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Abstract

Succinate dehydrogenase inhibitors (SDHIs) are widely used alongside agricultural
fungicides to inhibit the growth of fungal plant pathogens. However, the application of these
fungicides in agricultural environments can indirectly effect Aspergillus fumigatus, leading to the
development of resistance over time. This study investigates the mechanisms of SDHI resistance
in A. fumigatus and explores the fitness costs associated with resistance, as well as potential
compensatory mutations in environmental resistant variants. Genomic analysis of environmental
samples collected from Dutch compost heaps identified specific single nucleotide polymorphisms
(SNPs) in the sdhB and sdhC genes (sdhB™27%Y and sdhC5!1%%"), conferring resistance to boscalid
and fluopyram, respectively. Using CRISPR-Cas9 technology, these mutations were introduced
into the SDHI-sensitive strain AfiR974 to assess fitness effects, including radial growth under
normoxic and hypoxic conditions, as well as fungal biomass production in liquid culture. No
statistically significant fitness costs were observed for the sdhC5'%! mutation. However, sexual
crossing experiments and fungal burden assays suggested fitness costs in strains carrying the
sdhBH?7%Y mutation, along with potential compensatory mutations that mitigate these effects. This
project highlights the complexity of SDHI resistance mechanisms by identifying resistant variants
within a population of 84 environmental isolates and linking genotype to phenotype through the
identification of mutations that select for resistance to boscalid and fluopyram. Computational
analysis predicted the 3D structure of the SAdhC protein, illustrating how the sdhC5'%! mutation
impacts fluopyram binding. Building on these findings, future research should explore the role of
the sdhB™27%Y mutation, as well as the compensatory mutations that may mitigate associated fitness
costs and further advance A. fumigatus resistance research.

Keywords

Aspergillus fumigatus, Succinate dehydrogenase inhibitors (SDHIs), Fungicide resistance, Single
nucleotide polymorphisms (SNPs), Fitness costs, Compensatory mutations



1. Introduction

1.1 Challenges of fungal pathogens in agriculture and the role of antifungals in
enhancing crop productivity.

The agricultural industry is continually confronted with significant hurdles in optimizing
crop yields and enhancing harvest quality (Ricroch et al., 2016). Biotic stressors account for a
substantial proportion of crop losses and pose a critical threat to global food production capacities
(Berger et al., 2017). Fungal pathogens are some of the most prominent biotic stressors (Price et
al., 2015). These are known to secrete mycotoxins, which pose significant health risks, including
DNA damage, growth, and immune system impairment, and genetic alterations (Awuchi et al.,
2022). In response to the challenges posed by fungal pathogens, the agricultural industry has turned
to fungicides, which directly eliminate or suppress fungal growth (Dzhavakhiya et al., 2012). This
use of fungicides has proven to be effective in controlling plant diseases caused by fungal
pathogens during crop development (Sallach et al., 2021). As a result of fungicide use, farms
benefit from increased productivity, longer storage life of crops, and improved overall quality of
harvested plants (Jampilek, 2016).

1.2 Unintended effects of agricultural azole use: the emergence of resistance in A.
fumigatus and its impacts on human health.

Among the various fungicides used in agriculture, azoles are particularly prominent due to
their broad-spectrum activity and cost-efficiency (Hof, 2001). The application of agricultural
azoles in controlling the spread of fungal plant pathogens may inadvertently expose other fungal
species within the same environment, such as A. fumigatus, to these chemicals (Sen et al., 2022).
A. fumigatus, a saprophytic fungus belonging to the Aspergillus genus and the Fumigati section,
plays a crucial role in the global cycling of carbon and nitrogen (Sugui et al., 2015). Due to its
ubiquity and the production of hydrophobic airborne conidia that can withstand harsh
environmental conditions, the inhalation of these conidia poses a lethal risk to
immunocompromised individuals (Nywening et al., 2020). Infections can result in various
responses, including allergic syndromes, aspergilloma, and invasive aspergillosis (Camps et al.,
2012). In clinical practice, clinical azoles are the treatment of choice for invasive aspergillosis
(Brauer et al., 2019). However, prolonged azole therapy for IA has been associated with the
emergence of azole-resistant 4. fumigatus strains among patient isolates (Howard et al., 2006). In
addition to developing resistance through prolonged treatment, A. fumigatus can also acquire
resistance due to the continuous selection pressure exerted by azoles utilized in agriculture
(Snelders et al., 2009). This occurs as A. fumigatus coexists with the plant pathogens targeted by
azoles, leading to an evolutionary adaptation (Jergensen & Heick, 2021).



1.3 Combined use of fungicides: mechanisms of cross-resistance and multi-
fungicide resistance in A. fumigatus.

Besides the use of agricultural azoles, a variety of other fungicides are commonly used in
combination in the field, including methyl benzimidazole carbamates (MBCs), demethylation
inhibitors (DMlIs), quinone outside inhibitors (Qols), and succinate dehydrogenase inhibitors
(SDHIs) (Gonzalez-Jimenez et al., 2021). While only the use of azoles can lead to the selection of
cross-resistance in A. fumigatus, the concurrent use of these additional fungicides can lead to
developing multi-fungicide resistance (Kang et al., 2022). Cross-resistance occurs in response to
fungicides with similar chemical structures, conferring resistance to specific groups of fungicides
(Leroux et al., 2010). In contrast, multi-fungicide resistance is non-specific, enabling resistance to
a broad range of fungicides, regardless of variations in molecular structure (Hu & Chen, 2021).
The primary mechanisms underlying resistance to various fungicide include: (i) structural
alterations in target proteins, (i) overexpression of target proteins, which allows intracellular
concentrations to exceed the inhibitory levels of the fungicide, (iii) increased activity of efflux
transporters that reduce intracellular fungicide concentrations, thereby diminishing their toxic
effects (Berger et al., 2017), and (iv) activation of alternative pathways that compensate for the
inhibition of targeted pathways, ensuring the continuation of essential cellular processes (Leroux
et al., 2010). These mechanisms are not exclusively linked to a single type of fungicide. For
example, structural alterations and target protein overexpression may occur in response to
fungicides with similar molecular structures, while efflux transporter overexpression can confer
resistance to diverse fungicides, regardless of their structural differences (Engle & Kumar, 2024).

1.4 SDHI resistance in A. fumigatus: target-site alterations, fitness costs, and the
need for comprehensive research.

Among the fungicides used in combination to enhance effectiveness, SDHIs specifically
target the critical cellular process of succinate dehydrogenase (SDH) in the Krebs cycle (Sang &
Lee, 2020). SDH, also known as complex II, is an enzyme complex comprising four subunits
(SdhA, SdhB, SdhC, and SdhD) that regulate cellular respiration by catalyzing the oxidation of
succinate to fumarate (Figure 1) (Pearce et al., 2019). The SDH complex is divided into two main
domains: the membrane-peripheral domain and the membrane-anchor domain (Shao et al., 2020).
The peripheral domain contains the hydrophilic subunits SdhA and SdhB, while the membrane-
anchor domain includes the hydrophobic subunits SdhC and SdhD (Avenot & Michailides, 2010).
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Figure 1 - Schematic structure of SDH protein complex (Complex II) as well as the protein subunits with iron-sulfur complex
binding site and SDHI binding site. (Adapted from Leroux et al., 2010).

SDHIs function by binding to and disrupting the activity of three subunits of the SDH
protein: SdhB, SdhC, and SdhD, blocking the activation of the iron-sulfur complex, thereby
inhibiting subunit function (Leroux et al., 2010). As a result, SNPs often arise as target-site
alterations within the genes that encode their corresponding subunits, either preventing the binding
of SDHIs or reducing the affinity of the fungicide for the protein (Sang & Lee, 2020). For instance,
SNPs within the genes encoding the SDH subunits (sdhB, sdhC, and sdhD) can lead to amino acid
substitutions, which may hinder the binding of these fungicides to the protein subunits (Miyamoto
et al., 2010), thereby diminishing their efficacy (Vielba-Fernandez et al., 2021). However, these
substitutions can alter the protein’s conformation and impair its original function (Hawkins &
Fraaije, 2018) . This may come with fitness costs, as this protein complex plays a critical role in
regulating respiration and is highly conserved through evolution (Her & Maher, 2015).
Consequently, SDHI-resistant strains may exhibit fitness penalties, such as reduced growth rate,
increased sensitivity to oxidative stress, decreased hyphal growth, and lower conidial production
compared to sensitive strains (Hawkins & Fraaije, 2018). Complementing this, fitness costs
associated with SNPs that confer SDHI resistance have been observed in fungal plant pathogens



such as Corynespora cassiicola with sdhB"278Y (Shi et al., 2021), and Botrytis cinerea with
sdhB™272Y (Laléve et al., 2014), resulting in reduced growth, decreased virulence, and increased
sensitivity to oxidative stress.

1.5 Investigating fitness costs and compensatory mutations in SDHI-resistant A.
fumigatus: expanding our understanding of fungal resistance evolution.

While fitness costs associated with SDHI resistance have been documented in fungal plant
pathogens, their impact on 4. fumigatus remains underexplored. This highlights the need for a
deeper understanding of how SDHI resistance affects fungal fitness and adaptation mechanisms in
A. fumigatus. Furthermore, the potential role of compensatory mutations in mitigating these fitness
costs remains largely uncharted.

Our research seeks to address these critical gaps by emphasizing the fitness costs associated
with SDHI resistance and investigating the possible emergence of compensatory mutations within
A. fumigatus. To achieve these goals, we will test environmental 4. fumigatus samples collected
from farms in the Netherlands, identify resistance-conferring SNPs, and induce these mutations in
a sensitive isolate via CRISPR-Cas9-mediated mutagenesis. Fitness assessments will include
radial growth (under both normoxic and hypoxic conditions), production of fungal biomass, and
the Galleria mellonella infection model to evaluate virulence. By doing so, we aim to enrich our
understanding of the evolutionary dynamics of SDHI resistance, contributing valuable insights
into the adaptability of this human pathogen in the face of fungicidal pressure. Building on this
approach, we hypothesize that target-site alterations in the SDHB and SDHC protein subunits,
which confer resistance to SDHIs in A. fumigatus, will result in measurable fitness costs, including
reduced radial growth, virulence, and stress response. However, we further anticipate that
compensatory mutations may emerge to mitigate these fitness disadvantages, allowing the fungus
to regain its competitive edge.

2. Materials and Methods

2.1 A. fumigatus Isolate Preparation

The initial step involves the preparation of fungal stocks from environmental isolates. A
total of 84 A. fumigatus environmental isolates (see Appendix 1) were retrieved from -80°C
storage. Each isolate was transferred from its corresponding Eppendorf tube into slants containing
Malt Extract Agar (MEA) supplemented with 0.1% (m/v) CuSOs (30 g of malt extract and 15 g of
agar in 1L deionized water using sterile cotton swabs for transfer. The inoculated slants were
incubated at 37°C for 2 days.

2.2 SDHI Sensitivity Assessment

To assess SDHI resistance, 84 A. fumigatus isolates were inoculated onto minimal media
containing boscalid or fluopyram at 1 mg/L and 5 mg/L concentrations, with control media
containing no fungicides. Fluopyram (Sigma-Aldrich, CAS No. 658066-35-4) and boscalid
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(Sigma-Aldrich, CAS No. 188425-85-6) were each resuspended in 1 mL of PBS to prepare a stock
solution of 10 mg/mL. For plates with a final concentration of 5 mg/L, 200 uL of the stock solution
was added to 400 mL of minimal media. For plates with a final concentration of 1 mg/L, 40 puL of
the stock solution was added to 400 mL of minimal media. The minimal medium agar (1 L)
consisted of NaNQOs (6.0 g, using a 1M stock solution), KH2POa4 (1.5 g), MgSO.-7H20 (0.5 g), KCl
(0.5 g), 100 pL of 10,000x trace element stock solution (FeSO4/ZnSO4/CuSOs/MnCl:-H:0),
sucrose (8.55 g), and agar (15 g), adjusted to pH 5.8 with deionized water. To prepare 1 L of 1x
PBS, 8 g of NaCl, 0.2 g of KCl, 1.44 g of Na-HPOs, and 0.24 g of KH2PO. were dissolved in 800
mL of deionized water. The pH was adjusted to 7.4 using a pH meter and either HCI or NaOH as
needed. The final volume was then adjusted to 1 L with deionized water. Spore concentrations
were measured using a CASY Model TT Cell Counter and Analyzer (OMNI Life Science). For
each isolate, a 10 uL aliquot of spore suspension was mixed with 10 mL of CASY Buffer, and
spore concentrations were determined. The measurement was conducted with a capillary diameter
of 45 uM, and the evaluation was performed using a cursor range from 1.68 uM to 5.00 uM. Based
on the CML value, the spore suspensions were diluted to obtain 10 uL aliquots containing 1 x 106
spores, which were used for inoculation. Plates were incubated at 37°C. Fungal growth was
monitored daily for 3 days. Resistance was determined by comparing growth on SDHI-containing
media to media containing no fungicides. Resistance was determined by comparing the growth of
environmental isolates to the control strain, AfiR974, which is sensitive to fungicides.

2.3 Bioinformatic Analysis

To investigate the genetic basis of SDHI resistance, sequences from the sdhA, sdhB, sdhC,
and sdhD genes of 84 A. fumigatus environmental isolates were mapped on their respective
counterparts (gene IDs: 3512570, 3511321, 3509950, and 3511446, respectively) from the
reference strain 4. fumigatus Af293 using Geneious software version 2024.0. 4. fumigatus Af293
has been shown to not be resistant to any SDHI fungicides (Cite reference or experiment where
we tested it). The analysis focused on identifying both synonymous and non-synonymous SNPs in
exonic regions, which are directly involved in coding for protein structures (Table 1).

Table 1 - List of resistant profiles of environmental resistant variants to fluopyram and boscalid. R = resistant, S = sensitive.

Gene SNP Nucleotide Reference Sample | Fluopyram | Boscalid
Number ID
sdhC S1051 | AGC ->ATC | 35 48A6 R S
sdhC S1051 | AGC ->ATC | 36 48A5 R S
sdhC S1051 | AGC ->ATC | 37 36B7 R S
sdhC S1051 | AGC ->ATC | 38 76A18 R S
sdhC S1051 | AGC ->ATC |45 35CS28 | R S
sdhC S1051 | AGC ->ATC | 48 78C2 R S




sdhB H270Y | CAC ->TAC | 39 11A6 S R
sdhB H270Y | CAC ->TAC | 46 66A3 S R

2.3.1 Protein-Ligand Docking Model

To simulate the binding patterns of fluopyram to the SdhC protein subunit, the 3D structure
of the SdhC protein from AfiR974 and AfiR974 sdhC5'%! mutant (see Appendix 4) was predicted
using the I-TASSER server (Zhang, 2008). The 3D structure of fluopyram was retrieved from
PubChem (Compound ID: 11158353). Binding pattern analysis between fluopyram and the
predicted SdhC structure was performed using the CB-Dock tool (Liu et al., 2020). Secondary
structure confidence and solvent accessibility scores of SdhC protein of AfiR974 and AfiR974
sdhCS'%! mutant are obtained from I-TASSER server (Zhang, 2008).

2.4 Primer Design and Polymerase Chain Reaction Setup

To facilitate the detection of sdhB""*Y and sdhC3'%! mutations in A. fumigatus isolates,
specific primers were developed. Using sequences retrieved from the NCBI database for the Af293
reference strain, primers were designed with Primer-BLAST, targeting the regions containing these
SNPs (Table 2). These primers were then used in a polymerase chain reaction (PCR) to amplify
the corresponding DNA regions. PCR was performed using a Bio-Rad T100 Thermal Cycler. The
PCR reaction mixture totaled 25 pL and consisted of 12.5 pL of PCRBIO VeriFi Mix, 1 pL of
DNA template, 1 pL each of forward and reverse primers (10 uM), and 9.5 pL of distilled water.
The cycling conditions were an initial denaturation at 95°C for 1 minute, followed by 34 cycles of
denaturation at 95°C for 15 seconds, annealing at 68°C for 15 seconds, and extension at 72°C for
30 seconds, concluding with a final extension at 72°C for 3 minutes.

2.4.1 A. fumigatus DNA Preparation

To prepare DNA from A. fumigatus spores for PCR, we utilized a heat-shock method
adapted from (Fraczek et al. (2019). A 30 pL of spore suspension was subjected to heat treatment
at 95°C for 15 minutes, followed by rapid cooling at -80°C for 10 minutes.

2.4.2 Gel Electrophoresis

1% agarose gel was prepared by dissolving 3 g of agarose in 300 mL of 1X TAE buffer.
The 1X TAE buffer was obtained by diluting 200 mL of 50X TAE buffer with 10 L of deionized
water. After the agarose was fully dissolved, 15 puL of ethidium bromide (EtBr) was added to the
gel for DNA visualization. A 1 kb DNA Ladder (Thermo Fisher, Catalog #SM0311) was used as a
reference to compare the sizes of the DNA products. The gels were run at 100 V for 30 minutes
using a gel electrophoresis system (Bio-Rad Sub-Cell GT System). Gels were imaged at a BioRad
Gel Doc XR+ station and processed with Image Lab™ Software (Bio-Rad Laboratories).
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Table 2 - Primers designed for amplification of sdhB and sdhC regions in 4. fiumigatus isolates.

Primer ID Sequence (5’ —3’) Direction | Amplicon | Annealing | Target
Size (base | Temperatu
pair) re (Tm)
TB001 sdhCFw GGGGATAGTAGA | Forward 982 66°C sdhC
CCAAGAGAGT
TB001 sdhCRv CAGCGTCTTGCC | Reverse 982 66°C sdhC
TGAGTTTG
TB 002 sdhBFw_ | ATGGGTGTGACC | Forward 2913 72°C sdhB
L TTGGCCTCCA
TB 002 sdhBRv_ | TGGTTGGGTTAG | Reverse 2913 72°C sdhB
L GGCCGAGGAG
TB 003 sdhCFw GGGGATAGTAGA | Forward 982 66°C sdhC
CCAAGAGAGT
TB 003 sdhCRv CAGCGTCTTGCC | Reverse 982 66°C sdhC
TGAGTTTG
TB 004 sdhB H2 | ACACCAAGACCG | Forward 614 68°C sdhB
70Y Fw AGGATGTG
TB 004 sdhB H2 | TCAATTGCCCCA | Reverse 614 68°C sdhB
70Y Rv GAAGAAAACG

2.5 Sexual Spore Crossing

Environmental A. fumigatus resistant variants (Table 1) were crossed with high fertility
(see Appendix 2) sensitive strains (Figure 3) to investigate genetic linkage between SNPs and
resistance phenotypes (O’Gorman et al., 2009). Oatmeal agar plates were prepared using BD
DIFCO™ Dehydrated Culture Media: Oatmeal Agar (500 g), consisting of oatmeal (60 g/L) and
agar (12.5 g/L). For 1 L of medium, 60 g of oatmeal and 12.5 g of agar were dissolved in 1 L of
distilled water. Plates were labeled according to the cross-combination map (see Appendix 2).
Spores from each strain were inoculated on opposite sides of the plates using fresh stocks (see
Appendix 3). Plates were wrapped in parafilm, loosely covered with aluminum foil, and placed in
plastic bags to maintain humidity during incubation at 30°C for three months. Cleistothecia were
observed under a light microscope at 10x magnification, collected using a sterile inoculation loop,
and cleaned on water agar. The water agar was prepared following the protocol from Hardy
Diagnostics  (n.d.). Agar 1.5% preparation. Retrieved July 2, 2024, from
https://hardydiagnostics.com/media/assets/product/documents/Agar 1 S.pdf. After collection,

cleistothecia were transferred to 1 mL Eppendorf tubes containing saline, crushed, and heat-
shocked at 70°C for two hours to eliminate asexual spores. A 10 uL aliquot of the spore suspension
was inoculated onto complete media (CM) plates supplemented with 1% Triton and incubated at
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37°C for two days. Saline solution (1 L) was prepared by dissolving 9 g of NaCl in 1 L of deionized
water. Complete medium agar (1 L) was composed of NaNOs (6.0 g), KH-PO. (1.5 g),
MgSO0.4-7H20 (0.5 g), KCI (0.5 g), neopeptone (2.0 g), vitamin assay casamino acids (1.0 g), yeast
extract (1.0 g), ribonucleic acid (0.3 g), agar (15 g), and 100 pL of 10,000x trace element stock
solution (FeSO4+/ZnSO4/CuSO4/MnClz-4H-0). The solution was adjusted to 1 L with deionized
water, and the pH was set to 5.8. Before use, 12.5 mL of 2M sucrose (or 1% glucose) and 2.0 mL
of vitamin solution were added.

Table 3 - Succsessful crosses between High Fetility and Environemntal Samples. High fertility sensitive isolates: 46A23, 67A2,

AfiR974, AfiR964. Environmental boscalid resistant variants: 11A6 and 66A3. Environmental fluopyram resistant variants:
35CS28, 78C2, 76A18, and 48AS.

Number | Crossing Type

2 46A23 X 11A6
3 46A23 X 35CS28
5 46A23 X 78C2
9 67A2 X 66A3
11 AfiR974 X 48A5
12 AfiR974 X 11A6
15 AfiR974 X 78C2
31 AfiR964 X 76A18

2.6 Fungal Burden Assay in G. mellonella

To evaluate the virulence of the environmental resistant variants (Table 1) and high fertility
sensitive strain, AfiR974, a fungal burden assay was conducted using G. mellonella larvae. Twenty
larvae per treatment group were injected with 20 puL of spore suspension containing 5 x 10¢
spores/mL using single-use insulin syringes (Carl Roth). Following infection, the larvae were
incubated at 37°C in complete darkness. Humidity levels were not controlled during the
experiment. Larvae were monitored daily for survival and signs of melanization over seven days,
with dead larvae identified by complete lack of motility and intense melanization. Larvae were
reared at Wageningen University & Research, Laboratory of Genetics, by Jordi and Elia.

2.7 CRISPR-Cas9 Mediated Mutagenesis and Transformation in 4. fumigatus

2.7.1 gRNA and Single-Stranded Donor DNA Design

Guide RNAs (gRNAs) were designed for the induction of sdhC5'%! in high fertility and
fungicide-sensitive A. fumigatus strains (AfiR974 and AfiR964). Additional gRNAs were designed
to target synonymous and non-synonymous mutations in the sdiB and sdhC genes (Table 4).
Single-stranded donor DNA (ssdDNA) templates were prepared to facilitate homology-directed
repair (HDR) and introduce the desired SNPs (Table 5). gRNAs, ssdDNAs, were designed based
on the web-based gRNA designing software, EuPaGDT (http://grna.ctegd.uga.edu/) (Peng &
Tarleton, 2015). The software used for gRNA design followed by the protocol outlined by (van
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Rhijn et al. (2020) in Development of a marker-free mutagenesis system using CRISPR-Cas9 in
Aspergillus fumigatus, with adaptations for this study. Unlike the original protocol, this study
targeted the sdhC gene, centering the SNPs with 50 bp upstream and 50 bp downstream flanking
the target region. gRNAs were selected based on total scores and GC content, and those closest to
the target integration sites were manually chosen for the transformation experiment (Table 4).

2.7.2 AfiR974 Protoplast Preparation

Protoplasts were prepared from A4. fumigatus high fertility and sensitive strain, AfiR974,
using a modified protocol based on (Hearn et al. (1980). Spores of AfiR974 were incubated in 40
mL of complete media (CM) with 2x108 spores at 30°C and 100 rpm for 16 hours. After incubation,
the cultures were filtered through Miracloth using a sterile funnel, and the mycelium was washed
twice with CM. The washed mycelium was then transferred to a flask containing 32 mL of CM-
protoplasting solution. The CM-protoplasting solution was prepared by making a 5% VinoTaste
FCE (Novo Nordisk) in a 50-50 mix of KCl-citric acid solution and complete media. For one strain,
1.6 g of VinoTaste was dissolved in 16 mL of CM and 16 mL of KCl-citric acid solution. The KCI-
citric acid solution was prepared by dissolving 8.2 g of KCI and 2.1 g of citric acid monohydrate
in 50 mL of deionized water. The pH was adjusted to 5.8 using 10M KOH, and the volume was
made up to 100 mL with deionized water.

The flask was incubated at 30°C and 100 rpm for 3 hours. Hyphae digestion was checked
after 1.5 hours under a microscope at 40x magnification, and protoplast formation was observed.
The undigested hyphae were filtered through a 40 um cell strainer and centrifuged at 1,800 x g for
10 minutes. The supernatant was discarded, and the protoplasts were resuspended in 2 mL of 0.6
M KCI. 0.6 M KCl was prepared by dissolving 4.47 g of KCI in 100 mL of deionized water. The
protoplasts were centrifuged again at 2,400 % g for 3 minutes. The supernatant was removed, and
the pellet was washed twice in 0.6 M KCI. Finally, the protoplasts were resuspended in 1 mL of
0.6 M KCl and 50 mM CaCl.. The 0.6 M KCI - 50 mM CaCl: solution was prepared by dissolving
4.47 g of KCl and 0.74 g of CaCl>:2H20 in 100 mL of deionized water. The protoplasts were
adjusted to a final concentration of 5 x 10°¢ protoplasts/mL by dilution with PBS-Tween20 bufter.
For 1 L of 1x PBS-Tween20, 8 g of NaCl, 0.2 g of KCI, 1.44 g of Na2HPO4, and 0.24 g of KH2PO.
were dissolved in 800 mL of water. 5 mL of a 10% [v/v] Tween20 stock solution was added, and
the pH was adjusted to 7.4. The final volume was adjusted to 1 L with water.

2.7.3 CRISPR-Cas9 Transformation

The CRISPR-Cas9 transformation and gRNA preparation were performed according to an
in-house protocol developed by Wageningen University & Research, Laboratory of Genetics,
authored by Francisca Reyes Marquez. These procedures were carried out using the protoplasts
prepared from A. fumigatus strains as described above. To prepare gRNAs, crRNA and tracrRNA
were resuspended in Nuclease-Free Duplex Buffer to a final concentration of 100 uM. For each
RNA, a duplex solution was prepared by mixing 4 pL of 100 uM Alt-R CRISPR-Cas9 crRNA with
4 uL of 100 uM Alt-R CRISPR-Cas9 tracrRNA, and 4 uL of nuclease-free water, for a final volume
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of 12 uL. The solution was heated to 95°C for 5 minutes and gradually cooled to room temperature
(25°C) using a thermal cycler with a ramp rate of 1°C per second. For transformation, protoplasts
were adjusted to a final concentration of 5 x 10°¢ protoplasts/mL in 0.6 M KCl and 50 mM CaCl..
Each transformation reaction consisted of 1.5 pL of gRNA duplex solution, 5 ug of Cas9 protein,
and 500 ng of repair template (ssDNA). The mixture was incubated on ice for 10 minutes before
adding 100 pL of protoplast suspension to the reaction. A 25% (w/v) PEG 4000 solution (protoplast
suspension) was prepared by dissolving 25 g of PEG 4000 in 100 mL of 0.6 M KCI. The solution
was stirred gently until the PEG 4000 was fully dissolved. The transformation mixture was
incubated on ice for an additional 20 minutes before being transferred to 500 uL of PEG 4000
solution. The mixture was incubated for 5 minutes at room temperature, followed by a further 5-
minute incubation on ice. Transformed protoplasts were plated on YPS plates supplemented with
hygromycin. The YPS agar plates (1 L) consisted of yeast extract (20 g), Tris base (0.6057 g),
peptone (5 g), sucrose (342.3 g), and agar (15 g), with the pH adjusted to 6.0 using 1 M sucrose.
The final volume was adjusted to 1 L with deionized water. Supplementation of hygromycin
maintained at a final concentration of 500 ug/mL. A hygromycin stock solution was prepared at a
concentration of 1000 mg/mL, and 175 pL of the stock was added to 400 mL of YPS medium.

Table 4 - List of gRNAs for synonymous and non-synonymous mutations.

gRNA ID Sequence Length | Target | Amino Acid
Gene | Substitution

SdhCS1051gRNA | TCTAGCGCTCACCGTATCACCGG | 23 sdhC | S1051 (AGC -
>ATC)

SdhBCntrlgRNA | TGTCGTCAAGGACTTGGTCCCGG | 24 sdhB | P168P (CCG -
>CCO)

SdhCCntrlgRNA | GAGCCAATCCAGGTGATCTGGGG | 24 sdhC | TI00T (ACC
->ACT)

Tolga gRNA #1 TCTACCGTCCCCAGATCACCTGG |23 sdhC | S1051 (AGC -
>ATC)

Tolga gRNA#2 | ATCACCGGCATTGCTCTTTCTGG | 23 sdhC | S1051 (AGC -
> ATC)

Table 5 - List of designed ssdDNAs to induce either synonymous or non-synonymous mutations, with the specific SNP in bold.

ssdDNA | Sequence Length | Gene
ID

SdhCS1 | TTTCCCCTCACCTCTCCATCTACCGTCCCCAGATCACCT | 103 sdhC
05Issd GGA

TTGGCTCTAtCGCTCACCGTATCACCGGCATTG
CTCTTTCTGGCTCCTTGTACCTTTTCGC

SdhBCn | GTCGCGTATCTACCCGTTGCCTCACACCTATGTCGTCAA | 102 sdhB
trlssd GG
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ACTTGGTCCCcGATCTGACCTACTTCTACAAGC
AATACAAGTCCATCAAGCCTTACCTGCA
SdhCCn | AAAAGGTACAAGGAGCCAGAAAGAGCAATGCCGGTGA | 116 sdhC
trlssd TAC
GGTGAGCGCTAGAGCCAATCCAaGTGATCTGGGGAC
GGTAGATGGAGAGGTGAGGGGAAACGGGGCGATTCAA
GCG
Tolga TGAATCGCCCCGTTTCCCCTCACCTCTCCATCTACCGTC | 103 sdhC
ssDNA | CCCAGA
#1 TCACCTGGATTGGCTCTAtCGCTCACCGTATCACCGG
CATTGCTCTTTCTGGCTCCTT
Tolga CCCGTTTCCCCTCACCTCTCCATCTACCGTCCCCAGATC | 103 sdhC
ssDNA | ACCTGGATTGGCTCTAtCGCTCACCGTATCACC
#2 GGCATTGCTCTTTCTGGCTCCTTGTACCTTT

2.7.4 Mutation Analysis via Restriction Digestion

To confirm the presence of the sdhCS'%! mutation in 4. fumigatus AfiR974 transformant,
restriction digestion followed by gel electrophoresis was performed. The PCR-amplified sdhC
region was digested using Afel restriction enzyme. The 20 pL digestion reaction consisted of 5 uLL
of PCR product, 2 pL of rCutSmart buffer, 0.1 uL of Afel enzyme, and 12.9 pL of distilled water.
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Figure 2 - Restriction digestion was performed using the Afel enzyme to analyze the sdhC gene in A. fumigatus isolates.
DNA from the AfiR974 strain and the AfiR974 sdhCS'%" mutant was digested with Afel. In the AfiR974 strain, two Afel restriction
sites were present, producing three fragments (68 bp, 547 bp, and 595 bp). In the sdhCS'%! mutant, a nucleotide change within the
sdhC gene caused the loss of one restriction site, producing two fragments (547 bp and 663 bp). Digested products were separated
on an agarose gel, which was run at 100 V for 45 minutes.

The mixture was incubated at 37°C for 15 minutes, followed by enzyme deactivation at
65°C for 30 minutes. To visualize the digested DNA, the products were resolved on a 1% agarose
gel by electrophoresis at 100 V for 45 minutes (Figure 2). A 1 kb DNA Ladder (Thermo Fisher,
Catalog #SM0311) was used as a reference to compare the sizes of the digested DNA fragments.

Induced CRISPR-Cas9 mutants, AfiR974 sdhCS'%"and AfiR974 sdhB"?"%Y, were tested
for resistance to fluopyram and boscalid, respectively. Sterilin standard 90mm Petri dishes (Fisher
Scientific, Cat. No. 11759252) were filled with minimal media containing 5 mg/L of fluopyram or
5 mg/L of boscalid, depending on the treatment. This setup was used to confirm the CRISPR-Cas9-
mediated mutagenesis. Resistance was determined by comparing the growth of the CRISPR-Cas9
mutants to the control strain, AfiR974, which is sensitive to both fungicides.

2.8 Radial Growth Assay Under Normoxic and Hypoxic Conditions

Radial growth was assessed to evaluate the fitness effects of the sdhC5'%! mutation in 4.

fumigatus under both normoxic and hypoxic conditions. Fungal spores (1 x 10° spores/mL) were
inoculated onto minimal media supplemented with glucose, with 10 pL of spore suspension
applied to each plate. Plates were incubated at 37°C for 3 days, with radial growth measurements
recorded every 24 hours. For hypoxic conditions, plates were placed in candle jars to create a low-
oxygen environment. All experiments were performed in triplicate.

2.9 Dry Fungal Biomass Production

Dry fungal biomass production was measured to assess the fitness effects of the sdhC5'%!

mutation. Six 4. fumigatus isolates including high fertility and sensitive strains (AfiR964 and
AfiR974), environmental fluopyram-resistant variants (35CS28, 48B6, and 36B7) and AfiR974
sdhCS'%! mutant, were inoculated into 50 mL of liquid minimal media at 1 x 105 spores/mL.
Cultures were incubated at 37°C in a shaker set at 200 rpm for 3 days. The experiment was
performed in triplicate, and biomass was collected via Biichner Funnel, dried at 60°C for 7 days,
and weighed.
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3. Results

3.1 SDHI Sensitivity Assay: Fluopyram and Boscalid Resistance and Frequency of
Resistant Isolates

An SDHI sensitivity assay using fluopyram and boscalid was performed on 84 A. fumigatus
isolates (see Appendix 1) to differentiate resistant isolates from sensitive ones. The assay identified
isolates capable of growing under the selective pressure of these fungicides, indicating resistance
(Figure 3A). No isolates demonstrated resistance to both fluopyram and boscalid simultaneously.

Minimal Media (Control) + 5 mg/L Fluopyram + 5 mg/L Boscalid
33-48

Single Nucleotide Polymorphism in sdhC gene

Single Nucleotide Polymorphism in sdhB gene

Distribution of Environmental Samples

Bl 2.38% Boscalid resistant
3 8.33% Fluopyram resistant
= 89.29% Sensitive strains

Total=84
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Figure 3 - Identified environmental resistant isolates. A, Selection of resistant environmental variants on 5 mg/L boscalid and 5
mg/L fluopyram. Resistant isolates are highlighted with circles: yellow for fluopyram resistance and red for boscalid resistance. B,
Frequency of the identified environmental resistant isolates among the population of 84 environmental isolates (see Appendix 1).
The red area represents the identified environmental boscalid resistant variants within the population, the yellow area represents
the identified environmental fluopyram resistant variants, and the remaining blue area indicates the environmental strains that are
sensitive to both fungicides.

Among the environmental samples, the frequency of isolates resistant to fluopyram was

8.33%, while for boscalid, it was 2.38% (Figure 3B).

3.2 Comparative Analysis of Environmental Resistant Variants for Detection of
Resistance Conferring SNPs

One of the primary objectives of this study was to identify potential SNPs associated with
resistance in A. fumigatus within the population of 84 environmental isolates (see Appendix 1).
Table 6 - List of SNPs selecting resistance in environmental A. fumigatus variants. This table shows the location of mutations

(in either sdhC or sdhB gene), the corresponding nucleotide changes, associated sample IDs, and the resistance profiles for
fluopyram.

Gene SNP Nucleotide Sample | Reference Fluopyram | Boscalid
ID Number
sdhC S1051 | AGC > ATC | 48A6 35 R S
sdhC S1051 | AGC ->ATC | 48A5 36 R S
sdhC S1051 | AGC ->ATC | 36B7 37 R S
sdhC S1051 | AGC > ATC | 76A18 | 38 R S
sdhC S105I | AGC > ATC | 35CS28 | 45 R S
sdhC S105I | AGC ->ATC | 78C2 48 R S
sdhB H270Y | CAC ->TAC | 11A6 39 S R
sdhB H270Y | CAC ->TAC | 66A3 46 S R

According to the resistant isolates identified in Figure 3A, comparative analysis had been
performed to identify if there is any SNPs present. The bioinformatic analysis revealed that the
environmental fluopyram resistant isolates had the sdhC5'%! mutation in common and
environmental boscalid resistant had the sdhB"2’%Y mutation (Table 6).
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3.3 Sexual Spore Crossing for Separating Resistance Conferring SNPs and
Compensatory Mutations

To investigate the inheritance of alleles carrying the sdhC5'%!and sdhB"27°Y SNPs, as well
as potential compensatory mutations, sexual crosses were performed between environmental
resistant variants and high fertility strains of 4. fumigatus (see Appendix 2). The progeny from
these crosses exhibited morphological differences (Figure 4A-C), reflecting the segregation of
alleles. Variations in growth patterns and sporulation were identified among sexual crosses
between environmental resistant variants and high fertility sensitive strains.

Cross #9 C Cross #38

66A3 x 67A2 46A23 x 93C2

! !

Boscalid Environmental Resistant Strain x High Fertility Strain x High Fertility Strain
High Fertility Strain High Fertility Strain

Figure 4 - Morphological differences in the progeny of crosses between environmental resistant strains and high fertility strains of
A. fumigatus. Progeny marked with red circles include both those with defective growth and sporulation, as well as healthy ones, to
facilitate comparison. Yellow indicates environmental fluopyram resistant variant, red indicates environmental boscalid variant, green
indicates high fertility sensitive strains (see Appendix 2 for complete crossing list).

3.4 Inducing sdhC>'%! and sdhB"?7°Y SNPs in AfiR974 High Fertility and Sensitive
Strain for Fitness Assessments

CRISPR-Cas9-mediated mutagenesis was used to induce the sdhC5'%! SNP in the AfiR974
high fertility and sensitive strain. This mutation involved a guanine (G) to thymine (T) nucleotide
substitution, resulting in the codon change and encoding of isoleucine (I) instead of serine (S)
(Figure 5).
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A similar approach was attempted for the sdhB"?7°Y mutation. However, the CRISPR-
Cas9-mediated mutagenesis was not sustained in the AfiR974 strain, and the sequence reverted to
its original form. Before the reversion of sdhB"2°Y mutation, CRISPR-Cas9-mediated mutants

aa#t 105

CTCACEGTATECACCGGEATTGETETT

AfiR974 A BEE R BHIE 7T DGOEEEE A EEN 114
CTCACCGTATCACCGGCATTGCTCTT

AfiR974 S105I A BHE R NIl T NGNS A BN 114
ETEAESEG TATEAEEG G EATTGETETT

35CS28 A BHE R Il T DGOENEN A BN 114
ETEAEGEG TATEAEGEG GEATTGETETT

48A6 A BHE R Il T DGEEEES A BN 114
CTCACCGTATCACCGGCATTGETCTT

36B7 AVEEE R I T NGEENE A B 114

Figure 5 - Multiple Sequence Alignment of AfiR974, AfiR974 sdhCS'%! mutant, and environmental fluopyram resistant variants. The
alignment highlights the CRISPR-Cas9 mediated mutagenesis at the 105th position in the sdhC gene, illustrating the amino acid substitution
of serine to isoleucine due to a nucleotide change in the codon (AGC to ATC).

AfiR974 sdhC5'%! and AfiR974 sdhB"*7%Y were tested under fluopyram and boscalid pressure,
respectively, to confirm their resistance before proceeding with fitness assessments.

3.5 Impact of the sdhC5'%! Mutation on Fluopyram Binding and Alteration of
SdhC Protein Interaction Sites

To evaluate the impact of the sdhC5'%! mutation on the docking of fluopyram to the SdhC
protein subunit, 3D structures were simulated and docking analyses were performed. The amino

Figure 6 - 3D structure of fluopyram bound to the SdhC protein subunit. A, The displayed amino acid residues (H107, R108,
1109) represent the specific regions involved in the interaction with fluopyram during binding in the AfiR974 high fertility and
sensitive strain. B, This panel shows the predicted structure of the SdhC protein from the AfiR974 strain, incorporating the sdhCS!%!
mutation. In this mutated structure, fluopyram no longer interacts with the isoleucine residue at position 109.
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acid residues shown in the Figure 6A highlights the specific amino acid residues involved in the
interactions between fluopyram and the SdhC protein. In Figure 6B, the 3D structure of the SdhC
protein with the sdhC5'%! mutation demonstrates the loss of interaction with the isoleucine residue
at position 109.

A B

AfiR974 sdhC®"%%'- AfiR974 sclh G515

AfiR974 4 AfiR974

T T T 1 T T T 1
0 500 1000 1500 2000 200 400 600 800

Secondary Structure Confidence Score Predicted Solvent Accessibility

Figure 7 — Secondary structure confidence and solvent accessibility score changes in the SdhC protein of AfiR974 and the AfiR974
sdhCS1%! mutant.

From the 3D structure analysis, the secondary structure confidence score of the SdhC
protein in the AfiR974 strain was 1782, while in the AfiR974 sdhC3'%! mutant, this score decreased
to 1471, indicating a reduction in the confidence of the secondary structure (Figure 7A). A similar
reduction is noted in the predicted solvent accessibility (Figure 7B). The solvent accessibility score
for the SdhC protein in AfiR974 was 614, which decreased to 531 following the sdhC5'%! mutation
(Figure 7B).

3.6 Fungal Burden Assay in G. mellonella

The survival rates of G. mellonella larvae infected with A. fumigatus environmental
resistant variants were monitored over a seven-day period. During this period, the probability of
survival of each treatment was assessed and plotted in Figure 8. The high fertility and sensitive
strain AfiR974 caused complete mortality by day four, with 0% survival. Strain 11A6
demonstrated reduced virulence, with 55% survival by day seven. The environmental fluopyram
resistant variant 35CS28 also led to 0% survival but required the full seven days, indicating a
slower progression of infection compared to AfiR974. PBS and untreated larvae were included as
controls.
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The statistical comparison using the Log-rank (Mantel-Cox) test demonstrates a significant
difference in virulence between the AfiR974 and the environmental boscalid resistant variant
11A6. The same test was applied to compare the virulence between AfiR974 and the fluopyram
resistant variant 35CS28, revealing a significant difference as well.

o_i’mo: y v |ns  *+ AfiR974
S 35CS28
(7] 7 —
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> . Untreated
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Figure 8 - Probability of survival of G. mellonella larvae over 7 days post-infection with A. fumigatus isolates. The comparison
is based on the probability of survival (%) over days. The isolates include the environmental boscalid resistant variant (11A6), the
environmental fluopyram resistant variant (35CS28), the high fertility and sensitive strain (AfiR974), and control groups (PBS and
untreated larvae). An inoculum size of 1 x 105 spores per larvae was used for each treatment. The Log-rank (Mantel-Cox) test
revealed significant differences in virulence between AfiR974 and 11A6 (****p <0.0001) and between AfiR974 and 35CS28 (**p
=0.0085). Among the control groups, no statistically significant difference was observed (ns, p = 0.3173). ns = non-significant.

3.7 sdhCS'%T Mutation in AfiR974 Does Not Affect the Radial Growth

A radial growth assay was conducted to assess the fitness cost associated with the sdhC5!%!
mutation compared to the high fertility and sensitive strain AfiR974. The AfiR974 sdhC5!%!
showed reduced growth compared to AfiR974 over the three-day observation period (Figure 9).
On day one, the AfiR974 sdhC5'%! mutant exhibited a mean radial growth of 5.9 mm, compared
to AfiR974's 6.7 mm. By day two, the AfiR974 sdhC5'%! mutant reached 17.0 mm, while AfiR974
measured 17.9 mm. On day three, the maximum radial growth was recorded for 36B7 at 33.7 mm,
with the AfiR974 sdhC5'%! mutant showing the lowest growth at 28.1 mm.

Despite the lack of statistically significant differences between the AfiR974 sdhCS'%!
mutant and AfiR974, the mutant consistently demonstrated the lowest radial growth. The high
fertility strains AfiR964 and AfiR974 showed similar growth patterns, while the environmental
fluopyram resistant variant 48B6 nearly caught up with 35CS28 by day three. Statistical analysis
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Figure 9 - Radial growth of A. fumigatus isolates over three days under normoxic conditions at 37°C. Comparison based on the colony
diameter (mm) between the high fertility sensitive strains (AfiR964 and AfiR974), environmental fluopyram-resistant variants (35CS28, 48B6,
and 36B7), and the AfiR974 sdhCS'%'mutant. The Welch's t-test did not reveal a significant difference between the AfiR974 and AfiR974

sdhCS1% mutant (p > 0.05).

revealed no significant difference in radial growth between the AfiR974 and the AfiR974 sdhC5'%!

mutant on each day of the experiment.

3.8 sdhC5'%! Mutation in AfiR974 Does Not Significantly Affect the Radial

Growth Under Hypoxic Conditions

Another radial growth experiment was conducted under hypoxic conditions to assess the impact
of sdhC3'%! mutation by comparing AfiR974 sdhC5'%! with AfiR974. On day one, AfiR974
showed a radial growth of 7.7 mm, while AfiR974 sdhC>'%! mutant showed 7.0 mm growth. This
pattern continued on day two, with the AfiR974 sdhC5'%! mutant consistently showing less growth
than the AfiR974 high fertility sensitive strain. By day three, 35CS28 demonstrated the highest

radial growth, while AfiR964 had the least.
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Under hypoxic conditions, the AfiR974 sdhC5'%! mutant exhibited a higher growth
compared to normoxic conditions, nearly matching AfiR974’s radial growth by the third day.
Unlike the results under normoxic conditions (Figure 9), 36B7 did not show maximum growth,
while 35CS28 demonstrated the highest growth under hypoxia (Figure 10). AfiR964 showed the
lowest radial growth under both conditions (Figure 9 & 10). Statistical analysis revealed no
significant difference in radial growth between the AfiR974 sdhC5'%! mutant and the AfiR974 high
fertility and sensitive strain under hypoxic conditions.
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Figure 10 - Radial growth of A. fumigatus isolates under hypoxic conditions over three days at 37°C. Comparison based on the colony
diameter (mm) between the high fertility sensitive strains (AfiR964 and AfiR974), environmental fluopyram resistant variants (35CS28, 48B6,
and 36B7), and the AfiR974 sdhCS'%" mutant. The Welch's t-test did not reveal a significant difference between the AfiR974 and AfiR974
sdhCS1% mutant (p > 0.05).

3.9 sdhC5'%! Mutation in AfiR974 Has No Role in Altering Fungal Biomass
Production

Fungal biomass production was assessed after four days of incubation to evaluate any
fitness costs associated with the sdhC3!%! mutation. The environmental fluopyram resistant variant
48A6 showed the highest biomass production across all tested strains (Figure 11). Both the
AfiR974 sdhCS'%! mutant and the environmental fluopyram resistant variant 35CS28 produced
similar levels of biomass.
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Figure 11 — Dry biomass production of A. fumigatus isolates after 4 days of incubation at 37°C. Comparison of dry fungal
biomass (mg/cm?) between high fertility sensitive strains (AfiR964 and AfiR974), the AfiR974 sdhCS'%! mutant, and environmental
fluopyram resistant variants (35CS28, 48A6, and 36B7). The Welch's t-test revealed a significant difference between the
environmental fluopyram resistant strain 48 A6 and AfiR974 (***p- value = 0.0002). However, no statistically significant difference
was observed in biomass production between the AfiR974 sdhC $'%" mutant and AfiR974 (p > 0.05).

The high fertility strains AfiR964 and AfiR974 showed comparable biomass production,
similar to 36B7. Although there were no significant differences between the high fertility strains
(AfiR964 and AfiR974) and the AfiR974 sdhC5'%! mutant, the overall trend suggested that the
AfiR974 sdhCS1%! mutant produced more biomass than the AfiR974 strain, but this difference was
not statistically significant.
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4. Discussion

4.1 Idenification of Mutations that Select for Resistance to SDHIs in
Environmental 4. fumigatus Isolates

Mutations selecting resistance to fluopyram and boscalid in fungal plant pathogens which
often come with fitness costs, have been identified and studied in previous publications (Amiri et
al., 2020). Despite advances in understanding SDHI resistance in fungal plant pathogens, a
significant knowledge gap persists regarding the resistance mechanisms of A. fumigatus in
environmental settings. This gap extends to understanding the mechanisms and impacts of SDHI
resistance, mutations selecting for resistance, associated fitness costs, and potential compensatory
mutations that mitigate these costs, especially since the environmental isolates studied have been
competing and surviving over multiple generations. To address these knowledge gaps, we assessed
the 84 environmental A. fumigatus isolates from the Netherlands using boscalid and fluopyram.
While previous studies on fungal plant pathogens utilized boscalid and fluopyram alongside other
SDHIs to broaden the analysis of resistance mechanisms (Miyamoto et al., 2020), our assessment
specifically demonstrated a clear frequency of resistant variants within a small population.
Although this frequency, 8.33% fluopyram resistant and 2.38% boscalid resistant, does not reflect
the overall likelihood of resistant variants, it provides insight into their distribution. Within the 84
environmental A. fumigatus isolates (see Appendix 1), we identified the mutations sdhC51%! in
sdhC gene and sdhB™"%Y in sdhB gene, which confer resistance to fluopyram and boscalid,
respectively. These mutations are in the highly conserved SdhC and SdhB subunits of the SDH
complex, which plays a crucial role in cellular respiration (Bénit et al., 2019). The nucleotide
changes from these mutations resulted in amino acid substitutions, leading to further investigation
into the mutations and their effects on fitness.

4.2 Potential Effects of sdhCS3'%! and sdhB"%7%Y Mutations in Environmental
Resistant Variants

To further investigate, we conducted sexual crossing experiments to separate alleles
carrying the sdhC5'%! and sdhB"27%Y mutations that select for resistance from potential
compensatory mutations. Despite harboring the sdhC51%! and sdhB"*"*Y mutations, which confer
resistance to fluopyram and boscalid, the environmental resistant variants exhibited growth rates
similar to those of environmental SDHI-sensitive strains. This suggests the potential presence of
compensatory mutations that mitigate the fitness costs that are associated with the sdhC3'%! and
sdhB"?%Y mutations, allowing the resistant variants to maintain competitive growth over
generations under no SDHI pressure. Sexual crossings between environmental resistant variants
and high fertility SDHI-sensitive strains revealed defective offspring, suggesting that the resistance
mutation was inherited without the compensatory mutation, likely due to the high number of
meiotic crossovers (Auxier et al., 2023). This points to the presence of fitness costs associated with
the sdhC5'%! and sdhB™*7°Y mutations. However, it is important to note that the background of the
environmental resistant variants may include exposure to other fungicides, which could influence
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resistance patterns (Kang et al., 2022). As a result, the defective progeny might result from another
resistance mechanism to fungicides not identified in this study. Additionally, the presence of
epistatic genes, which can influence the expression of other genes, might mask the effects of
hypostatic genes, potentially effecting critical traits beyond those linked to resistance (Pérez-Pérez
et al., 2009).

Building upon this foundation, a virulence assay was conducted in this study using G.
mellonella infection model to determine whether the environmental resistant variants exhibit
different virulence profiles (Macdonald et al., 2019) compared to the high fertility and SDHI-
resistant strain, AfiR974. Our results indicated that the environmental resistant variants have
reduced pathogenicity compared to AfiR974, supporting the presence of fitness costs. This result
aligns with other studies demonstrating that hyphal growth is essential for invading and destroying
host tissue to obtain nutrients, directly linking it to virulence (Paulussen et al., 2017). Our data
suggests that the reduced pathogenicity observed in the environmental resistant variants may be
due to the sdhCS'%! and sdhB"?7°Y mutations. These mutations likely alter hyphal production,
potentially impairing the ability to invade host tissue and reducing its virulence.

Due to the suggestive data, this study proceeded by specifically assessing the effects of the
sdhCS'%" and sdhB™?7%Y mutations. However, evaluating the direct effects of the sdhC5!%! and
sdhBM"?7%Y mutations in environmental resistant variants can be misleading due to variations in
their genetic backgrounds (Alshareef & Robson, 2014), which may include compensatory
mutations. To eliminate this variable, we induced the sdhC3'%! and sdhB"?7%Y mutations in the
genetic background of AfiR974. However, during the single-spore purification step, the induced
sdhBH?7%Y mutation in AfiR974 was not detectable in the sdhB gene, pointing to a severe fitness
cost associated with this mutation. As demonstrated by Claus et al. (2022), in fungi, when a
mutation has deleterious or lethal characteristics, maintaining a functional wild-type nucleus is
considered as a survival strategy to prevent fitness penalties in the absence of selection pressure.
Consequently, only the sdhC51%! mutation was successfully induced.

4.3 Fitness Assessments Revealed No Fitness Costs Associated with sdhC5'93!
Mutation

After inducing the sdhC5'%! in the high fertility and SDHI-sensitive AfiR974 strain, this
study focused on exploring the fitness costs. In other studies, experiments such as osmotic and
oxidative stress tests (Veloukas et al., 2014), germination assays (Sun et al., 2021), radial growth
measurements (Piotrowska et al., 2017), and dry biomass production (Li et al., 2022) are conducted
to identify mutations' effects on crucial cellular mechanisms. Considering the location where the
sdhCS'%! mutation occurs, the radial growth under normoxic and hypoxic conditions and dry
fungal biomass analyses were selected to assess the effects of the sdhC5'%! mutation by measuring
the fungal colony expansion on solid media and quantifying the total fungal material in liquid
culture. The results showed that the AfiR974 sdhC5'%! mutant is not defective in radial growth
under normoxic and hypoxic conditions and dry biomass production. This observation correlates
with the mutation's frequency within the population of 84 environmental isolates (8.33%),
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suggesting that if the sdhC3'%! mutation incurred significant fitness costs, it would not be

maintained over generations in an environment without SDHI pressure. However, the finding that
sdhC3'%! mutation does not lead to a fitness cost is contradictory to the fungal burden assay, which
suggested a fitness cost associated with the sdhCS'%! mutation. But since it is proven that the
sdhCS'%! mutation not being associated with a fitness cost, the differences in virulence between
35CS28 and AfiR974 are estimated to be due to their genetic backgrounds. Additionally, the
sdhBH27%Y mutation's lower frequency (2.38%) within the population of 84 environmental isolates
(see Appendix 1) supports the notion that it is associated with substantial fitness costs.

Comparing our results with other studies, the sdhC™F amino acid substitution in the SdhC

protein (Claus et al., 2022) and the sdhB"?78Y substitution in the SdhB protein (Shi et al., 2021)
have been linked to fitness costs in Corynespora cassiicola and Phakopsora pachyrhizi,
respectively. These include reduced mycelial growth and increased sensitivity to osmotic and

BH278Y mutation in P. pachyrhizi is located in close proximity

oxidative stress. Given that the sdh
to the sdhB"?7%Y mutation, we anticipate it will exhibit similar fitness costs due to their spatial
closeness within the gene. In contrast, the sdhC"®¢F mutation in C. cassicola, which is not closely
CS19I mutation, do not share the similar effect in terms of fitness cost. Indeed,

CBF mutation in C. cassicola increased from 7% to 48% over

positioned to sdh
the population frequency of the sdh
four years in Brazil, indicating that this mutation can be stable over generations and become
prevalent in populations (Claus et al., 2022). Conversely, the sdhB">78Y
showed a different pattern; while most strains in Shandong and Liaoning provinces carried the
sdhB"?78Y mutation in 2014, it was not detected in 2018 and 2019 (Shi et al., 2021). This change
can be explained by the fungus' survival mechanism of maintaining a wild-type nucleus without

mutation in P. pachyrhizi

mutations that incur fitness costs (Simdes et al., 2018).

4 .4 Future Recommendations

With the current results, this study could not address the presence of compensatory
mutations in detail. However, the sexual crossing experiment suggests that compensatory
mutations for the sdhB"?’°Y mutation may be present. Future studies can build upon this by
performing bulk segregation analyses to examine the genetic backgrounds of defective and healthy
progeny. Since BSA has been used to identify the genetic basis of specific traits or mutations,
compensatory mutations can be identified by creating bulks (Shen & Messer, 2022). This involves
pooling together groups of defective and healthy progeny, followed by sequencing analysis to
reveal the mutations of interest (Ashton et al., 2022). This way, sequencing results can help identify
the compensatory mutations, which should then be introduced into strains that only carry the
CRISPR-Cas9 mediated resistance mutation associated with a fitness cost for confirmation.
Another aspect for future research is to assess different SDHIs used in agriculture, such as
penthiopyrad and isopyrazam, to identify different mutations that might select for resistance to
these newer SDHIs. Mutations that select for resistance to SDHIs can be assessed for fitness costs
using various experimental setups, including oxidative and osmotic stress tests, fungal burden
assays, sporulation rate measurements, and competition assays using grass as a substrate to
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compete different strains. Instead of using plates and minimal media to conduct competition assays
under laboratory conditions (Neher & Weicht, 2018), grass is used as a carbon source (Rhodes,
2006), with PBS added as a moisture source to better simulate natural environmental conditions
(Delabona et al., 2013). The inoculation of different strains triggers antagonistic activity, leading
to competition for resources (Delabona et al., 2013). The outcome of this assay is analyzed by
collecting mixed spores and calculating a ratio based on the allelic differences among the strains
(Zulak et al., 2024). This approach enables the observation of the relative dominance of each
isolate, indicating which strain is more competitive based on the proportion of allele reads.

4.5 Conclusion

In conclusion, this study identified and highlighted the mechanism of boscalid and
fluopyram resistance by detecting the sdhB™27%Y and sdhC3'%" mutations, which are responsible
for selecting for resistance to boscalid and fluopyram, respectively. Additionally, the study
predicted the 3D structure of the SdhC protein and analyzed the binding pattern of fluopyram
before and after the sdhC3'%! mutation, which causes the substitution of serine with isoleucine.
This mutation is predicted to alter the structure of the SdhC protein by lowering the secondary
structure confidence score and predicted solvent accessibility, contributing to fluopyram
resistance.

Furthermore, the boscalid and fluopyram sensitivity testing of 84 environmental A.
fumigatus isolates led to the identification of resistant variants. To assess whether these
environmental resistant variants carry any fitness costs, sexual crossing and fungal burden
experiments were performed. These experiments suggested the presence of fitness costs and
potential compensatory mutations associated with the sdhB™7Y and sdhC3'%! mutations.
However, while this study explored fitness costs, it was only able to specifically assess the effect
of the sdhC5'%! mutation by introducing it into the AfiR974 background and testing radial growth
rates under normoxic and hypoxic conditions, as well as dry fungal biomass production. The
sdhB™27%Y mutation could not be tested for fitness cost in this study.

The results demonstrated that the sdhC5!%! mutation is not associated with a fitness cost in
A. fumigatus, and as a result, no compensatory mutations were identified for this mutation. In
contrast, the sdhB"?7Y mutation appeared to be linked to fitness costs, suggesting the possibility
of compensatory mutations that mitigate these effects. Through these findings, this study
significantly contributes to filling the knowledge gap regarding the mechanisms and impacts of
SDHI resistance in A. fumigatus.
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5. Appendix

Appendix 1: Table showing the 84 environmental isolates with reference numbers
and sample IDs.

Reference Sample ID 42 13B11
Number 43 67AS5
1 27C10 44 33MKI
2 27C7 45 35CS28
3 26BS 46 66A3
4 95C20 47 AfiR974
5 19B4 48 78C2
6 18A3 49 55C4
7 18A1 50 88C20
8 16C32 51 4A19
9 39B10 52 82C23
10 46A8 53 9C23
11 63C6 54 46A23
12 5A16 55 72A6
13 56C17 56 69A4
14 94B6 57 55C1
15 55C3 58 4A18
16 59B4 59 48A4
17 50C32 60 40A20
18 47A8 61 38C31
19 66A16 62 34B0O24
20 67A3 63 11A2
21 77B14 64 9C22
22 99B16 65 86C22
23 98C12 66 85C12
24 81C3 67 84C7
25 74C8 68 83C13
26 79A19 69 82C21
27 68A13 70 91C14
28 56C20 71 8-C17
29 50C32 72 79C1
30 67A2 73 78C1
31 10Cl11 74 76A17
32 29C8 75 87C25
33 96C24 76 8C2
34 40A21 77 72A8
35 48A6 78 58C25
36 48A5 79 98Cl11
37 36B7 80 96C26
38 76A18 81 95A8
39 11A6 82 93C2
40 13B9 83 88C19
41 18A2 84 11AS
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Appendix 2: Sexual crossing map for the crossing experiment. The map was
designed using 5 MAT 1-1 high fertility and sensitive strains (46A23, 67A2,
AfiR974, AtiR957, AFRB2), 4 MAT 1-2 high fertility and sensitive strains (93C2,
AfiR964, AfiR928, AfiR956), 3 MAT 1-1 resistant variants (48A6, 76A18, 36B7),
and 5 MAT 1-2 resistant variant strains (48A5, 11A6, 35CS28, 66A3, 78C2). T HF

= high fertility, RV = resistant variant.

Number MAT 1-2 MAT 1-1
HF RV

26 93C2 48A6
27 93C2 36B7
28 93C2 76A18
29 AfIR964 48A6
30 AfIR964 36B7
31 AfIR964 T6A18
32 AfIR928 48A6
33 AfIR928 36B7
34 AfIR928 T6A18
35 AfIR956 48A6
36 AfIR956 36B7
37 AfIR956 76A18

Number MAT 1-1 MAT 1-2
HF RV

1 46A23 48A5

2 46A23 11A6

3 46A23 35CS28
4 46A23 66A3

5 46A23 78C2

6 67A2 48A5

7 67A2 11A6

8 67A2 35CS28
9 67A2 66A3
10 67A2 78C2

11 AfiR974 48A5
12 AfiR974 11A6

13 AfiR974 35CS28
14 AfiR974 66A3

15 AfiR974 78C2

16 AfiR957 48A5

17 AfiR957 11A6

18 AfiR957 35CS28
19 AfiR957 66A3
20 AfiR957 78C2

21 AfiRB2 48A5
22 AfiRB2 11A6
23 AfiRB2 35CS28
24 AfiRB2 66A3
25 AfiRB2 78C2

Table 7A — Crossing map for environmental resistant variants.

Table 7B — Crossing map for environmental resistant

variants.
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Number MAT 1-2 MAT 1-1
HF HF
38 93C2 48A23
39 93C2 67A2
40 93C2 AfiR974
41 93C2 AfiR957
42 93C2 AFRB2
43 AfiR964 48A23
44 AfiR964 67A2
45 AfiR964 AfiR974
46 AfiR964 AfiR957
47 AfiR964 AFRB2
48 AfiR928 48A23
49 AfiR928 67A2
50 AfiR928 AfiR974
51 AfiR928 AfiR957
52 AfiR928 AFRB2
53 AfiR956 48A23
54 AfiR956 67A2
55 AfiR956 AfiR974
56 AfiR956 AfiR957
57 AfiR956 AFRB2

Table 7C — Crossing map for positive control.

Number MAT 1-1 MAT 1-2
RV RV
58 48A6 48A5
59 48A6 11A6
60 48A6 35CS28
61 48A6 66A3
62 48A6 78C2
63 76A18 48A5
64 T6A18 11A6
65 76A18 35CS28
66 76A18 66A3
67 T6A18 78C2
68 36B7 48A5
69 36B7 11A6
70 36B7 35CS28
71 36B7 66A3
72 36B7 78C2
73 48A6 48A6
74 T6A18 T6A18
75 36B7 36B7
76 48A5 48A5
77 11A6 11A6
78 35CS28 35CS28
79 66A3 66A3
80 78C2 78C2

Table 7D — Crossing map for negative control.
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Appendix 3: Diagram showing the inoculation locations for the sexual crossing

experiment between two strains.

AfiR97§\

Appendix 4: Amino acid sequences of SdhC protein from AfiR974 and AfiR974
sdhC3'%! mutant used in 3D structure analysis and SdhC protein-fluopyram

binding simulations.

SdhC Amino Acid Sequence

AfiR974

AfiR974 sdhC31%T Muytant

MISQKVAQQSLRRRMYSPACCLICLSRLT
NNPAVAVQQPYAMRWSLMNSASPAAVA
MGRNVQKRHAASTTSQADASKILAQQR
LNRPVSPHLSIYRPQITWIGSSAHRITGIA
LSGSLYLFATAYLAAPLFGWHLESASIAA
AFGALPIAAKVLIKGTAAFPFVYHCLNG
VRHLVWDLGRGISNQQVIKSGWTVVGL
TVVSALTLALL

MISQKVAQQSLRRRMYSPACCLICLSRLT
NNPAVAVQQPYAMRWSLMNSASPAAVA
MGRNVQKRHAASTTSQADASKILAQQR
LNRPVSPHLSIYRPQITWIGSIAHRITGIAL
SGSLYLFATAYLAAPLFGWHLESASIAAA
FGALPIAAKVLIKGTAAFPFVYHCLNGV
RHLVWDLGRGISNQQVIKSGWTVVGLT
VVSALTLALL
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