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Abstract: Scedosporium species are common fungal pathogens in patients with cystic fibrosis (CF). To
colonize the CF lungs, fungi must cope with the host immune response, especially the reactive oxygen
species (ROS) released by phagocytic cells. To this aim, pathogens have developed various antioxidant
systems, including superoxide dismutases (SODs) which constitute the first-line protection against
oxidative stress. Interestingly, one of the S. apiospermum SOD-encoding genes (SODD gene) exhibits
a glycosylphosphatidylinositol (GPI) anchor-binding site and encodes a conidial-specific surface
SOD. In this study, a SODD∆ mutant was engineered from a non-homologous end joining-deficient
strain (KU70∆) of S. apiospermum. Compared to its parent strain, the double mutant KU70∆/SODD∆
exhibited increased susceptibility to various oxidizing agents and triazole antifungals. In addition,
the loss of SodD resulted in an increased intracellular killing of the conidia by M1 macrophages
derived from human blood monocytes, suggesting the involvement of this superoxide dismutase in
the evasion to the host defenses. Nevertheless, one cannot disregard an indirect role of the enzyme
in the synthesis or assembly of the cell wall components since transmission electron microscopic
analysis revealed a thickening of the inner cell wall layer of the conidia. Further studies are needed
to confirm the role of this enzyme in the pathogenesis of Scedosporium infections, including the
production of a recombinant protein and study of its protective effect against the infection in a mouse
model of scedosporiosis.

Keywords: Scedosporium apiospermum; oxidative stress; ROS; GPI-anchored superoxide dismutase;
intracellular killing

1. Introduction

Scedosporium species (phylum Ascomycota, order Microascales) are environmental
molds usually living as saprophytes, mainly in highly polluted soils and contaminated
water [1]. Nevertheless, these fungi may also cause a wide variety of infections in humans.
Besides localized infections such as subcutaneous mycetomas or bone and joint infections
resulting from traumatic inoculation of some soil fungal elements, pulmonary infections are
also described, which are thought to be due to the inhalation of some airborne conidia [2].
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Especially, these species have been receiving increasing attention during the past two
decades because of their worldwide recognition as significant pathogens in patients with
cystic fibrosis (CF). Indeed, Scedosporium species rank second among the filamentous fungi
colonizing the airways of CF patients, after Aspergillus fumigatus, with a prevalence rate
ranging from 3.1% to 11.9% [3–10]. In this clinical context, these fungi are usually responsi-
ble for a chronic colonization of the airways [11,12], which has been demonstrated as a risk
factor for a disseminated infection in the case of lung or heart-lung transplantation [13].

To be able to colonize the respiratory tract, fungi need to evade the host immune
attack. Macrophages and neutrophils are the central effector cells of the innate immune
system since they release various antimicrobial compounds during the inflammatory re-
action triggered by the pathogens, including reactive oxygen and nitrogen species (ROS
and RNS) (for a review, see [14]). The key role of ROS in the defense against respiratory
pathogens can be illustrated by the frequent occurrence of bacterial or fungal respiratory
infections in chronic granulomatous disease, which results from mutations in one of the
genes encoding proteins of the mitochondrial NADPH oxidase complex, leading to a defect
in the production of superoxide anions (O2

•−) by macrophages and neutrophils [15]. The
ability of some pathogens to avoid the oxidative and nitrosative-related damage is mainly
due to them being equipped with a variety of enzymatic antioxidants, including superoxide
dismutases (SODs), which catalyze the conversion of O2

•− to hydrogen peroxide (H2O2)
and therefore constitutes the first line of protection of the pathogens against the inflamma-
tory reaction [14,16,17]. This is particularly true in the CF lungs, which are characterized by
an exacerbated inflammatory reaction, because of the common colonization of the airways
by various microorganisms and the repeated pulmonary exacerbations [18].

Nevertheless, despite the growing interest in Scedosporium species, little is known
about their pathogenic mechanisms. Only four putative virulence factors have been
purified and characterized so far, i.e., a secreted serine-protease [19], a cytosolic Cu,Zn-SOD
called SodC [20], the monofunctional catalase CatA1 [21], and the extracellular siderophore
Nα-methylcoprogen B which is involved in iron uptake [22,23]. Genes encoding the
last two proteins were sequenced, and it was demonstrated that CatA1 gene was highly
expressed in response to oxidative stress [24]. With the availability of the whole genome
sequence of Scedosporium apiospermum [25], one of the major pathogenic Scedosporium
species in CF [12], a genome-wide analysis recently conducted permitted the identification
of 33 genes encoding proteins putatively involved in ROS or RNS detoxification [26].
Some of these genes, particularly two genes encoding thioredoxin reductases and, to a
lesser extent, those encoding a peroxiredoxin and one of the fungal catalases, were shown
to be overexpressed upon exposure of 24-h-old fungal hyphae to various chemically-
induced oxidative stresses or in co-cultures with activated phagocytic cells [27]. However,
because of our experimental procedure, the expression of genes encoding conidial-specific
proteins could not be investigated. For instance, among the 33 genes identified by genome
mining, one encoding a putative Cu,Zn-SOD (SODD gene; SAPIO_CDS3212) exhibits a
signal peptide and a glycosylphosphatidylinositol (GPI) anchor-binding site [26], and a
comparative proteomic analysis of conidia and germ tubes focusing on GPI-anchored cell
wall proteins revealed the presence of the corresponding protein exclusively at the conidial
surface [28]. Although little information is available regarding fungal GPI-anchored cell
wall SODs and their role in pathogenesis, S. apiospermum SodD could play an important
role in CF in the tug-of-war between the host immune defenses and the fungus since it is
likely that conidia constitute the infecting form of the fungus and are therefore the first
morphological stage in contact with the host immune defenses.

In this paper, we aimed to define the contribution of the unique GPI-anchored SOD
of S. apiospermum in evasion to oxidative stress by disruption of the SODD gene using
homologous recombination-based gene targeting technology. However, to avoid the illegit-
imate recombination which is particularly frequent in S. apiospermum, we used as parent
strain the KU70∆ mutant previously prepared from the S. apiospermum reference strain [25]
by deletion of the KU70 gene encoding the ATP-dependent DNA helicase II subunit 1,



J. Fungi 2021, 7, 575 3 of 20

which leads to a defective non-homologous end-joining system [23]. Our experiments
showed that the obtained double mutant exhibited increased susceptibility to oxidative
stress, triazole antifungals, and macrophage-mediated killing, thus demonstrating that
SodD may contribute to protect the conidia against oxidative stress.

2. Materials and Methods
2.1. Strain and Culture Conditions

This study was conducted on a KU70∆ mutant [23] derived from the wild-type strain
S. apiospermum IHEM 14462, originally isolated from sputum sample from a CF patient
and previously used for whole-genome sequencing [25]. Strains were maintained at 37 ◦C
by weekly passages on potato-dextrose-agar plus chloramphenicol (PDA from Condalab,
containing in g/L: dextrose, 20; infusion extract from potatoes, 4; chloramphenicol, 0.5;
and bacteriological agar, 15), supplemented with 20 µg/mL phleomycin or 50 µg/mL
hygromycin, for maintenance of the KU70∆ mutant or the double mutant KU70∆/SODD∆,
respectively. All strains were stored at −80 ◦C as conidial suspensions in 20% glycerol.
Conidia processed into any experiment were collected from 9-day-old cultures grown in
PDA or yeast extract-peptone-dextrose (YPD containing in g/L: yeast extract, 10; peptone,
20; glucose, 20; and chloramphenicol, 0.5%) and resuspended in sterile water or saline
before to be enumerating by hematocytometer counts.

2.2. Genomic DNA Extraction

Mycelium from 9-day-old cultures on PDA (supplemented or not with phleomycin
or hygromycin) was ground in liquid nitrogen before resuspending the crushed material
in lysis buffer (10 mM Tris-HCl; 1 mM EDTA; 2% Triton X-100; 1% SDS; 0.1 M NaCl, pH
8). Genomic DNA was extracted using the phenol-chloroform protocol (all reagents from
Sigma-Aldrich, Saint-Louis, MI, USA) and precipitated with ethanol. DNA was then treated
with RNase A 0.2 mg/mL and kept at 4 ◦C in Tris-EDTA buffer. Qubit 2.0 Fluorometer
(Invitrogen, Carlsbad, CA, USA) was used to quantify DNA, and its integrity was verified
by 1% agarose gel electrophoresis.

2.3. Disruption of the SODD Gene

For disruption of the gene encoding the GPI-anchored Cu,Zn-SOD, the cassette was
prepared using the double-joint PCR procedure as described by Pateau et al. [29] with a few
modifications. The selection marker used conferred hygromycin B resistance (HPH). The 5′

and 3′ flanking regions of the SODD gene were obtained from DNA from the wild-type strain
by polymerase chain reaction (PCR) amplification using primers P1-SODD (forward) and
P2-SODD (reverse), and primers P5-SODD (forward) and P6-SODD (reverse), respectively
(Table 1, Figure 1A). As for the HPH gene, it was amplified from pAN7.1 plasmid using the
forward and reverse primers P3-SODD and P4-SODD (Table 1), so that the amplified product
overlapped the 5′ and 3′ flanking regions of the SODD gene. The three amplicons (i.e.,
5′ flanking region, HPH gene, and 3′ flanking region) were then fused with a molar ratio
of 1:3:1. A double-joint final PCR was carried out with primers P7-SODD (forward) and
P8-SODD (reverse) (Table 1) to obtain the final disruption cassette. PCR amplifications
were performed with Q5® high-fidelity DNA polymerase (New England Biolabs, Beverly,
MA, USA). Finally, the PCR construct was gel-purified using the Nucleospin® gel and PCR
clean-up kit (Macherey-Nagel, Düren, Germany).
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Table 1. List of primers used for construction of the cassette for SODD gene disruption.

Primer Name and Use Sequence 5′→3′ Tm (◦C) Size of the Amplicon (bp)

PCR amplification of the 5′ flanking region of SODD
P1-SODD ATTCATAGACTCAATAATTAGAACTCGACT 64 925

P2-SODD TCGTGAATCTTTTACCAGATCGGAAGCAAT
AAATGTAATTTATCTCTTTCAATCCCAAGC 64

PCR amplification of the hygromycin B resistance gene

P3-SODD GCTTGGGATTGAAAGAGATAAATTACATTT
ATTGCTTCCGATCTGGTAAAAGATTCACGA 68 2633

P4-SODD AATTGATTCTTGTCGATCATTAATTTGGTC
ATCAGAGCAGATTGTACTGAGAGTGCACCA 68

PCR amplification of the 5′ flanking region of SODD

P5-SODD TGGTGCACTCTCAGTACAATCTGCTCTGAT
GACCAAATTAATGATCGACAAGAATCAATT 64 901

P6-SODD GACGTTGTATATATATCCTGGAAGAATCTT 64
Fusion of the amplicons

P7-SODD GAAACGCCCGACTAGTTAAATC 64 4448
P8-SODD CTGCAAATGCCAAATTCCAA 64

Sequences that are indicated in bold font correspond to homologous sequences overlapping with the resistance marker.
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Figure 1. Production and Southern blot validation of the KU70∆/SODD∆ mutant. (A): Restriction map of S. apiospermum
SODD locus and strategy of construction of the disruption cassette. XbaI restriction sites are indicated, and the black box
indicates the hybridization site of the probe (upstream region of the SODD gene). The size of the expected fragments is
indicated by arrows. P1, P2, P3, P4, P5, P6, P7, and P8 correspond to the primers used for the construction of the disruption
cassette. (B): Genomic DNA of the wild-type strain IHEM 14,462 (WT) and SODD transformants A1, A2, A3, or A4 were
digested by XbaI. The 5.5-kbp band corresponding to the SODD wild-type locus was seen for the wild-type strain and
SODD transformants A2, A3, and A4, but not for the A1 transformant, which showed a 3-kbp band demonstrating the
disruption of the SODD gene by the HPH resistance gene.

The transformation was performed on protoplasts obtained from 24-h-old germ tubes
as described by Turgeon et al. [30] and Liu and Friesen [31] with 5 µg of DNA. Germ tubes
were collected by filtration on 20-µm-pore size Miracloth membranes and incubated at
37 ◦C for 3 h 30 under constant shaking (120 rpm) in OM/glucanex solution (1.2 M MgSO4,
10 mM Na2HPO4, 12.5 g/L glucanex, pH 5.8). Protoplasts were recovered by centrifugation
in a Tris-HCl buffer (10 mM) containing 1.2 M sorbitol to maintain the osmotic pressure
and then stored at 4 ◦C in the same buffer supplemented with 10 mM CaCl2. The cassette
was integrated into protoplasts by heat shock in the presence of polyethylene glycol (PEG).
Afterward, protoplasts were poured onto a soft agar medium (1 M sucrose, 0.2% yeast
extract, 0.2% casaminoacids, 1.28% molten agar) in Petri dishes and incubated for 16 h at
37 ◦C before covering the plates with a layer of the abovementioned medium supplemented
with 50 µg/mL hygromycin B. Cultures were incubated for 5 to 7 days at 37 ◦C and checked
daily for transformants growing upward in the selection marker layer, which were then
subcultured on PDA supplemented with 50 µg/mL hygromycin B.
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2.4. Southern Blot Analysis

Transformants growing in the presence of hygromycin B were subcultured a couple of
time to obtain monospore isolates, the genotype of which was then verified by Southern
blot as previously detailed [29]. Genomic DNA was extracted and digested overnight
with XbaI. After separation of the DNA fragments on agarose gel electrophoresis, gels
were incubated successively in 0.25 N HCl, 1.5 M NaCl/0.5 M NaOH, and finally 0.5 M
Tris-HCl pH 7.5/1.5 M NaCl. DNA fragments were then transferred on nylon membranes
(Amersham HybondTM-N+, GE Healthcare). After UV-crosslinking for 3 min, the gels were
incubated overnight at 55 ◦C in the presence of the probe [a PCR product obtained from
genomic DNA of the wild-type strain using P7-SODD as forward primer and P2-SODD as
the reverse primer (Table 1, Figure 1A)] labeled with Illustra™ Shrimp alkaline phosphatase
(GE Healthcare life sciences) according to the manufacturer recommendations for validation
of the KU70∆/SODD∆ double mutants. Finally, alkaline phosphatase was revealed by the
addition of its substrate, and the membrane was imaged by chemiluminescence (LAS4000
GE Healthcare).

2.5. Susceptibility Studies

Multiple studies were conducted on the disruptant KU70∆/SODD∆ and its parent
strain KU70∆.

Sensitivity to stress conditions. The viability of the conidia was analyzed in different
stress conditions by spotting 5 µL of serial 10 fold dilutions of the conidial suspension (from
2 × 106 to 2 × 101 conidia/mL) on PDA plates incubated at different temperatures (28 ◦C,
37 ◦C, 42 ◦C), or on PDA plates supplemented with increasing concentrations of Calcofluor
White (10–160 µg/mL), NaCl (62.5 µM–1 mM), Congo Red (0.125–0.5 µg/mL), sodium
dodecylsulfate (SDS; 10-320 µg/mL) or D-sorbitol (0.25–2 M), which were incubated at
37 ◦C for 3 days. Presented data were obtained from three independent experiments, each
comprising two technical replicates.

Sensitivity to oxidative stress. Unless otherwise specified, the sensitivity to oxidative
stress was determined by monitoring the fungal growth in liquid medium by laser neph-
elometry as previously described [29,32]. Conidia were inoculated into YPD broth to give
a final concentration of 105 conidia/mL, and the obtained suspension was distributed into
the wells of 96-flat bottom wells microtiter plates (300 µL per well). Assay wells were sup-
plemented with one of the following chemicals: 25 µM menadione (Sigma-Aldrich), 0.5 mM
diamide (Sigma-Aldrich), 1 mM cumene hydroperoxide (Sigma-Aldrich), or 8 µg/mL hon-
okiol (Ak Scientific, Union City, CA, USA). Menadione was prepared as stock solution in
dimethylsulfoxide (DMSO) so that solvent concentration in assay wells did not exceed
1% (v/v), whereas distilled water was used to prepare the stock solutions for the other
chemicals. Microplates were incubated at 37 ◦C for 6 days in a laser-based microplate
nephelometer (BMG Labtech, Ortenberg, Germany). During incubation, plates were sub-
jected to shaking at 200 rpm for 5 min every 10 min, and growth was recorded after each
shaking. Presented data were obtained from at least three independent experiments, each
with triplicate wells. Growth curves expressing the relative nephelometric unit (RNU) as a
function of time were generated using GraphPad Prism 6.0 (data not shown), and areas
under curves (AUC) were calculated.

Because of its limited stability in liquid medium, we were unable to measure the
effect of hydrogen peroxide using laser nephelometry. Sensitivity to H2O2 was therefore
investigated by a disk diffusion method. Conidial suspensions were adjusted to 1 Mc
Farland and spread onto YPDA plates using a spiral plater. Plates were left drying for
15 min in a biosafety cabinet. Sterile filter paper disks (10 mm in diameter) soaked with
49 or 98 mM H2O2 (100 µL per disk) were placed in the middle of the plates. Plates were
incubated at room temperature for 24 h, then transferred to 37 ◦C. The diameter of the
growth inhibition zones was assessed after a total of 72 h of incubation. At least 5 plates
were made for each H2O2 concentration during each of three independent repetitions.
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Susceptibility to antifungal drugs. Antifungal susceptibility testing was performed using
the Etest method previously reported to deliver comparable results with the standard broth
microdilution method regarding Scedosporium species [33]. Conidia prepared in saline were
adjusted to 1 Mc Farland and streaked across the surface of an RPMI agar plate (bioMérieux,
Marcy l’Etoile, France) using a spiral plater. Dishes were left drying for 15 min at 37 ◦C
before applying the Etest strips (bioMérieux). The minimal inhibitory concentrations
(MIC) were determined after 72 h of incubation at 37 ◦C; the MIC was defined as the
lowest concentration at which the elliptical inhibition zone intercepts the strip. For triazole
antifungals, microcolonies within the growth inhibition zone were overlooked. At least
5 Etest strips were used for each antifungal during each repetition.

2.6. Phagocytosis Assays

Cell preparation and co-culture. Monocytes were isolated from healthy human donors and dif-
ferentiated to M1 phenotype-macrophages in complete RPMI 1640 (Lonza, Basel, Switzerland)
containing 50 ng/mL of granulocyte-macrophage colony-stimulating factor (GM-CSF) as
previously described [34]. Conidia were stained with 40 µg/mL of fluorescein isothio-
cyanate (FITC; Sigma-Aldrich) in phosphate-buffered saline 0.15 M pH 7.2 (PBS) for 30 min
in darkness with constant shaking (120 rpm), washed twice with PBS, and enumerated.
FITC-labeled conidia (5 × 105 cells) were co-cultured with adherent M1 macrophages
(cell ratio of 1:1) in a 6-well plate in a total volume of 500 µL of complete RPMI 1640.
Macrophages were allowed to ingest conidia at 37 ◦C in 5% CO2 for 6 h. Later, plates were
put on ice for 20 min to stop phagocytosis and processed into either the ingestion or the
killing experiments. At least three independent replicates with technical triplicates in each
were carried out for each strain.

Ingestion assays. Cells were lifted from wells by gentle mixing and transferred to
Eppendorf tubes. The suspensions were washed twice with PBS and centrifuged at 500× g
for 5 min to eliminate RPMI and non-adherent conidia. Macrophages were then marked
with anti CD14 MAb (Miltenyi Biotec, Bergisch Gladbach, Germany) for 15 min at 4 ◦C,
rinsed twice with PBS containing 1% bovine serum albumin and 0.1% sodium azide (PBS-
BSA), and stained for viability with 7-aminoactinomycin D (7-AAD; Invitrogen). Cells
were analyzed on FACSCanto II cytometer (Becton-Dickinson, Franklin Lakes, NJ, USA) to
quantify the percentage of conidia ingested by macrophages. Data were gated to remove
dead macrophages. A double-positive population (CD14+ FITC+) was considered to reflect
macrophages with adherent and/or ingested conidia.

Killing assays. Non-adherent conidia were removed as described above. Afterward,
adherent conidia were removed by discarding the supernatant after additional steps of
washing with warm PBS and centrifugation at 500× g for 5 min. After checking the
removal of adherent conidia under the microscope, the cell pellets were resuspended
with 500 µL of water and incubated at 4 ◦C for 30 min to allow lysis of macrophages
and release of intracellular conidia. After microscopic control of macrophage lysis, the
obtained suspensions were centrifuged at 4600 rpm for 5 min to sediment released conidia.
Macrophage debris was removed by treating the suspensions with DNase, RNase, and
proteinase K (all from Invitrogen) as applied previously [35]. Each replicate included
a negative control, reflecting the live conidia (macrophages-unexposed conidia), and a
positive control referring to heat-killed conidia (85 ◦C, 30 min). If necessary, recovered
conidia were kept at 4 ◦C until the next day. Conidia were then labeled with 25 µg/mL
propidium iodide (PI; Sigma-Aldrich) for 30 min at room temperature in darkness before
flow cytometry analysis. Both controls were used to set gates for the positivity of each
marker. Conidia were considered live when they were only FITC-positive and dead in case
of double-positivity (FITC+ PI+).

2.7. Transmission Electron Microscopy

Conidia collected from cultures grown on PDA were incubated at room temperature
for 2 h with or without menadione and processed for transmission electron microscopy
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(TEM) as described by Ghamrawi et al. [28]. Sections were examined on JEM-1400 trans-
mission electron microscope (Jeol, Paris, France). Only longitudinal sections of conidia
(n = 20) were considered to evaluate the width, length, or thickness of the conidial wall.

2.8. Statistical Analysis

Statistical analysis was performed using GraphPad Prism 6.0. An unpaired t-test
was used to check significant differences between the double mutant and its parent strain
regarding the area under the growth curves in the presence of oxidative agents. Otherwise,
the one-way analysis of variance Kruskal–Wallis test was run to evaluate differences
between the two strains. Results were considered significantly different when p < 0.05.

3. Results
3.1. Generation of a SODD Deficient Mutant

Because of the high frequency of non-homologous recombination events in S. apiosper-
mum, we used a mutant strain deficient for the non-homologous end joining (NHEJ) by
disruption of the KU70 gene, and the SODD gene was disrupted in this mutant by intro-
ducing the HPH resistance gene at the SODD locus. Culture on hygromycin-containing
agar yielded only four colonies, corresponding to potential SODD disruptants (named A1,
A2, A3, and A4) based on the hygromycin B resistance phenotype. Monospore isolates
prepared from each colony were confirmed by PCR amplification of the HPH gene and
finally analyzed by Southern blot after XbaI digestion of genomic DNA (Figure 1B). As
expected for a correct gene disruption event, Southern blot analysis revealed a single 3-kb
band for the transformant KU70∆/SODD∆-A1, whereas a 5.5-kb band was observed for the
parent strain and the other transformants (Figure 1B).

3.2. Sensitivity to Temperature and Cell Wall Stressing Chemicals

Regarding the sensitivity to heat and chemical stress, no difference was observed
between the parent strain (KU70∆ mutant) and the KU70∆/SODD∆ double mutant in size
or pigmentation of the colonies grown on PDA whatever was the temperature (28, 37, or
42 ◦C). Likewise, the disruption of the SODD gene did not affect the tolerance to osmotic
agents (NaCl or sorbitol), SDS, or Calcofluor White. Conversely, the addition of Congo
red to the culture medium resulted in a one-log growth inhibition compared to the parent
strain (data not shown).

The disruption of SODD gene did not affect the growth under normal conditions
(YPD), as revealed by laser nephelometry which showed similar AUCs for the double
mutant and its parent strain (Figure 2A). These results demonstrate that SodD is not
essential for growth under normal conditions, osmotic stress, or varying temperatures, but
it may be involved in the protection against some cell wall stress-inducing agents.
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Figure 2. Laser nephelometry evaluation of the fungal growth. Growth of the SODD defective mutant (KU70∆/SODD∆)
and its parent strain (KU70∆) was monitored for 6 days by laser nephelometry in yeast extract-peptone-dextrose (YPD)
broth in the presence of oxidizing agents. Positive controls were run in parallel: YPD alone (A) served as the control for all
the tested agents except menadione, for which YPD plus dimethyl sulfoxide (DMSO) (B) served as the solvent control. (C):
Menadione 25 µM. (D): Diamide 0.5 mM. (E): Cumene 1 mM. (F): Honokiol 8 µg/mL. The area under curve (AUC) values
were calculated from curves expressing the relative nephelometric unit (RNU) as a function of time in h. Results correspond
to the mean of triplicate determinations. Error bars correspond to the standard error of the mean. *, p < 0.05. **, p < 0.01.
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3.3. Growth under Chemically-Induced Oxidative Stress

As the main known function of SODs is to protect cells against ROS by breaking down
O2
•− into H2O2, the growth of the double mutant was evaluated by laser nephelometry in

YPD broth containing oxidant agents. Disrupting the SODD gene resulted in a significant
increase in susceptibility to all the tested agents, which is reflected in decreased AUC values in
comparison to its parent strain (Figure 2). In the presence of 25 µM menadione, the growth of
the double mutant reached only 50% of that of its parent strain (Figure 2C), whereas it was not
affected in the presence of the solvent alone (DMSO; Figure 2B). Likewise, the AUC obtained
for the double mutant grown in the presence of 1 mM cumene or 8 µg/mL honokiol was
about one-third lower (Figure 2E,F). The least significant difference in the AUC values
between the strains was observed in the presence of 0.5 mM diamide (Figure 2D).

Evaluation of the sensitivity to H2O2 by the disk diffusion method also suggested
the involvement of SodD in the protection of the conidia against ROS. Diameter of the
growth-inhibition zone was significantly higher for the double mutant compared to its
parent strain (Figure 3A,B): using disks soaked with 49 mM or 98 mM H2O2, the diameters
of the inhibition zones for the double mutant were 2.278 ± 0.019 cm and 2.913 ± 0.211 cm,
respectively, whereas they were at least 20% lower for its parent strain (1.733 ± 0.057 cm
and 2.340 ± 0.072 cm, respectively).
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Figure 3. Growth-inhibition effect of H2O2-soaked disks on the SODD defective mutant (KU70∆/SODD∆) and its parent
strain (KU70∆). The diameters (cm) were measured after 72 h. (A): H2O2 49 mM. (B): H2O2 98 mM. Error bars correspond
to the standard error of the mean. *, p < 0.05. **, p < 0.01.

3.4. Susceptibility to Antifungals

The deficiency in the conidial-specific GPI-anchored SOD also affected the in vitro
susceptibility to antifungals. Conversely to the susceptibility to fluconazole, amphotericin
B, and the echinocandins, which were not impacted, the disruption of the SODD gene led
to a significant decrease in the MIC values of isavuconazole, itraconazole, posaconazole,
and voriconazole (Table 2).
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Table 2. In vitro susceptibility to antifungals.

Antifungal
Parent Strain (KU70∆ Mutant) KU70∆/SODD∆ Double Mutant

p-Value
MIC Mean (µg/mL) SD MIC Mean (µg/mL) SD

Isavuconazole >32 ND 0.142 0.093 <0.05
Itraconazole 0.552 0.187 0.064 0.000 <0.05

Posaconazole 0.476 0.053 0.131 0.035 <0.05
Voriconazole 0.251 0.146 0.018 0.004 <0.05
Fluconazole >256 ND >256 ND NS

Amphotericin B 5 2 3.9 1.597 NS
Caspofungin >32 ND >32 ND NS
Micafungin 0.082 0.016 0.113 0.048 NS

Antifungal susceptibility testing was performed on the double mutant and its parent strain using the Etest strip method on RPMI-dextrose
agar plates. Differences in minimum inhibitory concentration (MIC) values between strains were considered significant when p < 0.05. SD,
standard deviation; ND, not determined; NS, non-significant.

3.5. Interactions with Phagocytes

Since SodD is specifically expressed at the conidial surface and potentially involved
in their protection against ROS, we investigated whether the protein interferes with the
phagocytosis process. Two parameters in the interaction between macrophages and the
conidia, ingestion and killing, were evaluated using a flow cytometry-based technique that
enabled robust measurement of each parameter. The ingestion percentage corresponds to
the ratio between the number of live macrophages with adherent and/or ingested conidia
to the total number of live macrophages multiplied by 100, while the killing was determined
from the number of killed conidia among the total number of macrophage-released conidia.

Concerning the ingestion analysis (Figure 4), because there were still non-adherent
conidia in the suspensions and since macrophages are subjected to death after several hours
of co-culture, we first selected the live macrophage population in the light scattered plot. Flow
cytometry effectively differentiated between macrophages alone (CD14+) and macrophages
with adherent/ingested conidia (CD14+ FITC+), which served in measuring the ingestion
rate. The adherence and ingestion steps were not affected by disruption of the SODD gene
since we found almost the same ingestion rate for the double mutant (Figure 4B) and its
parent strain KU70∆ (Figure 4A).

For the killing assay (Figure 5), all events should theoretically correspond to intracel-
lular conidia that have been released from macrophages. However, despite treatment of
the cell lysate with DNase, RNase, and proteinase K, it remained necessary to eliminate
all small events that probably refer to cell debris. Thus, events with low forward scatter
(FSC) and side scatter (SSC) values were excluded. Fresh live conidia (FITC+ PI-) and
heat-killed conidia (FITC+ PI+) were run as controls to define the area of the correspon-
dent populations on the FITC vs. PI histogram plot (Figure 5D). However, although still
within the positivity zone, the conidia that have been killed intracellularly by macrophages
exhibited lower signals for FITC and PI fluorescence (Figure 5A,B). It is likely that heat-
killing and macrophage-mediated killing of the conidia do not have similar impacts on
the conidial surface fluorescence and membrane permeabilization; heat-killing results in
a rapid membrane permeabilization allowing an important PI uptake, while during the
macrophage-mediated killing, the slow membrane damaging leads to a gradual loss of
FITC-labelled surface proteins and a lesser PI uptake. Nevertheless, the double-positive
population (FITC+ PI+) of macrophage-killed conidia was denser and broader for the
double mutant KU70∆/SODD∆ (Figure 5B) than for its parent strain KU70∆ (Figure 5A);
a significant difference was seen between the two strains in the killing rate with values
of 15.25 ± 5.94% for the double mutant vs. 5.2 ± 1.314% for its parent strain (Figure 5C).
These results, which were reproducible even when different donor-derived macrophages
were used, support the involvement of the GPI-anchored cell wall SodD in protecting the
conidia against macrophage-mediated killing.
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Figure 4. Flow cytometry analysis of macrophages ingesting conidia of SODD defective mutant (KU70∆/SODD∆) and
its parent strain (KU70∆). After 6 h of incubation with fluorescein isothiocyanate (FITC)-labeled conidia, CD14-labeled
macrophages were selected apart from non-phagocytosed conidia (P1 population) on the histogram plotting side scatter
(SSC) against forward scatter (FSC). Macrophages were then gated on the 7-aminoactinomycin D (7-AAD) channel to select
live macrophages (P2 population) before plotting the cells against the fluorescence intensity in the scatter of CD14 vs. FITC
fluorescence. Non-labeled conidia (FITC negative), as well as non-labeled macrophages (CD14 negative), were run to
define the baseline of positive signal (not shown). Macrophages alone were only CD14+ signals, while macrophages with
adherent or ingested conidia showed double-positive signals (CD14+ FITC+). (A): plots corresponding to the parent strain
KU70∆. (B): plots corresponding to the double mutant KU70∆/SODD∆. The percentage of ingestion displayed for each
double-positive population refers to the ratio between the number of macrophages with adherent and/or ingested conidia
and the total number of macrophages × 100. Presented data are representative of three independent experiments.

3.6. Morphological Features of the Conidia and Ultrastructure of Their Cell Wall

The higher susceptibility of the double mutant to Congo red known to bind to chitin
prompted us to investigate the ultrastructure of the conidial wall (Figure 6). No differences
were found in the width or length of the conidia. Conversely, whereas the conidial wall of
the wild-type strain and the KU70∆ mutant exhibited a similar ultrastructure with a very
thin electron-dense outer cell wall layer and a thicker inner layer, a thickening of the inner
cell wall layer was observed in conidia of the KU70∆/SODD∆-A1 double mutant.
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Figure 5. Flow cytometry analysis of the macrophage-mediated killing of conidia of SODD defective mutant
(KU70∆/SODD∆) and its parent strain (KU70∆). After 6 h of coincubation with macrophages, fluorescein isothiocyanate
(FITC)-labeled conidia were released from macrophages by lysis of the cells, stained with propidium iodide (PI), and
analyzed by flow cytometry. On the forward scatter (FSC) vs. side scatter (SSC) histogram plot, conidia with values lower
than 50 were excluded from selection. Conidia were then gated on the scatter plot of FITC against PI fluorescence to define
populations: FITC+ signals correspond to live conidia, while double-positive signals (FITC+ PI+) relate to macrophage-
killed conidia. The baseline of positivity of each marker was defined using non-labeled conidia (not shown). (A): plots
corresponding to the parent strain KU70∆. (B): plots corresponding to the double mutant KU70∆/SODD∆. The plots are
derived from one experiment representative of the other experiments. (C): the percentage of killing was defined as the
number of macrophage-killed conidia to the total number of macrophage-released conidia × 100; killing percentage data
were collected from three independent experiments; error bars correspond to the standard error of the mean; *, p < 0.05.
(D): negative control (fresh live conidia) and positive control (heat-killed conidia) were run to define population borderlines
(please see Results section for further explanation).
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Figure 6. Length, width and thickness of the cell wall of the conidia of the SodD defective mutant
(KU70∆/SODD∆) and its parent strain (KU70∆) as determined by TEM examination. Significant
differences were seen in the thickness of the conidial wall between the SodD defective mutant
KU70∆/SODD∆ and its parent strain KU70∆ (*** p = 0.0002), whereas length and width of the conidia
were unchanged.

4. Discussion

Although ranking second among the filamentous fungi colonizing the CF airways, the
pathogenic mechanisms that allow Scedosporium species to establish within the respiratory
tract and to cause infections, remain poorly understood. Colonization of the CF bronchial
mucus is thought to result from inhalation of some airborne conidia and their entrapment
into the viscous mucus. Therefore, the mechanisms allowing the conidia to evade the host
immune response, mainly represented by the oxidative burst response of phagocytes and
the production of ROS, are essential for a successful colonization process. Recently, we
showed that Scedosporium species were able to germinate in oxidative stress conditions [36].
In addition, analysis of the S. apiospermum genome revealed the presence of 33 genes en-
coding putative enzymes possibly involved in the degradation of ROS or RNS [26]. Some
of these genes were found to be overexpressed in response to the exposure of hyphae to
oxidative stress or after co-culture with lipopolysaccharide-activated macrophages or neu-
trophils [27]. Nevertheless, the design of these experiments did not allow to investigate the
role of genes encoding conidial-specific enzymes, such as SodD, which is a GPI-anchored
cell wall protein specifically found on the conidia [26,28]. The present study, therefore,
aimed to determine the role of this enzyme. While it is not essential for the growth of
S. apiospermum IHEM 14,462 KU70∆, SodD was shown to protect the conidia from damages
caused by oxidizing agents.

Previously Pateau et al. [29] produced from a wild-type strain of S. aurantiacum de-
fective mutants for the cytosolic Cu,Zn-SOD SodC and showed a surprising frequency
of homologous recombination as high as 30%. Other results from our laboratory sug-
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gested a markedly lower frequency in S. apiospermum, consistently to those reported in
the literature for other filamentous fungi (i.e., <3%) [37]. A mutant strain deficient for the
non-homologous end joining system by deletion of the KU70 gene, therefore, was used as
parent strain as previously done for the SidD gene [23]. This strategy which is the gold
standard to increase the frequency of homologous recombination in filamentous fungi [38],
allowed us to disrupt the SODD gene in S. apiospermum. In our study, we have been limited
by the very few resistance markers that can be applied to Scedosporium species since they
are naturally resistant to many drugs. Currently, only two are effective, phleomycin that
was used for engineering of the KU70∆ strain and hygromycin B, the one used for the
selection of the defective strain KU70∆/SODD∆. No other selection markers were available,
and further genetic tools should be developed to allow the production of complemented
strains in Scedosporium species.

The role of SODs in the evasion of fungi to the oxidative stress response of phagocytic
cells is well established for numerous human pathogens [29,39–51]. The degradation of
ROS by microorganisms is an essential process for successful infection, and SODs are
the first-line defense against oxidative stress. SODs are mainly intracellular (cytosolic or
mitochondrial), and few extracellular SODs have been described to date. SOD defective
mutants were obtained in A. fumigatus [46], C. albicans [41,47], C. neoformans [42], Histoplasma
capsulatum [48,50], Paracoccidioides brasiliensis [51], and recently in S. aurantiacum [29]. Here,
we have successfully constructed a defective mutant for the SODD gene encoding a GPI-
anchored SOD in S. apiospermum. This enzyme does not only belong to a particular class of
extracellular SODs containing a signal peptide at the N-terminus and a GPI-anchor binding
site [26], but it is also specifically expressed at the conidial surface [28]. GPI-anchored
proteins are known to participate in other fungi to morphogenesis, stress resistance, and
virulence [52–55].

While the role of cytosolic Cu,Zn-SODs in pathogenesis has been extensively inves-
tigated in C. albicans [41,45], C. neoformans [42,56,57], and A. fumigatus [46,58,59], little
information is available regarding GPI-anchored SODs. Recently, it was shown that the
GPI-anchored Sod2 from the phytopathogenic fungus Puccinia striiformis suppressed ROS
accumulation during infection and was essential for its virulence [60]. Regarding human
pathogenic fungi, three GPI-anchored SODs, i.e., Sod4p, Sod5p, and Sod6p, were described
in C. albicans [45], and one of them, Sod5p, was shown to be involved in the protection
of blastoconidia against oxidative stress and in virulence [43,45,47,49,61]. Likewise, P.
brasiliensis and H. capsulatum SOD3 genes, two orthologs of S. apiospermum SODD gene [26],
were shown to be involved in virulence [48,51]. For example, the disruption of the SOD3
gene in P. brasiliensis resulted in attenuated virulence in mice conversely to the disruption
of the SOD1 gene encoding a cytosolic Cu,Zn-SOD [51]. Our results suggest that SodD
plays an important role in protecting S. apiospermum conidia against superoxide radicals.
As with P. brasiliensis Sod3, SodD proved not essential for fungal growth; still, its defect
results in increased sensitivity to chemically-induced oxidative stress as attested by the
reduced growth of the double mutant exposed to various ROS-induced agents or to H2O2
compared to its parent strain.

Since SodD is localized to the cell envelope, a question arises on how the enzyme pro-
tects the fungus from endogenous O2

•−-inducing agents such as menadione and honokiol.
Menadione is essentially an intracellular O2

•−-inducer; however, the addition of Sod1 to
the incubation buffer was shown to protect Saccharomyces cerevisiae cells from the cytotoxic
effect of menadione [62], which is in line with our findings of SodD playing a protective
role against exogenous oxidative stress imposed by menadione. Honokiol is a natural
biphenolic compound that disrupts mitochondrial respiration leading to intracellular ROS
accumulation, mainly O2

•−. Interestingly, all SOD genes harbored by C. albicans were
upregulated in response to honokiol, including three GPI-anchored ones [63]. One may
hypothesize a defect in membrane trafficking of SodD following such stress. Primary find-
ings on Fusarium oxysporum Sod5 (a GPI-anchored Cu,Zn-SOD) support this hypothesis,
showing that the Sod5 subcellular localization is altered under unfavorable environmental
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conditions [64]. Finally, the peroxidase activities exhibited by all SOD types can explain
the increased sensitivity of our mutant defective in SODD gene to H2O2 [65]. While the
glutathione system is required for tolerance to cumene hydroperoxide and diamide, it is
still unknown how SodD contributes to such resistance. Further studies are needed to
unravel the mechanisms by which this enzyme fights various oxidizing agents.

In C. albicans, A. fumigatus, and Cr. neoformans, SODs have been suggested to contribute
to tolerance to antifungal drugs, including imidazoles and triazoles [66–70]. Here we
showed the contribution of S. apiospermum SodD in tolerance of the fungus to isavuconazole,
itraconazole, posaconazole, and voriconazole, and to a lesser extent to amphotericin B and
micafungin. There is limited information linking the antifungal activity of azole drugs
and oxidative stress. Nevertheless, there is now accumulating evidence for an increased
production of endogenous ROS induced by the antifungal drugs [66–70]. Likewise, treating
C. albicans or Candida dubliniensis blastoconidia with fluconazole elicited increased SOD and
catalase production [71]. As suggested above, one may speculate a defect in membrane
trafficking of SodD following exposure to antifungal drugs and the contribution of this
enzyme to the degradation of ROS accumulating in mitochondria.

In order to prove the involvement of S. apiospermum SodD in the interaction of the
conidia with macrophages, a flow cytometry based-protocol was developed that enabled
the differentiation between the different cell populations. To the best of our knowledge, this
is the first time such a protocol has ever been used on Scedosporium species or Lomentospora
prolificans to investigate the phagocytosis process. The involvement of GPI-anchored SODs
in recognition of fungal pathogens by phagocytic cells has never been documented, and as
expected, the adherence and ingestion steps of S. apiospermum conidia were not affected by
disruption of the SODD gene. Indeed, the ingestion rates were obviously similar for the
mutant defective in the SODD gene and its parent strain.

By contrast, some fungal GPI-anchored SODs were shown to contribute to surviving
the ROS-dependent host killing. For instance, it was shown that C. albicans Sod4 and
Sod5 were essential for protecting the blastoconidia against ROS-dependent macrophage
killing [45]. Likewise, in H. capsulatum, the disruption of SOD3 gene also led to a de-
creased viability of yeast cells exposed to neutrophils and macrophages, and in vivo
experiments demonstrated that Sod3 promotes Histoplasma virulence in a murine model
of disseminated infection [48]. Consistent with these findings, we showed S. apiosper-
mum GPI-anchored SodD to be relevant in protecting the conidia against the intracellular
macrophages-mediated killing. Disruption of SODD gene led to an increased killing of
ingested conidia by macrophages, although their germination was not affected. Indeed,
no differences were seen in the latency period between the double mutant and its parent
strain in laser nephelometry study of the growth under control conditions, e.g., without
any oxidative chemical (Figure S1).

An indirect role of the enzyme in susceptibility of the conidia to killing by macrophages
should also be considered because of possible biochemical changes of the cell wall that
would have been caused by disruption of the SODD gene. TEM analysis of the conidia
revealed for the KU70∆/SODD∆ double mutant a thickening of the cell wall, associated
with an increased susceptibility to Congo red, whereas tolerance to Calcofluor White was
not affected. Discrepancies in the susceptibility to these cell wall disturbing agents have
already been reported. For example, the SKN7 gene contributes to cell wall integrity in
A. fumigatus, and its disruption does not modify the susceptibility to Congo red, whereas
the SKN7∆ mutant is more resistant to Calcofluor White compared to its parent strain [72].
Calcofluor White is known to bind to chitin, whereas Congo red may also interfere with
glucans as described in S. cerevisiae [73]. Contrasting with other fungi, glucans have been
detected in the cell wall of Scedosporium species, but mainly alpha-glucans and only a
low level of beta-glucans [74]. Nevertheless, the increased susceptibility to Congo red
resulting from disruption of the SODD gene suggests a defect in cell wall integrity. Studies
in S. cerevisiae and A. fumigatus have demonstrated the importance of some GPI-anchored
proteins for cell wall integrity [52,75] and it has been demonstrated that, when the cell wall
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integrity is compromised, fungal cells respond by increasing cell wall biosynthesis [76].
Therefore, further studies are needed to define the impact of SODD gene disruption on the
composition of the cell wall.

5. Conclusions

In conclusion, an S. apiospermum NHEJ deficient strain was used here to generate
a defective mutant for the SODD gene. This allowed us to point out the role of this
GPI-anchored SOD in protecting the conidia against various chemically-induced oxida-
tive stresses. The loss of SodD also increased the susceptibility to triazoles, highlighting
another function of this enzyme in contributing to tolerance to azole drugs. In addi-
tion, a flow cytometry-based protocol was developed that enabled the assessment of
conidia-macrophage interactions. SodD does not affect the recognition of conidia, nor
their adherence to and ingestion by macrophages, but plays a relevant role in escaping
macrophage-mediated killing. Nevertheless, one cannot disregard an indirect role of this
enzyme since TEM analysis of the conidia of the double mutant revealed ultrastructural
changes in the cell wall with a marked thickening of the inner cell wall layer. Comple-
mentary studies will be conducted on the SODD defective mutant and its parent strain to
definitively demonstrate the surface location of SodD, and to the analyze the impact of
gene disruption on the biochemical composition of the cell wall and on virulence in animal
models of Scedosporium infections.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/jof7070575/s1, Figure S1: Growth kinetics of the double mutant KU70∆/SODD∆ and its
parent strain KU70∆ under control conditions. Growth was monitored by laser nephelometry in
yeast extract-peptone-dextrose broth without any oxidative chemical.
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23. Le Govic, Y.; Havlíček, V.; Capilla, J.; Luptáková, D.; Dumas, D.; Papon, N.; Le Gal, S.; Bouchara, J.P.; Vandeputte, P. Synthesis
of the hydroxamate siderophore Na-methylcoprogen B in Scedosporium apiospermum is mediated by SIDD ortholog and is
required for virulence. Front Cell. Infect. Microbiol. 2020, 10, 587909. [CrossRef]

http://doi.org/10.1007/s11046-017-0200-2
http://doi.org/10.1093/mmy/myx113
http://www.ncbi.nlm.nih.gov/pubmed/29538735
http://doi.org/10.1007/s100960050011
http://www.ncbi.nlm.nih.gov/pubmed/10706182
http://doi.org/10.1159/000167419
http://doi.org/10.3109/13693786.2010.500627
http://www.ncbi.nlm.nih.gov/pubmed/21067328
http://doi.org/10.3109/13693786.2013.792438
http://doi.org/10.1016/j.jcf.2014.12.014
http://doi.org/10.1093/mmy/myw035
http://doi.org/10.1371/journal.pone.0171485
http://www.ncbi.nlm.nih.gov/pubmed/28178337
http://doi.org/10.1007/s11046-017-0173-1
http://doi.org/10.1128/JCM.40.6.2108-2114.2002
http://www.ncbi.nlm.nih.gov/pubmed/12037073
http://doi.org/10.3109/13693786.2013.770606
http://doi.org/10.1016/j.healun.2005.12.011
http://doi.org/10.1016/j.micpath.2017.06.015
http://doi.org/10.1093/cid/ciu1154
http://doi.org/10.1134/S0003683807050031
http://doi.org/10.1016/j.freeradbiomed.2012.01.028
http://doi.org/10.1016/j.bbadis.2011.12.012
http://doi.org/10.1042/bj3150119
http://doi.org/10.1016/j.micinf.2007.01.027
http://doi.org/10.1128/CVI.00482-14
http://doi.org/10.1007/s10534-009-9253-0
http://doi.org/10.3389/fcimb.2020.587909


J. Fungi 2021, 7, 575 18 of 20

24. Mina, S.; Staerck, C.; D’Almeida, S.M.; Marot, A.; Delneste, Y.; Calenda, A.; Tabiasco, J.; Bouchara, J.-P.; Fleury, M.J. Identification
of Scedosporium boydii catalase A1 gene, a reactive oxygen species detoxification factor highly expressed in response to oxidative
stress and phagocytic cells. Fungal Biol. 2015, 119, 1322–1333. [CrossRef]

25. Vandeputte, P.; Ghamrawi, S.; Rechenmann, M.; Iltis, A.; Giraud, S.; Fleury, M.; Thornton, C.; Delhaès, L.; Meyer, W.; Papon, N.;
et al. Draft genome sequence of the pathogenic fungus Scedosporium apiospermum. Genome Announc. 2014, 2, e00988-14.
[CrossRef]

26. Staerck, C.; Vandeputte, P.; Gastebois, A.; Calenda, A.; Giraud, S.; Papon, N.; Bouchara, J.P.; Fleury, M.J.J. Enzymatic Mechanisms
Involved in Evasion of Fungi to the Oxidative Stress: Focus on Scedosporium apiospermum. Mycopathologia 2017, 183, 227–239.
[CrossRef] [PubMed]

27. Staerck, C.; Tabiasco, J.; Godon, C.; Delneste, Y.; Bouchara, J.P.; Fleury, M.J.J. Transcriptional profiling of Scedosporium apiosper-
mum enzymatic antioxidant gene battery unravels the involvement of thioredoxin reductases against chemical and phagocytic
cells oxidative stress. Med. Mycol. 2019, 57, 363–373. [CrossRef]

28. Ghamrawi, S.; Gastebois, A.; Zykwinska, A.; Vandeputte, P.; Marot, A.; Mabilleau, G.; Cuenot, S.; Bouchara, J.-P. A Multifaceted
Study of Scedosporium boydii Cell Wall Changes during Germination and Identification of GPI-Anchored Proteins. PLoS ONE
2015, 10, e0128680. [CrossRef]

29. Pateau, V.; Razafimandimby, B.; Vandeputte, P.; Thornton, C.R.; Guillemette, T.; Bouchara, J.-P.; Giraud, S. Gene Disruption
in Scedosporium aurantiacum: Proof of Concept with the Disruption of SODC Gene Encoding a Cytosolic Cu,Zn-Superoxide
Dismutase. Mycopathologia 2018, 183, 241–249. [CrossRef]

30. Turgeon, B.; Condon, B.; Liu, J.; Zhang, N. Protoplast Transformation of Filamentous Fungi. Methods Mol. Biol. 2010, 638, 3–19.
[CrossRef]

31. Liu, Z.; Friesen, T.L. Polyethylene Glycol (PEG)-Mediated Transformation in Filamentous Fungal Pathogens. Methods Mol. Biol.
2012, 835, 365–375. [CrossRef]

32. Joubert, A.; Calmes, B.; Berruyer, R.; Pihet, M.; Bouchara, J.-P.; Simoneau, P.; Guillemette, T. Laser nephelometry applied in an
automated microplate system to study filamentous fungus growth. Biotechniques 2010, 48, 399–404. [CrossRef]

33. Martin-Vicente, A.; Guarro, J.; González, G.M.; Lass-Flörl, C.; Lackner, M.; Capilla, J. Voriconazole MICs are predictive for the
outcome of experimental disseminated scedosporiosis. J. Antimicrob. Chemother. 2017, 72, 1118–1122. [CrossRef] [PubMed]

34. Paolini, L.; Adam, C.; Beauvillain, C.; Preisser, L.; Blanchard, S.; Pignon, P.; Seegers, V.; Chevalier, L.-M.; Campone, M.; Wernert, R.;
et al. Lactic Acidosis Together with GM-CSF and M-CSF Induces Human Macrophages toward an Inflammatory Protumor
Phenotype. Cancer Immunol. Res. 2020, 8, 383–395. [CrossRef]

35. Marr, K.A.; Koudadoust, M.; Black, M.; Balajee, S.A. Early Events in Macrophage Killing of Aspergillus fumigatus Conidia: New
Flow Cytometric Viability Assay. Clin. Diagn. Lab. Immunol. 2001, 8, 1240–1247. [CrossRef] [PubMed]

36. Staerck, C.; Godon, C.; Bouchara, J.-P.; Fleury, M.J.J. Varying susceptibility of clinical and environmental Scedosporium isolates to
chemical oxidative stress in conidial germination. Arch. Microbiol. 2018, 200, 517–523. [CrossRef] [PubMed]

37. Meyer, V. Genetic engineering of filamentous fungi-progress, obstacles and future trends. Biotechnol. Adv. 2008, 26, 177–185.
[CrossRef]

38. Krappmann, S. Gene targeting in filamentous fungi: The benefits of impaired repair. Fungal Biol. Rev. 2007, 21, 25–29. [CrossRef]
39. Hamilton, A.J.; Holdom, M.D.; Hay, R.J. Specific recognition of purified Cu,Zn superoxide dismutase from Aspergillus fumigatus

by immune human sera. J. Clin. Microbiol. 1995, 33, 495–496. [CrossRef]
40. Desai, G.; Nassaft, F.; Brummer, E.; Stevens, D.A. Killing of Histoplasma capsulatum by macrophage colony stimulating factor-

treated human monocyte-derived macrophages: Role for reactive oxygen intermediates. J. Med. Microbiol. 1995, 43, 224–229.
[CrossRef]

41. Hwang, C.-S.; Rhie, G.-E.; Oh, J.-H.; Huh, W.-K.; Yim, H.-S.; Kang, S.-O. Copper- and zinc-containing superoxide dismutase
(Cu/ZnSOD) is required for the protection of Candida albicans against oxidative stresses and the expression of its full virulence.
Microbiology 2002, 148, 3705–3713. [CrossRef] [PubMed]

42. Narasipura, S.D.; Ault, J.G.; Behr, M.J.; Chaturvedi, V.; Chaturvedi, S. Characterization of Cu,Zn superoxide dismutase (SOD1)
gene knock-out mutant of Cryptococcus neoformans var. gattii: Role in biology and virulence. Mol. Microbiol. 2003, 47, 1681–1694.
[CrossRef]

43. Martchenko, M.; Alarco, A.-M.; Harcus, D.; Whiteway, M. Superoxide Dismutases in Candida albicans: Transcriptional Regulation
and Functional Characterization of the Hyphal-inducedSOD5Gene. Mol. Biol. Cell 2004, 15, 456–467. [CrossRef] [PubMed]

44. Thirach, S.; Cooper, C.R.; Vanittanakom, P.; Vanittanakom, N. The Copper, Zinc Superoxide Dismutase Gene of Penicillium
marneffei: Cloning, Characterization, and Differential Expression During Phase Transition and Macrophage Infection. Med.
Mycol. 2007, 45, 409–417. [CrossRef] [PubMed]

45. Frohner, I.E.; Bourgeois, C.; Yatsyk, K.; Majer, O.; Kuchler, K. Candida albicans cell surface superoxide dismutases degrade
host-derived reactive oxygen species to escape innate immune surveillance. Mol. Microbiol. 2009, 71, 240–252. [CrossRef]

46. Lambou, K.; Lamarre, C.; Beau, R.; Dufour, N.; Latgé, J.P. Functional analysis of the superoxide dismutase family in Aspergillus
fumigatus. Mol. Microbiol. 2010, 75, 910–923. [CrossRef]

47. Miramon, P.; Dunker, C.; Windecker, H.; Bohovych, I.M.; Brown, A.J.; Kurzai, O.; Hube, B. Cellular Responses of Candida albicans
to Phagocytosis and the Extracellular Activities of Neutrophils Are Critical to Counteract Carbohydrate Starvation, Oxidative
and Nitrosative Stress. PLoS ONE 2012, 7, e52850. [CrossRef]

http://doi.org/10.1016/j.funbio.2015.09.007
http://doi.org/10.1128/genomeA.00988-14
http://doi.org/10.1007/s11046-017-0160-6
http://www.ncbi.nlm.nih.gov/pubmed/28639066
http://doi.org/10.1093/mmy/myy033
http://doi.org/10.1371/journal.pone.0128680
http://doi.org/10.1007/s11046-017-0204-y
http://doi.org/10.1007/978-1-60761-611-5_1
http://doi.org/10.1007/978-1-61779-501-5_21
http://doi.org/10.2144/000113399
http://doi.org/10.1093/jac/dkw532
http://www.ncbi.nlm.nih.gov/pubmed/28031271
http://doi.org/10.1158/2326-6066.CIR-18-0749
http://doi.org/10.1128/CDLI.8.6.1240-1247.2001
http://www.ncbi.nlm.nih.gov/pubmed/11687470
http://doi.org/10.1007/s00203-018-1491-5
http://www.ncbi.nlm.nih.gov/pubmed/29464281
http://doi.org/10.1016/j.biotechadv.2007.12.001
http://doi.org/10.1016/j.fbr.2007.02.004
http://doi.org/10.1128/jcm.33.2.495-496.1995
http://doi.org/10.1099/00222615-43-3-224
http://doi.org/10.1099/00221287-148-11-3705
http://www.ncbi.nlm.nih.gov/pubmed/12427960
http://doi.org/10.1046/j.1365-2958.2003.03393.x
http://doi.org/10.1091/mbc.e03-03-0179
http://www.ncbi.nlm.nih.gov/pubmed/14617819
http://doi.org/10.1080/13693780701381271
http://www.ncbi.nlm.nih.gov/pubmed/17654267
http://doi.org/10.1111/j.1365-2958.2008.06528.x
http://doi.org/10.1111/j.1365-2958.2009.07024.x
http://doi.org/10.1371/journal.pone.0052850


J. Fungi 2021, 7, 575 19 of 20

48. Youseff, B.H.; Holbrook, E.D.; Smolnycki, K.A.; Rappleye, C.A. Extracellular Superoxide Dismutase Protects Histoplasma Yeast
Cells from Host-Derived Oxidative Stress. PLOS Pathog. 2012, 8, e1002713. [CrossRef]

49. Gleason, J.E.; Galaleldeen, A.; Peterson, R.L.; Taylor, A.B.; Holloway, S.P.; Waninger-Saroni, J.; Cormack, B.P.; Cabelli, D.E.; Hart,
P.J.; Culotta, V.C. Candida albicans SOD5 represents the prototype of an unprecedented class of Cu-only superoxide dismutases
required for pathogen defense. Proc. Natl. Acad. Sci. USA 2014, 111, 5866–5871. [CrossRef]

50. Garfoot, A.L.; Rappleye, C.A. Histoplasma capsulatum surmounts obstacles to intracellular pathogenesis. FEBS J. 2016, 283,
619–633. [CrossRef]

51. Tamayo, D.; Muñoz, J.F.; Lopez, Á.; Urán, M.; Herrera, J.; Borges, C.L.; Restrepo, Á.; Soares, C.M.; Taborda, C.P.; Almeida, A.J.;
et al. Identification and analysis of the role of superoxide dismutases isoforms in the pathogenesis of Paracoccidioides spp. PLoS
Negl. Trop. Dis. 2016, 10, e0004481. [CrossRef]

52. Mouyna, I.; Fontaine, T.; Vai, M.; Monod, M.; Fonzi, W.A.; Diaquin, M.; Popolo, L.; Hartland, R.P.; Latgé, J.-P. Glycosylphosphatidylinositol-
anchored Glucanosyltransferases Play an Active Role in the Biosynthesis of the Fungal Cell Wall. J. Biol. Chem. 2000, 275,
14882–14889. [CrossRef]

53. Rittenour, W.R.; Harris, S.D. Glycosylphosphatidylinositol-Anchored Proteins in Fusarium graminearum: Inventory, Variability,
and Virulence. PLoS ONE 2013, 8, e81603. [CrossRef] [PubMed]

54. Shen, H.; Chen, S.M.; Liu, W.; Zhu, F.; He, L.J.; Zhang, J.D.; Zhang, S.Q.; Yan, L.; Xu, Z.; Xu, G.T.; et al. Abolishing Cell Wall
Glycosylphosphatidylinositol-Anchored Proteins in Candida albicans Enhances Recognition by Host Dectin-1. Infect. Immun.
2015, 83, 2694–2704. [CrossRef]

55. Matsushika, A.; Negi, K.; Suzuki, T.; Goshima, T.; Hoshino, T. Identification and characterization of a novel issatchenkia orientalis
GPI-anchored protein, IoGas1, required for resistance to low pH and salt stress. PLoS ONE 2016, 11, e0161888. [CrossRef]
[PubMed]

56. Cox, G.M.; Harrison, T.S.; McDade, H.C.; Taborda, C.; Heinrich, G.; Casadevall, A.; Perfect, J.R. Superoxide Dismutase Influences
the Virulence of Cryptococcus neoformans by Affecting Growth within Macrophages. Infect. Immun. 2003, 71, 173–180. [CrossRef]

57. Narasipura, S.D.; Chaturvedi, V.; Chaturvedi, S. Characterization of Cryptococcus neoformans variety gattii SOD2 reveals distinct
roles of the two superoxide dismutases in fungal biology and virulence. Mol. Microbiol. 2005, 55, 1782–1800. [CrossRef] [PubMed]

58. Holdom, M.D.; Lechenne, B.; Hay, R.J.; Hamilton, A.J.; Monod, M. Production and Characterization of Recombinant Aspergillus
fumigatus Cu,Zn Superoxide Dismutase and Its Recognition by Immune Human Sera. J. Clin. Microbiol. 2000, 38, 558–562.
[CrossRef]

59. Leal, S.; Vareechon, C.; Cowden, S.; Cobb, B.A.; Latgé, J.-P.; Momany, M.; Pearlman, E. Fungal antioxidant pathways promote
survival against neutrophils during infection. J. Clin. Investig. 2012, 122, 2482–2498. [CrossRef]

60. Zheng, P.; Chen, L.; Zhong, S.; Wei, X.; Zhao, Q.; Pan, Q.; Kang, Z.; Liu, J. A Cu-only superoxide dismutase from stripe rust fungi
functions as a virulence factor deployed for counter defense against host-derived oxidative stress. Environ. Microbiol. 2020, 22,
5309–5326. [CrossRef]

61. Dantas, A.D.S.; Day, A.; Ikeh, M.; Kos, I.; Achan, B.; Quinn, J. Oxidative Stress Responses in the Human Fungal Pathogen,
Candida albicans. Biomolecules 2015, 5, 142–165. [CrossRef]

62. Chaput, M.; Brygier, J.; Lion, Y.; Sels, A. Potentiation of oxygen toxicity by menadione in Saccharomyces cerevisiae. Biochimie
1983, 65, 501–512. [CrossRef]

63. Sun, L.; Liao, K.; Hang, C.; Wang, D. Honokiol induces reactive oxygen species-mediated apoptosis in Candida albicans through
mitochondrial dysfunction. PLoS ONE 2017, 12, e0172228. [CrossRef] [PubMed]

64. Wang, Q.; Pokhrel, A.; Coleman, J.J. The Extracellular Superoxide Dismutase Sod5 From Fusarium oxysporum Is Localized in
Response to External Stimuli and Contributes to Fungal Pathogenicity. Front. Plant Sci. 2021, 12, 608861. [CrossRef] [PubMed]

65. Hink, H.U.; Santanam, N.; Dikalov, S.; McCann, L.; Nguyen, A.D.; Parthasarathy, S.; Harrison, D.G.; Fukai, T. Peroxidase
properties of extracellular superoxide dismutase: Role of uric acid in modulating in vivo activity. Arterioscler. Thromb. Vasc. Biol.
2002, 22, 1402–1408. [CrossRef]

66. Kobayashi, D.; Kondo, K.; Uehara, N.; Otokozawa, S.; Tsuji, N.; Yagihashi, A.; Watanabe, N. Endogenous reactive oxygen species
is an important mediator of miconazole antifungal effect. Antimicrob. Agents Chemother. 2002, 46, 3113–3117. [CrossRef]

67. Bink, A.; VandenBosch, D.; Coenye, T.; Nelis, H.; Cammue, B.P.A.; Thevissen, K. Superoxide Dismutases Are Involved in Candida
albicans Biofilm Persistence against Miconazole. Antimicrob. Agents Chemother. 2011, 55, 4033–4037. [CrossRef] [PubMed]

68. Shekhova, E.; Kniemeyer, O.; Brakhage, A.A. Induction of Mitochondrial Reactive Oxygen Species Production by Itraconazole,
Terbinafine, and Amphotericin B as a Mode of Action against Aspergillus fumigatus. Antimicrob. Agents Chemother. 2017, 61,
00978-17. [CrossRef] [PubMed]

69. Peng, C.A.; Gaertner, A.A.E.; Henriquez, S.A.; Fang, D.; Colon-Reyes, R.J.; Brumaghim, J.; Kozubowski, L. Fluconazole induces
ROS in Cryptococcus neoformans and contributes to DNA damage in vitro. PLoS ONE 2018, 13, e0208471. [CrossRef] [PubMed]

70. Dbouk, N.H.; Covington, M.B.; Nguyen, K.; Chandrasekaran, S. Increase of reactive oxygen species contributes to growth
inhibition by fluconazole in Cryptococcus neoformans. BMC Microbiol. 2019, 19, 243. [CrossRef]

71. Linares, C.E.B.; Giacomelli, S.R.; Altenhofen, D.; Alves, S.H.; Morsch, V.M.; Schetinger, M.R.C. Fluconazole and amphotericin-B
resistance are associated with increased catalase and superoxide dismutase activity in Candida albicans and Candida dubliniensis.
Rev. Soc. Bras. Med. Trop. 2013, 46, 752–758. [CrossRef] [PubMed]

http://doi.org/10.1371/journal.ppat.1002713
http://doi.org/10.1073/pnas.1400137111
http://doi.org/10.1111/febs.13389
http://doi.org/10.1371/journal.pntd.0004481
http://doi.org/10.1074/jbc.275.20.14882
http://doi.org/10.1371/journal.pone.0081603
http://www.ncbi.nlm.nih.gov/pubmed/24312325
http://doi.org/10.1128/IAI.00097-15
http://doi.org/10.1371/journal.pone.0161888
http://www.ncbi.nlm.nih.gov/pubmed/27589271
http://doi.org/10.1128/IAI.71.1.173-180.2003
http://doi.org/10.1111/j.1365-2958.2005.04503.x
http://www.ncbi.nlm.nih.gov/pubmed/15752200
http://doi.org/10.1128/JCM.38.2.558-562.2000
http://doi.org/10.1172/JCI63239
http://doi.org/10.1111/1462-2920.15236
http://doi.org/10.3390/biom5010142
http://doi.org/10.1016/S0300-9084(83)80132-1
http://doi.org/10.1371/journal.pone.0172228
http://www.ncbi.nlm.nih.gov/pubmed/28192489
http://doi.org/10.3389/fpls.2021.608861
http://www.ncbi.nlm.nih.gov/pubmed/33737941
http://doi.org/10.1161/01.ATV.0000027524.86752.02
http://doi.org/10.1128/AAC.46.10.3113-3117.2002
http://doi.org/10.1128/AAC.00280-11
http://www.ncbi.nlm.nih.gov/pubmed/21746956
http://doi.org/10.1128/AAC.00978-17
http://www.ncbi.nlm.nih.gov/pubmed/28848005
http://doi.org/10.1371/journal.pone.0208471
http://www.ncbi.nlm.nih.gov/pubmed/30532246
http://doi.org/10.1186/s12866-019-1606-4
http://doi.org/10.1590/0037-8682-0190-2013
http://www.ncbi.nlm.nih.gov/pubmed/24474018


J. Fungi 2021, 7, 575 20 of 20

72. Schruefer, S.; Böhmer, I.; Dichtl, K.; Spadinger, A.; Kleinemeier, C.; Ebel, F. The response regulator Skn7 of Aspergillus fumigatus
is essential for the antifungal effect of fludioxonil. Sci. Rep. 2021, 11, 5317. [CrossRef] [PubMed]

73. Kopecká, M.; Gabriel, M. The influence of Congo red on the cell wall and (1→ 3)-β-d-glucan microfibril biogenesis in Saccha-
romyces cerevisiae. Arch. Microbiol. 1992, 158, 115–126. [CrossRef] [PubMed]

74. Rollin-Pinheiro, R.; Xisto, M.I.D.D.S.; Rochetti, V.P.; Barreto-Bergter, E. Scedosporium cell wall: From carbohydrate-containing
structures to host-pathogen interactions. Mycopathologia 2020, 185, 931–946. [CrossRef] [PubMed]

75. Benachour, A.; Sipos, G.; Flury, I.; Reggiori, F.; Canivenc-Gansel, E.; Vionnet, C.; Conzelmann, A.; Benghezal, M. Deletion of GPI7,
a Yeast Gene Required for Addition of a Side Chain to the Glycosylphosphatidylinositol (GPI) Core Structure, Affects GPI Protein
Transport, Remodeling, and Cell Wall Integrity. J. Biol. Chem. 1999, 274, 15251–15261. [CrossRef]

76. Bowman, S.M.; Piwowar, A.; Al Dabbous, M.; Vierula, J.; Free, S.J. Mutational Analysis of the Glycosylphosphatidylinositol (GPI)
Anchor Pathway Demonstrates that GPI-Anchored Proteins Are Required for Cell Wall Biogenesis and Normal Hyphal Growth
in Neurospora crassa. Eukaryot. Cell 2006, 5, 587–600. [CrossRef]

http://doi.org/10.1038/s41598-021-84740-6
http://www.ncbi.nlm.nih.gov/pubmed/33674651
http://doi.org/10.1007/BF00245214
http://www.ncbi.nlm.nih.gov/pubmed/1417414
http://doi.org/10.1007/s11046-020-00480-7
http://www.ncbi.nlm.nih.gov/pubmed/32990888
http://doi.org/10.1074/jbc.274.21.15251
http://doi.org/10.1128/EC.5.3.587-600.2006

	Introduction 
	Materials and Methods 
	Strain and Culture Conditions 
	Genomic DNA Extraction 
	Disruption of the SODD Gene 
	Southern Blot Analysis 
	Susceptibility Studies 
	Phagocytosis Assays 
	Transmission Electron Microscopy 
	Statistical Analysis 

	Results 
	Generation of a SODD Deficient Mutant 
	Sensitivity to Temperature and Cell Wall Stressing Chemicals 
	Growth under Chemically-Induced Oxidative Stress 
	Susceptibility to Antifungals 
	Interactions with Phagocytes 
	Morphological Features of the Conidia and Ultrastructure of Their Cell Wall 

	Discussion 
	Conclusions 
	References

