et al., 2010). When
reisolated, the microorganism must match the original infectious agent and the disease
symptoms need to match those observed in the wild. If the pathogen is considered
cross-kingdom the postulates must be verified for all hosts.

For a long time, the identification of microorganisms was made only on the
morphological characteristics of the isolates. In recent years newer strategies such as
molecular methods using the sequencing of informative genes have been introduced
for a more accurate identification (Lucking et al., 2021), but they are still not always
used.

A considerable number of species has already been classified as cross-kingdom
pathogens, as reported by Van Baarlen et al. and subsequently by Kim et al. (Kim et
al., 2020; Van Baarlen et al., 2007). In these articles, authors provided an overview of
the species that are currently known to cross the kingdom borders of host infection and
describe the mechanisms involved during the invasion of animal and plant hosts. The
number of the species presented as cross-kingdom pathogens is high, but most of the
studies included do not fully accomplish the above-cited criteria of confirmation of
multi-host infection and of the taxonomic accuracy according to the accepted method
for species definition. For instance, in studies conducted
on Fusarium and Trichoderma as emerging human pathogens (Ghosh, 2022; Meza-
Menchaca et al., 2020), the hypothesis of cross-kingdom pathogenicity was supported
by analysing large populations of strains isolated from different hosts through

appropriate molecular identification. Many other examples in the literature still lack



experimental confirmation of transmission. Most manuscripts claim that attribution as
a cross-kingdom pathogen is based only on the taxonomic identification of the strains
isolated from a certain host. A complete verification of the shift of pathogens from one
host to the other is frequently lacking and the taxonomic identification of the potential
pathogen has been carried out in a different context without the use of transmission
proof and without the verification of the symptoms.

Of all the research analysed, we collected a total of 17 papers, summarized in Table
1, that included cross-kingdom transmission tests. In seven papers, transmission from
human to plant was analysed and confirmed. Thereby, suitable host plant were
infected with strains of human origin and the appearance of disease symptoms was
monitored. In another six manuscripts the transmission from plants to animal hosts
were analysed whereby G. mellonella larvae and mice were used as human proxies to
test the ability of strains of plant origin to cause disease. Only in 3 cases, the infection
was confirmed in both pathosystems.

This lack of completeness of data is likely due to the complexity of carrying out
appropriate investigation in multiple hosts as the experimental approach requires a
specialized laboratory with tools and skills to study the interaction of host-pathogens
in different settings. In addition, when using animal models to confirm human infections
might require a detailed analysis of underlying conditions that allowed infection which
need to get replicated in the infection trial.

However, overall the collected research papers revealed numerous species already
identified as cross-kingdom pathogens. Looking at the table, we noticed that most of
the papers investigated Cryptococcus and Fusarium genera, both considered critical
species by (Fisher and Denning, 2023): Cryptococcus neoformans is considered one
of the critical species that need urgent attention; Fusarium spp. are belonging to the
high priority group and Cryptococcus gattiiis medium priority group. However,
compared to the extensive list of possible fungal cross-kingdom pathogens, only a few
have yet been appropriately studied.
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Table 1. Collection of works dealing with experimental infection proof of infection in animal and plant systems.

IFungal species

Fungus isolated from

Identification method(s)

Transmission from

Transmission from

used human to plant plant to human

IFusarium oxysporum plant phylogenetic no yes, mice

plant phylogenetic no Yes, mice

plant phylogenetic no yes, mice

plant phylogenetic no yes, larvae
Fusarium guttiforme plant and human designed primers yes no

human genotipic and phenotipic yes no
IFusarium solani human, plant and environment phylogenetic yes no
Fusarium spp. human morphological yes yes, ex vivo nails

human and plant morphological and MLS no yes, G. mellonella and mice
[Exserohilum rostratum plant and human morphological and MLS yes no
Cladophialophora carrionii human, plant and environment morphologicla and phylogenetical yes no
Cryptococcus sp. human phylogenetic yes no
Cryptococcus neformans human yes no
Cryptococcus neoformans plant morphological and histological no yes, mice
C. gatti

human morphological and phylogenetical yes no
WAspergillus flavus plant and human morphological and phylogenetical yes yes, larvae
Fonsecaea sp. plant and human morphological and phylogenetical yes yes, mice
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1.2.6 A proposal for standardizing approaches

We, therefore, suggest that two critical aspects must be strongly taken into
consideration for an appropriate definition of transkingdom fungal pathogens in order
to effectively address the risks of emerging diseases. Firstly, taxonomic approaches
must be formalized and uniformly applied to agricultural and medical settings to
correctly identify the pathogens and define the best treatment to control the disease.
For example, F. musae, a recently described species often confused with F.
verticillioides (Van Hove et al., 2011) when taxonomical identification is not carried out
with appropriate molecular markers, shows a lower sensitivity to azoles compared to F.
verticillioides (Tava et al., 2021), highlighting the importance of taxonomy for
appropriate clinical treatment selection.

Secondly, novel appropriate methods for establishing the likelihood of human infection
must be developed and used to allow for Koch's postulate verification of the disease
in human host proxies models. Collaborations and expertise in different fields should
be combined and associated with the investigation of fungal shared determinants of
adaptation to different hosts to be able to anticipate novel threat to human and animal
health as well as select appropriate novel markers for adaptation to different host
models.

To summarize, fungal transkingdom pathogens represent a dynamic and evolving field
of study, intertwining aspects of microbiology, immunology, plant pathology, and
clinical research under the one health paradigm. Here, we highlighted the importance
of interdisciplinary research to fight these emerging threats. The ability of transkingdom
fungal pathogens to cause diseases in both animals and plants adds complexity to our

understanding of host-pathogen interactions. Continued interdisciplinary collaboration
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and innovation are essential to effectively mitigate the impact of fungal transkingdom
infections on human and plant health, implementing systemic and integrated

approaches.

1.2 Fusarium genus

Fusarium spp. are among the fungal species included in the “high priority group”
named by the World Health Organization (WHO) in its fungal priority list (Fisher and
Denning, 2023; World Health Organization, 2022). This list was formulated to address
the emerging challenges of fungal infection, including the rising of antifungal
resistances and the need for improved diagnostics and treatments. The list aligns with
the One Health approach by recognizing the interconnected nature of human, animal,
and environmental health in addressing these fungal threats.

The genus Fusarium is a wide and diverse group of fungi known as the primary genera
responsible for plant diseases, but also recognized for their ability to infect humans
and animals. Thanks to its high variability of species, Fusarium represents an
interesting example of biodiversity.

Fusarium spp. can infect up to 80% of economically important plants, posing a
significant threat to food production by reducing yields and causing major food losses,
attracting considerable attention from pathologists (Leslie and Summerell, 2006;
Summerell, 2019; Van Diepeningen and De Hoog, 2016). Fusarium infections can
occur at any stage of a plant's development, from germinating seeds to mature
vegetative tissues, depending on the host plant and Fusarium species involved. The
range of plants known to have at least one Fusarium-related infection is so vast that it
is frequently said that nearly every plant has at least one Fusarium-associated disease
(Moretti, 2009).

Fusarium spp. are also known to be great productors of biologically active secondary
metabolites (mycotoxins). These compounds can have a big variety of chemical
properties and can be harmful not only to plants but are also associated with cancer
and other diseases in humans and domesticated animals (Moretti, 2009; Munkvold,
2017; Summerell, 2019).
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In addition, the number of human infections attributable to Fusarium spp. has
increased over the past decades, raising attention also in the medical community.
Fusarium spp. are now recognized not only as indirect threat to humans correlated to
assimilation of mycotoxins, but also as a direct threat to human health as opportunistic
human pathogens. The range of diseases caused by Fusarium spp. goes from
superficial infection, such as skin and nail infection, to more invasive conditions like
keratitis and, in rare cases, systemic infection. Immunocompromised individuals are
particularly at risk within the affected population (Moretti, 2009; Summerell, 2019; Van
Diepeningen and De Hoog, 2016).

Currently, Fusarium genus is believed to consist of more than 300 genetically distinct
phylogenetic species, though fewer than half have been formally identified and
described. Taxonomical studies of Fusarium spp. are constantly evolving, with different
schools of thought on how to distinguish phylogenetic groups. In plant pathology, the
most recognized groups include F. graminearum species complex, well-known for
causing Fusarium head blight in cereals, and F. oxysporum species complex,
responsible for vascular wilt agents of over 100 agronomically important crops. The F.
solani species complex is highly diverse, causing various plant diseases, and includes
the most aggressive human pathogens. Finally, F. fujikuroi species complex is the
largest and best studied, containing the highest number of opportunistic human
pathogens (Aoki et al., 2014; Dean et al., 2012; Moretti, 2009; O’'Donnell et al., 1998;
O’Donnell and Cigelnik, 1997; Yilmaz et al., 2021).

Indeed, a significant number of Fusarium spp. are already known for their ability to
cause infection in multiple hosts belonging to both plant and animal kingdoms. In
addition, continuous updates in their phylogeny and characterization reveal new
species (Moretti, 2009; Summerell, 2019; Van Diepeningen and De Hoog, 2016).

1.3 Fusarium musae

The number of Fusarium species considered capable of transkingdom infection is
notable, with one of the most recently identified being F. musae.
Described for the first time in 2011 by Van Hove et al., F. musae is considered a “sister

species” to F. verticillioides due to their morphological similarity, which initially lead to
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their classification under the same species (Van Hove et al., 2011). However,
multilocus phylogeny and mating experiments allowed F. musae to be classified as a
distinct species within the F. fujikuroi species complex.

F. musae was first isolated from banana fruits and identified as one of the causative
agents of the crown rot disease, one of the most serious and important diseases of
bananas worldwide at postharvest level (Kamel et al., 2016). When harvested from the
plant, crowns of fruits appear to be healthy and safe with no notice signs of disease,
however within 7 days a greyish white, pink or white mold, commonly referred to as
‘crown mold”, may appear on the cut crown surface. Rot can then spread into the
pedicel and eventually into the pulp of the fruit reaching the most pronounced signs
around 14 days post-harvest (Demerutis et al., 2008).

Kamel et al. demonstrated that fungi are the causal agents of crown rot disease and
Colletotrichum musae and Fusarium spp. seem to be the main species involved in the
infection (Kamel et al., 2016). Infection begins at harvesting and continues during
packaging processes, with rot developing and spreading very rapidly during the
banana ripening process. The aggressivity and late appearance of the disease are the
main reasons for more cases of crown rot have been collected and studied in Europe,
rather than America, where the number of bananas consumed is higher. Longer
shipments transit times contribute to significant yearly losses in banana fruits and
economic damage.

Geographical and seasonal variations (temperature and rainfall) have been shown to
play a role in the incidence of post-harvest diseases in bananas. It has been suggested
that these spatiotemporal fluctuations could reflect the variations in the quality potential
of the fruit, acquired in the field. This quality potential would include two components:
the fruit’s susceptibility to the post-harvest diseases (physiological component) and the
level of fruit contamination by fungal pathogens (pathological component). Both
components depend on pre-harvest factors including agronomic practices and soil-
climate factors (Ewané et al., 2012).

In 2016 multilocus sequence analysis revealed that few Fusarium isolates collected
from human patients and previously identified as F. verticillioides actually belonged to
F. musae species, making F. musae an opportunistic human pathogen and a potential
transkingdom pathogen (Esposto et al., 2016). Reported cases of human infection by
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F. musae involve patients with typical Fusariosis symptoms such as nail and skin
lesions as well as systemic infections in immunocompromised patients mostly
hospitalized in Belgium, France or the United States of America refs here. Overall, it is
estimated that approximately 20% of human pathogenic F. verticillioides infections are
in fact infections caused by F. musae. Since infections associated with F. verticillioides
account for approximately 10% of the total amount of Fusarium infections, F. musae
human infections could be more common than we assume (Triest and Hendrickx,
2016).

It's not clear yet how human patients acquire the infection with F. musae, the main
hypothesis is the one stated by (Triest et al., 2015) where banana fruits acquire the
infection when harvested, fruits act as carriers of spores when imported and in this
way, they reach the consumers. But transmission from one host to the other has not
been proved yet, and other hypotheses cannot be excluded. Patients could have
acquired their infection after travelling to a banana-producing country, where they
came into contact with F. musae contaminated banana material or cleaning water; or
the habitat and distribution of F. musae could have a broader range of plant or

environmental substrates beyond bananas, which remains undiscovered.
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Chapter 2

Research objectives

F. musae has been identifies as a potential transkingdom pathogen due to its isolation
from banana fruits as one of causative agent of crown rot disease. A few years later, it
was isolated from human immunocompromised patients as an opportunistic pathogen
causing typical fusariosis symptoms.

Reports of F. musae infections are scarce in both agricultural and medical contexts,
with only a few publications available at the start of our investigation in 2020. Our
interest in this novel potential transkingdom pathogen, alongside growing public
concern over fungal infections, motivated us to explore F. musae as a model species
for studying transkingdom pathogens.

The primary aim of this thesis was to characterize Fusarium musae as a model
organism for studying transkingdom pathogens, utilizing an interdisciplinary approach
to deepen our understanding of its interactions with various hosts.

To achieve this ambitious goal, we began by budling a worldwide collection of F. musae
strains from both banana fruits and human patients across different time periods and
geographical locations. Our aim was to observe the incidence of F. musae infection
cases and represent distribution.

The entire collection was genomically characterized. Through multilocus phylogenetic
analyses, we sought to uncover the genetic diversity within F. musae and elucidate its
phylogenetic relationship to F. verticillioides, shedding light on the evolutionary
dynamics of these closely related species.

Understanding the population homogeneity infecting both human and plant hosts
emerged as another critical objective. We investigated mitochondrial genome diversity
among our F. musae strains to assess the taxonomic identity of this species and
explore its potential transmissibility across different hosts, which is crucial for
understanding its epidemiology.

Given the inherent resistance to most antifungal agents of Fusarium spp., we then
tested the sensitivity in vitro of our F. musae collection to different azole treatments

used in both agricultural and clinical settings. This investigation aimed to observe the
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fitness of £ musae and its potential adaptive advantages compared to its sister
species, F. verticillioides.

Akey aspect of this research is to validate the transkingdom pathogenicity of F. musae.
We accomplished this by fulfilling Koch’s postulates through established infection
models in both the plant and human kingdoms, providing experimental evidence of its
pathogenic capacity across species. Finally, we aimed to develop innovative
quantitative methodologies that allow for non-invasive, real-time observation of host-
pathogen interactions over time. These methodologies will be adaptable for use in
different host systems, paving the way for future investigations into transkingdom
pathogenicity.

In conclusion, through these objectives, this thesis aims to contribute significantly to
our understanding of F. musae and its role as an emerging transkingdom pathogen. In
addition, this research aimed contribute to establish novel standards of food safety and
awareness in medical and agricultural field about the importance of fungal infection
within the One Health concept and the risk posed by fungal transkingdom pathogens.
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Chapter 3

F. musae distribution worldwide

3.1 Building a collection of F. musae strains

To start our investigation of F. musae, we built a collection of 19 strains isolated from

different hosts, countries and timeframes in order to represent the global diversity of

this species (Table 2).

Table 2 Complete working collection of F. musae strains used in my PhD. The table provides information on the

geographical origin, the host and the year of isolation of each strain.

STRAIN COUNTRY HOST (TISSUE) YEAR REFERENCE
F31 Dominican Republic Banana (fruit) 2013 (Kamel et al. 2016)
IUM 11-0507 Greece Human (blood) 2011 (Esposto et al. 2016)
IUM 11-0508 Greece Human (cornea) 2011 (Esposto et al. 2016)
NRRL 28893 Mexico Banana (fruit) 1996 (Van Hoveet al. 2011)
NRRL 28895 Mexico Banana (fruit) 1996 (Hirata et al. 2001)
NRRL 28897 Mexico Banana (fruit) 1996 (Hirata et al. 2001)
NRRL 43601 Maryland, USA Human (skin) 2005 (O’Donnell et al. 2007)
NRRL 43604 Ohio, USA Human (nasal sinus) 2005 (O’'Donnell et al. 2007)
NRRL 43658 Minnesota, USA Human (contact lens) NO DATA (O’Donnell et al. 2007)
NRRL 43682 Minnesota, USA Human (cornea) 2006 (O’Donnell et al. 2007)
NRRL 25673 Guatemala Banana (fruit) NO DATA (Van Hoveet al. 2011)
(MUCL 53204)
NRRL 25059 Honduras Banana (fruit) NO DATA (Van Hoveet al. 2011)
(CBS624.87, MUCL 52574)
IHEM 20180 Brussels, Belgium Human (sinus biopsy) 2003 (Shietal. 2016)
IHEM 19881 Brest, France Human (shoulder biopsy) 2003 (Triest et al. 2015)
ITEM 1121 Panama Banana (fruit) 1991 (Triest et al. 2015)
(MUCL 52573)
ITEM 1142 Equador Banana (fruit) 1991 (Van Hoveet al. 2011)
(MUCL 53196)
ITEM 1149 Panama Banana (fruit) 1991 (Van Hoveet al. 2011)
(MUCL 52201)
ITEM 1250 Canary Islands Banana (fruit) 1991 (Van Hoveet al. 2011)
(MUCL 53203)
MUCL 51371 Philippines Banana (fruit) 2007 (Van Hoveet al. 2011)
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A set of three strains was obtained at the University of Milan, other 16 strains were
obtained from public databases named ARS Culture Collection Database (USA),
Belgian coordinated collections of Microorganisms, Institute of Science of Food
Production, Bari, Italy. Infection with F. musae has a low incidence, as made clear by
our database research, which revealed a limited number of deposited strains. Plant
strains were exclusively isolated from banana fruits, the only known host of £ musae
in the plant kingdom, and in big banana-producing countries as Ecuador, Panama and
Canary Islands. On the other hand, clinical strains were isolated from patients
hospitalized in countries known as big banana-importers as USA and Europe. There
are no documented cases of infection with . musae in hospitalized patients in banana-
producing countries, probably due to a lack of investigation. Therefore, our working
collection of strains reflects this distribution highlighting the geographical distance
between reported F. musae infection human and plant.

In addition, the isolation timeline revealed that most strains were collected between the
1990s and early 2010s. With no further reports of this pathogen publicly deposited
outside this period, this made us wonder whether infection with F. musae is an historical
concern or it is still a relevant threat.

In literature, the number of papers addressing F. muse and its infection cases is very
limited. Moretti and Van Hove et al. were the first to explore the appearance of infection
with £ musae, establishing a molecular approach to identify this novel pathogen
(Moretti, 2009; Van Hove et al., 2011). Later, Molnar et al. investigated the presence of
F. musae where F. verticillioides like isolates obtained from banana fruits marketed in
Hungary and characterized (Molnar et al., 2015). Esposto et al. were the first to
confront the appearance of F musae in clinical cases, detecting it among F
verticillioides clinical strains in the collection of the Laboratory of Medical Mycology of
University of Milan (Esposto et al., 2016). Since these publications, no further studies
have investigated the presence and rise of F. musae infection and research on this
pathogen still remains a niche for only few groups of experts.
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3.2 Survey in market surrounding Milan area to detect presence of F.

musae

3.2.1 Introduction

Bananas are the fourth most important food crop after rice, wheat and corn, accounting
for 16% of world fruit production. Their high calories, vitamins and fiber content
together with appealing sensory characteristics, make them one of the most important
staple foods worldwide. It is estimated that bananas contribute up to 25% of
carbohydrate intake of about 60 million people (Alzate Acevedo et al., 2021; Heslop-
Harrison and Schwarzacher, 2007; Lamessa, 2021).

Although bananas are commercially grown in more than 130 countries, the largest
exporters are Latin America and the Caribbean, with Ecuador leading with
approximately 6.2 million tons bananas grown in 2023. Europe and USA are the major
importers, each reaching up to 5 million tons for the full year of 2023 (Bonavita, 2024;
Evans et al., 2020).

Bananas are produced and transported year-round, however irregular weather
patterns and inappropriate transport conditions are the main cause of important fruit
losses. Banana fruits are harvested from the tree at full-mature (green) stage and hung
in cool places, where they go under ripening phases. Once they reach full natural
ripening stage, they can be shipped and distributed. Storage and transport are critical
steps, as most of the postharvest losses appear at these stages. The storage
conditions are not often optimal and too small, or damaged fruits are transported,
increasing the chances of fungal contamination with the bunch (Evans et al., 2020).
Among the postharvest losses caused by fungi, crown rot disease is the most
significant and devastating in bananas, having a major negative impact on fruit quality
and causing important losses. Crown rot is caused exclusively by fungal species, with
Fusarium being the most frequent genus, and F. musae as a new emerging threatening
for food safety (Kamel et al., 2016).

Cases of infection with F. musae have been found in banana primarily from banana-
producing countries as Ecuador and Panama. In bananas, the hypothetical entry route
of F. musae is through the crown when fruits are harvested from the plant. In this way,

bananas acquire infection with £ musae and the shipping period, from the producing
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country to the consuming country, provides an ideal incubation period for the pathogen
to grow, allowing it to reach the consumer when bananas are distributed (Hirata et al.,
2001; Kamel et al., 2016; Molnar et al., 2015; Shi et al., 2017; Triest et al., 2015; Van
Hove et al., 2008). F. musae has been described not only as a plant pathogen, involved
in crow rot disease, but also as human pathogens. It has been isolated from
hospitalized patients who showed typical symptoms of fusariosis such as keratitis and
skin infections as well as systemic infections in immunocompromised patients. Cases
have been reported mainly in major importing countries as USA and Europe (Esposto
et al., 2016; O’'Donnell and Cigelnik, 1997; Triest, 2016; Triest et al., 2016; Triest and
Hendrickx, 2016).

Given the distribution of the cases of F. musae infection, the limited literature available
and the potential threat that this pathogen poses, this survey aimed to sample
symptomatic bananas from markets in the areas surrounding Milan (Italy) to look for F.
musae. We specifically targeted bananas with visible disease symptoms or at
advanced stages of ripeness, often discarded by wholesale markets and supermarkets
for not meeting market standards. Our goal was to isolate potential pathogens in the
collected bananas and verify the presence of F. musae. And in this way demonstrates
that even though infection with F. musae has a low incidence, the pathogen remains a
real threat present in the markets.

3.2.2 Material and methods

3.2.2.1 Sampling and isolation

Surveys in markets in the Milan (ltaly) area were conducted in two different moments
of the year: once in spring 2022 and again in winter 2023. We collected a total of 11
Cavendish bananas, 3 imported from Colombia, 6 imported from Ecuador, 2 imported
from Costa Rica and 1 imported from Panama. Selected fruits presented visible
diseases symptoms due to possible fungal infection. Samples were isolated from the
fruits and incubated at 25°C in Petri dished containing Komada Fusarium-selective
medium (Na2B407 10 H20 1g/L, K2HPO4 1g/L, KC1 0.5g/L, MgS04 7H20 0.5g/L,
Fe-Na-EDTA 0.01g/L, D-Galactose 20g/L, agar 15g/L, pentachloronitrobenzene 1g/L,
streptomycin sulfate 0.3g/L). Fungi successfully isolated were then transferred on petri
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dishes containing PDA medium (Potato Dextrose Agar: Difco Potato Dextrose Agar
38g/L) and incubated at 25°C to favorite fungal growth.

Isolates were at first morphologically characterized with an electronic microscope
(Olimpus BX51, 40X magnification) and selected for molecular characterization.

3.2.2.2 DNA extraction

DNA was extracted using DNeasy PowerSoil Pro Kit (Qiagen, Germantown, MD, USA
following the protocol) following manufacture’s protocol. Mycelia (250 mg) were placed
in PowerBead Pro Tube with addition of 800 ul of Solution CD1 and vortexed for 10
min at maximum speed for mechanical homogenization. Tubes were then centrifuged
at 15,000 x g for 1 minute and the maximum volume of the obtained supernatants were
transferred to a clean 2 ml microcentrifuge tube without disturbing the precipitate at the
bottom of the tube. A volume of 200uL of solution CD2 was added and the tubes were
briefly vortexed and centrifugated at 15,000 x g for 1 minute at room temperature to
precipitate non-DNA organic and inorganic material. A volume up to 700 pl of
supernatant was transferred to a clean 2 ml microcentrifuge tube (provided by the kit),
with addition of 600 pl of Solution CD3 to promote binding of DNA to MB Spin Column.
Samples were vortexed for 5 seconds and a volume of 650 pl was placed onto an MB
Spin Column and centrifuging at 15,000 x g for 1 minute. Flow-through was discarded
and a second round of centrifugation was performed. The MB Spin Column was then
carefully placed into a clean 1 ml Collection Tubes (provided) avoiding splashing any
flow-through, 500 pl of Solution EA were added to wash the sample, and tubes were
centrifugated two times at 15,000 g for 1 minute f. Contaminants were then washed
by addition of dd 500 pl of Solution C5 to the MB Spin Column, followed by
centrifugation step at 15,000 g for 1 min. Flow-through was discarded again and the
columns were then transferred to a new microcentrifuge tube and 200 ul of Solution
C6 was pipetted directly to the center of the white filter membrane and centrifugated
to allow DNA elution. DNA was then quantified by Qbit and checked with
electrophoresis onto a 1% (w/v) agarose gel, stained with ethidium bromide and
photographed under UV light to verify the success of the extraction.
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3.2.2.3 Molecular identification

Amplification of Internal Transcribed Spacer (ITS), Elongation Factor 1a (EF) and RNA
polymerase second largest subunit (RPB2) was performed directly from genomic DNA.
For ITS we used primers ITS1 (5-TCCGTAGGTGAACCTGCGG-3’) and ITS4 (5'-
TCCTCCGCTTATTGAT ATGC-3’) (Peeran et al., 2019) with the following program:
94°C for 2 min, followed by 35 cycles of denaturation at 94°C for 20 sec, annealing at
57°C for 30 sec, elongation at 72°C for 1 min and 72°C for 7 min for final extension
followed by 4°C until gel loading. For EF we used primers EF1 (5-ATGGGTAAGGAG
GACAAGAC-3') and EF2 (5-GGAAGTACCAGTGATCATGTT-3’) and for RPB2
primers was 5F2 (5- GGGGWGAYCAGAA GAAGGC-3) and 7CR (5-
CCCATRGCTTGYTTRC CCAT-3’) (Reeb et al., 2004) following the program: 94°C for
2 minutes for DNA strand separation, then 35 cycles of denaturation at 94°C for 20
sec, annealing at 61°C for 30 sec, elongation at 72°C for 2 min and 72°C f or 7 minutes
final extension, finishing at 4°C until gel loading. Every time was prepared a PCR
reaction mixtures (total volume 25 pL) containing 2 uL of fungal genomic DNA template,
5 uL PCR buffer (5x green GoTaq reaction buffer), 0.5 pL deoxynucleoside
triphosphate (ANTPs), 0.2 yL of GoTaq G2 DNA polymerase and 0.25 yL of each
primer. An aliquot of 5 yl of amplified products was separated by electrophoresis onto
1% (w/v) agarose gel, stained with ethidium bromide and photographed under UV light
to observe the result of the amplification. DNA was quantified using 1 kb plus NEB
ladder by comparing fluorescence intensity of a known amount of ladder as specified
by NEB guidelines. The appropriate amount of PCR product was sent to Eurofins
Genomics (Vimodrone, Italy) for Sanger sequencing.

A consensus sequence was computed from the forward and reverse sequences using
Geneious software (Version: 2020.2). Identification of the species was carried out
using the Fusarium MycoBank database and NCBI nucleotide BLAST (nBLAST)
(Bonavita, 2024).

3.2.3 Results

3.2.3.1 Morphological characterization
We collected 11 symptomatic bananas from markets surrounding the Milan area, from
which we sampled potential fungal isolates. These fungal isolates were firstly grown
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on Komada Fusarium-selective medium and then on PDA medium, the standard media
for the identification of Fusarium species. As a result, we obtained more than 50
potential fungal isolates.

Morphological characterization of the colonies grown in PDA media, followed by
examination with an optical microscope led to the selection of 18 isolates that could be
reconducted to Fusarium species. Typical morphological traits, such as the production
of numerous canoe- or banana-shaped conidia, the appearance of white, pink, or
purple colonies and the presence of fluffy aerial mycelium were observed in all the
samples

3.2.3.2 Molecular characterization

DNA extracted from the 18 isolates selected as potential Fusarium species was used
for PCR amplification and DNA sequencing to confirm their identification with the MLS
approach.

PCR amplification resulted in successful amplification of ITS gene of all the isolates,
amplification of EF was obtained from 9 out of 17 isolates, while RPB2 resulted in the
amplification of 13 samples. Sequences obtain were then inserted in Fusarium
MycoBank database (https://fusarium.mycobank.org/) and NCBI nucleotide BLAST

(nBLAST) for identification of the species.

Molecular identification confirmed 15 of the isolates as Fusarium species, one
Sarocladium strictum commonly found in soil and decaying plant matter but also as
opportunistic human pathogen, one Aspergillus neoniger an ecologically versatile

fungus and one Pestalotiopsis microspore a significant plant fungal species (Table 3).

Table 3 Identification of strains isolated from bananas collected in markets surrounding Milan (Italy) area. The table
describe name of the isolate, species identification, geographical provenience of the banana sampled, year and
location of sampling.

ISOLATE SPECIES SAMPLING COUNTRY YEAR MARKET

2022_A Fusarium spp. banana 1 (bio) Ecuador 2022 Milan (Italy)
2022_L Fusarium spp banana 1 (bio) Ecuador 2022 Milan (Italy)
2022 _E Fusarium sacchari banana 10 Colombia 2023 Milan (Italy)
2022 B Fusarium sacchari banana 2 Costa Rica 2022 Milan (Italy)
2022_K Fusarium musae banana 2 Costa Rica 2022 Milan (Italy)
2022_M Fusarium oxysporum banana 2 Costa Rica 2022 Milan (Italy)
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2022_G Pestalotiopsis microspora banana 3 Ecuador 2022 Milan (Italy)

2022_D Fusarium sacchari banana 4 Panama 2022 Milan (Italy)
2022_N Fusarium musae banana 5 (bio) Ecuador 2022 Milan (Italy)
2022_1 Fusarium spp. banana 6 Colombia 2022 Milan (Italy)
2022_11 Fusarium spp. banana 6 Colombia 2022 Milan (Italy)
2022_IvV Sarocladium strictum banana 6 Colombia 2022 Milan (Italy)
2022V Fusarium spp. banana 6 Colombia 2022 Milan (Italy)
2022_VI Fusarium spp. banana 6 Colombia 2022 Milan (Italy)
2022_1Il Fusarium musae banana 7 Ecuador 2022 Milan (Italy)
2022_VI Fusarium musae banana 8 Colombia 2022 Milan (Italy)
2022_Vil Aspergillus neoniger banana 8 Colombia 2022 Milan (Italy)
2022_C Fusarium musae banana 9 Ecuador 2022 Milan (Italy)

3.2.4 Discussion

F. musae is the most recently identified causal agent of the devasting postharvest
disease known as crown rot in banana fruits (Kamel et al., 2016). In addition, it has
been isolated from hospitalized patients exhibiting fusariosis symptoms (Esposto et al.,
2016; Triest and Hendrickx, 2016). Literature addressing the investigation of F. musae
is quite limited and since 2016 very few studies have been published on this topic,
moreover no additional cases have been reported.

With this survey we aimed at looking for £ musae by sampling symptomatic bananas
found in the markets surrounding the area of Milan. Our goal was to assess whether
F. musae is still present and can still be considered as a threat.

We visited various markets and collected symptomatic bananas presenting damages,
both mechanical and indicative of fungal infection. It became immediately clear that
this type of fruit is excluded from distribution and often discarded, making it challenging
to collect symptomatic bananas. However, we menage to obtain 10 fruits with the
desired characteristics. We sampled the fruits isolating potential fungi involved in their
damage. By cultivating the isolates on Komada Fusarium-selective medium media, we
aimed to promote the growth of only Fusarium species, specifically targeting F. musae,
while excluding other microbial species that might be present on the fruit peel.
Subsequent cultivation on PDA was used to facilitate fungal growth and the
development of reproductive or peculiar structures, which helped us to initially identify
isolates that match Fusarium spp. description.
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Sampling of bananas resulted in obtaining more than 50 possible isolates, of which we
made a selection to ensure that the same isolate was not counted multiple times from
the same banana. A total of 18 isolates were picked as possible Fusarium species
through morphological characterization with an electronic microscope and included for
molecular characterization. MLS approach with informative genes, then, confirmed us
the identification of our isolates at species level. As informative genes we selected ITS,
commonly used to identify eukaryotes, EF and RPB2 for the identification at species
level. Since we focused on identifying F. musae, we used EF and RPB2 primers
already tested and constructed specifically to tailor for this species. Due to their high
specificity, amplification was not successful for all the isolates. Amplification with ITS
was successful for all the isolates, confirming them as fungi and allowing us to identify
them at genus level. RPB2 amplified for 12 strains out of 18 and EF for 9 strains out of
18 enabling us to identify these isolates as species level.

Consensus sequences obtained from sequencing of informative genes were then
uploaded in databased for the identification. NCBI nucleotide BLAST (nBLAST) is a
database for general nucleotide sequence comparisons, while when using MycoBank
database a filter for identification of mainly Fusarium species was applied. For this
reason, some isolates presented a very low identification percentage and at these
times they were identified as Fusarium even if the identity percentage or coverage was
minimal. This indirectly suggested that they are non-Fusarium species, which was
subsequently confirmed by results from NCBI.

With genomic characterization we were able to assign an identity to all isolates
obtained. Out of the 18 isolates, we labeled 15 as Fusarium species, overall validating
our procedure to isolate Fusarium from bananas. The use of Komada Fusarium-
selective medium media reduced non-Fusarium isolates, though it was not fully
selective, as some non-Fusarium fungi were recovered. It nonetheless favored the
isolation of Fusarium species. ldentification at species level was not possible for 6 of
the Fusarium isolates. However, we demonstrate the presence of F sacchari (3
isolates), F. oxysporum (1 isolate) and, most importantly, £ musae (5 isolates) on

banana fruits sourced from different markets and imported from multiple countries.
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Overall, with our survey we demonstrated that Fusarium species are commonly found
on banana fruits. In particular, we assess the presence of F. musae emphasizing the
current presence of this pathogen and the relevance of investigating it.

Isolates identified as F. musae were multiple and all of them were obtained from
different fruits, highlighting once more its presence. However, deeper characterization
of these isolates is required to prove them as different strains. This has to be done to
exclude the possibility that the same strain was transferred from one fruit to another
during transport to our facility or while handling the fruits during sampling.

In addition, provenance of banana from major banana-producing countries as Ecuador
and Costa Rica combined with the isolation of the fungus in a banana-consuming
country as ltaly, support the hypothetical transmission route of £ musae (Triest and
Hendrickx, 2016). In this scenario, fruits may acquire the infection when harvested and,
after incubation during transport, the infection reaches people at risk. However, further
sampling is needed in banana-producing countries to detect the fungus in both
bananas and the surrounding environment, including soil and plantations to confirm
bananas as the primary host of . musae. As well, it would be valuable to research for
F. musae in hospitals within these regions by monitoring patients with fusariosis
symptoms to assess potential links between human infections and contact with
infected bananas.

To conclude, with our survey we confirm the presence of £ musae in the markets
surrounding the area of Milan. Despite the low incidence of reported cases of infection
with F. musae, our results underline once more the importance of study F. musae. This
species remains a real threat present in the markets and an emerging concern for food

security and human health, crossing the full spectrum of One Heath.
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Chapter 4:

Telomere to telomere genome assembly of Fusarium musae F31,

causal agent of crown rot disease of banana

4.1 Abstract

Fusarium musae causes crown rot of banana and it is also associated to clinical
fusariosis. A chromosome-level genome assembly of Fusarium musae F31 obtained
combining Nanopore long reads, and lllumina paired end reads resulted in 12
chromosomes plus one contig with overall N50 of 4.36 Mb, and is presented together

with its mitochondrial genome (58072 bp). F31 genome includes telomeric regions for
11 of the 12 chromosomes representing one of the most complete genome available
in the Fusarium fujikuroi species complex. The high-quality assembly of the F31
genome will be a valuable resource for studying the pathogenic interactions occurring
between F. musae and banana. Moreover, it represents an important esource for

understanding the genome evolution in the Fusarium fujikuroi species complex.

4.2 Assay

Fusarium musae Van Hove is a filamentous fungus (Class Sordariomycetes, phylum
Ascomycota) able to infect banana, but it is also found in clinical settings (Kamel et al.,
2016; Triest et al., 2016; Van Hove et al., 2011). This fungus is one of the causal agents
of crown rot of banana, a major cause of postharvest losses in banana (Van Hove et
al., 2011). It belongs to the Fusarium fujikuroi species complex (FFSC), which includes
at least 50 (O’'Donnell et al., 1998; Yilmaz et al., 2021). Improving the quality of the
available assembly in the FFSC will provide a valuable resource for the identification
of pathogenic genes and for comparative genomic studies. The complete genome of
F. musae will contribute to study genomes evolution within the FFSC. Actual reference
for the FFSC is F. verticillioides 7600 (AN: GCA_000149555.1). Only one assembly of
F. musae species is available up to date (AN: GCA_013623345.1).
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To obtain a complete genome, a hybrid sequencing approach was used. The F31 strain
was originally isolated from infected banana from the Dominican Republic and proved
to be pathogenic on banana and deposited in the German Collection of
Microorganisms and Cell Cultures GmbH (Leibniz, GER) under the accession number
DSM 112727 (Kamel et al., 2016).

In our work, high-molecular weight DNA was extracted from F31 strain lyophilized
tissue using the CTAB extraction method (Breakspear et al., 2011) followed by Qiagen
genomic tip (Qiagen, USA) cleaning procedure according to manufacturer’s
instructions. MiSeq Reagent Kit v2 (lllumina, USA) led to a total of 11.812.123 paired-
end short reads (2 x 151) and SQK- LSK109 sequencing kit (Nanopore, UK) led to
2.221.411 reads of single molecule long read sequencing using MinlON MIN101B
platform, R9.4.1 flow cell (Nanopore, UK). Obtained coverage was 60X by Illumina and
250X by Nanopore reads.

Assembly was performed on NanolLyse processed sequences (to remove lambda
reads) using Canu v.2.1.1+galaxy0 (Koren et al., 2017) with default settings.
Autopolishing was performed using Medaka v.1.0.3+galaxy2. Minimap2
v.2.17+galaxy4 (Li and Durbin, 2010) was used to align short reads on the obtained
assembly and Pilon v.1.20.1 (Walker et al., 2014) was used to extract the consensus
sequence giving 0.48% of corrected erroneous positions (n=214.296).

Manual correction was done using Geneious Prime software v11 (Biomatters, NZ).
Minimap2 plugin (default settings) tool aligning long reads on the obtained assembly
validated 7 contiguous contigs. Others had errors corrected using short reads
assembly obtained with Shovill v1.1.0+galaxy0 with default settings. Manual correction
allowed to connect different contigs. Telomeric regions, based on Telomerase DB, were
annotated to validate chromosomes.

Final assembly statistics were evaluated using Quast tool v.5.0.2+galaxy1 (Mikheenko
et al., 2018). The ultimate genome size of F. musae F31 was 44.07 Mb (1.5 Mb more
than the reference), divided into 12 chromosomes, the circular mtDNA and 1 unplaced
contig. N50 of the final assembly was 4.36 Mb confirming high contiguity of the
obtained assembly. Of the 12 chromosomes, 11 had both telomeres (TTAGGG)
included, while one had only one telomeric region. Compared with previous assembly
of £ musae (GCA_013623345.1) and F. verticilloides (GCA_000149555.1) present on
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NCBI, this genome improves substantially completeness within the F. fujikuroi species
complex. Completeness measured using BUSCO v.5.0.0+galaxy0 tool (Simao et al.,
2015) on hypocreales_odb10 database was higher for F31 compared to NRRL25059
strain of £ musae. Moreover, contig number and N50 results were significantly

improved for F31 genome assembly (Table 4).

Table 4 Summary of the genome assembly and annotation statistics of F. musae F31 strain, compared with a previous
assembly of F. musae NRRL 25059 strain and with the best reference available in the FFSC, F. verticillioides 7600.

Strains F31 (this study) NRRL 25059 F. verticillioides

(GCA_013623345.1) | 7600°
(GCA_000149555.1)

Number of contigs 14 1149 37 (scaffold)

Number of 12 N.A.b 11

chromosomes

MtDNA (size) Yes (58072 bp) Yes (57891 bp) Yes (53743 bp)

Genome size (Mb) 44.07 42.5 41.8

GC content (%) 47.22 48.70 48.68

Contig N50 (Mb) 4.36 0.09 1.96 (scaffold)

Number of protein 13963 13931 13699

coding genes

BUSCO 4485/4494 4463/4494 4372/4494

completeness®

anearest species belonging to FFSC with chromosome level assembly.
®Not Available
cCompleted BUSCO (single and multiple copy)/Total hypocreales_odb10 BUSCO

Annotation was performed using Funannotate software v. 1.8.7. After first step of
repeat

sequences masking done with repeat mask v. 4.0.7, Augustus tool v.3.3.3, (Keller et
al., 2011) trained with Fusarium graminearum protein database, was used for nuclear
“ab initio” annotation. Functional annotation of the predicted coding region was
performed using Antismash v. 5.0, Interproscan v. 5.51-85.0, EQgNOG mapper v.
5.0.0, database. For mtDNA annotation, Mfannot and RNAWeasel were used with
NOVOplasty v.4.2+galaxy0 (Dierckxsens et al., 2019) assembly using the F.
verticillioides 7600 (AN: GCA_000149555.1) strain mtDNA as a reference and a
sequence of 1700 bp length as a seed sequence.

After masking sequences process, which masked 4.32% of sequences, ab initio gene
prediction generates the prediction position of coding region. Final functional
annotation finalized to assign function to predicted sequences lead to a total of 13963
annotated genes, 13661 of which are proteins and 302 are tRNA for nuclear DNA. For
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mtDNA 15 proteins, the small subunit ribosomial RNA (rns) and 27 tRNA were
annotated.

The genome assembly of F31 will be a useful resource for comparative analysis of
Fusarium musae species and represents a reference for completeness in the Fusarium
fujikuroi species complex.

The F31 genome project can be found at GenBank under BioProject accession number
PRJNA718489. The chromosomal sequence and genes annotation of F31 can be
found at GenBank with the accession number JAHBCIO00000000. Nanopore reads
and lllumina paired end reads are available in the NCBI Sequenced Read Archive
under the accession numbers SRR14117444 and SRR14117445 respectively.
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Chapter 5

Exploring Mitogenomes Diversity of Fusarium musae from Banana

Fruits and Human Patients

5.1 Abstract

Fusarium musae has recently been described as a cross-kingdom pathogen
causing post- harvest disease in bananas and systemic and superficial infection in
humans. The taxonomic identity of fungal cross-kingdom pathogens is essential for
confirming the identification of the species on distant infected hosts. Understanding
the level of variability within the species is essential to decipher the population
homogeneity infecting human and plant hosts. In order to verify that F. musae strains
isolated from fruits and patients are part of a common population and to estimate
their overall diversity, we assembled, annotated and explored the diversity of the
mitogenomes of 18 F. musae strains obtained from banana fruits and human
patients. The mitogenomes showed a high level of similarity among strains with
different hosts’ origins, with sizes ranging from 56,493 to 59,256 bp. All contained 27
tRNA genes and 14 protein-coding genes, rps3 protein, and small and large
ribosomal subunits (rns and rnl). Variations in the number of endonucleases were
detected. A comparison of mitochondrial endonucleases distribution with a diverse set
of Fusarium mitogenomes allowed us to specifically discriminate F. musae from its sister
species F. verticillioides and the other Fusarium species. Despite the diversity in F. musae
mitochondria, strains from bananas and strains from human patients group together,

indirectly confirming F. musae as a cross-kingdom pathogen.

5.2 Introduction

Different fungal species are able to cross hosts, causing diseases not only in plants
but also in humans and animals. In general, cross-kingdom fungi are weak
pathogens forboth plants and humans; they can also be asymptomatic in plants
but can have clinical significance, especially in people with impaired immunity or

those who have sustained penetrating trauma (Gauthier and Keller, 2013). The

37



role of food and agriculture in the transmissibility of cross-kingdom pathogens
deserves to be studied accurately.

Fusarium musae VanHove is a pathogenic species belonging to the F fujikuroi
species Complex (Van Hove et al., 2011). It causes crown rot in bananas, a post-
harvest disease (Kamel et al., 2016; Molnar et al., 2015), and it also causes keratitis
and skin infections as well as systemic infections in immunocompromised patients
(Triest et al., 2015; Verbeke et al., 2020).

Based on multilocus sequence typing, F. musae can be distinguished from its sister
species F. verticillioides (Van Hove et al., 2011). The two species show a diverse
susceptibility to azoles, with £ musae having a higher tolerance to some fungicides
compared to F. verticillioides (Tava et al., 2021).

F. musae has been identified on banana fruits in Central American regions, in the
Philippines and Canary Islands and in European and Japanese markets of banana
fruits. In patients, it has been identified in the US and Europe (Esposto et al., 2016;
Triest et al., 2015). Understanding the level of diversity of strains infecting humans
and banana fruits may help address the question about the transmissibility of F.
musae in different hosts (Triest and Hendrickx, 2016).

Mitochondrial genomes evolve independently of and faster than the nuclear genome
(Almeida et al., 2021). Mitogenomes have also been proposed as a useful tool for
diagnostic purposes in Fusarium species (Wyrebek et al., 2021). The concept of
using mitogenome diversity for the identification of species mainly derives from
their higher DNA copy number compared with nuclear DNA, and hence the high
recovery and amplification success in eukaryotes where insufficient phylogenetic
signals have accumulated in nuclear genes (Kulik et al., 2020).

Fungal mitochondrial genomes are typically small, circular and double-stranded DNA
molecules, with a typical set of mitochondrial genes with identical gene order.
Extensive mitochondrial genome comparisons within the fungal kingdom have shown
that any gene has a mitochondrial localization in all fungal species (Fonseca et al.,
2021), suggesting that the use of mitochondrial gene diversity cannot be applied as
a universal marker for fungi. Nonetheless, the analysis of mitochondrial diversity can
be successfully applied to differentiate species within orders (Valenti et al., 2022) or
species (Ma et al.,, 2021; Theelen et al., 2021). For example, a unique feature
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apparently common in all Fusarium species is the presence of a large open reading
frame with an unknown function (LV-uORF) firstly described in mitogenomes of F.
graminearum, F. verticillioides and F. solani (Al-Reedy et al., 2012) and probably
acquired prior to the divergence of Fusarium species.

In addition, fungal mitogenomes harbour a variable number of mobile genetic
elements (MGEs) such as intron-associated homing endonucleases (HEGSs),
which have invaded mitogenomes throughout their evolution. Most of the MGEs
insertion sites are highly conserved (Hamari et al., 2005) and occur in
mitochondrial protein-coding genes but can display remarkably different MGE
densities. The same MGEs can be irregularly distributed in evolutionarily distant
species and mosaicism in MGE patterns can be found between different populations
or even strains of the same species, driving large genome size differencesamong
them. Exploring MGE distribution can help discriminate species and subgroups,
tracking the spread of fungal populations (Yang et al., 2020). We, therefore,
explored the mitogenomes of a collection of 18 F. musae strains in order to
describe their mitochondrial diversity. The other objective of this study was to discover
whether the pattern of MGE diversity might facilitate the identification of F. musae
species within the Fusarium genus. Moreover, we explored whether F. musae from
bananas and human patients shared the same mitochondrial sequence in order to see

if genetic subgroups associated with the host origin could be identified.

5.3 Material and Methods

5.3.1 DNA Extraction and Sequencing

DNA used for sequencing was obtained from fresh mycelia of 16 strains according
to a modified CTAB method, followed by Genomic tips column purification (Qiagen,
Germantown, MD, USA) (Pasquali et al., 2004). Sequencing was carried out using
lllumina Hiseq 2000 (151 bp x2) by Novogene (Cambridge, UK). Mitogenomes of
NRRL25059 (Brankovics et al., 2020) and F31 (Degradi et al., 2021) strains were
obtained from the NCBI database.
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5.3.2 Other Fungal Mitochondrial Genomes

Mitogenomes from fungal strains belonging to different Fusarium species were
retrieved from NCBI and partially annotated if the annotation was missing (protein
genes) using MFannot online software (University of Montreal, Montreal, QC,
Canada), (https://megasun.bch.umontreal.ca/cgi-bin/mfannot/mfannotinterface.pl
(accessed on 4 March 2022)).

5.3.3 Assembly and Annotation of Mitogenome

Assembly for all £ musae mitochondrial DNAs was carried out de novo with
NOVO-plasty 4.2 (Dierckxsens et al., 2020) using F. musae F31 strain as a reference and
the first 715 bp from cox? gene as seed sequence. The obtained mitogenomes were
then annotated by integrating MFannot and RNAWeasel (Lowe and Chan, 2016).
In order to improve the final annotation, the BlastX tool was used to define the
nature of the different annotated ORFs and endonucleases.

5.3.4 Alignment of Protein Genes

Mitogenomes comparison included a total of 14 concatenated sequences, which
rep-resent the 14 coding protein nucleotide sequences corresponding to the set of
conserved mitochondrial genes, using the “concatenated sequences” tool on
Geneious Prime Software (Biomatters Ltd., Auckland, Australia). Sequences were
then aligned using the MAFFT alignment tool with default parameters and visually

checked.

5.3.5 MGE Analysis (Minimap2)

Mobile genetic element analysis was performed using the distribution pattern of
F. musae IUM_11-0508 as a reference. The goal was to identify the distribution of the
same MGEs across Fusarium genus diversity. After MGE sequences collection, the
Minimap2 tool on Geneoius Prime Software (setting a threshold of identity at 90% and
minimum coverage of 75%) against all other Fusarium mtDNA and BlastX (coverage
and identity threshold: 75 and 90% respectively) analyses were used to identify the

presence of those sequences in other Fusarium species and other fungal species.
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5.3.6 Analysis of Nad1 Intron

To confirm the sequence of the intron in nad1 in order to describe the possible path of
inactivation of the nad1 endonuclease present in F verticillioides, primers
musaeendoF1- (5-TGGAAAATCAGCAGGTTGACC-3) and musaeendoR1- (5-
ACTGCTGCGTGTTCTGTCAT-3) were designed on the coding region of the nad1
gene using primer 3 software online (https://primer3.ut.ee/, accessed on 4
November 2021). PCR amplification was carried out using Q5 master mix (NEB,
Ipswich, MA, UK) in a total of 25 microliters of reaction using a PCR program that
included 3 min at 95 °C, 35 cycles including 20 s at 95 °C, 20 s at 60 ‘C and 1 min
at 72 -C, followed by a last step at 72 *C for 5 min, which was carried out in a
VeritiPRO Thermal Cycler (Applied Byosystem, Waltham, MA, USA). Sequences
were obtained by PCR purification and Sanger sequencing (Eurofins genomics,
GER, Ebersberg, Germany). The obtained sequences were then manually checked
and assembled and thenaligned using the MAFFT tool in Geneious Prime Software
to verify the correctness of the assembly. Moreover, BlastN, BlastX and BlastP
were used to characterize the mutations occurring in the region and to identify the

inactivation of endonuclease functional domains.

5.3.7 Haplotype Analysis of Mitogenomes

Whole MAFFT aligned mitogenomes using Geneious prime software were
manually checked and analysed using Median Joining Network in Popart (Bandelt
et al., 1999).

5.4 Results

5.4.1 F. musae Mitogenomes

Mitogenomes of F. musae strains ranges from 56,439 to 59,256 bp (Table 5).

All mitogenomes had identical gene and tRNA distribution. Analysis carried out on
the nine annotated ORFs, using the BlastP tool, showed that six of these ORFs
represent mobile genetic elements (MGEs) of LAGLIDADG and GIY-YIG family,
one represents a hypothetical protein, while two have to be considered ORFs with

unassigned functions.
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Further investigation of nad7_intron revealed the presence of an inactivated
endonuclease with very high similarity to the F verticillioides GIY-YIG

endonuclease positioned within the nad1 gene.

Table 5 List of F. musae strains used in this study with GeneBank accession numbers and mitogenome size and
composition. *Protein list: atp6, atp8, atp9, cob, cox1, cox2, cox3, nad1, nad2, nad3, nad4, nad4L, nad5, nad6, rps3; **
+1 represent the inactivated endonuclease; *** identity not calculated due to differences in number of endonucleases.

Strain/Feature 110508 43682
mtDNA Mw MW ON ON ON ON ON ON ON ON ON
307784 296866 240679 240982 240983 240980 240981 240987 240984 240985 240992
Length (bp) 58,111 58,072 58,076 58,078 58,089 58,063 59,252 59,252 58,080 59,256 58,105
Identity (%) REF 99.8 99.9 99.9 99.9 99.9 99.5 995 99.9 99.9 99.97
Protein genes *
Number 15 15 15 15 15 15 15 15 15 15 15
Length (bp) 14,148 14,148 14,148 14,148 14,148 14,148 14,148 14,148 14,148 14,148 14,148
Identity (%) REF 99.96 100 100 100 100 99.99 99.99 100 100 100
Differences REF 2 0 0 0 0 1 1 0 0 0
Transversion REF 1 0 0 0 0 0 0 0 0 0
MGEs
Number ** 6+1 6+1 6+1 6+1 6+1 6+1 7+1 7+1 6+1 7+1 6+1
Length (bp) 7009 7010 7009 7009 7009 7009 7464 7464 7009 7448 7009
Identity (%) REF 100% 100% 100% 100% 100% e S 100% B 100%
ORF
Number 3 3 3 3 3 3 3 3 3 3 3
Length (bp) 8952 8952 8952 8952 8952 8952 8949 8949 8952 8952 8952
Identitcal sites REF 8948 8945 8945 8945 8944 8931 8931 8946 8943 8944
rns + tRNA
Length (bp) o8 1668 + 1668 + 1668 + 1668 + 1668 + 1668 + 1668 + 1668 + 1668 + 1668 +
2005 2005 2005 2005 2005 2005 2005 2005 2005 2005 2005
Identity (%) REF 100 100 100 100 100 100 100 100 100 100

The final annotation of the mitogenomes of F. musae strains includes all the 14 protein-
coding genes (atp6, atp8, atp9, cob, cox1, cox2, cox3, nad1, nad2, nad3, nad4, nad4
L, nad5, nad6); the ribosomal protein rps3 and two ribosomal rRNA (rns and rnl); 27
tRNA genes and 2 ORFs; 6 MGEs (3 LAGLIDADG and 3 GIY-YIG positioned in nad2
intron (n = 1), in cob introns (n = 2) and in cox1 introns (n = 3)); 1 hypothetical protein;
and 1 inactivated GIY-YIG endonuclease present in nad1 intron (not annotated). Figure
1 shows the example of the IUM_11-0508 strain mitogenome.
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Figure 1. Graphical representation of circular mtDNA of Fusarium musae I[UM_11-0508. The red colour indicates genes,
the green colour refers to the coding sequences, light green refers to ribosomal subunits and the blue colour represents
the introns. tRNA are represented in black.The analysis of codon usage in coding sequences did not reveal any
significant difference among the whole set of analysed strains (not shown). Indeed, all the F. musae strains showed a
high similarity for protein-coding regions. Two differences were present in strain F31: a triplet change for coding the
same amino acid (Leu) and a single SNP, which causes a transversion. Strains FM_IHEM20180, FM_NRRL28993 and
NRRL28997 showed one SNP with no effect on the amino acid sequence. All changes were localized in the nad5 gene

Size difference among mitogenomes was mostly due to variations in two regions:
for strain ITEM_1149, a deletion in the ORF located between rps3 and nad2
reduces the mitogenome to 56,493, while for strains IHEM_20180, MUCL_51371,
NRRL_28893 and NRRL_28897, the increased size above 59 kb is due to changes
in the cob region. The cobgene in F. musae includes three exons and two introns (Figure
2). The first intron is composed of an endonuclease with GIY-YIG domain and a
hypothetical protein, common in all the £ musae strains. The second intron shows
differences within the species: in four strains (IHEM_20180, NRRL_28893,
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NRRL_28897, MUCL_51371), it shows a duplication of a 247 AA LAGLIDADG
endonuclease, while in all the other strains, a single LAGLIDAGD of 296 AA is
present (Figure 2).

hypotetical protein
&
. codimecony . | ___ cobimron2 ____________________4

Figure 2. The two different patterns of the cob gene. On the top, the most common configuration with only one
endonuclease inside the intron_2; on the bottom, the other configuration of the 4 F. musae strains with 2 endonucleases
inintron_2. Red colour represents the gene, yellow and orange are respectively endonucleases and hypothetical protein
while introns are in blue.

BlastX analysis on these two endonucleases showed different LAGLIDADG domains
for the two endonucleases (LAGLIDADG_1 and LAGLIDADG_2). Investigation for a
similar pattern in other species showed that a similar duplication could be observed in
F. bactridioides, F. begoniae and F. pseudograminearum as well as in Cladobotryum
mycophilum.

F. verticillioides has an endonuclease within the nad1 gene. Interestingly, £ musae
strains also have an intron in nad1. Intron annotation using alignment and BlastX tool
showed that F. musae introns have highly similar sequences to the endonuclease of F.
verticillioides, but the presence of different mutations leading to stop codons and frame
shifts suggest the inactivation of the endonuclease and the loss of functional domains.
Analyzing endonad1 (the most variable endonuclease within F. musae species) using
F. verticillioides as a reference, we could identify three different ways of silencing the
endonuclease in our F musae population that are caused by insertion and
nonsynonymous substitution to add stop codons in the sequence of the endonuclease
(Figure 3).
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Figure 3. BlastX results of the intron of nad1 gene in F. verticillioides and in F. musae strains. Types of endonuclease
functional domains are visible. Numbers near arrows indicate different types of variations of the intron gene in F. musae
strains compared to functional endonuclease in F. verticillioides. Group A includes: IHEM19981, ITEM1121, ITEM1142,
ITEM1149, ITEM1250, IUM_11-0508, IUM_11-0507, MUCL51371, NRRL25673, NRRL43601, NRRL43604, NRRL43658,
NRRL43682; group B: IHEM20180, NRRL25059, NRRL28893, NRRL28897; group C: F31.

5.4.2 Diversity within F. musae

Given the limited exploitation of mitogenomes for population studies, the other goal
of our work was to assess whether mitochondrial diversity observed within the
species could be explored to differentiate species subgroups.

Triest and Hendrickx hypothesized that £ musae may have been transmitted from
bananas to patients (Triest and Hendrickx, 2016). To confute this hypothesis, we would
expect that the hosts’ origin can be associated with different subgroups within the
species, suggesting a host specialization driven by evolutionary constraints (Hartmann
et al., 2020). We therefore tested whether F. musae mitochondria diversity could be used
to clearly separate strains obtained from humans and bananas. The overall diversity
of mitogenome haplotypes (Figure 4) suggests that different subgroups of £ musae
strains exist within the analyzed population.
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Figure 4 . Representation of mitogenomes network haplotypes using Popart software. The red colour indicates strains
isolated from human patients; the green colour indicates strains isolated from banana fruits.

This is consistent with the existence of different nuclear gene haplotypes (Van Hove et
al., 2011). Interestingly, at least one set of strains belonging to the same
mitochondrial haplotype includes both human and banana derived strains from
different geographic regions (ITEM_1121 from a banana fruit from Panama, IUM_11-
0507 from a patient in Greece and NRRL_43601 from a patient in Maryland, USA),
supporting the hypothesis that the infection of bananafruits and human patients

occurs from strains with similar genetic profile.

5.4.3 The Diagnostic Power of Mitochondrial Genomes

Another objective of the paper was to explore the use of mitochondrial diversity as a
tool for the detection of species. The distribution of MEGs in a mitogenome may
differentiate species. The hypothesis has been validated for other Fusarium species
(Kulik et al., 2020). One of the major diagnostic challenges in F musae is to
discriminate it from F verticillioides, as morphologically, the species are often
misclassified (Esposto et al., 2016; Triest et al., 2015).

We therefore compared the £ musae pattern of MGE with all the other available
Fusarium mtDNAs. The 6 + 1 MGEs were extracted and searched in all other mtDNAs.

MGE distribution within the Fusarium genus showed discontinuity. In particular, F.
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musae species showed a specific pattern of MGE distribution that is unique within the
Fusarium genus. It is possible to identify

F. musae species based on the unique presence of two MGEs (nad1 intron that is
showing polymorphic inactivation and endo1cox), offering potentially a very powerful
methodology to identify F. musae.

5.5 Discussion

This study, analyzing the mitochondrial genomes of 18 F. musae strains, confirms
previous observations based on nuclear genes (TEF and RPB2) (Tava et al., 2021; Triest,
2016), which showed that F. musae strains from banana and human patients are
interspersed in the species tree. This indirectly confirms the ability of . musae to cross-
infect distant hosts. One strain, F31, showed a non-synonymous substitution that
may indicate some divergence within the species. Furtheranalyses to appropriately
characterize the strain are warranted. Within F. musae species, nad5 proved to be the
gene with higher recombination, as observed previously in otherspecies within the
F. fujikuroi species complex (Fourie et al., 2018). Our mitogenome study of the F
musae population confirms that intergenic regions and endonucleases may be
exploited to identify subgroups within a species (Theelen et al., 2021). As observed
in other fungal species (Li et al.,, 2023; Sommerhalder et al., 2007), we also
observed that major contributors to mitogenome size diversity within a species are
intron rearrangements. In our population, two regions showed variability in size: the
ORF located between rps3 and nad2 and the intron between exon2_cob and
exon3_cob. Future studies may focus on the diversity of these regions in a larger F.
musae population.

We observed different haplotype groups comparing whole mitochondrial diversity in
F. musae. Previous analysis of nuclear gene haplotype diversity carried out on F
musae strains (Van Hove et al., 2011) showed the existence of nine haplotypes based
on RPB2, B-tub and TEF diversity. Our panel of strains included representatives of six
haplotypes. We could verify that nuclear gene haplotypes were all distinguished in
different mitogenome groups. A larger dataset of mitogenomes needs to be analyzed
to verify the correspondence of nuclear gene haplotypes and mitochondrial whole
diversity haplotypes. This preliminary observation seems to confirm that in F. musae,
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mitochondrial diversity is concordant with nuclear gene variations, as observed for
other fungal pathogens (Sommerhalder et al., 2007), and it is therefore a valuable
tool for strain typing.

The use of mitochondrial genomes for diagnostic purposes has been often
proposedand explored (Jelen et al., 2016; Misas et al., 2020; Santamaria et al., 2009;
Yang et al., 2020). We could verify that all £ musae strains with different geographic
origins (Europe, Asia, America) and different years of isolation (from 1991 to 2013)
share the same specific co-occurrence of two endonucleases that allow us to
differentiate them from all other Fusarium species whose mitogenome is available.
With the increased number of available genomes within single species, the
possibility to test the hypothesis of using MGE distribution for species

discrimination will be tested thoroughly.
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Chapter 6

Fusarium musae from diseased bananas and human patients:

susceptibility to fungicides used in clinical and agricultural settings

6.1 Abstract

Fusarium musae belongs to the Fusarium fujikuroi species complex. It causes crown
rot disease in banana but also keratitis and skin infections as well as systemic
infections in immunocompromised patients. Antifungal treatments in clinical and
agricultural settings rely mostly on molecules belonging to the azole class. Given the
potential risk of pathogen spread fromfood to clinical settings, the goal of the work was
to define the level of susceptibility to different azoles of a worldwide population of F.
musae. Eight fungicides used in agriculture and five antifungals used in clinical settings
(4 azoles and amphotericin B) were tested using the CLSI (Clinical and Laboratory
Standards Institute) protocol methodology on 19 F. musae strains collected from both
infected patients and bananas. The level of susceptibility to the different active
molecules was not dependent on the source of isolation with the exception of
fenbuconazole and difenoconazole which had a higher efficiency on banana-isolated
strains. Minimal inhibitory concentrations (MICs) of the different molecules ranged from
0.12-0.25 mg/L for prochloraz to more than 16 mg/L for tetraconazole and
fenbuconazole. Compared to the F. verticillioides, F. musae MICs were higher
suggesting the importance of monitoring the potential future spread of this species also

in clinical settings.

6.2 Introduction

Fusariosis is one of the most common mold infections in humans ranging from
superficial diseases, such as onychomycosis and keratitis, to disseminated infections,
particularly in hematological cancer and neutropenic patients (Guarro, 2013). The
genus Fusarium comprises at least 200 species that are not only human pathogens,
but they have been isolated also from animals, plants and in specific cases also from

the surrounding environment (Guarro, 2013; Saenz et al., 2020). Numerous Fusarium
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species have been classified as cross-kingdom pathogens given their ability to jump
from one host to a taxonomically distant one. Among those, Fusarium musae, sister
species of Fusarium verticillioides in the Fusariumfujikuroi species complex, is one of
the causative agents of crown rot of banana, a devastating postharvest disease (Kamel
et al., 2016; O'Donnell et al., 1998; Triest, 2016; Triest and Hendrickx, 2016; Van Hove
etal., 2011). The late appearance after distribution in consuming countries make signs
of disease impossible to notice during harvest and determine significant losses in
banana fruits. Recent studies showed that F. musae has alsobeen isolated from human
patients where it causes nail and eyes lesions as well as systemic infection in
immunocompromised patients (Esposto et al., 2016; Triest et al., 2016). It is not clear
yet how human beings are infected by F. musae. Banana fruits probably act as carriers
of F. musae spores that reach the consumers after shipping in banana-consuming
countries where humans acquire the infection (Triest and Hendrickx, 2016). However, it
cannot be excluded that humans acquire the infection after traveling to a banana
producing country or through unknown plants or other environmental substrates (Triest
et al., 2016). It is estimated that 10—-30% of the total amount of human Fusariosis are
caused by F. verticillioides of which 7—20% are actually F. musae (Tortorano et al., 2014;
Triest et al., 2016).

F. musae has been reported so far as a cause of banana disease in Dominican Republic
(Kamel et al., 2016), Hungary (Molnar et al., 2015), “Neotropical” countries (Hirata et
al., 2001; Shi et al., 2017) and Philippines (Van Hove et al., 2011), and cause of
infections in humans in Italy, Greece (Esposto et al., 2016), France, Belgium (Triest et al.,
2015) and the USA (O’Donnell et al., 2007) althoughit is probable that other Fusarium
infections have gone undetected due to the difficulty ofidentifying species. Indeed,
species classification relies on multigene sequencing. Differences between F
verticillioides and F. musae include the excision of the fumonisin gene cluster (Van
Hove et al., 2011).

The lack of consensus regarding treatment protocols for human fusariosis make the
infections difficult to treat (Batista et al., 2020). Reference methods for in vitro
antifungal susceptibility testing are those of Clinical and Laboratory Standards
Institute (CLSI) and European Committee on Antimicrobial Susceptibility (EUCAST), but
breakpoints (BPs) have notyet been established (Al-Hatmi et al., 2016a, 2018).
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So far most of the clinical and agricultural treatments of Fusariuminfections rely on the
use of azoles, imidazoles and triazoles, which act as inhibitors of ergosterol
biosynthesis by blocking 14a demethylation with a selectivity for fungal CYP51 (Lamb
et al., 1999). It has been shown that various azole derivatives can show differences in
the spectrumof activity and power of action (Pasquali et al., 2020), therefore it is
important to know the antifungal effectiveness of different antifungal drugs (Hof,
2006). In particular knowledge on F musaesensitivity to azoles is limited to few
strains from clinical samples (Al-Hatmi et al., 2016a, 2018; Batista et al., 2020; Hirata
et al., 2001; Hof, 2006; Lamb et al., 1999; Molnar et al., 2015; O’'Donnell et al., 2007;
Pasquali et al., 2020; Shi et al., 2017; Tortorano et al., 2014; Triest et al., 2015) and
no comparative analysis of strains obtained from agricultural and clinical settings is
available. To have a better understanding on the potential treatments useful against F.
musae,the aim of this work was to assess the level of susceptibility to 13 antifungal
drugs (five from clinical settings and 8 from agricultural settings) of 19 F. musae strains
isolated frompatients and infected bananas. Moreover, we aimed to evaluate whether
different sourcesof the strains could determine differences in antifungal susceptibility.
Our work identifiesthe most effective antifungal compounds for F. musae population
and suggests that £ musae has a lower sensitivity to azoles compared to F
verticillioides.

6.3 Materials and Methods

6.3.1 Strains Collection

A worldwide collection of F. musae strains was analysed together with a set of four
strains obtained at the University of Milan. Five strains of . musae (NRRL 25059,
NRRL25673, NRRL 28893, NRRL 28895, NRRL 28897) isolated from banana fruits,
and four strains of £ musae isolated from human patient (NRRL 43601, NRRL 43604,
NRRL 43658, NRRL 43682) were obtained from ARS Culture Collection Database
(USA), two strains of F. musae isolated from human patient, and one strain isolated
from banana fruits (respectively IHEM 19881, IHEM 20180 and MUCL 52574 ) from the
Belgian coordinated collections of Microorganisms, and four strains of F. musae (ITEM
1121, ITEM 1142, ITEM 1149, ITEM 1250) isolated from banana fruits obtained from
the Institute of Science of Food Production, Bari, Italy (Table 6).
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Table 6. Collection of strains of F. musae and F. verticillioides used in this work. The name of each strain, its species,
country of origin, host species and tissue type, [references] and GenBank accession numbers for TEF-1a and RPB2
are reported. * The strain was obtained from two culture collections. @ Sequenced and deposited as part of this work

COUNTRY HOST (TISSUE) REFERENCE ACCESSION NUMBER = ACCESSION NUMBER
TEF-1a RPB2
Dominican Republic Banana (fruit) (Kamel et al. 2016) MW916961 MW916958
Greece Human (blood) (Esposto et al. 2016) MW916959 MW916956
Greece Human (cornea) (Esposto et al. 2016) MW916960 MW916957
Mexico Banana (fruit) (Van Hoveet al. 2011) FN552092 FN552114
Mexico Banana (Hirataetal.2001) AF273314.1 MZ346032
Mexico Banana (Hirataetal.2001) AF273316.1 MZ346033
Maryland, USA Human (skin) (O’'Donnell et al. 2007) MZ346030 EF470191
Ohio, USA Human (nasal sinus) (O’'Donnell et al. 2007) MZ346031 EF470194
Minnesota, USA Human (contact lens) (O’Donnell et al. 2007) EF452989 EF470028
Minnesota, USA Human (cornea) (O’'Donnell et al. 2007) EF453009 EF470048
Guatemala Banana (fruit) (Van Hoveet al. 2011) FN552091 FN552113
Honduras Banana (fruit) (Van Hoveetal. 2011) FN552086 FN552108
Brussels, Belgium Human (sinus biopsy) (Triest et al. 2015) KJ865533 KM582792
Brest, France Human (shoulder biopsy) (Triest et al. 2015) KJ865532 KM582791
Honduras Banana (fruit) (Shietal. 2016) FN552087 FN552109
Panama Banana (fruit) (Van Hoveetal. 2011) FN552093 FN552115
Equador Banana (fruit) (Van Hoveetal. 2011) FN552094 FN552116
Panama Banana (fruit) (Van Hoveet al. 2011) FN552095 FN552117
Canary Islands Banana (fruit) (Van Hoveetal. 2011) FN552090 FN552112
Italy Human (blood) (Esposto et al. 2016) MW915565 MW915564
Kansas, USA Corn (Van Hoveetal. 2011) FN552074 FN552096

6.3.2 DNA Isolation, PCR and Sequencing

Fusarium isolates were grown on V8 media (200 mL V8 juice Campbell, Camden, NJ,
USA); 2 g/L CaCO; Carlo Erba Reagents S.r.l, Cornaredo, Milano, Italy; 15 g/L agar
NeoFroxx GmbH, Einhausen, Germany) where a cellophane membrane was
previously placed. After 5 days plates were gently scraped with an inoculation loop and
mycelia were collected in plastic tubes, stored at —80 °C and lyophilised the day after.
DNA was extracted from lyophilised mycelia following the protocol (200 microL) of the
DNeasy Mericon food Kit (Qiagen, Germantown, MD, USA). Lyophilised mycelia (200
mg) were weighted and placed in a 2 mL microcentrifuge tube in presence of 1 mL food
lysis buffer (provided by the kit) and 2.5 pL Proteinase K solution (provided by the Kkit).
Samples were briefly vortexed to ensure complete distribution of the material and
incubated in a water bath at 60 °C for 30 min while manually vortex-shaking the
samples every two minutes. After incubation, samples were cooled at room
temperature on ice to enhance inhibitor precipitation. Centrifugation of microcentrifuge
tubes was performed for 5 min at 2500% g. The maximum volume of clear supernatant
was drawn from each lysis tube without disturbing the precipitate at the bottom of the

tube and the supernatant aliquots were combined in one microcentrifuge tube and
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mixed by pipetting up and down several times to ensure a homogenous solution. A
volume of 700 pL of the clear supernatant pool was transferred to a new
microcentrifuge tube already containing 500 pL of chloroform. Tubes were vortexed
and centrifuged again for 15 min at 14,000x g. New microcentrifuge tubes were
prepared containing 350 pL of Buffer PB (provided by the kit) and an aliquot of 350 uL
of the upper aqueous phase from our samples was added. One QIAquick spin column
(provided by the kit) was prepared per each strain by placing them in a 2 mL collection
tube. Samples were vortexed for a few seconds and then pipetted into the columns.
Tubes and columns were centrifuged at 17,900x g for 1 min and the flow-through was
discarded. An aliquot of 500 uL Buffer AW2 (provided by the kit) was added, and the
centrifugation step was repeated. A second centrifuge step was performed with
an empty QIAquick spin column to dry the membrane. The columns were then
transferred to new microcentrifuge tubes and 150 uL of Buffer EB (provided by the kit)
was pipetted directly onto the QIAquick membrane, samples were incubated at room
temperature for 1 min and centrifuged at 17,900x g for 1 min to elute the final extracted
DNA. Samples were separated by electrophoresis onto a 1% (w/v) agarose gel,
stained with ethidium bromide and photographed under UV light to verify the success
of the extraction.

Two regions were amplified directly from the genomic DNA. Fragments of the
Translation Elongation Factor 1a (EF) and RNA polymerase second largest subunit
(RPB2) were amplified and sequenced using PCR protocols with the following primers:
EF1 (5-ATGGGTAAGGARGACA-3') and EF2 (5-GGARGTACCAGTSATCATG -3)
(Peeran et al., 2019); 5F2 (5-GGGGWGAYCAGAAGAAGGC-3'), 7cR (5-
CCCATRGCTTGYTTRCCCAT-3"), 7cF (5-ATGGGYAARCAAGCYATGGG-3') and
11aR (5'-GCRTGGATCTTRTCRTCSACC-3') (Reeb et al., 2004). PCR reaction
mixtures (total volume 25 pL) contained 2 pL of fungal genomic DNA template, 5 uL
PCR buffer (5x green GoTaq reaction buffer), 0.5 yL deoxynucleoside triphosphate
(dNTPs), 0.2 pL of GoTag G2 DNA polymerase and 0.25 uL of each primer. The
condition for thermal cycler consists of an initial denaturation step at 94 °C for 2 min,
followed by 35 cycles of denaturation at 94 °C for 20 s, annealing at 61 °C for 30 s and
extension at 72 °C for 2 min, then a final extension of 72 °C for 7 min.
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The fumonisin gene cluster excision site (AFGC) was also investigated by PCR as a
determinant  for the identification of this  species. Fvh55  (59-
CGCTGCTGTGTGTGGTAACT-39) and Fvh59 (59-AGCTTGTCAACCCAGCAGAT-
39) were used as primers (Van Hove et al., 2008) and the PCR reaction mixture was
prepared as described before. The condition for thermal cycler consists of an initial
denaturation step at 94 °C for 2 min,followed by 35 cycles of denaturation at 94 °C for
20 s, annealing at 60 °C for 30 s and extension at 72 °C for 2 min, then a final extension
of 72 °C for 7 min. An aliquot of 5 pL of amplified products was separated by
electrophoresis onto a 1.5% (w/v) agarose gel, stained with ethidium bromide and
photographed under UV light to observe the result of the amplification. DNA was
quantified using 1 kb plus NEB ladder by comparing fluorescence intensity of a known
amount of ladder as specified by NEB guidelines. Appropriate amount of PCR product
was obtained for further purification and Sanger sequencing with each primer was used
during previous amplification. Sanger sequencingservice was performed by Eurofins
Genomics, Vimodrone (Italy).

6.3.3 Phylogenetic Analysis

A consensus sequence was computed from the forward and reverse sequences using
Geneious software (Version: 2020.2). Phylogenetic analyses of our collection were
conducted on the sequences of two protein-encoding nuclear genes: translation elongation
factor 1a and RNA polymerase second largest subunit (RPB2). Sequence of genes
were obtained from published articles covering Fusarium fujikuroi species complex
diversity (Al-Hatmi et al., 2019; Laraba et al., 2020; Moussa et al., 2017; Van Hove et
al., 2011). Sequences were aligned using Muscle plugin of Geneious and manually
checked and concatenated. A consensus phylogenetic tree of major Fusarium species
including the F. verticillioides and F. musae diversity on a total of 733.047 bases was
built applying a Bayesian inference using the MrBayes plugin (Version: 2.2.4) in
Geneious software (Version: 2020.2). GTR model was selected based on AKAIKE test
implemented in Modeltest 3.2. The consensus tree was obtained by 110,000

generations sampling every 200 generation and burn in of 100,000 initial generations.

55



6.3.4 Antifungal Susceptibility

Nineteen F. musae and two F. verticillioides strains were tested for in vitro susceptibility
to five medical antifungals—itraconazole, voriconazole, posaconazole,isavuconazole
and amphotericin B (all Sigma-Aldrich, St. Louis, MO, USA)—and to eight DMIs used
for crop protection—prochloraz, tebuconazole, epoxiconazole, difenoconazole,
propiconazole, tetraconazole, flusilazole and fenbuconazole (all Sigma- Aldrich).
Susceptibility was performed with broth microdilution method according to the Clinical
and Laboratory Standards Institute (CLSI) guidelines for filamentous fungi (Reference
CLSI M38-A2). All molecules were prepared at final concentrations ranging from 0.03
to 16 mg/L. Broth microdilution assay was performed in RPMI-1640 with glutamine,
without bicarbonate (Sigma-Aldrich, St. Louis, MO, USA). Inoculum suspensions were
prepared from 2-5-day-old cultures. The conidia suspensions were counted in a
haemocytometer chamber and diluted to a final working inoculum of 0.5-5x10%
CFU/mL. Plates were incubated at 28 °C for 48 h. The minimum inhibitory
concentration (MIC) value was the concentration of drug yielding no fungal growth at
visual reading: no mycelium was visible, and the medium appeared crystal clear by
looking through naked eye. Tests were performed in duplicate. Reference strains
Candida parapsilosis ATCC 22019 and Candida krusei ATCC 6258 were used as
quality controls.

6.3.5 Statistical Analysis
Statistical analysis was performed using JAPS software v0.10.2 considering the
confidence interval of 95% as significant. Bayesian Mann-Whitney T-test sample was

used to assess the discriminatory effect of each fungicide on the origin of the strain.

6.4 Results

6.4.1 Strain Classification

Four strains isolated in our laboratories from banana fruits and human patients
(respectively F31 and IUM 11-0507, IlUM 11-0508, IUM 09-1037, Table 6*) identified at first
as Fusarium musae were further investigated in this work. Their initial identification

was verified using an EF-1 and RPB2 sequencing approach. Their phylogenetic
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position was observed in relation to other F. musae strains and other Fusarium species
(Figure 5) confirming position of all the £ musae strains as a clade close to F.
verticillioides. The use of fumonisin excision primers confirmed the species attribution
of the F. musae strains investigated in this work and to confirm reclassification of UM
09-1037 as F. verticillioides that grouped with F. verticillioides in the phylogenetic tree.

Figure 5 Phylogenetic tree position F. musae strains on a Fusarium tree based on EF1 and RPB2 sequence diversity.
Bayesian posterior probability tree obtained with mr.Bayes plugin in the Geneious software. Branch labels are
shown as a measure in support of the nodes
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6.4.2 Antifungal Susceptibility

A total of 21 Fusarium isolates, namely 19 F. musae (8 of human origin and 11 of
vegetable origin), two F. verticillioides (one of human origin and one of plant origin)
were tested for in vitro antifungal susceptibility. All isolates had good growth capacity
at 28 °C, while we observed for F. musae a slow growth at 37 °C. For this reason, we
chose an incubation at 28 °C for 48 h for all strains tested. The distribution of MIC
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values and the geometric mean of the MICs (G-MICs) for the antifungals tested are
shown in Table 7.

Table 7. In vitro susceptibility to antifungal drugs of the 21 Fusarium isolates determined by broth microdilution

according to the Clinical and Laboratory Standards Institute (CLSI) methodology. a G-MIC, geometric mean MIC. b
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MIC50: MIC at which 50% of isolates are inhibited. ¢ MIC90: MIC at which 90% of isolates are inhibited. C= clinical

origin. V= vegetable origin.

Fusarium

(no.of Tested  Antifungal O No. of Isolates with MIC (mg/L) of: 2 G-MIC ®MICs <MICxn
Isolates) Origin
003 006 012 025 05 1 2 4 8 16 >16
F. musae (19) Isavuconazole total 2 10 7 24 2 4
C®) 2 4 2 2 2 1
V(D) 6 5 274 7 T
Itraconazole total 5 14 16 >16 >16
C(8) 8 16 >16 >16
v (11) 5 6 16 516 >16
Posaconazole total 3 11 5 0.54 0.5 1
C(8) 4 4 0.71 0.5 1
V (11) 3 7 1 044 05 1
Voriconazole total 14 5 1.2 1 2
C®) 6 2 119 1 2
V(D) 5 3 121 T )
Amphotericin B total 1 18 1.93 2 2
C(8) 1 7 1.83 2 2
V(D) T 7 7 )
Difenoconazole  total 5 12 2 3.58 4 4
eC) 7 4 2 7 ! 3
V(D) 38 331 T 1
Epoxiconazole  total 16 3 1.11 1 2
eC) 53 129 T p)
v (11) 11 1 1 1
Fenbuconazole total 3 16 >16 >16 >16
eC) s s16  >16  >i6
V(1) 3 8 >16 516 >16
Flusilazole total 7 12 1.55 2 2
C® T 7 183 2 2
V(D) 6 5 137 T 7
Propiconazole total 3 16 3.58 4 4
C® T 7 3.67 1 1
V(D) 7 9 353 3 !
Tebuconazole total 5 13 1 0.83 1 1
oE) 7 1 709 T T
V (11) 5 6 0.73 1 1
Tetraconazole total 19 >16 >16 >16
C(8) 8 >16 >16 >16
V(11) T >16  >16  >16
Prochloraz total 15 4 0.14 0.12 0.25
C(8) 5 3 0.16 0.12 0.25
V(11) 10 1 0.13 0.12 0.12
F. verticillioides (2) ~ Isavuconazole total 1 1 15 1 2
cq) i
V() T
Itraconazole total 1 1 8.25 0.5 >16
cq) 1
V) T
Posaconazole total 2 0.5 0.5 0.5
C(1) 1
0 T
Voriconazole total 2 1 1 1
C(1) 1
0 T
Amphotericin B total 1 1 1.5 1 2
C() 1
0 T
Difenoconazole  total 2 2 2 2

High MICs of itraconazole were observed (G-MIC = 16 mg/L) for both human and plant

origin strains of £ musae. The MICs of the other three medical azoles showed lower
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values: the G-MICs ranged from 0.54 mg/L of posaconazole to 1.2 mg/L of
voriconazole and to 2.4 mg/L of isavuconazole. No statistically significant differences
between the isolates of different origins were observed. The polyene amphotericin B
showed a G-MIC of 1.93 mg/L on F. musae.

Among the antifungals of agricultural use, the highest activity was shown by the
imidazole prochloraz and the triazole tebuconazole (G-MIC of 0.14 mg/L and 0.83 mg/L
respectively). The MICs of tebuconazole against the plant origin strains ranged
between 0.5 and 1 mg/L (G-MICs = 0.73), slightly lower than those of clinical strains
(range 1-2 mg/L). An identical G-MIC (3.58 mg/L) was observed for difenoconazole
and propiconazole with a slightly wider range for difenoconazole (2-8 mg/L) than for
propiconazole (2—4 mg/L). Tetraconazole and fenbuconazole showed G-MICs > 16
mg/L for all the 19 F. musae strains.

The G-MIC of flusilazole for the 19 F. musae was 1.55 mg/L, ranging from 1 to 2 mg/L
for both human and plant origin isolates. The same range of MIC values was observed
for epoxiconazole (G-MIC = 1.11 mg/L), with a MIC value of 1 mg/L for all the 11 isolates
of plant origin.

The antifungal susceptibility profile of F. musae isolates was different from that of F.
verticillioides isolates with higher MIC values of epoxiconazole, propiconazole,
flusilazole and fenbuconazole (1.11 vs. 0.31, 3.58 vs. 0.31, 1.55 vs. 0.37, >16 vs. 1
mg/L, respectively).

Different MICs of itraconazole were observed between the clinical strain (MIC = 16
mg/L) and the plant strain (MIC = 0.5 mg/L) of F. verticillioides. On the contrary, similar
MICs of the other medical triazoles were observed between the strains of different
origin for isavuconazole, voriconazole and posaconazole. Prochloraz is confirmed to
be the agricultural fungicide with lower MIC values, also for F. verticillioides.

Origin of the isolate (human or banana) showed a significant difference only for
difenoconazole (BF10 3.988) and tebuconazole (BF10 1.911) susceptibility. In both
cases strains from banana had higher susceptibility compared to the human strains.

6.5 Discussion

Fungicide susceptibility varies widely in the genus Fusarium. Our work is a step
towards understanding the patterns of variability within the genus focusing on an
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emerging inter-kingdom species such as F. musae. These results can be used to infer
causes of fungicide resistance relevant to inter-kingdom epidemiology, as well as to
provide information to medical practitioners as to which fungicides or medicines are
likely to be effective in a given clinical setting. To obtain epidemiological information
useful for the clinical practice, fungicide sensitivity studies are coupled to accurate
identification of the strains.

In Europe, F. fujikuroi species complex, to which F. verticillioides and F. musae belong,
is the predominant cause of human deep infections, and in Italy F. verticillioides is the
most prevalent species (Tortorano et al., 2014, 2008). This makes its investigation even
more significant. The re- identification of one of the strains used in the study, by
sequencing the RPB2 gene in addition to the EF, highlights the importance of
performing a multilocus molecular identification especially for those species that are
morphologically hard to distinguish, such as F. verticillioides and F. musae (O’Donnell
et al., 2010).

Azoles are a widely used category of fungicides employed against human fusariosis
as well as plant fungal infections. In this study we focused on the antifungal activity of
13 azoles, chosen among the most used azoles in both clinical and agricultural field,
against F. musae and F. verticillioides isolated from human and plant samples. The
results of our work are comparable with data already present in literature (Al-Hatmi et
al., 2019, 2018; Espinel-Ingroff et al., 2016; Herkert et al., 2019; O’'Donnell et al., 2010).
Only MIC values obtained by Triest et al. seem to be higher, probably because of a
different incubation timing (Triest et al., 2015). As already demonstrated the spectrum
and the power of each azole derivative is unique and different from the others, this
implies that different drugs have different safety profiles and also antifungal activity as
we could observe from the MIC values we obtained. In particular, we observed that
voriconazole, isavuconazole and mostly posaconazole may be effective against these
two Fusarium species studied. On the contrary, itraconazole showed no effect against
F. musae and F. verticillioides, confirming previous studies (Al-Hatmi et al., 2016b;
Tortorano et al., 2008; Triest et al., 2015). These data may contribute to improving the
decision on the selection of the most appropriate molecule to be used in a clinical

setting where a given antifungal might encounter a resistant infecting strain. Our results
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contribute to improving the knowledge on the risk of potential resistance occurrence
within the Fusarium genus.

Little is known about the activity of azoles used in crops, especially against Fusarium
fujikuroi species complex. According to the European Union for crop protection (“Status
- Eurostat,” 2021) the imidazole prochloraz is one of the most used in the fields and it
appears to be the most effective also in our in vitro study against both F. verticillioides
and F. musae. Tetraconazole and fenbuconazole, instead, showed no in vitro activity
against the two species. A poor activity of tetraconazole and fenbuconazole had also
been observed in experiments conducted on seeds damaged by fusariosis, on which
treatment with the two drugs proved ineffective (Jones, 1999). Among the triazoles for
agricultural use, on the other hand, tebuconazole has definitely shown the best in vitro
activity against both F. musae and F. verticillioides.

If we compare sensitivity of the two sister species F. verticillioides and F. musae, we
identified some differences in susceptibility to the azoles. In particular, epoxiconazole,
propiconazole, flusilazole and fenbuconazole seemed to need higher concentrations
to inhibit the growth of £ musae than those needed for its sister species, causing
suspicion of some kind of resistance—intrinsic or induced by exposure to these
antifungals. Given the small number of strains of F. verticillioides these results should
suggest future work with a large and diverse population of F verticillioides.
Nonetheless our data are largely consistent with previous literature dealing with azole
sensitivity in F. verticillioides, showing low F. verticillioides MIC values have been
observed for posaconazole (range 0.25-0.5 mg/L) and voriconazole (0.5-2 mg/L)
(Tortorano et al., 2014). One exception is the data obtained by Triest et al. on F.
verticillioides showing higher MIC for some azoles (Triest et al., 2015). These
differences could be partly attributable to Triest’s use of the EUCAST method. On the
other hand, previous studies conducted with the EUCAST method were consistent with
our observation (Tortorano et al., 2014).

Since azoles are the main treatment for both human and agricultural fungal diseases,
a major concern could be the predictable emergence of cross-resistance to clinical
isolates, driven by the massive use of azole fungicides in agriculture, which have the
same mechanism of action as that of those used in humans, as already known for

Aspergillus fumigatus (Chowdhary et al., 2014; Snelders et al.,, 2012). As in A.
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fumigatus and in other fungi, mutations or overexpression of CYP51 gene, encoding
14a-demethylase, is involved in azole resistance, similar mechanisms might be
responsible for inducing azole resistance also in Fusarium spp..

Pujol I. et al., who compared different Fusarium spp. strains of clinical and
environmental origin against clinical antifungal drugs, observed a similar activity
against both groups of fungi (Pujol et al., 1997). Moreover, in the present study,
analyzing the origin of the isolate, human or vegetable (banana), mostly no significant
differences were found. The only difference was observed for two agricultural triazoles,
difenoconazole and tebuconazole, for which the human F. musae isolates showed a
reduced susceptibility. In most fungi, clinical isolates are thought to be more resistant
to antifungals than environmental isolates, probably due to antifungal exposure during
therapy in chronically ill patients (Al-Hatmi et al., 2014). Further studies on larger
population are needed to verify the consistency of this finding. Understanding the
evolutionary pressure of environmental fungicides also on clinical isolates may allow
to better decipher the mechanisms leading to fungicide adaptation (Hartmann et al.,
2020). This can lead to set the most appropriate clinical and agricultural fungicide
treatments under the “One health” framework applied to Fusarium pathogen control
strategies (Saenz et al., 2020).

6.6 Conclusions

Our work defines for the first time a susceptibility level of £ musae strains obtained
from different hosts and different continents for 12 azoles and amphothericin B,
providing the basis for monitoring evolution of the pathogen sensitivity to fungicides
both in clinical and agricultural settings.
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Chapter 7

Fusarium musae infection in animal and plant hosts confirms its

cross-kingdom pathogenicity

7.1 Abstract

Fusarium musae is a pathogen belonging to the Fusarium fujikuroi species complex,
isolated from both banana fruits and immunocompromised patients, therefore
hypothesized to be a cross-kingdom pathogen. We aimed to characterize F. musae
infection in plant and animal hosts to prove its cross-kingdom pathogenicity. Therefore,
we developed two infection models, one in banana and one in Galleria mellonella
larvae as a human proxy, for the investigation of cross-kingdom pathogenicity of F.
musae, along with accurate disease indexes effective to differentiate infection degrees
in animal and plant hosts. We tested a worldwide collection of F. musae strains isolated
both from banana fruit or human patients, and we provided the first experimental proof
of the ability of all strains of F. musae to cause significant disease in banana fruits as
well as in Galleria mellonella. Thereby we confirmed that F. musae can be considered
a cross-kingdom pathogen. We thus provide a solid basis and toolbox for the
investigation of the host-pathogen interactions of F. musae with its hosts.

7.2 Introduction

Fusarium musae, a pathogenic species within the Fusarium fujikuroi species complex,
was formally recognized in 2011 as a species closely related to but distinct from F
verticillioides (Van Hove et al., 2011). It was first identified as a plant pathogen and
recognized as one of the causative agent of crown rot in banana fruits. Cases of
infection with F. musae have been reported in banana fruits in Hungary (Molnar et al.,
2015), Neotropical countries (Hirata et al., 2001; Kamel et al., 2016; Shi et al., 2017)
and the Philippines (Van Hove et al., 2011). Later, it was described also as a pathogen

in human patients, where it causes keratitis and skin infections as well as systemic
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infections in immunocompromised patients (Esposto et al., 2016; Triest, 2016; Triest
et al., 2016; Triest and Hendrickx, 2016). Cases of infection with F. musae have been
reported in Italy, Greece (Esposto et al., 2016), France, Belgium (Triest et al., 2016)
and the USA (O’Donnell et al., 2007). Isolation of F. musae from different hosts raised
suspicion that £ musae could be a potential cross-kingdom pathogen, further
strengthened by its ability to cause infection in both bananas and humans. Plant fungal
pathogens are already known as emerging danger to both food production and
ecosystem balance by causing food losses, impacting agricultural productivity, and
contaminating food with harmful mycotoxins. But recently, it has become evident that
some agricultural fungi may evolve the ability to adapt to infect human hosts, posing
direct infection risks and further endangering human health. It is yet unclear if and how
F. musae transfers from one host to the other: Triest and Hendrickx suggested a role
for bananas as carriers of spores leading to diseases in immunocompromised patients
in banana consuming countries (Triest and Hendrickx, 2016).

So far, there is no experimental proof of the ability of £ musae plant strains to invade
an animal (human) host and vice versa, and it has not been shown that F. musae
possesses the essential virulence factors to cause infection in both a plant and animal
host. It is nevertheless essential to prove infection in relevant hosts representing the
different kingdoms to confirm the cross-kingdom pathogenicity of a species, thereby
complying with Koch’s postulates (Bhunjun et al., 2021; Grimes, 2006). Indeed,
exploring literature about fungal cross-kingdom pathogens, the classification of a
pathogen as cross-kingdom is mainly based on isolation from different hosts and
taxonomic criteria that are constantly evolving and need frequent checks and updates.
There is a lack of experimentally verified proof of the infection in multiple hosts, only a
few papers present experimental evidence of the infection: often populations of strains
isolated from different hosts are tested in only one of the hosts (Kim et al., 2020; Van
Baarlen et al., 2007). Experimentally demonstrating the ability of a fungal species to
cause infection in the host is a crucial step in the characterization and classification of
the species as a pathogen.

On the other hand, by setting up relevant experimental model systems, one can
investigate the virulence factors that make up a species’ ability to infect hosts belonging
to different kingdoms. Moreover, applications can be envisaged towards developing

68



strategies that may prevent infection risks from contaminated food and agricultural
losses.

With this work, we provide the first experimental evidence that a collection of F. musae
strains with different host origins can infect both animals and plants. We aimed to
evaluate and compare F. musae pathogenicity across kingdoms, demonstrating that
strains isolated from different hosts can invade both kingdoms. To reach this goal, we
established two infection models: we chose banana fruit as the plant host since it is
the only known plant host for £ musae, while as the animal host, we used Galleria
mellonella larvae, a host model for animal infection and a proxy for human infection
(Fallon et al., 2012; Pereira et al., 2018; Singkum et al., 2019; Vanhoffelen et al., 2024,
2023).

7.3 Materials and Methods

7.3.1 Fungal strains
For this work we used a collection of nineteen strains of Fusarium musae which

included isolates from different organisms and different countries (Table 8).

Table 8 F. musae collection. For each strain we indicated the country, the host from which it was isolated and reference
to first description. (a) Five strains isolated from banana and (b) four strains iso-lated from human patients were
obtained from the ARS Culture Collection database. (c) Two hu-man strains and (d) one banana strain were obtained
from the Belgian coordinated collections of Microorganisms collection. (e) Four banana strains were obtained from the
Institute of Food Production Sciences in Bari, Italy. (f) Three strains belonged to the University of Milan.

STRAIN COUNTRY HOST (TISSUE) REFERENCE

F31f Dominican

(DSMZ 112727) Republic Banana (fruit) (Kamel et al., 2016)
IUM 11-0507¢ Greece Human (blood) (Esposto et al. 2016)
IUM 11-0508f Greece Human (cornea) (Esposto et al. 2016)
NRRL 28893# Mexico Banana (fruit) (Van Hove et al. 2011)
NRRL 28895# Mexico Banana (Hirata et al. 2001)
NRRL 288972 Mexico Banana (Hirata et al. 2001)
NRRL 43601° Maryland, USA Human (skin) (O’Donnell et al. 2007)
NRRL 43604 Ohio, USA Human (nasal sinus) (O’Donnell et al. 2007)
NRRL 43658® Minnesota, USA Human (contact lens) (O’Donnell et al. 2007)
NRRL 43682 Minnesota, USA Human (cornea) (O’Donnell et al. 2007)
NRRL 25673# Guatemala Banana (fruit) (Van Hove et al. 2011)
(MUCL 53204)

NRRL 25059: Honduras Banana (fruit) (Van Hove et al. 2011)
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(CBS 624.87, MUCL 52574)

IHEM 20180¢ Brussels, Belgium  Human (sinus biopsy) (Shi et al. 2016)
IHEM 19881¢ Brest, France Human (shoulder biopsy)  (Triest et al. 2015)
ITEM 1121¢ Panama Banana (fruit) (Triest et al. 2015)
(MUCL 52573)

ITEM 1142¢ Ecuador Banana (fruit) (Van Hove et al. 2011)
(MUCL 53196)

ITEM 1149¢ Panama Banana (fruit) (Van Hove et al. 2011)
(MUCL 52201)

ITEM 1250¢ Canary Islands Banana (fruit) (Van Hove et al. 2011)
(MUCL 53203)

MUCL 51371¢ Philippines Banana (fruit) (Van Hove et al. 2011)

7.3.2 Temperature assay in vitro

To determine the potential ability of F. musae strains to grow at different temperatures,
we incubated all strains on Petri dishes containing V8 media (200 ml/L V8 juice
Campbell, UK; 2 g/L CaCO; Carlo Erba Reagents S.r.I, Cornaredo, MI, Italy; 15 g/L
agar NeoFroxx GmbH, Einhausen, Germany) at 24°C and 37°C for five days. Growing
rate was assessed by measuring the diameter of the colony with a ruler on the reverse
of the plate, for each colony we calculated the average value of two measurements at
90° angles to each other. We considered the average value of tree replicates.

7.3.3 Banana fruit infection

For the infection in banana fruits we considered 20 infection sites for each strain: 4
banana fruits each infected with 5 sterile toothpicks as previously described (Moretti et
al., 2004). Infection was performed with the entire collection of nineteen F. musae
strains. Control groups with sterile water and Fusarium oxysporum f.sp. lycopersici
were included.

Strains were recovered from storage on V8 media plates by inoculating few pieces of
mycelium into CMC liquid media (15 g/L carboxymethylcellulose sodium (CMC) Sigma-
Aldrich; 1 g/L NH,NO; Carlo Erba Reagents S.r.I, Cornaredo, Ml, Italy; 1 g/L KH,PO,
Sigma-Aldrich; 0,5 g/L MgS0,-7H,0 Sigma-Aldrich; 1 g/L Yeast Extract Thermo Fisher
Scientific Inc. (NYSE: TMO)) and incubating at 25°C in the dark while stirring at 150

rom. After 5 days, spores were harvested by filtering through one-fold Miracloth and
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concentrations were estimated using a Burker counting chamber to obtain the
concentration of 10° spores/ml for infection. Fresh conidia were used for every
infection. Healthy, organic bananas with similar maturation levels were used on
infection day; sterilized by immersion in 0.7% sodium hypochlorite (3 min), washed in
deionized sterile water (3 min) and dried under a sterile laminar flow hood. Sterile
toothpicks were immersed for 2 minutes in conidia solution and skewered in bananas
for infection. Five toothpicks were evenly positioned per fruit, deep enough to pierce
the peel and reach the pulp surface. Subsequently, fruits were covered in plastic bags
and incubated at 20°C in the dark for 10 days. After 10 days, levels of infection were
estimated by measuring the diameter of the spots grown on the banana fruits as
described in (Figure 6).

Figure 6 Scale of browning in banana fruits. Each spot was awarded with a number from 0 to 4 based on halo, browning
and mycelium formation in order to assess the level of disease caused by each strain on bananas.

0 no symptoms

. o

2 halo with browning

. 3 browning with localized mycelium in the area of infection
ﬁ 4 spread mycelium and browning

Infections were performed in three independent experimental repeats. In two of the

replicates, all five toothpicks positioned per fruit were soaked with conidia from the
same strain or water. In the third replicate, each of the five infection points on each fruit
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received a different treatment (either conidia suspension or water) to account for any
effect the individual fruits might have on infection severity.
We assessed infection in banana fruits by formulating a disease severity index that
best represent the disease considering the diameter of the halos as well as browning
in each infection point. The index was calculated as follows:
[+ g

2
S = based on the scale of browning; D = diameter of the spot (cm).

disease severity index =

7.3.4 Galleria mellonella larvae infection model

For infection in Galleria mellonella, we bought specimens of G. mellonella at the larval
final stage from Biosystems Technology Ltd (Tanners' Yard, 100 High Street, Crediton,
Devon, EX17 3LF country). Larvae were maintained at 16°C and infected within 7 days
from arrival at our laboratory. Only healthy larvae were selected and used for infection.
Fungal strains were recovered from long-term storage at -80°C by inoculating them in
Petri dishes containing solid Sabouraud agar (Sigma-Aldrich) and incubating at 24°C
for § days. On the fifth day, the conidia were harvested directly from the plate by gently
flooding the surface with 1 mL of phosphate-buffered saline (PBS) solution (Thermo
Fisher Scientific). Concentrations were estimated using a Burker chamber and
appropriate dilutions were made to obtain the required concentration of 10° conidia/ml
for infection. Per strain, groups of 10 larvae were infected with 1x10° conidia/ml in a
volume of 10 pl of each inoculum suspension. Infection was performed with a 1 ml
insulin syringe into the last left proleg of the larva. Larvae were incubated at the desired
temperature (24°C, 28°C or 37°C) in Petri dishes for up to 7 days. PBS and F

oxysporum were used as controls.

7.3.5 Temperature assay in Galleria mellonella larvae

Seven representative strains were chosen for temperature assay in G. mellonella. We
chose as plant strains F31, NRRL 28893, MUCL 51371 and as human strain IUM 11-
0508, NRRL 43601, IHEM 20180, NRRL 43658. Infection was performed as described
before and larvae were incubated at 24°C, 28°C and 37°C for 7 days.

72



Twice a day all larvae were observed and each larva was awarded a health score
based on the level of activity, pigmentation, cocoon formation and state of life according
to the scoring system established by Loh et al. (Table 9) (Loh et al., 2013).

Table 9 Health scoring system for G. mellonella. Representation of the category and scores used to assess the level of
disease caused by each strain in G. mellonella (Loh et al., 2013). The disease scoring of each larva at every timepoint is
the sum of scores obtained for each category.

CATEGORY DESCRIPTION SCORE
Activity No activity 0
Minimal activity on stimulation 1
Active when stimulated 2
Active without stimulation 3
Cocoon formation No cocoon 0
Partial cocoon 0,5
Full cocoon 1
Melanization Complete melanization (black) 0
Dark spots on borwn wax worm 1
>3 spots on beige wax worm 2
<3 spots on beige wax worm 3
No melanization 4
Survival Dead 0
Alive 1
TOTAL SUM

Infections were carried out independently two times. After scoring, dead larvae were
removed from the Petri dishes and excluded for the following check points. Dead larvae

were placed at -20°C for at least 48h before being disposed of.

7.3.6 Infection assay in Galleria mellonella larvae

Infection in G. mellonella was performed with the entire collection of £ musae strains
using groups of 10 larvae infected with 10 pL of conidia suspension at 1x10° conidia/ml,
as described before. Larvae were incubated at 28°C for 7 days and the level of infection
was scored daily (Loh et al., 2013).

To be able to compare infection severity in the G. mellonella model to the data obtained
from the banana model, we transformed the health scores used from evaluating larval

health into a measure of disease severity as follows:
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[(9— S)*N]

Disease severity index = "

S (sum)=A+ M + C + L; A (activity) = value from 0 to 3; M (melanisation) = value from
0 to 4; C (cocoon formation) = value from O to 1; L (survival) = 0 dead, 1 alive.; N=
number of dead larvae.

The disease severity index represents the severity of the disease on the final
observation day in each infection point, where single infection points are represented
by single larvae. Consequently, the disease severity index was assigned to each larva
and calculated based on: “S” corresponds to the health score obtained on the 7" day
post-infection (Loh et al., 2013), while “N” corresponds to the total number of larvae
killed by the strain, and with 10 in the denominator, we account for the standard
inclusion of 10 larvae per experimental group.

Specifically, we consider larval death a strong marker of disease severity, thus we gave
it greater weight in the formula. The resulting value reflects the overall health status of
the larvae at the end of the observation period. If no larval deaths are observed 7 days
post-infection, this suggests that the group remains largely healthy and that the
infectious strain exhibits low pathogenicity.

7.3.7 Statistical analysis

Statistical analysis of infection of bananas and G. mellonella larvae was performed on
the disease severity indexes obtained. The values obtained were normalized by
dividing them by the average value obtained for strain F31 (used as reference strain)
and plotted using the data analysis framework Estimation Stats with H.O or F
oxysporum as shared control under default parameters. Statistical analysis was also
performed by data analysis framework Estimation Stats.

For the health score in G. mellonella, GraphPad Software (USA, version 8.0.2) was
used to plot data obtained from infection at different temperatures, and mixed-effects
two-way ANOVA analysis was performed to analyse longitudinal data. Survival analysis
was also performed on G. mellonella infection using log-rank (Mantel-Cox) test, curve
was plotted with the Kaplan-Meier method using SPSS Statistics (version 27).

74



For quantitative comparison of data from banana and larvae infection, data plot and

statistical analysis were performed using Superplotsofdata (Goedhart, 2021).

7.4 Results

7.4.1 F. musae can grow at 24°C as well as at 37°C

To support the hypothesis of F. musae as a potential cross-kingdom pathogen, we first
tested in vitro the ability of £ musae strains to survive and spread at 24°C and 37°C.
At both temperatures all F. musae strains were able to grow, confirming the ability of
the species to proliferate at environmental temperature as well as at human body
physiological temperature (S1). Strain F31 (banana) and strain [IUM 11-0507 (human)
showed equal growth rate at both temperatures with no statistically significant
difference in diameter of the colony. While all the other strains grew significantly slower
at 37°C, observed as a reduction of the diameter of the colonies - compared to the
growth at 24°C (table S1). Overall, the host origin of the strains (human or banana)
and their geographical origin had no evident effect on the growth of the colonies at the
different temperatures. In vitro results demonstrated that F. musae, regardless of being
isolated from plant or human hosts, possesses the ability to grow at 24 as well as 37°C,
which supports that F. musae is a potential cross-kingdom pathogen.

7.4.2 F. musae is pathogenic to banana fruits

To prove and quantify the capability of £ musae to cause infection in a plant
pathosystem, we established an infection model with banana fruits.

All nineteen strains presented brown halos surrounding the point of toothpick insertion,

with some cases also showing mycelium formation (Figure 7).

Figure 7 Visual representation of the symptoms observed in banana fruits. Formation of brown spots surrounding the
point of toothpick insertion in bananas after 10 days of infection with 10”5 conidia/mL of strains F31 (A) and IUM 11-
0508 (B). No symptoms are visible in infection with H20 (C). No symptoms were observed in bananas after 10 days of
infection with F. oxysporum (D).
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Additionally, disease severity indexes of all strains tested were significantly higher
compared to infection with H2O used as control (Figure 8), demonstrating that they
were all able to cause significant disease in banana fruits. Specifically, strain NRRL
19881 (human, France) caused the highest level of infection, followed by NRRL 28897
(banana, Mexico) and NRRL 43604 (human, USA); while the lowest disease was
caused by strain IUM 11-0507 (human, Greece) followed by NRRL 20673 (banana,
Guatemala).

Figure 8 Disease severity in banana fruits caused by F. musae strains from banana and human isolates. Distribution of
disease severity indexes calculated for each infection point in banana fruits. Graphs were made with the data analysis
framework Estimation Stats with default parameters, H,O was used as shared control. N=50 observation points, each
mean is depicted as a dot and each 95% confidence interval is indicated by the ends of the vertical error bars. The upper
graph represents strains isolated from bananas, the lower graph represents strains isolated from human patients.
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Overall, infection levels were comparable among all strains of our collection, and we
did not observe differences in infection severity caused by strains isolated from plants
and humans, as all showed similar ability to invade a plant host such as the banana
fruit. When comparing the pathogenicity of £ musae with the pathogenicity of F.
oxysporum, as expected, all strains of F. musae showed high levels of disease severity
compared to F. oxysporum that caused no symptoms in fruits with a disease severity
score equal to O (Figure 9).

Figure 9. Comparison between infection in banana fruits with F. oxysporum and F. musae. Graphs were made with the
data analysis framework Estimation Stats with default parameters, Fusarium oxysporum strain f.sp. lycopersici R1 was
used as shared control. Each mean difference is depicted as a dot and each 95% confidence interval is indicated by
the ends of the vertical error bars. The upper graph represents strains isolated from bananas, the lower graph represents
strains isolated from human patients.
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Taken together, we presented the first experimental evidence of F musae
pathogenicity in a plant host, establishing a successful model for infection. All tested F.
musae strains isolated from human patients showed significant infection in a plant
pathosystem. In addition, infection levels were comparable between plant and human
strains, regardless of geographical origin, suggesting no subgroups are present within

the population based on original source.

7.4.3 F. musae causes observable disease in larvae of Galleria mellonella at
environmental and mammalian physiological body temperature

To prove the ability of F. musae to invade an animal pathosystem, we built an infection
model using Galleria mellonella larvae and assessed the ability of the species to cause
infection at environmental as well as mammalian physiological body temperatures.
One of the many advantages of using G. mellonella as a host model is that the larvae
can tolerate incubation at elevated temperatures (such as 37°C). Furthermore, as we
demonstrated, F. musae strains grow in vitro at both environmental and human body
temperatures. Therefore, we tested different incubation temperatures to establish our

F. musae-G. mellonella infection model.
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All selected seven strains of . musae were able to cause significant disease in the

larvae (Figure 10).

Figure 10. Temperature assay for G. mellonella infection. The virulence of seven representative strains is represented as
overall index at 24°C (A), 28°C (B) and 37°C (C). Each colour corresponds to a strain. Infection was done on day 0 and
monitored for 7 days, 10 larvae were infected per strain with 1x10"5 conidia/ml and average value for each timepoint
are represented. Infection with PBS is used as control.
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Specifically, strains F31, NRRL 43601, NRRL 43658 and IHEM 20180 showed similar
infection levels across the three temperatures. At 24°C and 28°C, we observed the first
decline in health scores around 3 days post-infection, decreasing to approximately 7,
which reflected reduced larval activity and the appearance of melanized spots. Health
continued to decline gradually, reaching values between 5 and 6 by the end of the
observation period. At 37°C, larvae began showing symptoms 4 days post-infection,
with health scores decreasing to around 7 only by the end of the observation period.
Human strain IUM 11-0508 presented significantly different activity at the three
temperatures with the highest virulence at 28°C, at this temperature larvae were
completely melanized and dead the day after infection. Plant strains MUCL 51371 and
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NRRL 28893 showed a significantly reduced activity at 37°C, with no visible symptoms,
compared to 24 and 28°C where it exhibited great disease and health score reached
values between 5 and 6. Overall, at 37°C the virulence of all strains was reduced
compared to lower temperatures, but almost all strains presented visible disease at all
temperatures suggesting that they potentially have virulence factors needed for the
infection of an animal host at environmental temperature as well as at human body
temperature. When compared to infection with £ oxyxsporum, F. musae presented
significantly higher virulence at 28°C, which we identified as the optimal temperature
for infection of G. mellonella with F. musae. Meanwhile, at 37°C and 24°C the behavior
between the two species was comparable.

Altogether, the results provided the first experimental proof of £ musae causing
infection in an animal pathosystem at different temperatures. All strains responded
similarly to the tested temperatures, strains with both plant and human origins cause
evident symptoms in G. mellonella, making it a relevant model for investigating F.

musae, which can be extended to other Fusarium species as well.

7.4.4 Human and plant strains of F. musae cause comparable levels of infection
in G. mellonella larvae

To observe if and how the origin of the strains could be related to a specific disease
severity or phenotype in G. mellonella, we evaluated the disease severity caused by
the entire population of F. musae strains.

We observed that all . musae strains were able to cause evident disease, three days
after the infection a few melanized spots were already visible on numerous larvae,
while larvae injected with PBS remained healthy (Figure 11). Results were consistent
and reinforced data obtained at 28°C from temperature assay where only seven

representative strains were included.
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Figure 11. Visual examples of symptoms appearing in larvae of G. mellonella following infection with F. musae strains.
Larvae were infected with 1x10° conidia/larva, in a volume of 10 uL of strain F31, injection with PBS was used as negative
control. Representative pictures of the day of infection and three days after infection are shown here. Symptoms

observed during disease progression assessment: cocoon formation (B), complete melanisation and consequent death
(C) and appearance of a single dark spot (D).

Of the nineteen F. musae strains tested, five (three human IUM 11-0507, NRRL 43601,
NRRL 43604 and two plant NRRL 28893, ITEM 1149) showed a level of disease not
statistically different from PBS (Figure 12). Strain IUM 11-0508 and NRRL 28895 were
the most virulent and they were isolated from human patients and banana fruits,
respectively.

At the end of the observation period, in every group infected with F. musae strains, we

documented the development of significant symptoms that led to larval death across
all the groups.

Figure 12. Disease in G. mellonella. Distribution of overall disease severity indexes calculated for each infection point
in G. mellonella. Graph was made with the data analysis framework Estimation Stats with default parameters, PBS is
used as shared control. N=20 observation points, each mean is depicted as a dot and each 95% confidence interval is

indicated by the ends of the vertical error bars. Upper graph represents strains isolated from bananas, lower graph
represents strains isolated from human patients
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At these conditions, all strains of F. musae showed greater levels of disease compared

to the Fusarium oxysporum strain that presented a disease severity index comparable

to sham infected larvae (Figure 13).

Figure 13 Infection in Galleria mellonella larvae with F. musae strains and F. oxysporum. Graph was made with the data
analysis framework Estimation Stats with default parameters, Fusarium oxysporum strain f.sp. lycopersici R1 was used
as shared control. Each mean difference is depicted as a dot and each 95% confidence interval is indicated by the ends
of the vertical error bars. The upper graph represents strains isolated from bananas, the lower graph represents strains
isolated from human patients.
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Larvae infected with the F oxysporum strain displayed decreased activity in a few
larvae, the appearance of a single melanized spot in two larvae in one of the groups,
cocoon formation in half of the larvae and no larvae died within 7 days post-infection.
When calculating the disease severity index, infection with F. oxysporum resulted in an
index equal to zero, comparable to sham-infected larvae. In this case, using larval
death as a strong marker of disease severity obscured the representation of other
symptoms. However, overall the group remained largely healthy and the infectious
strain exhibited low pathogenicity.

Similar to what we found in banana infection, strains with different geographical origins
and host isolation sources caused comparable levels of infection in G. mellonella
suggesting that they all have virulence factors needed for the infection of an animal
host.

7.4.5 Survival readouts of G. mellonella larvae infected with human and plant
strains of F. musae

Given that survival analysis is still one of the most used readouts in G. mellonella
studies, and to allow comparison with that body of literature, we decided to include also
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survival analysis in the evaluation of our infection model. Survival analysis was done
on survival data observed during G. mellonella infection assay. . musae infection
resulted in significant mortality among the larvae (Figure 14). By 96 hours post-
infection, we observed a noticeable increase in the number of dead larvae, which
continued to rise over the following days, indicating that both plant and human strains
are capable of killing the larvae.

Figure 14 Survival plot of F. musae infection in G. mellonella larvae. Each colour corresponds to a strain. Infection was
done on day 0 and monitored for 7 days, 10 larvae were infected per strain and average value for each timepoint are
represented. Infection with PBS is used as negative control. Mean and SD are represented in the graph. The statistics
compare all strains against the PBS. ns= nonsignificant; *=p> 0,05; **= p>0,005; ***= p>0,0005; ****= p<0,0001.
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The virulence of the plant strain NRRL 28893 was not statistically different from the
negative control. Infection with all other strains was significantly more virulent than
sham-infected larvae, with no significant differences observed between strains from

different origins. Overall, survival analysis confirmed that infection with F. musae led to
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a high number of dead larvae, supporting larval death as a strong marker of disease

severity.
7.4.6 Quantitative comparison of data from bananas and larvae infection

To study if human and plant strains showed the same behavior in both hosts and if
specific trends were observable based on the isolation origin of the strains, we plotted
together data obtained from the infection of banana fruits and G. mellonella with the
entire collection of nineteen strains of F. musae. The distribution of data showed that
infection severity in banana fruits mostly is comparable with those observed in G.

Banana fruits

mellonella (Fig. 15).
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Figure 15 Superplot of virulence of our strains in two hosts. Overall indexes are represented in yellow when related to
banana infection and in blue to G. mellonella. Small dots represent single infection points on bananas or single larvae,
bigger dots represent mean value. All data are normalized by dividing for average value of F31 of the corresponding

replicate.
Only human strain IUM 11-0508 showed a different behavior in the two different hosts
as it was highly virulent in G. mellonella but less virulent in banana fruits. We did not

find any specific interdependence between hosts or geographical origin of the strains

and their virulence.

7.5 Discussion

The field of fungal cross-kingdom pathogens is still at its infancy. A conspicuous
number of species has been identified as pathogenic to organisms from more than one
kingdom (Gauthier and Keller, 2013; Van Baarlen et al., 2007) but, in most of the cases,
classification as cross-kingdom pathogen was defined only by isolation from different
hosts and identification based on taxonomic criteria that are constantly evolving and
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need frequent revision. To qualify as a cross-kingdom pathogen, isolation of a strain
from a host needs complementation with evidence of its ability to cause infection in
that host. Comprehensive studies including fundamental steps needed for verifying
Koch’s postulates are limited, especially when pathogens are considered cross-
kingdom and the infection must be proven in more than one host.

F. musae is such a putative cross-kingdom pathogen given its appearance as a
pathogen in both agricultural and clinical settings. Further supporting its status of a
cross-kingdom pathogen are diversity studies that have suggested that strains isolated
from humans and bananas are part of a common taxa (Degradi et al., 2022, 2021; Tava
et al., 2021; Van Hove et al., 2011). However, the pathogenicity of £ musae has not
yet been experimentally verified as is required by the Koch’s postulates. Therefore, in
this work we aimed at proving experimentally if £ musae could be confirmed as a
cross-kingdom pathogen by validating infection models for the investigation of its
pathogenicity in both plant and animal kingdoms.

Our results showed that all £ musae strains of our collection, independently of their
isolation source, could grow in vitro at 25°C as well as at higher temperatures such as
37°C, suggesting that they are all well adapted to occupy different ecological niches
and share virulence factors needed to spread at environmental temperature but also
at human body temperature.

Indeed, pathogenicity in different host models’ environments is an important step to
understanding F. musae as a cross-kingdom pathogen, therefore our next step was to
identify the most suitable hosts for this investigation. Banana fruits are the only known
host of F. musae in the plant kingdom and the fungus is one of the causative agents of
crown rot which is considered one of the most important postharvest diseases of
bananas (Kamel et al., 2016). Therefore we established an infection model for the
investigation of £ musae using banana fruits similar to the model used for the
investigation of F. verticillioides (Moretti et al., 2004).

For the animal kingdom, we established an infection model with larvae of Galleria
mellonella. G. mellonella larvae are considered a successful and ethically responsible,
relevant host model for the study of host-pathogen interaction. When compared to
rodent models of infection, G. mellonella larvae offer considerable advantages: they

are easily and inexpensively obtained in large numbers, are simple to use, and are
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easy to maintain without special laboratory equipment. Additional major benefits are
their ability to thrive at 37°C, ease of maintenance and manipulation, few ethical
constraints and their size simplifies infection (Capilla et al., 2007; Desalermos et al.,
2012; Fuchs et al., 2010; Junqueira and Mylonakis, 2019; Swearengen, 2018). The
structural and functional similarities between the innate immune system of mammals
and the insect immune response present an additional reason to use it for the study of
human fungal pathogens (Kavanagh and Fallon, 2010; Mylonakis, 2005; Slater et al.,
2011; Trevijano-Contador and Zaragoza, 2018). Indeed, among the host model
alternatives to mice, Galleria mellonella larvae present several favourable attributes
that make it an optimal model host for the investigation of various fungi, including
Fusarium spp. as the well-known cross-kingdom pathogens F. solani and F. oxysporum
(Binder et al., 2016; Carvajal et al., 2021; Champion et al., 2018, 2016; Coleman et al.,
2011; Fuchs et al., 2010; Gomez-Lopez et al., 2014; Khalaf, 2023; Kryukov et al., 2018;
Navarro Velasco et al., 2011; Vanhoffelen et al., 2023). G. mellonella larvae were
therefore our model of choice to serve as an animal host to experimentally observe for
the first time in an animal host F. musae strains’ pathogenicity.

We hypothesized that temperature would play a crucial role during the infection of G.
mellonella larvae. Consequently, we tested the ability of our collection of strains to
cause infection at environmental as well as mammal physiological body temperatures.
We observed that all our strains showed 28°C as the optimum temperature for the
infection while at 37°C the growth of our strains was overall reduced. This is consistent
with the environments from where they were isolated: bananas usually grow at
temperatures ranging from 25°C to 28°C, while the human body temperature is not
uniform throughout. While core body temperature is 37°C, extremities and corneal
tissues have lower temperatures and are more exposed to injuries, making them more
susceptible to fungal infections, including those by F. musae (Gauthier and Keller,
2013; Kessel et al., 2010).

We did not only consider the best experimental model for studying F musae
pathogenicity, but also the methodology to evaluate the extent of disease caused in
host model systems representing plant and animal kingdoms. For evaluating banana
fruit infection, we established a semiquantitative scoring system based on halo,

browning and mycelium formation. For evaluating disease severity in G. mellonella,

87



survival analysis is the most used readout for the study of virulence of fungi of clinical
interest, but it gives a binary result that does not allow us to observe other or milder
symptoms of infection. A more sophisticated measure exists, that accounts for not only
life or death but several aspects of larval health (Loh et al., 2013). Melanisation is part
of G. mellonella’s humoral system, it is a complex enzymatic cascade where melanin
is synthesized due to wound and pathogen encapsulation and usually it correlates with
the death of the wax worm soon after. The degree of melanisation can depend on the
infecting pathogen (Champion et al., 2018). Some pathogens cause profound and
uniform melanisation, whilst others cause more subtle colour changes which can be
difficult to interpret. Higher activity corresponds to a healthier wax worm while cocoon
formation and activity of the larvae indicate good health of the individual (Loh et al.,
2013; Singkum et al., 2019).

To better represent disease severity in our infection models and enable comparison of
the virulence level of single strains, we established disease severity indexes. The
banana disease severity index considers the diameter and the level of browning of the
spots growing on the fruits. In contrast, the G. mellonella severity index considers the
importance of larval death as well as other symptoms that can be linked to specific
mechanisms involved in pathogen-host interaction. These indexes allowed us to
assess and compare the virulence of individual strains in both bananas and G.
mellonella models, observing possible differences in the interaction with the two
different hosts.

Based on this novel experimental model with the disease severity quantification
framework we established, we verified that strains of F. musae with different hosts and
geographical origins could cause a high level of disease and most of the strains did
not discriminate between the host tested, as they were able to cause comparable levels
of disease in both banana fruits and G. mellonella larvae. Interestingly, the human
strain IUM 11-0508 showed different infection of the two hosts, causing high disease
levels in G. mellonella while being a weak pathogen of bananas. Overall, the tested
strains of £ musae consistently showed comparable infection levels in both our
infection models, independently from the isolation source. Nevertheless, subtle
variations in symptoms and the degree of infection were observed among F. musae

strains in both hosts. Our phenotypic tests allowed us to identify strains that have
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peculiar behaviour against the different hosts, such as IUM 11-0508, as well as strains
that grow with difficulty at the temperature required for human infection, such as NRRL
28897, ITEM 1149. A genomic approach trying to link these characteristics to the
genetic background of the strains is warranted as this will guide our comprehension of
virulence factors underlying pathogenicity across kingdoms.

7.6 Conclusions

F. musae has been identified as potential cross-kingdom pathogen, as it has been
isolated from diseased banana fruits and human patients. This work marks the first
experimental demonstration of the ability of this species to actually invade and cause
infection in both plant and animal pathosystems. Our findings demonstrate that strains
with different isolation source do not exhibit particular trends or behaviors, supporting
the hypothesis made on genomic characteristics that strains isolated from humans and
bananas are part of a common taxa (Degradi et al., 2022; Tava et al., 2021; Van Hove
et al., 2011).

We established two relevant infection models, one involving banana fruits and the other
one G. mellonella larvae, that resulted successful for the investigation of Fusarium
musae. These models are valuable tools for further in vivo studies on the mechanisms
involved in host-pathogen interactions of F. musae as well as other relevant Fusarium
species, as well as antifungal efficacy studies, relevant to the agricultural and clinical
context within a One Health concept.

Additionally, considering the similarities in defense systems of plants and humans
(Sexton and Howlett, 2006), it is crucial to explore further the strategies evolved by F.
musae that allow it to invade hosts belonging to different kingdoms, and the underlying

genetic determinants of infection.

Supplemental material

Table S1. In vitro temperature assay of F. musae. The table represents average values of diameters express in cm of the
colonies measured five days after incubation at 25°C and 37°C in solid V8 media. Three replicates were done for each
strain at each condition. *Two replicates were done for these strains.
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STRAIN HOST (TISSUE) 24°C 37°C

F31 Banana (fruit) 3,65 +0,03 3,4+0,2
IUM 11-0507 Human (blood) 2,6 0,1 2,9+0,14
TUM 11-0508 Human (cornea) 3,4+0,1 2,8+0,5
NRRL 28893 Banana (fruit) 4,52+0,1 1+0,05

NRRL 28895 Banana 425+0,7 1,25+ 0,2
NRRL 28897 Banana 457+0,2 0,93 + 0,02

NRRL 43601 Human (skin) 5,05+0,13 1,7+0,2

NRRL 43604 Human (nasal sinus) 4,6+0,5 1,32 +0,7

NRRL 43658 Human (contact lens) 4.85+0,3 1,05+0,4

NRRL 43682 Human (cornea) 4,95+0,3 1,38 £0,06

NRRL 25673 Banana (fruit) 4,6+0,3 1,97 £0,6
(MUCL 53204)

NRRL 25059 Banana (fruit) 3,86 £0,4 1,73+ 0,2
(CBS 624.87, MUCL 52574)

IHEM 20180 Human (sinus biopsy) 3,97 +£ 0,06 1,65+0,3
IHEM 19881 Human (shoulder biopsy) 493 +0,5 2,12+1,2
ITEM 1121 Banana (fruit) 4,5+0,7 1,57+0,3
(MUCL 52573)

ITEM 1142 Banana (fruit) 4,6* 1,18 £0,2
(MUCL 53196)

ITEM 1149 Banana (fruit) 4.8% 0,87 +0,1
(MUCL 52201)

ITEM 1250 Banana (fruit) 4,98 +£0,6 1,45+0,2
(MUCL 53203)

MUCL 51371 Banana (fruit) 333+£1,3 1,65+1,4
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Chapter 8

Bioluminescence imaging, a powerful tool to quantify F. musae

burden across kingdoms

8.1 Introduction

As invasive fungal diseases are increasing and the at-risk population continues to
expand, it is likely that fungal transkingdom pathogens can become a novel important
threat to human and animal health. This makes it imperative that we take immediate
action and no longer overlook the threat posed by fungal cross-kingdom pathogens
(Fisher and Denning, 2023; Gauthier and Keller, 2013; “One Health - WHO,” 2024).
To acknowledge the significant public health concern associated with fungal pathogens
and the need for systematic prioritization, the fungal priority pathogens list (FPPL) was
developed (Fisher and Denning, 2023). The list highlight fungal species of global
importance, mainly involved in systemic invasive infections and with serious risk of
mortality and/or morbidity. Notably, Fusarium spp. are categorized within the high-
priority group due to their inherently resistance to most antifungal agents and the lack
of knowledge about them, their mechanisms of action and treatments, despite the
global annual incidence rates of Fusarium infection in both medial and agricultural field.
Cross-kingdom identification of Fusarium pathogens is not uncommon (Moretti, 2009;
Summerell, 2019; Van Diepeningen and De Hoog, 2016). They are a major concern in
agriculture, where they cause decreases in food production and big food losses.
Moreover, several species of Fusarium are recognized as opportunistic human
pathogens, causing a wide range of diseases. However, knowledge on transkingdom
ability of Fusarium species is still limited.

The most recently described potential transkingdom species within the F fujikuroi
species complex is F. musae (Van Hove et al., 2011). . musae is recognized as one
of the causative agents of crown rot of banana fruits, one of the most important
postharvest diseases worldwide that is source of significant losses in banana fruits and
economic damage (Kamel et al., 2016; Triest, 2016). Additionally, F. musae has been

isolated from human patients, where it can cause superficial infection, such as keratitis
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and nail infection, and in few cases systemic disease in immunocompromised
individuals (Esposto et al., 2016; Triest, 2016; Triest and Hendrickx, 2016). The ability
of F. musae to find hosts in both plant and animal kingdom labels it as a potential fungal
transkingdom fungal pathogen.

Investigating mechanisms of action behind cross-kingdom pathogens poses unique
challenges for both agriculture and medicine due to the difficulty in developing tools
and models that are adaptable to diverse host systems and the absence of a common
strategy to investigate species considered as or newly defined as cross-kingdom
pathogens.

In a previous work, we successfully established infection models for the investigation
of F. musae using banana fruits and Galleria mellonella larvae, a new alternative host
model for animal infection and a proxy for human fungal infection (Tava V., et al.,
Submitted). These models experimentally demonstrated the transkingdom
pathogenicity of £ musae. Additionally, we developed robust scoring systems to
assess infection severity in both hosts, providing a foundation for further research into
the mechanisms of F. musae pathogenicity.

In this work, we aim to move forward in the investigation of F. musae by establishing
the first BLI model for studying imaging of the infections and investigate fungal burden.
Our objective was to provide insight into of the infection imaging to expand
understanding of F. musae, as a transkingdom pathogen. We aimed to combine the
phenotypic observation of the disease represented by the health score with a
quantitative assessments of disease progression with real-time imaging.
Bioluminescence imaging (BLI) has emerged as a powerful strategy for real-time
quantitative monitoring of fungal infections in animal models. The technology is based
on the sensitive detection of light emission (photons) generated by genetically
engineered luciferase-expressing microorganisms secondary to the oxidation of the
substrate luciferin (Brock, 2012; Papon et al., 2014). It can provide real-time, non-
invasive in vivo longitudinal imaging of the infection and possible dissemination by
providing quantitative information on the fungal burden.

Papers reporting the use of BLI for fungal infection in animal models underly the
versatility of this methodology that can be used for in vivo investigation in a wide range
of hosts. It's power have been described for traditional models as mouse models, but
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also in alternative models such as G. mellonella (Delarze et al., 2015; Resendiz-
Sharpe et al., 2022; Vanherp et al., 2019; Vanhoffelen et al., 2024, 2023).

At this scope, we built a transformation protocol effective for F. musae to develop the
first stable reporter BLI strain of . musae expressing firefly luciferase to be used in in
vivo imaging.

Specifically, we intended to use the BLI strain to track disease progression in Galleria
mellonella and then apply this method to plant systems, testing its adaptability for
studying infections in both animal and plant hosts. Therefore, advancing our existing
infection models, we established BLI models using Galleria mellonella larvae
and banana fruits. These models allowed us to monitor F. musae infection and expand
our understanding of host-pathogen interactions through in vivo imaging and
quantification of infection dynamics.

Our final goal was to develop a versatile method that enables quantitative, non-
invasive, real-time methodology for monitoring £ musae infections, with potential
applications to other transkingdom pathogens. This method could be particularly useful
for antifungal treatments in both agricultural and clinical settings.

8.2 Material and methods

8.2.1 Bioluminescent Fusarium musae strain engineering

The F. musae strain F31 from our collection was transformed for BLI imaging. We
integrated in the fungal genome a construct for expression of fusion protein of red-
shifted firefly luciferase fused to the far-red fluorescent protein mMNEPTUNE. A
selection marker for Pyrithiamine hydrobromide was also included.

The resulting BLI F. musae strain underwent several rounds of selection, alternating
between liquid media to promote sporulation and solid media to allow selection of
single conidia, both containing Pyrithiamine as selection marker.

Transformant colonies derived from single conidia were then cultured and imaged to
verify stable and strong BLI signal. BLI signal validation was done imaging 10-fold
serial dilution of spores in vitro with addition of 10% D-luciferin potassium salt using
the IVIS Spectrum to ensure a reliable BLI signal. BLI signal was then quantified and
compared with BLI signal of a well-characterized BLI A. fumigatus strain used as

positive control.
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For all the following experiments we used the luciferase-expressing F. musae strain
F31 here described.

Prior to perform in vivo experiments, the BLI signal of luciferase-expressing F. musae
inoculum was verified in vitro by imaging 10-fold serial dilutions in a black 96-well plate
(Cliniplate; Thermo Scientific, Denmark), with addition of 10% D-luciferin potassium
salt (1.25 mg/mL in PBS; Promega, USA).

8.2.2 Inoculum preparation

Spores of BLI strain were stored at -80°C and revived by inoculation onto Petri dishes
containing Sabouraud agar (Sigma-Aldrich) with addiction of 0,1 ug/ml Pyrithiamine.
Plates were incubated at 24°C for 5 days. Conidia were collected directly from the
plates by gently flooding the surface with 1 mL of sterile PBS (Dulbecco’s phosphate-
buffered saline, Gibco, Paisley, UK). The concentration of conidia was determined
using a Burker chamber, and appropriate dilutions were made to achieve the required
concentration for infection. When performing in vivo experiments, prior to each
infection we ensure a reliable BLI signal by imaging in vitro the inoculum concentration.
Cell count was also confirmed by colony forming unit (CFU) plating spore dilutions onto

Sabouraud agar plates containing 0,1 ng/ml Pyrithiamine and incubate at 25°C.

8.2.3 Galleria mellonella infection model

We used the F. musae-G. mellonella larvae model we established in (Tava V., et al.,
Submitted). We selected healthy G. mellonella at the larval final stage in-house bred
with weighing 250 + 50 mg, normal movement, and no melanisation. N = 10 larvae per
group were selected and housed individually in 12-well plates without food. Infection
was performed by injecting the desired number of spores in each larva in the last right
proleg using a Hamilton® syringe (25 yL, 701SN, 31 G, Switzerland). Control group
was sham-infected with 10 uL PBS.

The health status of the larvae was assessed daily observing their movement,
melanisation and survival, following Loh et al. methodology adapted for F. musae-G.
mellonella larvae model we established (Loh et al., 2013; Tava V., et al., Submitted).
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8.2.4 In vivo bioluminescence imaging in G. mellonella larvae

BLI signal of infected larvae was detected daily starting from 2h post infection until 9
days post infection. Each day 10 pL of D-luciferin potassium salt (1.25 mg/mL in PBS;
Promega, USA) was injected in the last proleg, alternating left and right leg. Larvae
were then transferred in black 12-well plates with a transparent bottom (IBL Baustoff 1
Labor GmbH, Austria) and imaged in an IVIS Spectrum imaging system (Revvity, USA).

8.2.5 Ex vivo bioluminescence imaging in G. mellonella larvae

To confirm the relative fungal cell count we performed ex vivo BLI on larval
homogenates until day 4 post-infection. For each time point, larvae (n=6) were
homogenized with a tissue homogenizer in 1 ml of sterile PBS. BLI of homogenate was
acquire by in vitro imaging of 10-fold serial dilutions in a black 96-well plate, with
addition of 10% D-luciferin potassium salt. Cell count was also confirmed by colony
forming unit (CFU) plating spore dilutions onto Sabouraud agar plates containing 0,1

ug/ml Pyrithiamine and incubated at 25°C.

8.2.6 Sensitivity of BLI F. musae to posaconazole

Sensitivity of the BLI strain of . musae to posaconazole was tested in vivo in healthy
G. mellonella |larvae at the larval final stage in-house bred with weighing 250 + 50 mg,
normal movement, and no melanisation. N = 10 larvae per group were selected and
housed individually in 12-well plates without food. We infected larvae by injecting 10*
spores/larva in the last right proleg using a Hamilton® syringe (25 yL, 701SN, 31 G,
Switzerland). Then larvae were treated daily, starting from 1 hour post-infection, with a
dose titration of posaconazole by injecting different dose of posaconazole ranging from
1 to 8 mg/kg in the last left proleg using a syringe. Control groups were sham-infected
with 10 uL PBS and sham-treated with 10 uL NaCl.

The health status of the larvae was assessed daily observing their movement,
melanisation and survival, following (Loh et al., 2013) methodology adapted for F.

musae-G. mellonella larvae model we established.
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8.2.7 Banana fruits infection model

Organic bananas imported from Ecuador were gifted to us by ©Colruyt Group
(Coccinelle, Hoveniersstraat 5, 2860 Sint Katelijne Waver, Belgium). We received
healthy, green bananas that had not yet ripened (no gas exposure) and were still
grouped in hands of 5 or 6 bananas each.

Prior to infection, banana hands were sterilized by immersion in 0,7% sodium
hypochlorite for 3 min, washed with water and dried on a bench on a sheet of paper.
Individual bananas were then separated using a clean scalpel, making a cut
perpendicular to the crown ensuring the crown remained.

In this work, we infected banana fruits using two different procedures. The first method
follows the F. musae-banana fruits model we established in our previous infection study
(Tava V., et al.,, Submitted). Here, toothpicks imbued with £ musae spores were
inserted at a regular distance into the fruits (n= 5 toothpicks per banana), deep enough
to break the peel and touch the surface of the pulp. We then included a second method
designed to mimic the hypothetical entry route of £ musae into banana fruits, as
described by (Triest and Hendrickx, 2016). We cut a thin slice from the external part of
the pedicel to create a “scar” for the infection. A drop of conidia suspension
(approximately 50 uyL) was positioned on the exposed scar, making sure it was in
contact with the entire surface. Finally, the crown was covered with a piece of sterile
aluminum foil (Kamel et al., 2016). The fruits were then placed on trays, covered by
plastic bags and incubated at 22°C in the dark for up to 26 days post infection. Three
bananas were used per time point and the two infection models were combined on the
same fruit when possible. In both procedures we used an inoculum of 10° spores/mL.
Round sections of bananas stained with methylene blue and observed with
stereoscope at magnification 6 days after infection with £ musae were included as
additional evidence of the presence of the fungus.

8.2.8 Bioluminescence imaging in banana fruits

BLI signals were acquired from different sections and parts of the bananas. First, the
entire fruit was imaged to quantify infection levels at the toothpick insertion points. A
volume of 10 uL D-luciferin potassium salt (1.25 mg/mL in PBS; Promega, USA) was

pipetted on bananas at each toothpick insertion point and spread to the surrounding
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area using a cotton stick. The fruits were then sliced at the insertion point of the
toothpicks, 10 uL D-luciferin was added, and banana slices were imaged to assess the
depth of the infection in the pulp. Banana pedicels were also cut from the fruit, imaged
from above, and then cut in halves to observe progression of the disease from the

crown. For both sections 10 uL D-luciferin was added and spread across the surface.

8.2.9 BLI signal acquisition

Every time BLI signal was detected using an IVIS Spectrum imaging system
(PerkinElmer, USA). Consecutive images (n=5) were acquired with an exposure time
of 30 s (open filter or spectral unmixing, F/stop1, subject height of 1.5 cm, and medium
binning) per each time point. To quantify the signal, we used Living Image software
(version 4.5.4; PerkinElmer, USA) and the total photon flux (photons per second) was
measured and used for analysis.

For G. mellonella imaging, regions of interest (ROIs) were positioned covering each
well and the default emission filter setting (detector without any spectral selectivity) on
the IVIS spectrum was selected.

For imaging of banana fruits, was selected spectral unmixing setting on the IVIS
spectrum, which uses different single-wavelength emission filters. Different sections

were considered and ROIs were positioned as represented in Fig. 16.

Figure 16 Representative images of the banana sections observed and the position of the ROIs. On the left pictures
taken with a phone of the different sections and on the right visual representation of BLI signal with IVIS spectrum. We
considered: the entire fruit with ROIs surrounding the toothpick insertion points (A), banana slices (B), pedicels imaged
from above (C) and cut in halves (D).
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8.2.10 Statistical analysis

Statistical analyses were performed using GraphPad Prism version 8.0.2 (GraphPad
Software, USA). In vivo BLI data of both bananas and larvae were log10-transformed
and analyzed by mixed-effects two-way analysis of variance (ANOVA) with Tukey’s
correction for multiple comparisons to detect significant differences between groups
and in relation to time. Survival analysis of larvae was analyzed using the log rank
(Mantel-Cox) test, while for health score we used the mixed-effects two-way analysis
of variance (ANOVA) with Tukey’s correction for multiple comparisons. Dead larvae
were removed from the plate and not imaged, for them we considered the last BLI
quantification before death to plot the graph. The correlation coefficient, r, was

computed using Pearson’s correlation analysis.

8.3 Results

7.3.1 Bioluminescent Fusarium musae strain engineering

We transformed F. musae strain F31 to integrate a construct for the expression of
codon-optimized red-shifted firefly luciferase fused to the far red fluorescent protein
MNEPTUNE (mNept:luc_red). Transformation resulted in obtaining the first BLI strain
of F. musae expressing luciferase. This strain was deeply characterized and then used

for BLI of F. musae in both G. mellonella larvae and banana fruits.

8.3.2 In vitro validation of red-shifted emission of light of the bioluminescent F.
musae strain

BLI signal of luciferase-expressing F. musae strain was quantified and compared with
BLI signal of a well-characterized luciferase-expressing A. fumigatus strain used as
positive control. Results demonstrated that the BLI signal of F. musae is clear, stable
and even higher than luciferase-expressing A. fumigatus (Fig. 17A), allowing us to
proceed with in vivo experiments. Quantification of the signal showed emission of
bioluminescence highly comparable to the inoculum concentration determined using a

Burker chamber and then used for the infection (Fig. 17B, 17C).
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Figure 17. In vitro validation of luciferase-expressing F. musae. A, visual representation of BLI signal of 10-fold serial
dilution of spores of F. musae BLI strain and luciferase-expressing A. fumigatus strain used as positive control, three
replicates were considered. B, correlation graph of the quantification of the bioluminescence signal of F. musae and its
inoculum concentration determined using a Burker chamber. C, visual representation of the inoculum validation
performed for each group prior to infection, data were used to build the correlation graph.
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8.3.3 BLI allows for in vivo monitoring of F. musae fungal burden in Galleria
mellonella larvae

To validate our F. musae-G. mellonella model for bioluminescence imaging detection
and track disease progression, we infected the larvae with different concentrations of
spores. The goal was to assess the sensitivity of our newly transformed BLlI strain in
an in vivo model. We started by testing inoculum concentrations ranging from 103 to
108 spores per larva to determine whether the inoculum size previously used to
establish the model could also be detected using BLI. Larvae infected with inoculum
sizes ranging from 103 to 108 spores per larva were imaged with BLI 2h post infection.
We observed that increasing inocula corresponded with increased BLI signal (Fig.
18A). Larvae infected with 103 spores exhibited a low signal, while larvae infected with
higher inoculum concentrations presented strong and clearly distinguishable BLI
signals. Overall, we were able to differentiate fungal loads. Quantification of the signal
confirmed our observation (Fig. 18B). Larvae infected with 103 spores/larva showed a
BLI signal significantly higher than sham-infected larvae already from 2h post infection.
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The bioluminescence signal intensity, then, increased with the concentration of the
inoculum, with larvae infected with 10 spores each presenting the strongest BLI signal.
We next determined the detection threshold, i.e. the lowest £ musae inoculum that
could be detected in G. mellonella with BLI, by infecting larvae with 10 and 100 spores
per larva and imaging them with BLI 2h post infection. Results showed that the BLI
signal of larvae infected with 10 spores of luciferase-expressing F. musae was
significantly higher from larvae sham-infected (Fig. 18A e B), reflecting the possibility
to detect the presence even few spores of our luciferase-expressing F. musae strain.
However, the detection threshold at 2h post infection does not allow quantification of
different fungal loads when the number of spores present is lower than 103
spores/larvae, indeed infection with 10 and 100 spores/larvae resulted not significantly
different from those infected with 102 spores/larvae.

Figure 18. Imaging of G. mellonella larvae 2h post infection with luciferase-expressing F. musae. A, visual representation
of the signal acquired with IVIS spectrum of larvae (n=12) infected with: PBS (sham-infected), 10 spores/larva, 102
spores/larva, 103 spores/larva, 104 spores/larva, 105 spores/larva, 106 spores/larva. B, quantification of the signal 2h
post infection, each dot represents a single larva. Mean and SD are represented in the graph. For statistics: ns=
nonsignificant; * p> 0,01; **=p>0,001; ***= p>0,0001; ****= p<0,0001.
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We then observed the longitudinal evolution of BLI signal in G. mellonella after infection
with £ musae (Fig. 19).

Larvae infected with 10% and 108 spores/larvae gave high and clear signal 2 hours post-
infection, however the inoculum was too high for the larvae, leading to illness and death
within a few days after infection. On the other hand, groups infected with 10 and 100

spores/larvae exhibited a higher fungal load compared to the sham-infected group at
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2 hours post-infection, but the signal did not significantly differ from the sham group
over time. Most larvae in these groups remained healthy, showing little to no infection
symptoms. Overall, the group of larvae infected with 10* spores/larva provided the
strongest BLI signal intensity but with the highest number of healthy larvae.

Our results confirm that the bioluminescent reporter strain of F. musae is highly stable,
producing a strong in vivo BLI signal that is effectively detected and quantified using
BLI. The sustained strength of the BLI signal over time indicates that even a small
number of spores can be detected with this method, although precise quantification
may be limited to higher spore concentrations.

These findings overall validate our approach and provide a robust, non-invasive
methodology for monitoring £ musae infections in Galleria mellonella larvae with BLI.

Figure 19. In vivo longitudinal monitoring of G. mellonella larvae infected with F. musae reporter strain. The graphs
represent: A, in vivo BLI; B, health score, C, in vivo BLI of single larvae, D, survival. Data were acquired daily and for each
group were considered n=10 larvae, average value and SD are represented. For statistics: ns= nonsignificant; * p>0,01;
**=p>0,001; ***=p>0,0001; ****= p<0,0001.
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8.3.4 Ex vivo correlates with in vivo bioluminescence in G. mellonella
CFU counting still represent the gold standard for quantifying fungal infections. To

support our in vivo longitudinal results, we checked relative cell count by colony forming
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unit (CFU) plating spore dilutions and ex vivo BLI on larval homogenates. The goal
was to evaluate whether our newly established BLI, which we have already validated
for longitudinal monitoring of fungal burden, could replace endpoint CFU counting.
Daily, following health score assessment and BLI in vivo imaging, larvae (n=6) were
homogenized. A portion of the homogenate was incubated onto Sabouraud agar plates
containing 0,1 mg/ml Pyrithiamine for CFU counts, while the remaining portion was
imaged for ex vivo quantification.

Results showed that in vivo BLI signal increased until day 2 post-infection, after which
it slightly decreases. In contrast, the corresponding CFU count initially decreased,
followed by an increase after 3 days pi, ultimately returning to the initial range (Fig.
20A). The CFU counts confirmed the presence of F. musae each day post infection,
indicating that the infection persisted and the larvae did not clear the inoculated spores.
However, the correlation between the two methodology was low.

When then comparing data from in vivo and ex vivo BLI, a clear correlation over time
was observed (Fig 20B), suggesting that the difference between in vivo BLI and CFU
is not due to differences between in vivo and ex vivo samples but has a methodological
origin.

Overall, with our results we validated the use of in vivo BLI over time for fungal burden

quantification, establishing it as an effective alternative to endpoint CFU counting.

Figure 20. In vivo, ex vivo and CFU comparison. A, comparison between in vivo BLI signal and CFU counts after larval
halogenation?. B, correlation graph of BLI signal quantification of in vivo larvae and homogenized larvae. Infection was
performed with 10 spores/larva and monitored daily over 5 days. The Pearson correlation coefficient (r) is shown.
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8.3.5 1BLI allows to monitor fungal growth in vivo even when symptoms are not
visible

Next, we investigated whether BLI could detect differences host-pathogen interactions
during fungal infection in larvae incubated at different temperatures. Larvae infected
with the bioluminescent F. musae strain were incubated at room temperature (22°C),
30°C and 37°C, and their BLI signals were measured. Once again, larval health was
assessed daily by monitoring movement, melanisation, and survival as described
before. Afterward, we injected the larvae with 10 pL of D-luciferin potassium salt and
detected the BLI signal. Health score and survival data were compared with previous
observations noted in the infection study on F. musae at different temperatures.

As expected, larvae incubated at 22°C exhibited the highest BLI signal over time,
consistent with their lower health scores. Interestingly, larvae incubated at 37°C also
showed relatively high BLI signals, despite their health scores indicating that they were
largely unaffected by the infection at this temperature showing little to no infection
symptoms (Fig. 21).

Overall, our results suggest that BLI can detect infection variations that health scores
and survival rates do not capture. Common metric in infection studies, such as health
scores and survival rates, failed to reflect certain host-pathogen interactions that are
not indicated by the disease symptoms. The use of BLI highlight its power in identifying

infection at early stage and when symptoms are not yet visible.

Figure 21. In vivo BLI in larvae incubated at different temperatures. The graphs represent: A, in vivo BLI; B, health score,
C, in vivo BLI of single larvae, D, survival. Data were acquired daily and for each group were considered n=10 larvae,
average value and SD are represented. For statistics: ns= nonsignificant; * p> 0,01; **= p>0,001; ***= p>0,0001; ****=
p<0,0001.
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8.3.6 BLI can be a tool for screening antifungal treatments

To assess the potential applications of BLI for screening antifungal treatments against
F. musae, we tested in vivo in G. mellonella four different antifungal doses ranging
from 1 to 8 mg/kg. The goal was to validate BLI as a readout for dose-response studies
using posaconazole, whose effectiveness against £ musae has already been
established, with G-MIC value of 0,54 mg/L (Tava et al., 2021).

Treatment with different doses of posaconazole resulted in observation of dose-
response to posaconazole that was reflected in decrease of BLI signal observed with
the increase of the posaconazole dose administered. Specifically, as expected the
lowest BLI signal was observed in larvae treated with dose of posaconazole of 4 mg/kg,
while decreasing the dose of posaconazole the BLI signal tended to increased,
validating BLI as a readout for dose-response studies (Figure 22). Surprisingly larvae
treated with the highest posaconazole dose (8 mg/kg) presented values higher than
sham-treated larvae. No statistical significances were observed between treated and
sham-treated larvae in terms of in vivo BLI, health score or survival. However, the
overall trend showed that increasing posaconazole concentrations corresponded to
decreased BLI signals, confirming a dose response of £ musae to the treatment.
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These results suggest that BLI has potential as a method for screening of antifungal
treatments against F. musae. However, further experiments are necessary to increase
the number of repetitions, the larval sample size or testing different antifungal
compounds.

Figure 22 Dose response of posaconazole in G. mellonella against azole-susceptible F. musae strain. A, in vivo BLI flux;
B, AUC; C, health scoring; and D, survival readouts in G. mellonella larvae treated with 8, 4, 2 and 1 mg/kg, and two
controls, followed longitudinally for four days post-infection (pi). Statistics refer to longitudinal differences over four
days where * P < 0.05, ns = non-significant (P >0.05), data are means + SD, n = 10.
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8.3.7 BLI allows disease progression in banana fruits infected with F. musae

To test the adaptability of BLI imaging to a plant system, we validate our F. musae-
banana fruit model for bioluminescence imaging detection. The goal was to quantify F.
musae infection in banana fruits while avoiding interference from lignin and other
compounds in the peel, which can affect imaging techniques (Tiessen, 2018). In
addition, we wanted to determine whether different ripeness stages affect the BLI
signal acquisition.

Initial imaging using the default emission filter setting (detector without any spectral
selectivity) on the IVIS spectrum, commonly selected by our group for in vivo imaging,
resulted in high background BLI signal this was due to phosphorescent properties of
banana peel, which masked the fungal signal and hindered infection detection. To
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address this issue, we employed spectral unmixing setting, which uses different single-
wavelength emission filters, aiming to minimize background interference.

As shown in Fig. 23A, when bananas are infected with luciferase-expressing F. musae,
we observed a distinct BLI intensity profile across discrete emission filters, while non-
infected bananas resulted in giving the same signal at different wavelengths. In
particular, the more we utilized emission filters specifically tuned to the luciferase-
associated wavelength (620 nm), the more we observed a distinct and intensified
signal, suggesting that the fungus is successfully detected at this wavelength.
Additional evidence of the presence of the fungus was obtained by adding few drops
of methylene blue dye to the infected area to localize F. musae (Fig. 23B), observations
were made using a stereoscope.

As non-infected control fruits, we included both pale green and brown bananas. The
goal was to assess whether the browning of the fruits, due to the ripeness stage of the
fruits, would affect the acquisition of the BLI signal. As observed in Fig. 23, pale green
and brown bananas presented a comparable intensity in the BLI signal, suggesting
that the ripeness stage of the fruits does not affect the BLI signal.

Figure 23. BLI signal detected from bananas when using spectral unmixing modality. A, the graph represents in blue,
fruits infected with F. musae (26 days p.i.); in red, pale green fruits in the first stages of ripening; in green, brown fruits in
late ripening stage. Each dot corresponds to a single fruit. B, visual representation of infection progression observed 6
days post-infection in ripe bananas with naked eye, after addition of methylene blue and at BLI.
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8.3.8 BLI enable in vivo disease progression banana fruits infected with F. musae
Once the optimal imaging parameters for monitoring the disease in bananas were
established and verified, we tracked the progression of the infection over a period of
26 days. This extended timeframe was selected because unripe bananas provide
fewer accessible nutrients for fungal growth, leading to a slower disease progression.
Additionally, prior experiments showed that infections initiated at the crown level take
longer to manifest symptoms and spread.

Bananas were infected and incubated for up to 26 days post-infection. Day 1, 2, 7, 9,
13, 16, 19, 23, 26 post infection were selected as timepoints for imaging. At each time
point, images of the designated sections (as described in the methods) were captured
using both a phone camera and the IVIS Spectrum to measure luminescent signals.
BLI signal was observed from the earliest days post-infection, suggesting the presence
of the fungal spores and that the infection was successfully performed. For whole fruit
analysis, regions of interest (ROIs) were delineated around the infection points, and
the data were plotted. Initially, the luminescent signal remained low and similar to
water-infected controls until day 16. From day 16 onwards, there was a marked
exponential increase in the signal, indicating significant fungal progression (Fig. 24).
This pattern was consistent with earlier observations where fruits incubated for 10 days
showed minimal signs of infection until day 7, followed by a rapid escalation in disease
severity (as described in (Tava V., et al., Submitted)). BLI signal closely correlated with
visual assessments and the browning formation. However, in the later stages of
infection, IVIS imaging revealed diffuse patterns that were no longer distinguishable by
the naked eye. This might reflect the advantage in sensitivity of BLI, which can detect
fungal presence before visible mycelium formation.

Observations from round-sections of infected bananas indicated that F. musae began
spreading from the infection point early on, penetrating deeply into the pulp and moving
toward the fruit's center before reemerging at the peel (Fig. 24). This may explain the
delayed appearance of symptoms observed on the peel of the fruits.

Infection at the pedicel provided a clear representation of disease progression. The
luminescent signal initially localized at the inoculation site in the upper region, then
spread through the vascular system of the fruit (Fig. 24). BLI could offer the greatest
advantages for monitoring disease progression in the pedicel. In this area of the fruit
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infection is not visually clear without imaging techniques, making it challenging to
assess infection levels based solely on external symptoms and to establish a scale of
disease severity as we did previously in (Tava V., et al., Submitted).

Overall, longitudinal monitoring demonstrated that the spread of BLI F. musae could
be effectively tracked in the banana fruit system. BLI promises to be reliable tool for
monitoring F. musae infection in banana fruits, allowing for the detection and

quantification of disease progression in real-time with high sensitivity.

Figure 24. In vivo longitudinal BLI monitoring of banana fruits infected with the F. musae reporter strain over a 26-day
period. Three distinct fruit sections were analyzed: whole fruit, round cross-sections, and pedicel. Representative
images of the infected banana sections were captured at days 2, 16, and 19 post-infection. The graphs display BLI
signals acquired at days 1, 2, 7, 9, 13, 16, 19, 23, and 26 post-infection for each fruit section. Data are presented as
mean + SD in the upper graph and as individual data points in the lower graph.
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8.4 Discussion

In recent years, the threat posed by fungal cross-kingdom pathogens to public health

has gained significant attention. The number of invasive fungal infections has
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increased, with many diseases attributed to fungal species already known for their
impact in agriculture (Gauthier and Keller, 2013; Sharma et al., 2014, Yasir Rehman,
2015; Zhai et al., 2020). In addition, the continued expansion of the at risk-population
makes it clear the urgent need for more research on cross-kingdom fungal pathogens
(Fisher and Denning, 2023; Misra and Chaturvedi, 2015; “One Health - WHO,” 2024,
Van Baarlen et al., 2007). Despite this, the field of cross-kingdom pathogens is still at
its infancy. Several species are known to cross kingdom boundaries, but there is
currently no common strategy followed for their investigation. Among the challenges
present, there is the difficulty in developing tools and models that are adaptable to
diverse host systems and can be exploited in both agriculture and medical fields.
Among the potential cross-kingdom fungal pathogens, our research focuses on
Fusarium musae, a species pathogenic to both banana fruits and human patients
(Esposto et al., 2016; Kamel et al., 2016; Triest, 2016; Triest et al., 2016). Knowledge
about F. musae is still limited, in a previous work we demonstrated experimentally the
cross-kingdom ability of £ musae (Tava V., et al., Submitted). We developed
representative infection models using banana fruits and G. mellonella larvae, and we
demonstrated the ability of a collection of F. musae strains to cause significant infection
in both host models.

Here, we developed the first bioluminescence readout to quantify £ musae fungal
burden and to track disease progression adapting the infection models previously
established with banana fruits and G. mellonella for BLI imaging.

BLI is a powerful method that allows non-invasive in vivo imaging in real-time and over
time. It has proven especially effective for monitoring and quantifying fungal infection
(Papon et al., 2014; Resendiz-Sharpe et al., 2022; Vanherp et al., 2019; Vanhoffelen
et al.,, 2024, 2023). The technology relies on detecting light emission (photons)
generated by genetically engineered luciferase-expressing microorganisms through
the oxidation of luciferin (Brock, 2012).

At first, we developed the first BLI . musae strain expressing firefly luciferase in the
fusion protein mNept:luc_red transforming the strain F31 belonging to our F. musae
collection. In vitro results demonstrated the successful of the transformation. The BLI

signal of our reporter strains resulted stable and higher than the well-established
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luciferase-expressing A. fumigatus strain we used as positive control making us move
forward toward in vivo investigation.

Next, we used the newly transformed BLI strain to image and monitor £ musae
infection in vivo in G. mellonella larvae and banana fruits over time, adapting existing
infection models for BLI fungal detection and quantification. Our goal was to establish
a real-time method to track disease progression, with potential in both agricultural and
medical field.

The G. mellonella larvae model, already established for BLI investigations of (other
species such as) A. fumigatus, was successfully validated for £ musae in this study
(Resendiz-Sharpe et al., 2022; Vanhoffelen et al., 2023).

Results demonstrated that BLI is a highly sensitive tool, capable of detecting even low
F. musae loads with stable and strong signal in vivo. Using IVIS Spectrum system we
achieved effective detection and quantification of £ musae, allowing at very early
stages of infection quantification of different fungal loads. The strength and consistency
of the BLI signal over time indicates that, indeed, even a small number of spores as
few as 10 spores/larva can be detected with this method producing a statistically higher
signal compared to sham infected controls, although precise quantification may be
limited when spore concentrations is lower that 10° spores/larva. In addition,
consistency of the BLI signal across individual larvae further confirmed the method’s
robustness.

Importantly, BLI proved to detect variations in infection progression that were not
captured by traditional health scores or survival rates, offering a more sensitive means
of identifying early symptoms, potentially due to host responses to infection. In
addition, while CFU is considered the gold standard for quantifying viable cells in
microbiology, it lacks the ability to provide the dynamic insights that BLI offers by
capturing not only fungal growth but also the presence of fungal filaments, offering a
more comprehensive view of fungal activity as observed also by (Vanhoffelen et al.,
2023).

These findings validate our approach as a non-invasive, effective technique for
monitoring F. musae infections in vivo and underscore the advantages of BLI over
conventional infection assessment methods, validating imaging of G. mellonella larvae
with BLI as a successful model also for the investigation of fungal burden of F. musae.
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Given the positive results, we aim to take advantage of this technology to explore
whether a similar approach could also be applied to banana fruit, the plant model
established for £ musae, in order to directly compare the two models.

Quantification of fungal infection in banana fruits has long been challenging due to the
banana peel composition, which is rich in chlorophyll and other compounds, that can
interfere with imaging techniques (Tiessen, 2018). BLI proved to be a valuable tool in
overcoming this challenge by selecting a specific wavelength for firefly luciferase (EM
filter 620), that allowed us to distinguish signals related to disease progression from
background signals produced by banana peel, enabling us to track infection marks
over time.

For banana fruits BLI model, we employed two distinct infection models: toothpick
model to monitor disease progression and validate our imaging methodology, and
crown model to simulate natural infection scenarios in fruits. BLI successfully
supported both these models, delivering detailed insights into disease evolution in
banana fruits. Using the IVIS Spectrum system, we could monitor disease progression,
providing valuable real-time data on its evolution. Our findings suggest that £ musae
is relatively less aggressive compared to other known Fusarium species involved in
crown rot disease, exhibiting slower progression and less aggressive behavior (Kamel
et al., 2016).

To summarize, with our work we evaluated for the first time the use of BLI to investigate
F. musae in in vivo host models such as G. mellonella and banana fruits. We provide
a methodology that could be applied to observe the same pathogen in models
representing two different biological kingdoms. In both, BLI demonstrated its strength
in detecting fungal infections with high sensitivity, surpassing traditional methods that
can be insufficient. In G. mellonella, BLI made it possible to monitor fungal burden at
37°C despite their health scores indicating that they were largely unaffected by the
infection at this temperature showing little to no infection symptoms. In addition, results
from our preliminary screening for antifungal treatments in G. mellonella showed that
BLI is a highly sensitive tool for evaluating therapeutical options against F. musae,
providing a non-invasive approach to assess treatment efficacy over time. While, in
banana fruits, BLI offered the greatest advantages for monitoring disease progression
in the pedicel. In this area of the fruit infection is not visually clear without imaging
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techniques, making it challenging to assess infection levels based solely on external
symptoms and to establish a scale of disease severity. However, additional
experiments are needed to validate results in banana fruit. It is crucial to prove that
with BLI we observe specifically assess the presence of the pathogen on the host and
not merely the host’s symptomatic response. Including a negative control in the
imaging protocol, where bananas are infected with a non-luminescent strain, could
help differentiate whether the signal is emitted directly from the BLI strain or is a result
of tissue degradation.

Moreover, BLI allows detection of early-stage symptoms that are not immediately
visible, allowing us to study infections even before the host shows any noticeable
reactions. This capability is crucial for understanding the timing and stages of fungal
infection, offering insights that are critical for disease progression studies.

8.5 Conclusions

To conclude, our work establishes the first bioluminescence readout to quantify F.
musae fungal burden and to track disease progression in different hosts. Our
preliminary results demonstrated that BLI could be a useful tool in disease progression
studies allowing identification of crucial time points and stages of fungal infection,
specifically at early-stages where symptoms are not immediately visible.

Furthermore, future research could extend the use of BLI to other crops or animal

models to examine potential treatments or control measures for F. musae.
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Chapter 9

Discussion and future perspectives

F. musae is the most recently described species within the F. fujikuroi species complex
(Van Hove et al., 2011). It has been identified as one of the causative agents of crown
rot disease in banana fruits, the only known host in the plant kingdom, and, few years
later, it was isolated from human immunocompromised patients as an opportunistic
pathogen causing typical fusariosis symptoms (Esposto et al., 2016; Kamel et al.,
2016; Triest, 2016). Cases reporting infection with £ musae are very few in both
agricultural and medical fields, and when we began our investigation in 2020, there
were only a few papers available in literature on the topic.

Our curiosity about exploring this novel potential cross-kingdom pathogen, together
with the increasing public concern over fungal infections, drove us to explore F. musae
considering it as a model species for studying cross-kingdom pathogens.

We built a worldwide collection of £ musae strains including a set of 19 strains, of
which 3 strains were obtained at the University of Milan and 16 strains obtained from
public databases. Research in databases as ARS Culture Collection Database (USA),
Institute of Science of Food Production (Bari, Italy) and Belgian coordinated collections
of Microorganisms Collection immediately revealed that the number of deposited
strains is limited, reflecting the low incidence of the infection. Analyzing strains records,
we observed that plant strains were isolated from bananas harvested in big banana-
producing countries while infection in human patients was mostly recorded in countries
where bananas are primarily consumed. In addition, the isolation timeline indicated
that the majority of the strains were isolated between the 1990s and the early 2010s,
with no further reports of this pathogen publicly deposited out of this period. This raised
the question of whether infection with £ musae represents a historical concern or
remain a relevant threat today.

To determine the contemporaneity of infection with F. musae, we carried out a survey
on banana fruits around Milan (Italy), sampling symptomatic bananas with the aim of
isolating potential pathogens and verifying the presence of £ musae. Our work

confirmed F. musae as one of the most relevant Fusarium species found on the banana
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fruits that reach our markets highlighting its contemporary significance. However,
symptomatic bananas (as the one we obtained) are typically excluded from distribution
because they do not meet the standards of food safety and food security and therefore,
they do not reach consumers’ tables. Reasons behind their disease manifestation are
not investigated and this might explain the discrepancy between the small number of
reported cases and the diffusion that this pathogen still has.

The exact origin and initial emergence of F. musae remain not documented. Similarly,
its mode of transmission from one host to the other remains unknown. The main
hypothesis is the one explored by Triest and Hendrickx, that states that bananas
acquire the infection with £ musae when harvested from the plant and subsequently
act as carriers of spores, which reach human patients in consumer countries after
banana shipments (Triest and Hendrickx, 2016). However, this hypothesis has not yet
been proven.

To confirm banana fruits as the primary host of . musae, it is necessary to verify its
presence at the site of banana plantation, demonstrating indeed that the fungus infects
bananas at harvest at the site of production rather than during transport or distribution.
This means that additional sampling studies should be conducted in banana-producing
countries to detect the presence of £ musae in bananas, but also in soil and over
plantation environment, to trace the origin of this pathogen within these regions. In
addition, it would be valuable to research for £ musae in hospitals within banana-
producing countries, particularly by monitoring patients presenting possible fusariosis
symptoms and assessing their medical history. Given the hypothesized presence of F.
musae in these countries and its cross-kingdom transmission potential, it would be
unlikely for F. musae to not appear in local hospital cases. Detecting its presence in
these regions could also help clarify whether human infection occurs from contact with
infected bananas or through other sources in the environment.

Our survey in Milan area has established the presence of F. musae on bananas sold
in ltaly. Previously, a similar study was conducted by Molnar et al. performed on
bananas marketed in Hungary (Molnar et al., 2015). Together these studies
demonstrated that this pathogen is indeed capable of moving from banana-producing

regions to consumer markets in Europe.
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Recently, da Silva Santos et al. further confirmed the presence of £ musae in Brazil
by reevaluating the species identity of Fusarium cultures stored in URM collection (da
Silva Santos et al., 2023). Collectively, these findings highlight the spread of F. musae
across multiple countries, reinforcing the emerging threat posed by this pathogen.
They emphasize the critical importance of ongoing sampling to monitor £ musae
distribution and consequently its evolution and biological diversity. In addition, these
studies underline the necessity of accurate identification through advanced molecular-
based approach and advocate for the reidentification of isolates present in culture
collections to trace the pathogen’s current and historical distribution. This approach
should not be limited to F. musae but could also serve as a valuable model for tracking
and understanding other pathogenic species.

Indeed, a crucial factor to consider in F. musae investigation is that this species has
not been fully investigated yet, resulting in very few available tools for its identification,
and these are known to only a limited number of experts.

The fist molecular characterization of F. musae dates to 2011, when Van Hove at al.
described it as a unique lineage in the Gibberella fujikuroi species complex related to
but distinct from F. verticillioides, underlighting the impossibility to morphologically
distinguish between the two species (Van Hove et al., 2011). During our investigation,
we encountered strains originally identified as F. musae, which we reclassified as F.
verticillioides (and vice versa) after deep characterization with specific informative
genes (Esposto et al., 2016; Tava et al., 2021). This highlights the limited knowledge
surrounding £ musae and the challenges of precise species-level identification,
especially in the medical field, where the priority is to quickly identify the most effective
treatment for patients, and a deeper classification of the pathogen is secondary.

We characterized F. musae strains isolated from different hosts and locations using
multilocus phylogenetic analyses based on informative genes, including elongation
factor (EF-1a), B-tubulin, RNA polymerase second largest subunit (RPB2), calmodulin
and fumonisin gene cluster excision (DFGC).

Consistent with the literature, F. musae strains of our collection proved to be part of the
same clade within the F. fujikuroi species complex, related to but distinct from F
verticillioides. Looking at the position of the strains within the phylogenetic tree, we
observed that the strains are interspersed within the group, suggesting a close

117



taxonomic origin of strains isolated from different host origin, or location. All strains
amplified for fumonisin gene cluster excision, confirming it as a distinctive feature of F.
musae (Tava et al., 2021).

With the use of informative genes, we showed that it is possible to clearly distinguish
F. musae, even from a closely related species as F. verticillioides. The presence of
fumonisin gene cluster excision (DFGC) serves as a unique characteristics of F. musae
that we demonstrated enable rapid and accurate identification immediately after
isolation. Typically, the fumonisin gene cluster (FGC) is a conserved trait of Fusarium
species and it is responsible for production of fumonisin, a mycotoxin secreted by the
fungi to invade hosts and cause infection (Van Hove et al., 2008). The excision of FGC
in £ musae suggests that this species may use other alternative strategies and
produce other toxins for hosts invasion. The identification of additional genes unique
of . musae would not only facilitate faster and more accurate identification of this
emerging pathogen, but also unravel specific genes that could explain its mechanisms
of action and the competitive advantages of this species over other Fusarium species.
In addition, investigation of . musae specific genes could shift toward to genomic and
comparative genomics studies, aiming at understanding variations within the
population £ musae that may have let to invasion of one host over another and
comparing them with other Fusarium (and non-Fusarium) species.

It is known that coding genes but also genomic features that could be linked to
adaptation, evolution as well as pathogenic traits of the species (Plissonneau et al.,
2017; Waalwijk et al., 2017). Population genomics studies on F. asiaticum genomes
(Yang et al., 2024) and F. pseudograminearum (Li et al., 2023) already demonstrated
the use of genome analysis to investigate the mechanisms of geographical distribution
differences and the species' pathogenic evolution. A similar approach could be
explored to understand the origin and evolution of F. musae across different hosts and
regions. However, these analyses require a large number of strains, emphasizing once
again the importance of sampling new strains from various regions as a starting point.
Obtaining a high-quality genome assembly is the most crucial step for these studies.
In this work, we obtained chromosome-level genome assembly of £ musae F31
combining Nanopore long reads and lllumina paired-end reads (Degradi et al., 2021).
This genome represented the first sequenced genome completed at chromosome level
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of F. musae published in literature providing important information on F. musae genome
and a reference in the FFSC. This also validates an efficient protocol for the extraction
and sequencing of F. musae, that will be useful for obtaining a broader collection of
high-quality genomes of F. musae strains for further comparative genomic studies.

To move forward population studies and verify the taxonomic identity of £ musae, as
well as to address the question regarding its transmissibility in different hosts, we
investigated the population homogeneity infecting human and plant hosts by exploring
mitogenomes diversity. Mitochondrial genomes evolve independently of and faster
than the nuclear genome. They have a higher DNA copy number and the presence of
highly conserved mobile genetic elements (MGEs) along with their distribution can help
discriminate species and subgroups, tracking the spread of fungal populations. All £
musae strains presented identical mitogenomes at coding level. However, different
mitochondrial haplotype groups can be distinguished based on non-coding regions.
Particularly, three strains from different geographical and host origins fell under the
same haplotype, indirectly indicating a transfer event from food to humans (Degradi et
al., 2022).

One of the peculiarities of Fusarium spp. is its inherent resistance to most antifungal
agents. Their susceptibility to azoles is higher than to other antifungal treatments but
a real effective treatment strategy against infection with Fusarium has not been
established yet (Al-Hatmi et al., 2018, 2016a). Previous studies already evaluated the
sensitivity of £ musae to different antifungal compounds, verifying azoles as the most
effective treatment also against this novel Fusarium species (Baria and Rakholiya,
2021, 2020; Verbeke et al., 2020).

Therefore, we tested the sensitivity in vitro of our F. musae collection to different azole
treatments used in both agricultural and clinical settings. Selection of antifungals for
the sensitivity study was not based on common usage. Instead, we explored a diverse
range of treatments with different chemical structure to have a wider spectrum of their
clinical/agricultural applications and resistance profiles. Most of the antifungals
selected are no longer available on the market due to the hazard they pose on the
environment and human health. Still, their use in the past may have contributed to the

rising of resistances, leading to increased virulence, and enabling the pathogen to
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overcome defensive strategies of multiple hosts (Fisher and Denning, 2023; Rosa et
al., 2019; Zhao et al., 2021).

Our aim was to compare the sensitivity of our collection of strains to data reported in
literature, with a specific focus in differences between strains isolated from different
hosts and their geographical origin. Secondly, we examined the fitness of this novel
species by observing strain behavior under treatment pressure to identify specific
traits, such as azole resistance. These traits may have provided advantages that
contributed to the emergence of the species and its competition with other species,
such as F. verticillioides. Results could not prove any type of resistance of F. musae or
differences between strains. However, we proved that £ musae is significantly less
sensitive than F. verticillioides to most of the fungicides tested suggesting that this
species could have carried some advantages over its “sister species” that made it
differentiate or evolve (Tava et al., 2021).

Azole compounds have been introduced and used as medical and agricultural agents
against fungal infections over the past few decades (Lamb et al., 1999). The increase
of fungal infections, coupled with the consequent extended use of azole compounds
for treatment, has contributed to the emergence of resistance to these therapies in
both agricultural and medical settings. Azole-resistances have been observed not only
in Fusarium spp., but also in other species considered of critical and high importance
in FPPL. Literature also reports cases of azole resistance of Aspergillus fumigatus and
Candida albicans, underling once again the emergence of existing and new resistance,
as well as treatability issues related to the increasing threat of fungal infections
(Assress, 2021; Chowdhary et al., 2013; Rogers, 2017; World Health Organization,
2022).

A key step in the investigation of a transkingdom fungal pathogen is the proof of its
ability to cause infection in different hosts. Literature about transkingdom fungal
pathogens very often lacks experimental infection proofs. Indeed, identification of the
pathogenic species is done following taxonomic criteria avoiding the full completion of
Koch’s postulates, essential for claiming the role of an organism as a pathogen of a
specific host. It is essential to demonstrate the ability of the fungi to cause infection in
all hosts from which the microorganism has been isolated, confirming that the observed

disease remains unchanged. Demonstrating infection across various hosts presents a
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significant challenge given that the specialized ability and designated laboratories
needed for manipulating different hosts are uncommon. Works in literature reporting
proof of infection of fungal pathogens in multiple hosts are very limited. In literature is
present a total of 17 papers that experimentally demonstrate infection of different
fungal species in plant or animal hosts. Of these, only two studies have proven infection
in both types of hosts. Specifically St. Lever et al. observed Aspergillus flavus in G.
mellonella larvae, bean leaves and corn kernels, while Fornari et al. studied fungal
genus Fonsecaea in mouse models and M. pudica seeds (Fornari et al., 2018; St.
Leger et al., 2000).

Infection proof of £ musae was still missing. To fill the gap and confirm F. musae as a
transkingdom pathogen, we established infection models together with a real-time
method to track disease progression in different hosts. Our goal was to advance
research on F musae by establishing a quantitative, non-invasive, real-time
methodology for monitoring fungal burden and host-pathogen interactions.
Bioluminescence imaging (BLI) has emerged as a powerful strategy to serve this scope
(Papon et al., 2014; Resendiz-Sharpe et al., 2023; Vanherp et al., 2019). At first, we
transformed strain F31 of our collection to express a red-shifted firefly luciferase in
order to generate a reporter strain of £ musae stable enough to be used for in vivo
imaging.

Infection studies in animals require following a set of strict and precise procedures and
measures. Obtaining ethical approval is a big part of the experimental plan, and work
with animal models requires the acquisition of specific training and skills. Recently
research has been exploring and proposing alternative model organisms to
complement the traditional mammalian models and in accordance with the 3R policy
of replacement, reduction, and refinement of animal utilization in research (Junqueira
and Mpylonakis, 2019). Larvae of the wax moth, Galleria mellonella, have been
validated as a great alternative model for bacterial and fungal infections (Binder et al.,
2016; Champion et al., 2016; Curtis et al., 2022; Loh et al., 2013; Trevijano-Contador
and Zaragoza, 2018). The insect can survive at 37°C and its immune response is
structurally and functionally similar to the innate immune system of mammals. In
addition, they are easy to maintain and to manipulate, their cost is low, and they don’t
need ethical approval. G. mellonella larvae are also a well-established model for the

121



use of BLI and potential applications for this model are already in use (Vanhoffelen et
al., 2024, 2023). Therefore, we adapted this model for £ musae investigation to
evaluate whether it had the same potential. The F. musae-G. mellonella model resulted
successful in the representation of the disease and BLI imaging showed high sensitivity
in detection and quantification of F. musae fungal burden, allowing observation of very
early stages of infection even with low fungal loads, as well as of strong and consistent
signal over time.

On the other hand, in the plant kingdom the only known host of F. musae is the banana.
Fruits are easy to obtain and manipulate and relatively their price is relatively low.
However, imaging techniques are not very diffused in plant field due to the highly
fluorescent and phosphorescent properties of fruits peel and wooden structures, which
complicate proper investigation (Tiessen, 2018). Tissue staining is also one of the most
adopted technique for imaging, but it requires disruption of tissue, making it impossible
to examine the same sample over time. For these reasons when we explored BLI as a
readout of the fungal infection also in banana fruits, we encounter significant
challenges doe to the high signal coming from the fruit peels. Adapting IVIS Spectrum
settings specifically for imaging in this model, we could demonstrate that BLI could be
a powerful tool also for the investigation of fungal infection in plant models. Following
and adapting banana infection models already in use as the one described by Kamel
et al. and Moretti et al., we obtained a successful representation of £ musae virulence
in a plant system (Kamel et al., 2016; Moretti et al., 2004). The observation of a clear
and stable BLI signal from our luciferase-expressing strain in both models
demonstrated that it is well-suited for in vivo studies. This opens up possibilities for
using this strain in other infection models, such as murine models, thereby advancing
research in infection.

Overall, we were able to establish comparable infection models for both kingdoms with
banana fruits and G. mellonella larvae to prove transkingdom ability of F. musae. Both
models successfully represented the disease progression and our customized indexes,
together with imaging quantification made the models comparable. All the strains
proved to have the ability to cause infection and visible symptoms in both hosts

demonstrating that this species is, indeed, capable of causing disease in both plant
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and human kingdoms and suggesting it does not discriminate between an animal or a
plant host.

We provided the first experimental proof of F. musae infection in both animal and plant
kingdoms, offering addiction demonstration of its transkingdom infectious capacity. The
infection models we developed not only served this purpose but can also be adapted
for studying infection of other pathogens, advising the versatility of the methodology.
This approach requires engineered strains for BLI imaging, which may present a
disadvantage and limit its application. However, the advantages in providing in vivo,
real-time and non-disruptive observations during host-pathogen interactions over time,
make it highly valuable.

For F. musae research, these models provide a foundation for identifying specific
behavior, interaction or stages during the infection of both plant and animal that could
guide transcriptomic and comparative transcriptomic analysis. Transcriptomics may
then reveal genomic determinants for £ musae infection across multiple hosts,
identifying factors that influence its discrimination for one host over another.
Additionally, this approach could clarify the dynamics behind host-pathogen
interactions relevant to the mechanisms of action of £ musae, while allowing for
comparison with other transkingdom pathogens as F. oxysporum, for which
transcriptomics is being conducted (Guo et al., 2014; Huang et al., 2019).

Bacterial infections have long been a primary concern in both the clinical field and
public health. In 2017, WHO developed its first bacterial priority pathogens list (BPPL)
in order to address the emergency related to the increasing antibacterial resistance.
In recent years, however, the number of reported fungal infections have been
increasing significantly motivating experts to acknowledge for the first time invasive
fungal diseases as major concern for public health (World Health Organization, 2022).
In line with BPPL, a fungal priority pathogens list (FPPL) was written in 2022 (Fisher
and Denning, 2023). The list includes fungal species that impact the global population,
mainly involved in systemic invasive infections and with serious risk of mortality and/or
morbidity. Overall, the species included addressed in FPPL are considered as global
threats due to the limited therapeutic options available and the difficulties in their
diagnostic, which often lead to late detection and therapeutic intervention. In the critical
priority group are mentioned Criptococcus neoformans and Candida auris and C.

123



albicans. These are responsible for acute and subacute systemic fungal infections for
which no specific treatment has yet been established. Aspergillus fumigatus is also
mentioned, as it presents increased mortality and morbidity in patients with other
underlying conditions, and it has also been linked to azole-resistance due to extensive
use of azoles in agriculture.

In the high priority group we can find Fusarium spp., which seem to be inherently
resistant to most antifungal agents and global annual incidence rates of fusariosis
cannot be assessed due to the lack of studies.

Examining the species on this list and the factors behind their global impact highlights
that the rising threat posed by fungal infections is largely due to the lack of knowledge
about their biology, their mechanisms of action and effective treatments.

The rising of fungal infections has roots across the full One Heath spectrum. Climate
change, population growth, globalization, deforestation and intensive farming have
been altering the balance between interactions between animal, human and
environment, making pathogens evolving new strategies to survive and invade in a
different way. Application of fungicides to minimize agricultural losses contributes to
induce resistance in fungi, while the rise of new advanced medical treatments further
complicates the complexity of patient populations with immunodeficiency disorders
increasing the at-risk population. Consequently, fungal pathogens evolve new survival
strategies and develop resistance that limits therapeutic options for treating new
diseases (Fisher and Denning, 2023; Gauthier and Keller, 2013). In addition, multiple
fungi recently identified as human opportunistic pathogens were originally known as
plant pathogens, posing a concern that was primary for agriculture a direct threat to
human health.

In spite of their increasing diffusion, transkingdom pathogens are still so far
underestimated by funding and international research activities (Almeida et al., 2019).
Fungal infections emergency extends across multiple disciplines, rising challenges for
healthcare, agriculture and new food safety standards. Therefore, there is the need to
address this urgency through a united effort between authorities, researchers, and
public awareness.

Fusarium species are among the primary fungal genus addressed for investigation and
monitoring with high priority as stated by FPPL. In my thesis we aimed to respond to
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the call from WHO and One Health by contributing to the understanding of fungal
infection and by exploring F. musae within the banana-human pathosystem as a model
organism for Fusarium genus and transkingdom pathogens. With this project, we
provided a comprehensive study on transkingdom pathogens, incorporating various
fields and aspects that must be considered when researching . musae specifically
and transkingdom pathogens more broadly.

Our research on F. musae has highlighted the importance of approaching the issue
from multiple perspectives, examining areas such as morphology, phenotypic analysis,
genetics, taxonomy, molecular biology, infection biology, and evolutionary fitness of the
species to develop an exhaustive understanding and effectively address fungal
investigation. The study also underscores the necessity of mobilizing collaborations
across various sectors, disciplines, and communities to tackle this priority threat.
Overall, we built a set of procedures that propose a protocol for investigating fungal
infections and an outline to address future emerging fungal species as they arise. This
research will contribute to establish novel standards of food safety and awareness in
medical and agricultural field about the importance of fungal infection within the One
Health concept and the risk posed by fungal transkingdom pathogens.
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