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Abstract

The filamentous fungus Aspergillus fumigatus is the most important pathogenic fungus
in the genus Aspergillus and is associated with aspergillosis, which has caused a high mortality
rate among immunocompromised patients, primarily due to limited antifungal therapies. A.
fumigatus must adapt to a hypoxic microenvironment to survive and thrive in the human hosts.
Several mechanisms related to hypoxia adaptation in 4. fumigatus have been elucidated. To gain
deeper insights into this adaptation, a laboratory passaging experiment was performed using six
A. fumigatus clinical strains, each with different hypoxia fitness.

After a 20-generation passaging under the hypoxic environment (1% oxygen), a
laboratory-evolved strain harboring hypoxia fitness (Afs35-G20) was generated, and a mutation
in the Ras-GAP encoding gene, AfgapA, was identified with the application of whole genome
sequencing. This mutation could result in the deletion of 22 amino acids at the C-terminus of
AfGapA. AfGapA shares high similarity with Ras-GAP orthologs in other phylogenetically close
related fungi, such as A. nidulans. Ras-GAP down-regulates the activity of Ras proteins by
participating in the Ras-mediated pathways, which control a variety of morphogenetic processes
in fungi. Ras in C. neoformans has been proved necessary for its hypoxia fitness. However, the
Ras-GAP encoding gene has not been uncharacterized yet in A. fumigatus, and the role of Ras in
hypoxia fitness is poorly understood.

To investigate the functions of AfGapA, I constructed Afs35-G20 harboring wild type
AfgapA (Afs35-G20-AfgapA”"), and the AfgapA null mutant (AdfgapA). Relevant phenotypes
were then compared among the two AfGapA wild type strains, i.e., Afs35 and Afs35-G20-
AfgapA”™”, and the two AfGapA mutant strains, i.e., Afs35-G20 and AdfgapA. As a result, the
hypoxia fitness of Afs35-G20 was reversed by introducing AfgapA””. Two AfGapA mutant strains
exhibited reduced conidiation, yellowish pigmentation, abnormal cellular polarity and increased
fungal virulence. Moreover, the AfGapA dysfunction contributes to fungal virulence in silkworm
model. AdfgapA exhibited more severe phenotypes than Afs35-G20, such as relatively reduced
conidiation and higher virulence level, indicating that the AfgapA mutation in Afs35-G20 may be
a partial loss-of-function due to the truncation of the proteins at the C-terminus.

In conclusion, AfgapA dysfunction may lead to the downregulation of its Ras
substrate(s), reflecting several phenotypes such as increased hypoxia fitness, hypervirulence,
poor conidiation and conidial pigmentation. Here, this study reports the function of a Ras-GAP

protein encoding gene AfgapA in A. fumigatus for the first time.



Introduction

Aspergillus fumigatus is an opportunistic pathogen that causes aspergillosis, a disease
that causes invasive pulmonary aspergillosis (IPA), pulmonary aspergilloma, and allergic
bronchopulmonary aspergillosis. IPA, in particular, has a high mortality rate (Denning 1998). The
development of an effective therapy of aspergillosis has proven to be difficult because of the
limited antifungal drugs and the prevalence of antifungal-resistant strains worldwide (Howard et
al. 2009). J.-P Latge et al. reported that 4. fumigatus is the most important aerial fungal pathogen
to date (Latgé and Chamilos 2019). The number of immunocompromised patients in worldwide
is increasing rapidly, and A. fumigatus has become a leading cause of mortality in this patient
population (Latgé 1999; Latgé 2001). Depending on the immune status and other factors of the
patients, mortality rates is associated with invasive aspergillosis range from 60 to 90% (Brakhage
and Langfelder 2002).

A. fumigatus propagates by producing conidia, which easily disperse into the air.
Conidia are present in indoor and outdoor environments at concentrations ranging between 1 and
100 conidia per m*; however, this can increase up to 10* conidia per m® in certain environments;
for example, in composting plants found in the agricultural production (Wery 2014). A. fumigatus
causes diseases in human beings through the inhalation of airborne conidia into lungs. Humans
inhale hundreds of conidia during daily life, but they can be eliminated efficiently by immune
system in healthy people (Latgé 2001). However, conidia can germinate and grow in the
immunocompromised patients, and eventually causes diseases.

A. fumigatus must face and overcome a variety of in vivo challenges once it is inhaled
by a human host. Thus, investigating how fungi adapts to these challenging microenvironments
in vivo is important for understanding A. fumigatus pathogenicity. However, we still have lacking
knowledge about how A. fumigatus survives and thrives in the microenvironments in the human
lung. Hypoxia, which is, low levels of oxygen, has been proven to exist not only in soil and
compost heaps, but also in human lungs to which 4. fumigatus conidia are exposed (Fig. 1). It has
been reported that in humans, various factors such as tissue type and inflammatory response can
influence the oxygen level. Oxygen levels in most tissues are found to be remarkably below
atmospheric levels (21%) (Studer et al. 2000; Carlsson et al. 2001; Erecinska and Silver 2001).
Even in the alveoli of healthy lungs, which is the most oxygen rich organ, the oxygen level is at
a mere 14%. After oxygen reaches the capillaries and diffuses into the surrounding tissues, the
concentration decreases further to 2—4% (Warn 2004). Moreover, it is reported that at sites of
inflammation, available oxygen is significantly reduced compared to surrounding tissues (van
Belle et al. 1987; Matherne et al. 1990; Dewhirst 1998). Besides, in inflamed tissues, the blood
supply is often restricted because the vessels are congested with phagocytes or the pathogen itself

(Simmen et al. 1994). Thus, it is conceivable that hypoxic microenvironments are generated



during fungal infiltration.

Hypoxic microenvironments have been confirmed in the sites of local tissues in
experimental models of A. fumigatus infection (Schrettl et al. 2010). During infection, the
continuous activation of the inflammatory response contributes to further development of hypoxia
due to the destruction of the pulmonary tissue as collateral damage (Fliesser et al. 2015).
Therefore, it is highly probable that 4. fumigatus has evolved strategies to adapt to hypoxic
environments. Indeed, Kowalski et al. reported a strong correlation between hypoxia fitness and
A. fumigatus virulence (Kowalski et al. 2016).

Various mechanisms of sensing and responding to hypoxia have been reviewed in yeast
and pathogenic fungi (Bien and Espenshade 2010; Grahl et al. 2012b; Siso et al. 2012; Butler
2013). In A. fumigatus, the master transcriptional regulator of the hypoxic response, SrbA, is
essential for both its growth in hypoxia in vitro and for its virulence in vivo (Willger et al. 2008,
2012). Transcriptome analysis indicates that StbA is associated with a broad range of biological
processes including: ergosterol biosynthesis, iron homeostasis, cell wall biosynthesis, amino acid
biosynthesis, general carbon metabolism, and the GABA shunt (Barker et al. 2012). Additionally,
certain enzymes and proteins that contribute to fungal virulence are exclusively secreted under
hypoxic conditions (Grahl et al. 2011; Hillmann et al. 2014; Bat-Ochir et al. 2016; Vaknin et al.
2016; Kroll et al. 2016). Furthermore, mitochondrial respiration has been proved to be active in
hypoxia, and alternative oxidase (aox4) and cytochrome C (cycA) are essential for hypoxic
tolerance and pathogenesis (Grahl et al. 2012a). These findings imply that multiple pathways are
involved in oxygen sensing and hypoxia responses in 4. fumigatus.

A previous study (Kowalski et al. 2016) investigated the morphology of hypoxia-
adapted A4. fumigatus strains by performing the laboratory passaging, and identified a furrow
morphology in plate culture caused by the exposure to hypoxic environments. They subsequently
identified hrmA to be responsible for the morphological changes that occurred in the hypoxia
adapted strains. Furthermore, they identified hrmA-associated cluster (HAC) with the application
of transcriptomic analysis. However, the presence of HAC seemed to be genetically
heterogeneous (Kowalski et al 2009; Barber et al 2021). These observations suggest the presence
of other mechanisms of hypoxia adaptation in 4. fumigatus. To further investigate the mechanism
of hypoxia adaptation in a more general scope, it is required to identify the factors that are widely
conserved among A. fumigatus strains.

To this end, I performed a laboratory passaging experiment using six A. fumigatus
clinical strains, which have different hypoxia fitness in plate culture. Consequently, a hypoxia
adapted strain, Afs35-G20, was then generated. Afs35-G20 exhibited decreased colony growth in
both hypoxia and normoxia, but possessed increased hypoxia fitness in liquid culture. Seeking

the causal mutations in Afs35-G20, a nonsense mutation in AfgapA (Tyr757Ter) encoding a Ras-



GAP protein was identified, which could result in the deletion of 22 amino acids at the C-terminus.
The hypoxia fitness of Afs35-G20 in liquid culture was reversed by introducing wild type AfgapA.
Moreover, AdfgapA exhibited greater hypoxia fitness and a hypervirulent phenotype. I conclude
that AfgapA may be responsible for hypoxia fitness, particularly in liquid cultures, conceivably
through the overactivation of Ras proteins. Taken together, the dysfunction of Afgap4 may be
followed by the downregulation of its Ras substrate(s), reflecting several phenotypes, such as
increased hypoxia fitness, hypervirulence, poor conidiation and conidial pigmentation. This study

reports the function of a Ras-GAP protein AfgapA in A. fumigatus for the first time.



Materials and methods
Strains and media

The 56 A. fumigatus clinical strains used to investigate the hypoxia adaptation in this
study are listed in Table S1. The 56 strains are highlighted with blue-colored nodes in the whole-
genome SNP-based tree of 174 A. fumgiatus strains (Fig. S1), which were deprived from an
unpublished study. Strains further used and generated based on Afs35 and Afs35-G20 are listed
in Table 2. All strains were stored as conidial suspensions in 50% glycerol at —80 °C. Strains were
grown on 1% glucose minimal medium (GMM) (Shimizu and Keller 2001) at 37 °C, and conidia
were collected in 0.8% NaCl and 0.1% Tween for in vitro assays. For silkworm infection, conidia
were collected in 0.54% NaCl and 0.05% Tween. For all solid media, 1.5% agar was added before

autoclaving.

Serial passaging of six A.fumigatus clinical strains under the low-oxygen conditions

Serial passage experiments were performed as described by a previous study (Kowalski
et al. 2016) with slight modifications. This study used 4. fumigatus Af293, Afs35, IFM 58401,
IFM 59365, IFM 63559, and IFM 63240 as parental strains. Briefly, each strain was grown for
four days at 37 °C in 1% oxygen on GMM without FeSO4-7H,O to mimic the oxygen- and
nutrient-poor microenvironment of the host. The conidia were then subcultured/passaged for 20
generations for a total of 80 days in hypoxia (Fig. 3A). Subsequently, the single spore was isolated
from the G20 conidia population. Hypoxic conditions were maintained by using a multi-gas
incubator (MG-71M, TAITEC, Saitama, Japan).

Microsatellite genotyping

Short tandem repeats (STRs) from Afs35 and the two single isolated colonies of Afs35-
G20 were obtained using previously described methods (Hagiwara et al. 2014). Nine
microsatellite regions of approximately 400 bp were PCR amplified using appropriately designed
primer pairs and sequenced using Sanger sequencing. The repeat numbers of each locus were then
counted from the sequences. STRs from G5s and G20s of other strains were obtained from de

novo assembly data using a customized Python script (Fig. S2).

Growth assays and stress tests

Conidia were harvested from five-day-old cultures on GMM plates inculated at 37 °C.
The number of conidia in the suspensions was counted using a hemocytometer (Watson, Kobe,
Japan). Growth diameter was quantified by point inoculating 1x10° conidia on GMM plates at

37 °C under normoxic (~21% oxygen) and hypoxic (1% oxygen) conditions. Colony diameter



was measured after four days and reported as the average of three biological replicates per strain.
Fungal biomass was quantified by measuring the dry weight of fungal tissue from 5x10” conidia
grown in 100 mL of liquid GMM with shaking at 200 rpm for 48 h, under both normoxic and
hypoxic conditions. The liquid biomass was reported as the average of three biological replicates
per strain.

For the cell wall perturbing agents analysis, 1 mg/mL Congo red (CR) (Sigma; catalog
no. C6277) was used. For the copper-sensing assays, 100 uM CuSO4 (copper-repleted) and 100
uM bathocuproinedisulfonic acid (BCS) (copper-depleted) were used, and 1x10° conidia were
inoculated in each condition. Colony diameter was measured after four days and reported as the
average of three biological replicates per strain. Diameter ratio was calculated as the diameter in
GMM with corresponding agent, to that in plain GMM plate. Images are representative of three

biological replicates.

Construction of the reconstituted and disruptive strains

The construction of the reconstituted and disruptive strains of AfgapA were performed
by using the CRISPR/Cas9 system (Umeyama et al. 2018). Primers used for the strain
construction in are presented in Table 4. First, the Aph (hygromycin B resistance cassette) was
amplified from the pHph plasmid, after which the repair templates were constructed by PCR
sewing and overlap extension PCR for both the reconstituted strain and the disruptive strain.

For the reconstituted strain, fragments A and B, representing the upstream region of
AfgapA and partial AfgapA, respectively, were amplified from the genomic DNA of Afs35-G20
using the primer sets of primer no. 1 (3g09900-UF) + primer no. 2 (3g09900-sg5Mut-UR) and
primer no. 3 (3g09900-sg5SMut-M1F) + primer 4 (3g09900-G_T-sg3Mut-M1R), respectively.
Fragment C, which were partial AfgapA and around 720 bp downstream regions of AfgapA, was
amplified using primer sets primer no. 5 (3g09900-G_T-sg3Mut-M2F) + primer no. 6 (Hph-
3g09900-M2R), respectively. Primer no. 4 and primer no. 5 contained the wild type of AfgapA.
Lastly, fragment D was amplified using primer no. 7 (Hph-3g09900-DF) + primer no. 8 (3g09900-
DR). Primer no. 6 and primer no. 7 contained a 24 bp sequence complementary to the Aph
sequences at the 5’ end (blue fragments in Fig. 17A). Subsequently, recombinant PCR was
performed to fuse fragments A, B, C, hph, and D through overlap extension PCR, followed by
transformation (Fig. 17A).

For the disruptive strain, fragment E and F corresponding to about 1kbp upstream and
downstream regions of AfgapA, respectively, were amplified from the genomic DNA of Afs35 by
using the primer sets of primer no. 1 + primer no. 9 (Hph-3g09900-UR) and primer no. 10 (Hph-
3g09900-DF) + primer no. 11 (3g09900-DR_ deletion), respectively. Primer no. 9 and primer no.

10 contained a 24 bp complementary to Aph sequences at the 5’ end. Then, recombinant PCR was



performed to fuse fragments E, Aph, and F by overlap extension PCR (Fig. 17B).

Subsequently, the transformation was performed. Transformation of A. fumigatus was
performed according to Umeyama’s method for genome editing using CRISPR/Cas9 (Umeyama
et al. 2018). The culture and protoplast solution were prepared according to previous studies
(Szewczyk et al. 2006; Umeyama et al. 2018). Briefly, conidia were incubated at 37 °C in 10 mL
of YG medium [5 g yeast extract (BD Difco, MD, USA), 20 g D-glucose and 400 pL of trace
elements in 1L distilled water] for 5-6 h. Ten mL of protoplast solution containing 4 g VinoTaste
Pro (Novozymes, Bagsvaerd, Denmark) was supplemented in the culture for generating
protoplasts. The transformants were screened by CZAPEK DOX BROTH (CDB: Duchefa
Biochemie, Haarlem, Netherlands) agar supplemented with 1 M sucrose containing 400 pg/mL
hygromycin B. The successful transformants were selected by PCR of the inserted fragments,
followed by verification of the sequences of all amplified fragments using the ABI 3130xI Genetic
Analyzer (Thermo Fisher Scientific, MA, USA) (partial is shown in Fig. 18).

RNA extraction and quantitative real-time RT-PCR

Mycelia of Afs35, Afs35-G20, and AAfgapA were harvested after growth in GMM
liquid media at 37°C for 24 h. Total RNA was prepared by using a RNeasy Mini Kit (Qiagen,
Hilden, Germany), and a cDNA was synthesized by reverse transcription using a RevaTra Ace
gPCR RT Master Mix with gDNA remover (TOYOBO, Osaka, Japan).

Quantitative real-time RT-PCR analysis was performed on a LightCycler 96 Real-Time
PCR System (Roche Diagnostics, Basel, Switzerland) with a THUNDERBIRD SYBER qPCR
Mix (TOYOBO). The actl gene was used as an internal control for quantification of the target
gene expression. The relative expression ratio relative to that of Afs35 mycelia grown in GMM
9BACt

liquid media after 24 h post-inoculation was calculated using the

for real-time RT-PCR in this study are listed in Table 5.

method. The primers used

Microscopic observation of conidia and hyphae

After liquid culture in GMM, the germinated conidia, or hyphae were sandwiched
between cover glasses and glass slides. Morphology was observed and photographed using a
Nikon ECLIPSE Ni microscope (Nikon, Tokyo, Japan), or a Shimadzu BA210E microscope
(Shimadzu, Kyoto, Japan).

Calculation of conidia numbers
Three mL of GMM agar medium containing 1x10* conidia/mL was poured into a 6-well
plate (Hagiwara et al. 2013). After incubation for 5 days at 37°C, the agar including mycelia and

conidia was vortexed in a 5 mL of solution containing 0.8% NaCl and 0.1% Tween 80 for 3 min



to collect the conidia, and the conidia were counted by using a hemocytometer. Conidiation level

is represented as the average from three biological replicates per strain.

Antifungal Susceptibility Testing

Antifungal susceptibility testing was performed as described previously (Hagiwara et al.
2018a). In brief, I performed tests using micafungin (MCFQG), caspofungin (CPFG), 5-
fluorocytosine (5-FC), fluconazole (FLCZ), amphotericin B (AMPH), itraconazole (ITCZ),
voriconazole (VRCZ), and miconazole (MCZ) in RPMI 1640 medium (pH 7.0) at 35 °C,
according to the Clinical and Laboratory Standards Institute reference method for broth
microdilution (https://clsi.org/standards/products/microbiology/documents/m38), with partial
modifications using the dried plate for antifungal susceptibility testing (Eiken Chemicals, Tokyo,
Japan).

Survival analysis

Virulence was assessed using the silkworm model. Silkworm (Bombyx mori) larvae
were infected with A. fumigatus conidia with slight modifications of previous studies (Yu et al.
2021; Majima et al. 2021). Fifth star silkworms were purchased from Ehime Sansyu (Ehime,
Japan). They were then raised at 25 °C for 2-3 days. The inoculum of 0.05 mL diluted to 3x10°
conidia/mL, or 3x107 conidia/mL was injected into the hemolymph of silkworms using a 1 mL
Terumo Myjector 29G insulin syringe (Terumo, Tokyo, Japan). After the infection, silkworms
were maintained at 34 °C and their survival was evaluated using the Kaplan-Meier method using

the survival package from the R programming language (https://www.r-project.org/).

Whole genome sequencing analysis

Genomic DNA was extracted from overnight cultured mycelia using the phenol-
chloroform method as described previously (Takahashi-Nakaguchi et al. 2015). Genomic DNA
libraries of 4. fumigatus strains were constructed using an NEBNext Ultra DNA Library Prep Kit
(New England BioLabs, Ipswich, MA, USA) according to the manufacturer’s protocol. A 150-bp
paired-end sequencing on a HiSeq X Ten system (Illumina, San Diego, CA, USA) was conducted
by GENEWIZ (Suzhou, China).

Raw genomic reads were quality-controlled and trimmed using fastp (ver. 0.20.1) (Chen
et al. 2018). The reference genome, Af293, was retrieved from FungiDB
(http://fungidb.org/fungidb/) (Stajich et al. 2012). The filtered reads were aligned against the
reference genome using BWA-MEM (ver. 0.7.17-r1188) (Li 2013). The single-nucleotide
polymorphism (SNP) analysis was performed using SAMtools (ver. 1.10) (Li et al. 2009), and an
in-house python script (Hagiwara et al. 2014). The alignment was visualized using IGV

10



(Integrative Genomics Viewer) (Thorvaldsdottir et al. 2013).

For the de novo assembly of Afs35 and Afs35-G20, the mitochondrial genomes were
assembled using GetOrganelle (ver. 1.6.4) (Jin et al. 2020) with the trimmed reads. To filter the
mitochondrial reads, the trimmed reads were aligned against the mitochondrial genomes by BWA
(ver. 0.7.17-r1188) (Li 2013), and the mapped reads were filtered using SAMtools (ver. 1.10) (Li
et al. 2009) and SeqKit (Shen et al. 2016). Filtered reads from the nuclear genome were used to
assemble the nuclear genomes using SPAdes (ver. 3.14.0) (Bankevich, A., Nurk et al. 2012) with
the options ‘--cov-cutoff auto’ and ‘--careful’. For other strains, short reads filtered by fastp were

directly assembled using SPAdes.

Prediction of the tertiary protein structure

The graphical representation of AfGapA, THTA and their mutants were depicted using
IBS (ver. 1.0.3) (Liu et al. 2015). The tertiary protein structures were predicted using AlphaFold
(ver. 2.0) with default parameters (Jumper et al. 2021), and then depicted and aligned using PyMol
(DeLano 2002). pLDDT score (a per-residue measure of local confidence on a scale from 0 - 100)

for each predicted protein structure was obtained from the AlphaFold models with the best score.

Phylogenetic analysis

The amino acid sequences of Ras-GAP in 4. fumigatus, A. nidulans, S.cerevisiae, and S.
pombe were obtained from FungiDB and aligned using MAFFT (ver. 7.475) (Katoh 2002; Katoh
and Standley 2013). Four characteristic amino acid blocks of Ras-GAPs were visualized using
MAFFT. The amino acid sequences of approximately 200 AfGapA orthologs were obtained from
OrthoMCL (Li et al. 2003), and aligned using MAFFT. Gblocks was used to extract conserved
regions from the multiple sequence alignment (Castresana 2000). After manual curation, 155
amino acid sequences were used for the phylogenetic analysis. A phylogenetic tree was
constructed using multithreaded RAxML (ver. 8.2.12) (Stamatakis 2014), the
PROTGAMMAWAG model, and 100 bootstrap replicates. The phylogenetic tree was visualized
and edited using ggtree package in R (Yu et al. 2017).
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Results
Serial passaging of six A. fumigatus clinical strains was conducted

The diameter of colony growth was measured in both hypoxia and normoxia of 56 4.
fumigatus clinical strains. The detailed information of them is listed in Table S1. The ratio of the
diameter of the colony in hypoxia and in normoxia (H/N diameter ratio) for each strain (Table S1,
Fig. 2) was then calculated, which ranges from 0.12 to 0.93. Consequently, six A. fumigatus strains,
i.e., Af293, Afs35, IFM 58401, IFM 59365, IFM 63559 and IFM 63240, which have different
H/N diameter ratio (blue circles in Fig. 2), were selected for the following laboratory passage
experiments. Among which, Afs35 is a non-homologous end joining deficient strain by deleting
the akuAd*V"’, as the parental strain (Ries et al. 2019; Bertuzzi et al. 2021).The workflow of the
laboratory passaging experiment is depicted in Fig. 3A. Afterwards, the 5%, 10™, 15™ and 20
generation of each strain were investigated, and hereafter designated as G5, G10, G15 and G20,
respectively.

A whole-genome analysis was performed for G5, G10, G15 and G20 of six investigated
strains. Af293-based alignment and de novo assembly were then performed. Detailed information
is listed in Table S2. Microsatellite analysis of short tandem repeats (STRs) is a recently developed
genotyping method for the genetic discrimination of A. fumigatus strains (de Valk et al. 2005;
Klaassen 2009). To determine whether the generated strains from passaging were genetically
identical to their parental strain, microsatellite analysis was performed. STR regions of each strain
were extracted and the number of STRs was counted from the de novo assembly using a
customized Python script (Fig. S2). As a result, the STRs of G5 and G20 of IFM 63559 and IFM
63240 were inconsistent (Table S3), indicating a contamination may be occurred during the
passaging experiment. The following experiments were, thus, conducted on the other four strains.

For the remaining four strains, the growth of G5s and G20s in hypoxia and normoxia
were then evaluated and compared in plate culture. The colony phenotype was characterized for
each G5 and G20 under the hypoxic and normoxic conditions (Fig. 4). To evaluate the hypoxia
fitness in plate culture, colony diameter was measured. As a result, colony growth was comparable
to their parental strains for most strains, except for Af293-G20, which exhibited an increased
colony growth in hypoxia (p = 0.02). To evaluate the hypoxia fitness in liquid culture, the dry
weight of fungal biomass in both hypoxia and normoxia were measured for G5s and G20s of each
strain. The workflow is depicted in Fig. 3B. As a result, only Afs35-G20 exhibited increased
biomass in hypoxia (deep grey bar in Fig. 5A). To account for the ability to grow in hypoxia
relative to normoxia, I further calculated the ratio of biomass in hypoxia to that in normoxia (H/N
fitness ratio) for each strain. The result appeared to be consistent to the biomass weight in hypoxia,

that only Afs35-G20 exhibited an increment in hypoxia fitness in liquid culture (deep grey bar in
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Fig. 5B).

Afs35-G20 exhibited increased hypoxia fitness in liquid culture

Single colony isolation was then performed for the conidia population of four G20
strains. As a result, there proved to be two colonies, colony1 and colony?2 in the colony population
of Afs35-G20, which exhibited different morphologies in plate culture. The morphology of
colony 1 in plate culture was similar to that of Afs35, exhibited more flufty, white hyphae, and
comparable colony growth, whereas the other isolate produced less hyphae and impaired colony
growth (Fig. 6A). In contrast, the other strains seemed to have only single colonies. Microsatellite
analysis indicated that both colonies were genetically identical to their parental strain Afs35 (Fig.
6B). Colony 1 exhibited similar hypoxia fitness compared to the parental strain (Figs. 6C and 6D),
whereas colony 2 exhibited an increased biomass production in hypoxia (Figs. 6E and 6F). Thus,
colony 2 was hereafter designated as Afs35-G20 and further investigated. It could be concluded
that among the four tested strain sets, Af293-G20 exhibited increased fitness in both hypoxia and
normoxia in plate culture, but not in liquid culture. In contrast, Afs35-G20 has increased hypoxia
fitness in liquid culture, although its colony growth was considerably impaired (Figs. 7A and 7B).
Since Afs35-G20 exhibited increased H/N ratio in terms of both plate culture and liquid culture
(Figs. 7C and 6F), the following investigations were exclusively focused on Afs35 and Afs35-
G20.

Being a major and unique organelle of the fungal cell, the cell wall can protect A.
fumigatus from external stimuli. It has been reported that A. fumigatus reshapes its fungal cell
wall structure under hypoxic condition by increasing the hyphal cell wall thickness or altering the
actin or beta-glucan component in the cell wall, which consequently influences various immune
responses in the host (Shepardson et al. 2013). To this end, the cell wall integrity of the hypoxia
adapted strain, Afs35-G20, was tested using a cell wall perturbing agent, Congo red (CR). As a
result, Afs35-G20 exhibited higher tolerance to CR (Fig. 8A), strongly indicating that the cell
wall component of Afs35-G20 could be changed along with the hypoxia adaptation.

Metals such as copper (Cu) and iron (Fe) are essential micronutrients for all organisms
including pathogenic fungi (Andreini et al. 2008). Copper serves as a critical cofactor for
numerous proteins in fungi (Robinson and Winge 2010; Festa and Thiele 2011). To evaluate
whether the copper homeostasis of A. fumigatus was affected during the passaging in a nutrient-
poor microenvironment, the susceptibility to both excess and deficiency of copper was tested by
measuring the colony growth under the respective stimuli. Evidently, Afs35-G20 exhibited more
susceptibility to high concentration of copper, but remained stable in the copper depletion
condition (Fig. 8B), indicating that the copper export regulation may be impaired in Afs35-G20,

but not the copper uptake regulation.
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Mutation in a Ras-GAP encoding gene was identified in the hypoxia adapted strain

To gain further insight into the phenotypic difference between Afs35 and Afs35-G20,
the whole-genome sequencing was re-conducted. Mutation identification based on mapping and
de novo assembly were performed. The mapping rates in the reference genome (Af293, 29.4 Mb)
were 98.14% and 98.35%, respectively. Seeking the mutations in Afs35-G20, three mutations
were identified, including two SNPs and one two-base deletion (Table 1). According to the
annotation, two of these were non-synonymous mutations resided within the coding region of the
genes Afu3g09900 and Afulg03992 (¢htA), respectively. The assembly-based SNP calling result
was consistent with the mapping-based results. The mutations in Afu3g09900 and tht4 were
confirmed using Sanger sequencing (data not shown). According to the mapping result
visualization, the mutation in gene Afu3g09900 appeared after Afs35-G10, while the mutations
in thtA and dmll appeared after Afs35-G15 (Fig. 10). In addition, two SNPs causing missense
mutations were identified in other two strains, i.e., Af293-G20 and IFM 59365-G20, when
compared to their parental strains (IGV snapshots were shown in Fig. S3). In contrast, no
mutations were identified in IFM 58401-G20, which is consistent with its unchanged morphology
in both plate and liquid culture.

I then focused on investigating the uncharacterized gene carrying the non-synonymous
mutation, Afu3g09900. According to FungiDB, Afu3g09900 is annotated as an ortholog to
GTPase activating protein (GAP) encoding genes. The 779-residue AfGapA polypeptide contains
N-terminal RasGAP (PF00616) and C-terminal RasGAP C (PF03836) PFAM domains
characterizing regulatory proteins that accelerate the intrinsically slow GTPase activity of Ras
protein family members (Fig. 11A). The substitution from T to G resulted in a nonsense mutation,
Tyr757Ter in AfGapA, causing a 22 amino acid deletion adjacent to the domain RasGAP_C (Fig.
11A).

The structural bases of human H-Ras GTPase activity stimulation by a cognate GAP are
well understood, which have four characteristic amino acid sequence blocks (Scheffzek et al.
1997). I performed the amino acid sequence alignment for AfGapA and other four sequences from
its close relatives, including 4. nidulans (GapA, AAO38800), S. pombe (Sarl, NP_595370) and
S. cerevisiae (Sc IRA1, P18963 and Sc IRA2, CAA99093), all whose GAP proteins are already
functionally characterized (Tanaka et al. 1990; Wang et al. 1991; Harispe et al. 2008). Indeed,
AfGapA shares its domain organization in 92.6%, 44.4%, 24.4%, and 25.7% amino acid sequence
identity, with GapA, Sarl, Sc IRAland Sc IRA2 respectively. Thus, Afu3g09900 was designated
as AfgapA. The four amino acid sequence blocks in Ras GAPs were indicated in boxes in Fig. 14.
The presence of the four motifs in AfGapA implies catalytically active Ras-GAPs, including the
“Arg finger” residue, which is proven to be critical in promoting GTP hydrolysis by H-Ras
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(Scheftzek et al. 1997). This strongly suggests that the physiological role of AfGapA is to
stimulate the GTPase activity of Ras protein(s) in 4. fumigatus.
In addition, the other non-synonymous mutation is resided within #4¢4, which encodes

a thermotolerance protein that is essential for the growth of A. fumigatus at high temperatures.

Tertiary structure prediction and phylogenetic analysis

To evaluate the effect of the 22 amino acid deletion adjacent to the RasGAP_C domain
of AfGapA, the tertiary structure prediction was performed using AlphaFold 2.0; which showed
a positional shift in the structure of the domain region, RasGAP_C (marked red in Fig. 11B)
because of the truncation (marked yellow in Fig. 11B), whereas the other domain, RasGAP did
not exhibit any positional shifts (marked blue in Fig. 11B). These structural changes of AfGapA
observed in Afs35-G20 may contribute to its adaptation to hypoxic conditions and other
phenotypic changes.

Additionally, tertiary structure of the other non-synonymous mutation in tht4, was also
analyzed. According to the re-prediction by AUGUSTUS (ver. 3.3.3) (Stanke et al. 2006), the
two-base deletion resulted in a frame shift of #4¢4, causing a 23 amino acid deletion in the middle
region of THTA (Fig. 12A). According to the FungiDB and structure prediction result, the deletion
was neither resided within any protein domain regions, nor caused any structural changes (Figs.
12A and 12B). To further evaluate the mutation in th#4, 1 examined the growth test at 48 °C.
Afs35-G20 did not show any growth at 48 °C, whereas Afs35 did show growth (Fig. 9), indicating
that the mutation of tht4 could be responsible for the susceptibility to high temperatures. The
predicted local difference distance test (p)LDDT) scores (Mariani et al. 2013) of each model were
also obtained from the top ranked prediction, which measure the confidence in the predicted
structures (Fig. 13 and Fig. S4). The average score was approximately 79 and 83, for AfGapA and
THTA, respectively, which was supposed to be modelled well, according to EMBL-EBI
(https://www.ebi.ac.uk) (Cantelli et al. 2022).

To understand if the Ras-GAP protein is conserved among other fungi, a phylogenetic
analysis was performed. A phylogenetic tree based on 155 amino acid sequences in the ortholog
group OG6_ 109756 indicated that Ras-GAP is highly conserved across the fungal kingdom,
including Ascomycota, Basidiomycota, and Mucoromycota (Fig. 15). Interestingly, I observed
that the most of species seemed to have a single copy of Ras-GAP, especially those in Ascomycota,
except for S. cerevisiae. The gene duplication of Ras-GAP mostly occurs in the division
Mucoromycota (Mucor circinelloides, Mucor lusitanicus, and Phycomyces blakesleeanus),
Glomeromycota (Rhizophagus irregularis), and Basidiomycota (Pleurotus ostreatus and Puccinia

striiformis) (colored nodes indicated in Fig. 15).
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AfgapA dysfunction contributes to hypoxia fitness in liquid culture

To investigate whether AfGapA™”>"™" contributes to the phenotypic changes in Afs35-
G20, I constructed Afs35-G20 harboring a wild-type AfgapA””, that is, Ter757 Tyr, referred to as
Afs35-G20-AfgapA””, using the CRISPR/CAS-9 gene-editing method (Umeyama et al. 2018).
Two independent strains of the reconstituted strain were constructed and isolated, and their
experimental results were similar. Thus, for simplicity, the result of only one of them will be
shown in the rest of this study, if indicated otherwise. In addition, to address whether AfGapA
mutation in Afs35-G20 represents a complete loss-of-function mutation, a AfgapA4 deletion strain,
referred to as AAfgapA was also constructed. Strains further investigated in this study are listed
in Table 2.

As expected, Afs35-G20-AfgapA”" exhibited the same level of hypoxia fitness as that
of Afs35 (Figs. 20B and 20C). Meanwhile, A4fgapA exhibited the highest hypoxia fitness level
among the four investigated strains, strongly indicating that truncation or deletion of AfGapA
could be responsible for the developed hypoxia fitness. However, the colony growth of Afs35-
G20- AfgapA”" and AAfgapA was impaired similarly to that of their parent strain, Afs35-G20 and
Afs35, respectively (Fig. 19A). In addition, similarly to Afs35-G20, Afs35-G20-AfgapA”" did not
grow at 48 °C, indicating that the remaining #4t4 mutation in this strain is possibly responsible

for its reduced thermotolerance.

AfgapA dysfunction results in abnormal cellular polarity, poor conidiation and yellowish
pigmentation

In A. nidulans, high-level expression of mutant hyperactive RasA in germinating
conidiospores results in large, swollen multinucleated cells that do not proceed any further (Som
and Kolaparthi 1994; Fillinger et al. 2002), indicating that high Ras activity impairs polarity
establishment. Moreover, research involving Ras-GAP in A. nidulans also revealed the increment
of gapA transcript during germination, indicating that gapA is directly involved in the polarity
establishment (Harispe et al. 2008). This study exhibited similar results for A. fumigatus.
Abnormally giant swollen conidia (black arrows in Fig. 20) were observed in both Afs35-G20
and AAfgapA during germination. In addition, the hyphal morphology also appeared to be
abnormal in the two AfgapA mutant strains under both hypoxic and normoxic conditions (black
arrows in Fig. 21), indicating a disturbed polarity maintenance in the hyphae.

Conidiation reduction has also been reported to be one of the main consequences of the
hyperactivation of RasA protein in 4. fumigatus (Fortwendel et al. 2004). To confirm the role of
AfgapA in the upstream of RasA regulation pathway, I also investigated the conidiation level.
Indeed, 90% and 95% conidiation reduction were observed in Afs35-G20 and AAfgapA,
respectively (Fig. 22A). These results strongly indicate that AfGapA is required to downregulate
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Ras activity in A. fumigatus. In addition, I observed that the two AfGapA mutants produced
yellowish pigments, compared to the wild type (Fig. 22B), indicating that AfGapA may
participate in the pigmentation regulation of A. fumigatus, which has not been previously reported

for the Ras proteins in either 4. fumigatus or other organisms.

AfgapA dysfunction contribute to fungal virulence in the silkworm infection model

Finally, I evaluated the virulence of the strains using the silkworm infection model.
Silkworms have been used as an experimental animal model for elucidating the mechanisms of
fungal infection in several pathogenic fungi, including identification of virulence related genes in
Candida species and Cryptococcus neoformans (Ramil et al. 2000; Matsumoto and Sekimizu
2019). In this study, Afs35-G20 showed slightly higher virulence level compared to the wild type,
although this difference is not statistically significant (p = 0.2) (Fig. 23A). However, this
difference became significant (p = 0.02) when the silkworms were infected with a larger dose of
conidia, i.e., 1.5x10° /silkworm (Fig. 23B). In addition, Afs35-G20-AfGapA™" exhibited less
virulent than Afs35 (Fig. 23A). Moreover, the strain with the complete knockout of AfgapA, i.e.,
AAfgapA, exhibited the highest virulence level among the investigated strains (Fig. 23A).
Consistent with the previous study (Kowalski et al. 2016), the virulence level is highly correlated
to their hypoxia fitness.

Based on these and the above data, I conclude that the mutation occurring in Afs35-G20
is a partial loss-of-function mutation, and the truncation or deletion of AfGapA may cause the
elongated activation time of Ras protein(s) in 4. fumigatus, and is likely to be responsible for the

hypoxia adaptation and other observed phenotypic changes.
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Discussion

Aspergillus fumigatus plays an important role in the pathogenesis of aspergillosis, and
its high rate of mortality is emboldened by its ability to survive and thrive in hypoxic conditions.
To reach clinical singularity for this situation, it is important to understand the mechanism of
hypoxia adaptation of 4. fumigatus and the relationship to its pathogenesis. Toward this goal, this
study performed a laboratory passaging experiment to generate the adapted strains to hypoxic
conditions. Both in vitro and in vivo laboratory passaging experiments have been proven to be
insightful in studies of other pathogenic fungi, such as C. glabrata and C. neoformans. (Franzot
et al. 1998; Brunke et al. 2014; Wartenberg et al. 2014). A. fumigatus clinical and environmental
strains exhibited a great heterogeneity in terms of hypoxia fitness (Kowalski et al. 2016). When
investigating the mechanisms of hypoxia adaptation in 4. fumigatus, it is conceivable that utilizing
multiple strains with different genetic backgrounds and hypoxic stress tolerance would greatly
enhance these efforts. Thus, the experiments were conducted using multiple strains that have
different hypoxic stress tolerance in plate culture. Among the investigated strains, Afs35-G20 was
consequently generated, which was confirmed to have increased hypoxia fitness in liquid culture
when compared to the parental strain.

With the application of whole genome sequencing, a resultant mutation was identified
in AfgapA (Afu3g09900), which encodes the Ras-GAP protein in 4. fumigatus. AfGapA is highly
conserved among fungi, including the filamentous fungi A. nidulans, S. pombe and S. cerevisiae.
According to BLASTP results, there are no other AfgapA paralogs in 4. fumigatus. To investigate
the physiological functions of this Ras-GAP, which is, AfGapA, I constructed the reconstituted
strain of Afs35-G20 harboring a wild type AfgapA allele, as well as a AfgapA null mutant, to
observe and compare the phenotypic changes against the wild type. As expected, the
reconstitution of wild type AfGapA in Afs35-G20 caused a recovery of low hypoxia fitness.
Furthermore, the null mutant of AfGapA exhibited more severe phenotypes compared to Afs35-
G20, like higher hypoxia fitness, virulence, and reduced conidiation level. In addition, a yellowish
pigmentation in both Afs35-G20 and AAfgapA was also observed. These results indicate that the
truncation and/or deletion of AfGapA is required for the hypoxia fitness, virulence, and conidia
pigmentation in 4. fumigatus.

Ras proteins are members of a family of small monomeric GTPases that are highly
conserved in fungal kingdom. Ras and Rho subfamilies regulate actin rearrangements (Hall 1998).
Ras activity is controlled by guanosine nucleotide diphosphate (GDP)/guanosine nucleotide
triphosphate (GTP) binding via a binary switch fashion. Two factors regulate Ras, namely guanine
nucleotide exchange factors (GEFs) and GTPase-activating proteins (GAPs) (Fig. 16). Ras-GAP
regulates a variety of morphogenetic processes by deactivating its substrate protein Ras (Som and

Kolaparthi 1994; Harispe et al. 2008; Norton and Fortwendel 2014), whereas GEFs exchange Ras-
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bound GDP with GTP. Although it has been reported that Ras proteins in 4. fumigatus are
important regulators of hyphal morphogenesis and virulence (Fortwendel et al. 2004; Norton and
Fortwendel 2014), this study reports the function of one of its upstream regulator, Ras-GAP
(AfgapA), for the first time.

Increased hypoxia fitness in both Afs35-G20 and A4fgapA was observed, compared to
the parental strain, Afs35 (Figs. 20B and 20C). Specifically, the fungal biomass of Afs35-G20
and AAfgapA were higher than that of Afs35 in hypoxia, whereas those were comparable to that
of Afs35 in normoxia (Fig. 19B). The hyphal morphologies of Afs35, Afs35-G20 and AAfgapA
were similar under both hypoxic and normoxic conditions (Fig. 21). Thus, the increased fungal
biomass of Afs35-G20 and AAfgapA in hypoxia may be due to their higher germination rates,
suggesting that AfgapA may function in the germination, particularly in hypoxia. 4. fumigatus has
two Ras homologues, i.e., RasA and RasB, which play important roles in cellular processes and
pathogenesis (Fortwendel et al. 2004; Norton and Fortwendel 2014). It has been reported that the
deletion of either RasA or RasB results in reduced virulence (Fortwendel et al. 2005) due to the
overlapping functions of the two homologues. Thus, since RasA and/or RasB could be the targets
of AfgapA, investigating the Ras specificity of Afgap4 would be an intriguing topic for future
studies.

Strains harboring constitutively active Ras reportedly exhibit highly branched hyphae,
reduced conidiation, and increased virulence in 4. fumigatus (Fortwendel et al. 2004, 2009, 2012).
In A. nidulans, Ras-GAP encoding gene GapA is essential for the polarity establishment and
maintenance (Harispe et al. 2008). Microscopic observation of strains carrying the gapA4 mutation
showed that a proportion of germinating conidia do not give rise to a germ tube but continue
growing isotopically while nuclei undergo mitosis, yielding giant, multinucleate spherical cells,
suggesting that polarity establishment is affected by this mutation. gap4A also showed
abnormally swollen regions and apical branching. Consistent with this, abnormally giant conidia
during germination (Fig. 20), abnormally swollen regions and apical branching in the hyphae
were observed in Afs35-G20 and AA4fgapA (Fig. 21). Taken together, these observations strongly
supported the hypothesis that AfgapA dysfunction downregulates its substrate Ras protein,
followed by hyperactivation of Ras.

In addition to higher hypoxia fitness and virulence, Afs35-G20 and AdfgapA also
produced a yellowish pigmentation in the conidia (Fig. 22B). This was consistent with a previous
study showing that the main pigment ingredient in conidia (melanin) plays a protective role
against environmental conditions and in pathogenicity (Brakhage and Liebmann 2005). The outer
layer of the conidia is composed of a hydrophobic polymer, dihydroxynaphthalene (DHN)
melanin, which protects A. fumigatus against host defense. Genes in the melanin cluster have been

proved to be necessary for the structure and stiffness maintenance of the conidial cell wall, and
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consequently, the virulence (Latgé et al. 2017). In terms of the pigmentation regulation in A.
fumigatus, wetA participates in the conidial pigmentation pathway by downregulating the
expression of w4, which encodes a polyketide synthase (PKS) necessary for the formation of a
key conidial pigment (Mayorga and Timberlake 1992). Meanwhile, the expression of ras4 was
upregulated in Awetd in A. fumigatus, indicating that ras4 may participate in the pigmentation
pathway by downregulating wet4 (Wu et al. 2018). Thus, the yellowish pigmentation occurred in
AfGapA mutants may be caused by the hyperactivation of RasA, indicating that 4fgapA may
suppress the pigmentation during conidiogenesis.

The Ras homolog in C. neoformans, Rasl, has been proved to be necessary for the
hypoxia adaptation (Chang et al. 2014). However, the role of Ras in hypoxia adaptation in A.
fumigatus yet. In this study, acquirement of hypoxia fitness in the two AfGapA mutant strains
indicate a similar role of Ras in hypoxia responses of Ras protein(s) of 4. fumigatus. Various
mechanisms of oxygen sensing and responses to hypoxia in yeast and pathogenic fungi have been
reviewed recently (Willger et al. 2008). The mammalian sterol regulatory element-binding protein
(SREBP) is an important factor controlling oxygen sensing and virulence in A. fumigatus and
other pathogenic fungi. Its homolog SrbA in 4. fumigatus also controls proper cell polarity.
Additionally, the null mutant of SrbA also displayed increased susceptibility to the azole class of
antifungal drugs (Willger et al. 2008), although the mechanism behind this result is currently
unknown. However, the deletion of AfGapA does not change the antifungal susceptibility level
(Table 3), suggesting different pathways from SrbA regulated hypoxia responses.

In summary, the Ras-GAP protein AfGapA in 4. fumigatus shares a striking similarity
with that of other closely related yeasts or pathogenic fungi, in terms of a broad range of
physiological functions, including regulating the conidiation, pigmentation, hypoxia fitness, and
virulence. Taken together, this study contributes to the understanding of AfGapA-regulated Ras
activity in A. fumigatus. More importantly, this study indicates that AAfGapA causes developed
hypoxia fitness, which is also confirmed to be crucial for the virulence of A. fumigatus. The strong
downregulation of fungus-specific participants in Ras protein activation and signaling could be a
promising focus for the future development of novel antifungal treatments. However, because of
the complexity of the Ras regulated pathways, further studies are required to elucidate the role of
AfGapA in the Ras-mediated pathways and its involvement in the hypoxia adaptation and
pathogenicity.

20



Figures and tables
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Fig. 1 A. fumigatus conidia is exposed to the hypoxic microenvironment in human lungs. Oxygen
availability is supposed to be less than 1% in the infection site (Wezensky and Cramer 2011).

Hypoxia influences various metabolic process in both fungi and the host.
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Fig. 2 Hypoxia fitness in colony growth of 56 A. fumigatus clinical strains. A total of 1X10?
conidia were inoculated in GMM, and cultured for four days, 37 °C under hypoxic and normoxic
conditions, respectively. Diameters of colony growth were afterwards measured, and the ratio of
diameter in hypoxia and that in normoxia was calculated for each strain. Six strains that were

selected for the following laboratory passaging experiment are colored blue.
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Fig. 3 Schematic diagrams of the experimental procedure. (A) Laboratory passaging experiment.
(B) Fungal biomass measurement. A total of 5X 10 conidia were inoculated in 100 mL GMM
and cultured for 48h, 37 °C, shaking at 200 rpm under hypoxic and normoxic conditions. Biomass

tissue was then collected, dried, and weighed.
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Fig. 4 Colony growth characterization of G5 and G20 of four investigated strains in hypoxia and
normoxia. A total of 1x10° conidia for each strain were inoculated and grown on GMM, 37 °C

for four days.
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Fig. 5 Biomass production in liquid culture of G5 and G20 of four investigated strains in hypoxia

and normoxia. Afs35-G20 was indicated with deep grey. (A) Dry weight. A total of 5 X 107 conidia

were inoculated in 100 mL GMM and cultured for 48h, 37 °C shaking at 200 rpm under hypoxic

and normoxic conditions. (B) The ratio of biomass weight in hypoxia to that in normoxia.

Statistical analysis was performed using a two-tailed #-test (*, p-value < 0.05; **, p-value < 0.01;

**% p-value < 0.001).
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Fig. 6 Single colony isolation of Afs35-G20 and growth phenotypes of the two isolates. (A) Two
colonies were observed in Afs35-G20, exhibiting different morphological features. (B) STRs of
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(Fig. 6 continued) the two Afs35-G20 colonies and Afs35. Dry weight of biomass of Afs35 and
Afs35-G20 colony 1 (C) and colony 2 (E). H/N biomass ratio of colony 1 (D) and colony 2 (F).
A total of 5X 107 conidia were inoculated in 100 mL GMM and cultured for 48h, 37 °C, shaking
at 200 rpm under hypoxic and normoxic conditions. Statistical analysis was performed using a
two-tailed #-test (*, p-value < 0.05; ***, p-value < 0.001).
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Fig. 7 Growth phenotypes of Afs35 and Afs35-G20. (A) Growth assays. (B) Colony diameters
under hypoxic and normoxia conditions were measured. (C) H/N diameter ratios were calculated.
A total of 1x10° conidia for each strain were inoculated and grown on GMM, 37 °C for four days.

Statistical analysis was performed using a two-tailed ¢-test (**, p-value < 0.01; ***, p-value <
0.001).
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Fig. 8 Growth assays in CR, copper, and BSC. (A) Growth phenotypes of Afs35 and Afs35-G20
in GMM, GMM containing 10 pg/ml CR, and PDA medium. (B) The ratio of colony diameter in
GMM containing the respective reagent, and that in plain GMM. Statistical analysis was

performed using a two-tailed #-test (***, p-value < 0.001).
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Fig. 9 Thermotolerance testing of Afs35 and Afs35-G20. A total of 1x10° conidia for each strain

were inoculated and grown for four days.
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Fig. 10 Snapshots of the mapping results of Afs35 and Afs35’s G5, G10, G15, and G20. Two
missense mutations in AfgapA and tht4, and a synonymous mutation in dmll are presented. The

point mutations are indicated by black arrows.
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Fig. 14 Multiple alignment of four characteristic amino acid blocks of Ras GAPs in 4. fumigatus,

A. nidulans, S.cerevisiae, and S. pombe. Black arrow indicates Arg finger.
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Fig. 15 Phylogenetic tree based on 155 amino acid sequences among Ascomycota, Basidiomycota,

etc. Species with multiple Ras-GAPs are indicated with color circles.
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Fig. 19 Growth phenotypes of Afs35-G20-AfgapA”" and AAdfgapA. (A) Colony assays of Afs35,
Af535-G20-AfgapA™, Afs35-G20, and AAfgapA in hypoxia and normoxia. A total of 1x10°
conidia for each strain were inoculated and grown on GMM for four days. (B) Dry weight of
fungal biomass of Afs35, Afs35-G20-AfgapA””, Afs35-G20, and AAfgapA in hypoxia and
normoxia. A total of 5 X 107 conidia were inoculated in 100 mL GMM and cultured for 48h, 37°C,
shaking at 200 rpm. (Data of Afs35 and Afs35-G20 were directly used from Fig. 6E) (C) The ratio
of biomass in hypoxia to biomass in normoxia of Afs35, Afs35-G20-AfgapA””, Afs35-G20, and
AAfgapA. Statistical analysis was performed using the Tukey HSD multiple comparison test (*,
p-value < 0.05; ** p-value < 0.01; *** p-value < 0.001).
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Fig. 20 Effect of AfgapA on conidia morphology during germination. Afs35-G20 and AAfgapA

produced abnormally giant conidia during germination (black arrows). Scale bars indicate 10 pm.
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Fig. 21 Effect of AfgapA on the hyphal morphology in liquid culture under hypoxic and normoxic
conditions, respectively. Abnormally swollen regions and apical branching are indicated with

black boxes. Scale bars indicate 20 pm.
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Fig. 22 Effect of AfgapA on conidiation and conidial pigmentation. (A) The number of conidia
per well in Afs35, Afs35-G20 and AdfgapA after five days incubation at 37 °C. Statistical analysis
was performed using the Tukey HSD multiple comparison test (**, p-value < 0.01; ***, p-value
<0.001). (B) Color of conidia in Afs35, Afs35-G20 and AdfgapA. 2 X 10’ conidia are presented.
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Fig. 23 Evaluation of virulence of AfgapA in silkworm infection model. (A) Survival rates of
silkworms inoculated with Afs35, Afs35-G20-AfgapA””, Afs35-G20 and AdfgapA were
evaluated (n = 10). A total of 1.5x10° conidia were infected for each silkworm. The difference
of virulence level between Afs35 and Afs35-G20 was not significant (p = 0.2). AdfgapA
exhibited higher virulence levels in the silkworm model (p = 0.009), while Afs35-G20-
AfgapA” exhibited lower virulence than the wild type (p = 0.02). Mock (n = 10) as an
uninfected group was also made. (B) The difference between Afs35 and Afs35-G20 was
significant when 1.5x10" conidia were infected (p = 0.02). Statistical analysis was performed

using a log-rank test (*, p-value < 0.05; **, p-value < 0.01).
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Table 1 Three mutations identified in Afs35-G20

Gene ID Position Mutation Consequence Annotation
AfeapA Chr3, Ortholog(s) have GTPase activator
Veap SNP, T->G Tyr757Ter o &)
(Afu3g09900) 2,540,500 activity
thtA ) 23 amino acids ) .
Chrl, 2-base deletion, ] Thermotolerance protein, essential for
deletion from 664 )
(Afulg03992) 1,150,600 -GA 636 growth at high temperatures
to
dmll Chrl, . .
SNP, G->A synonymous Protein dml1, putative

(Afulgl5070) 4,049,579

Table 2 Four strains further investigated in this study

Strain Genotype

Afs35 AfgapA,thtA
Afs35-G20 AfgapA™ 7™ thtA™
Afs35-G20-AfgapA”" AfgapA, thtA™"
AAfgapA AAfgapA,thtA
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Table 3 Antifungal susceptibility test of four strains generated in this study

MCFG* CPFG AMPH 5-FC FLCZ
Afs35 <0.015 0.25 1 64 >64
Afs35-G20 <0.015 0.25 1 64 >64
Afs35-G20-AfgapA”" <0.015 0.25 0.5 64 >64
AAfgapA <0.015 0.25 1 64 >64
ITCZ VRCZ MCZ
Afs35 0.5 0.5 2
Afs35-G20 0.25 0.5 2
Afs35-G20-AfgapA”" 0.5 0.5 2
AAfgapA 0.5 0.5 2

*MCFG; micafungin; CPFG: caspofungin; AMPH: amphotericin B; 5-FC: 5-fluorocytosine; FLCZ: fluconazole

ITCZ: itraconazole; VRCZ: voriconazole; MCZ: miconazole
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Table 4 Primers used for strain construction

no. Primer Sequence (5'-3')*

1 3g09900-UF cccctectgcttcectgatecttaat

9 Hph-3g09900-UR GGTGATATCGGCCTGAGTGGCCTCactgtgaaagaaaaactatgg

10 Hph-3g09900-DF GTTGTCGACGGCCATCTAGGCCAGgatgattagcgcagcgtctaa

11 3g09900-DR_deletion gatagagggcatgaatagtcaagtc

2 3209900-sg5Mut-UR tgtagatgctctcgacgcaggctgtaacattgttgctacagacat

3 3g09900-sg5Mut-M1F atgtctgtagcaacaatgttacagcctgcgtcgagagcatctaca

4 3g09900-G_T-sg3Mut-M1R tgagcactttagaaacattgaactggacatactcgagatcgagat

5 3g09900-G_T-sg3Mut-M2F atctcgatctcgagtatgtccagttcaatgtttctaaagtgctca

6 Hph-3g09900-M2R atatcggcctgagtggcctcaccgeccgaagaagattcaga

7 Hph-3g09900-DF tcgacggccatctaggccagatgagttgegtctgettttce

8 3g09900-DR cttccaatggtggcaacctgcagtt

12 T7-sgRNAI1-3g09900 TTCTAATACGACTCACTATAGTGTAGCAACAATGTTGCAACGTTTTAGAGCTAGA
13 T7-sgRNA2-3g09900 TTCTAATACGACTCACTATAGCACTTTAGAAACGTTAAATGTTTTAGAGCTAGA
14  HphS GAGGCCACTCAGGCCGATATCACC

15 Hph3 CTGGCCTAGATGGCCGTCGACAAC

*Uppercases and lowercases represent the sequences derived from plasmid pHph and A4. fumigatus genome, respectively.

Additional sequences for in vitro gRNA synthesis are underlined.

Table 5 Primers used for RT-PCR

Primer

Sequence (5'-3")

actl-qF
actl-qR
AfugapA_gF
AfugapA _gR

GGTATCCACGTCACCACTTT
GGTACCACCAGACATGACAA
GTCTTCATTACAAAGGCCGTGCTCG

CTGCGCTAATCATCTTACCAGCCCT
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Fig. S1 Whole-genome SNP-based phylogenetic tree. Af293 as reference.
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# —k- coding: utf-8 —x-—

import os

import sys

import re

from Bio.Seq import Seq

from fuzzysearch import find_near_matches

f=open("/Users/bian/Documents/Af/single_isolation/genomeseq/
primers", "Ur")
primers={} #2A-RV:seqr,2A-FW-SQ:seq2,2B-RV...
for line in f:
name,pseq = line.rstrip().split()
primers[name]=pseq
f.close()

boundary_seqs={} #RV:complementary
ru'Le={IAI:ITI’ ICI:IGI’ ITI:IAI’ IGI:ICI}
for key in primers:
boundary_seqs [keyl=primers [key]
if "RV" in key:
primers [key]
seq_list=[rule[i] for i in primers([keyl];

.join(seq_list)

seq=

boundary_seqs [keyl=str(Seq(primers[key]).reverse_complement())

S.t r.S={II2AII : IIGAII ) II2BII : IIAGII ) II2CII : IICAII , II3AII : IITCTII , II3BII : IIAAGII , II3CII : IITAGII
, II4AII : IITTCTII , II4BII : IICTATII , II4CII : IIATGTII}
St rSL: [II2AII , IIZBII , II2CII , II3AII , II3BII , II3CII ) II4AII , II4BII , II4CII]

def getindex(fs,rs,seq):
matchlistf=find_near_matches(fs,seq,max_1_dist=1)
matchlistr=find_near_matches(rs,seq,max_1_dist=1)
matchlist = matchlistf + matchlistr
#return matchlist
data=[1
for i in matchlist: #find min dist primer index.
i:'Match(start=2', ' end=6', ' dist=1)'
a=re.split(",",str(i))
startindex=re.split("=",str(al[0])) [1]
dist=re.split("[=,)]1",str(al2])) [1]
data.append((startindex,dist))
data.sort(key=lambda x: x[1]) #data:
[(startindex,dist),(...]
return data

def getSTRnum(data,seq,tandem):
ind=int(datal[0] [0])
inter=seq[ind-500: ind+500]
indlst=inter.index(strs[tandem])

sl=len(strs[tandem]);s2=1;s3=0; s2max=s2 #sl:str
length; s2:occurrence time; s3:try - 1
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while len(inter[indlst:indlst+s3])<len(inter[ind1lst:]):

while

inter[indlst+s3+s2%sl:ind1lst+s3+s2xsl+sl]==strs[tandem]:

length s1 string

s2+=1
if s2>s2max:
s2max=s2
$2=0
s3+=1

#return inter
return s2max

def getSeq(fa):

f=open(fa,"ur")

seq="";seq_rev=""

for line in f:
line=line.rstrip()
seg+=1line

for i in seq:
if i in rule:

seq_rev+=rule[il

seq_rev = seq_rev[::-1]

f.close()

return seq,seq_rev

def result():
fa = sys.argv([1]
out = []
print "\t".join(strsL)
for tandem in strsL:

fs=boundary_seqs [tandem+"-FW-SQ"];

rs=boundary_seqs [tandem+"-RV"]

#print tandem,getindex(fs,rs,seq)

#break

seq,seq_rev = getSeq(fa)

if getindex(fs,rs,seq):
seq2 = seq

elif getindex(fs,rs,seq_rev):

seq2 = seq_rev
else:

out.append("-")

continue

idx = getindex(fs,rs,seq2)
out.append(str(getSTRnum(idx,seq2,tandem)))

#print

"\t".join([fa,tandem,str(getSTRnum(idx,seq2,tandem))])

print "\t".join(out)
result()

Fig. S2 extract STR from assembly.py

#get
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Fig. S3 Two SNPs identified in IFM 59365-G20 and Af293. Both were missense mutations in the

CDS region of the respective genes.
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Fig. S4 pLDDT visualization for AfGapA (A) and THTA (B). Red color indicates higher pLDDT
value (source code was from https://github.com/CYP152N1/plddt2csv).
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Table S1 56 strains investigated in this study

- H/N
Isolation Azoles Azole susceptibility
Strain* Source L diameter
date application .
ITCZ VRCZ PCZ ratio
Af293 0.75
Afs35 0.36
IFM 62821 9/2012 0.5 0.25 0.64
IFM 63345 7/2014 >8 2 >8 0.93
IFM 63666 11/2015 1 2 1 0.76
IFM 63768 1/2016 8 >8 8 0.83
IFM 59350 3/2009 0.5 0.5 0.88
IFM 59360 9/2009 VRCZ: 12m 1 1 0.77
(Hagiwara et
IFM 60814 9/2011 0.5 0.5 1 0.84
al. 2018a)
(Hagiwara et
IFM 63240 11/2014 VRCZ: 38m >8 >8 4 0.12
al. 2018a)
(Hagiwara et
IFM 63537 7/2015 VRCZ: 46m >8 8 8 0.45
al. 2018a)
(Hagiwara et
IFM 63714 4/2016 VRCZ: 51m >8 8 4 0.51
al. 2018a)
(Hagiwara et
IFM 64173 5/2016 VRCZ: 56m >8 8 0.62
al. 2018a)
IFM 59363 1/2010 0.5 0.5 0.65
IFM 60236 1/2011 0.5 1 0.87
IFM 59357 7/2009 1 0.5 0.82
IFM 60991 12/2011 0.5 1 0.78
IFM 63559 6/2014 2 >8 4 0.95
IFM 63560 6/2015 VRCZ: 12m 8 >8 4 0.88
IFM 57543 11/2007 4 0.25 >8 0.68
IFM 58401 0.5 0.5 0.37
(Hagiwara et
IFM 59073 3/2010 0.5 0.53

al. 2018b)
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(Table S1 continued)

IFM 59365

IFM 59359

IFM 59056

IFM 59777
IFM 61118
IFM 62516

IFM 61407

IFM 64518
IFM 61461

IFM 55369

IFM 59365
IFM 59634
IFM 59988
IFM 62816
IFM 60514
IFM 61578
IFM 62115
IFM 61610
IFM 58026
IFM 61961
IFM 64313
IFM 64312
IFM 63648
IFM 64471
IFM 63501
IFM 61469
IFM 59352

(Hagiwara et
al. 2018b)
(Zhao and

Gibbons 2018)

(Hagiwara et

al. 2018b)

(Hagiwara et
al. 2018b)

5/2012

7/2012
(Hagiwara et
al. 2018b)

10/2010

4/2011

10/2012

5/2013

8/2012

0.5

0.5

0.5
0.5

0.25

0.5
0.25

0.5

0.5

0.5

0.5

0.5
0.5
0.5
0.5

0.25

0.5

0.5

0.5
0.5

0.25

0.5
0.5

0.25

0.5
0.5
0.5

0.25
0.5
0.5

0.5
0.5
0.5
0.5
0.5

0.5

62

0.79

0.37

0.55

0.57
0.77
0.58

0.75

0.28
0.87

0.57

0.68
0.48
0.54
0.56
0.92
0.29
0.78
0.75
0.74
0.73
0.61
0.75
0.48
0.72
0.78
0.61
0.91



(Table S1 continued)

IFM 64302
IFM 64794
IFM 62313
IFM 60516
IFM 63531
IFM 61409
IFM 61211

12/2013
5/2011

6/2012
11/2011

0.5
0.5
0.125
1
1
0.25
0.25

0.25

0.5
0.25
0.5

0.71
0.68
0.71
0.68
0.66
0.63
0.57

* Same colored strains indicate that they were isolated from the same patient
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