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ABSTRACT In Aspergillus fumigatus, the most prevalent resistance to azoles results
from mutational modifications of the azole target protein Cyp51A, but there are non-
cyp51A mutants resistant to azoles, and the mechanisms underlying the resistance of
these strains remain to be explored. Here, we identified a novel cytochrome c oxidase,
cox7c (W56*), nonsense mutation in the laboratory and found that it caused reduced
colony growth and resistance to multiantifungal agents. Meanwhile, we revealed that
cold storage is responsible for increased tolerance of conidia to itraconazole (ITC) stress,
which further advances azole-resistant mutations (cryopreservation!ITC tolerance!azole
resistance). The deletion or mutation of cox7c results explicitly in resistance to antifungal-
targeting enzymes, including triazoles, polyenes, and allylamines, required for ergosterol
synthesis, or resistance to fungal ergosterol. A high-performance liquid chromatography
(HPLC) assay showed that the cox7c knockout strain decreased intracellular itraconazole
concentration. In addition, the lack of Cox7c resulted in the accumulation of intracellular
heme B. We validated that an endogenous increase in, or the exogenous addition of,
heme B was capable of eliciting azole resistance, which was in good accordance with
the phenotypic resistance analysis of cox7c mutants. Furthermore, RNA sequencing
verified the elevated transcriptional expression levels of multidrug transport genes.
Additionally, lower itraconazole-induced reactive oxygen species generation in mycelia of
a cox7c-deletion strain suggested that this reduction may, in part, contribute to drug
resistance. These findings increase our understanding of how A. fumigatus’s direct
responses to azoles promote fungal survival in the environment and address genetic
mutations that arise from patients or environments.

KEYWORDS Aspergillus fumigatus, antifungal resistance, cytochrome c oxidase, reactive
oxygen species, heme

A spergillus fumigatus is a well-known and ubiquitous opportunistic fungal pathogen
that plays an integral part in degrading organic biomaterials for carbon and nitrogen

recycling in nature (1). It causes invasive or chronic infections that lead to a certain mortal-
ity rate every year, particularly for immunocompromised individuals, which are a challenge
in global public health (1). At present, the treatment of invasive aspergillosis (IA) predomi-
nantly relies on triazoles, the first line of antifungal drugs (2). Members of the largest family
of triazole agents primarily include fluconazole, itraconazole (ITC), posaconazole (PSC), and
voriconazole (VRC). The latter is currently the first choice for the treatment of IA (3, 4).
These commonly used systemic fungicides have free azole nitrogen, which binds to the
iron atom of the heme, inhibiting the synthesis of ergosterol by 14a-lanosterol demethyl-
ase (Cyp51/Erg11) in the fungal cell membrane, and the inhibition of ERG5 has also been
suggested (5, 6). However, the extensive use of antimicrobials over the decades has
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favored the development of resistance, and the resulting infections are often associated
with a higher probability of antifungal treatment failure (7, 8). Moreover, the number of
IA-specific antifungal drugs is limited; therefore, resistance to azoles is a growing prob-
lem for IA treatment and patient management (7, 8). Consequently, a comprehensive
understanding of the molecular mechanisms underlying azole resistance may provide an
avenue for therapeutic intervention against resistant strains.

To survive and thrive in harsh habitats, A. fumigatus has evolved effective response
mechanisms, including smaller spores with rapid germination and dispersion capacities,
phenotypic plasticity, and genetic alterations (9–11). Accordingly, several azole resistance
mechanisms have been identified. The most common mechanisms of resistance in A. fumi-
gatus are modifications of the cyp51A gene (12). Other vital mechanisms of azole resistance
are mediated by the overexpression of multidrug resistance (MDR) pumps, metabolic
adaptions, biofilm formation, and stress-response pathways (11, 13–15). There are two cat-
egories of cyp51Amodifications, tandem insertions at the cyp51A promoter and more than
20 coding region point mutations (e.g., TR34/L98H, G54W, P216L, M220V/K/T, and G448S).
These modifications cause the overexpression of Cyp51A or reduce its binding affinity to
azoles (11, 16), which is associated with the acquisition and development of A. fumigatus
resistance to azole activity. Additionally, mutation or overexpression in cyp51B also results
in triazole resistance (17).

Although such cyp51A-based azole-resistant strains have been reported frequently in
the past years, variants without any mutation in the cyp51A gene that show low suscepti-
bilities to azole drugs have emerged. Such cyp51A-free mechanisms, which were first iden-
tified in clinical cases, are thought to be responsible for treatment failure (4). Recently,
studies investigating mutations acquired in laboratory strains of triazole-susceptible A.
fumigatus that develop resistance upon triazole exposure have identified potentially novel
resistance mechanisms (11, 18). Thus, so far, no less than 10 mutations other than in cyp51
leading to azole resistance have been frequently identified. The majority of these muta-
tions are located in genes involved in the regulation or biosynthesis of ergosterol, mainte-
nance of mitochondrial respiration, and transporters (19–21). These studies significantly
increase our understanding of the mechanisms underlying resistance to antifungal drugs,
and the non-Cyp51A azole-resistant mutations are becoming the focus of attention.

Mitochondrial dysfunction affects azole resistance through potential mechanisms in
fungi, for example, regulation of drug efflux pumps, iron homeostasis (22), decreased
reactive oxygen species (ROS) production (23), and activity of cytochrome c oxidase
(Cox/Cco; also known as complex IV) (24). Cytochrome c oxidase, the terminal compo-
nent of the mitochondrial respiratory chain, catalyzes the electron transfer from
reduced cytochrome c to oxygen. Cox is a heteromeric complex, and the number of
subunits varies from 3 to 5 in bacteria and up to 12 and 13 in yeast and mammals,
respectively. It is encoded by mitochondrial genes (Cox1p, -2p, and -3p, which function
in electron transfer) and nuclear genes (which function in the regulation and assembly of
the complex) (25). Mitochondrial fission mutants Ddnm1 and Dfis1 showed decreased activ-
ity of complex IV and increased VRC resistance in A. fumigatus (24). The amino acid substitu-
tion R243Q in the cox10 gene of A. fumigatus was induced in the laboratory and reported to
cause azole resistance (21, 26). In addition, amino acid substitutions P17S and A423V are
present in the cox10 gene of A. fumigatus strains originating from clinical and environmental
sources; however, none of these substitutions have been validated to confer azole resistance.
Cox10 is a farnesyltransferase that plays a critical role in the mitochondrial heme biosynthetic
pathway by catalyzing the conversion of heme B to heme O, followed by Cox15p conversion
to heme A, which presents a cofactor required for the stability and folding of the Cox1 subu-
nit. Cox10- and Cox15-null mutants exhibit identical phenotypes, having colony growth
defects and multidrug resistance (21). Deleting the Afcox10 gene results in the activation of
Ca21 signaling and calcineurin-dependent response element drug transporters, which results
in azole-resistant phenotypes.

In a previous ITC susceptibility assay, we used the A. fumigatus A1160C spore sus-
pension, which had been kept in sterile deionized water at 4°C for several weeks as a
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wild-type control; unexpectedly, two independent azole-resistant mutants, IM1 and
IM2, arose spontaneously from the ITC-containing (0.2 mg/mL) YAG plate. This interest-
ing discovery intrigued us to identify the potential genome mutations that induce this
drug-resistant phenotype. Therefore, through next-generation sequencing analysis, a
cox7c (W56*) mutation not reported before was isolated from both mutants. We further
determined experimentally that cox7c is involved in multiple antifungal resistance in
vitro. More importantly, we provided evidence that the lack of cox7c influences the
heme B content, the regulation of a series of metal-ion metabolism-related genes
and drug efflux genes, and ROS generation. Thus, the novel cox7c mutation may help
A. fumigatus survive azole exposure and confer azole resistance.

RESULTS
Identification of the induced cox7c mutation involved in azole resistance. Here,

the two ITC-resistant isolates we recently serendipitously discovered were named ITC-
induced mutant (IM) 1 and 2. As shown in Fig. 1A, on YAG plates, these two mutants
exhibited similar defects in colony phenotype to the starting strain A1160C, suggesting
that the mutated genes were required for normal vegetative growth. However, IM1 and
IM2 showed low susceptibility levels to ITC and VRC compared with the A1160C strains,
indicating the existence of acquired azole-antifungal resistance mechanisms. To verify
the mutation sites, we surveyed the literature and cloned coding regions of the cyp51A,
erg3, erg5, erg6, srbA, hapX, hapB, hapC, hapE, hmg1A, hmg1B, and cox10 genes, including
their promoter regions, from IM1 and IM2. However, the sequencing results indicated
that no mutations occurred in these selected genes. To unravel the potential mutations
responsible for azole resistance, next-generation sequencing was performed on IM1,
IM2, and the wild-type strain (A1160C). After a comparative genomic analysis, approxi-
mately 490 single nucleotide polymorphisms (SNPs) were detected in the coding regions
of both IM1 and IM2 (see Data Set S1 in the supplemental material). Because IM1 and
IM2 showed almost the same phenotype and were both derived from A1160C, we
hypothesized that they contained a consensus mutation site distinct from A1160C.
Finally, we identified a unique SNP embedded in the predicted protein AFUB_064240
that harbored an amino acid change from tryptophan (TGG, W) to stop (TAG) at codon
56 (W56*), which was confirmed through single-gene sequencing (Fig. 1B).

The Conserved Domain Database (CDD) revealed that full-length AFUB_064240
contains 149 amino acid residues and has one predicted domain cytochrome c oxidase
subunit VIIc starting and ending at positions 22 and 73, respectively (Fig. 1C).
Thereafter, we designated the AFUB_064240 gene cox7c and referred to the corre-
sponding protein as Cox7c. A BLAST search of the NCBI database revealed that Cox7c
homologs are widely present in fungi and metazoans but are absent in plants. It shares
21.3% and 33.3% sequence identities with Saccharomyces cerevisiae and Schizosaccharomyces
pombe Cox8p, respectively. The phylogenetic relationships among these homologs for
selected organisms were analyzed, and a phylogenetic tree was constructed (Fig. S1). Cox7c
homologs form two clusters, fungal and metazoan. Among these proteins, A. fumigatus Cox7c
had the highest identity score (82.7%) with its homolog in Aspergillus nidulans and the lowest
identity score with its homolog Cox8p from S. cerevisiae (21.3%). These results demonstrated
the conservation of the Cox7c amino acid sequence among these organisms.

Long-term cryopreservation of spores tends to produce ITC-induced mutagenesis.
To investigate the causes of such cox7c mutation, we conducted cryopreservation time
series and azole induction analyses on the A. fumigatus A1160C and Af293 strains dur-
ing incubation with ITC to see if we could recover the cox7c mutation. While ITC toler-
ance was seen (Fig. S2A and S3) and, subsequently, three more ITC-tolerant mutants
were further identified (IM3, -4, and -5) (Fig. 1D and E), none of these harbored the
cox7c mutation. The ITC (MIC, 2 mg/mL) and VRC (MIC, 1 mg/mL) MICs were also raised
uniformly for these three mutants. Additionally, the azole tolerance/resistance of long-
term cryopreserved spores only occurs against ITC among these antifungals (Fig. S2).
These results suggest that cold storage does not directly select for a mutation that pro-
vides cross-resistance to azoles but just increases ITC tolerance, allowing for the
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selection of azole-resistant mutations under subsequent specific ITC stress (cryopreserva-
tion of conidia first and ITC exposure later, that is, cryopreservation!ITC tolerance!azole
resistance).

Deletion of cox7c results in different levels of antifungal susceptibility. To fur-
ther confirm that the mutated cox7c gene caused the defective growth and azole re-
sistance phenotypes of the IM1 and IM2 mutants and provide insight into its function,
the entire coding region of cox7c was deleted to generate the Dcox7c mutant. The
knockout strain was constructed by gene deletion in the A1160C background strain
and was subjected to diagnostic PCR analysis. As shown in Fig. 2B, in the Dcox7c mu-
tant, cox7c was successfully replaced by the selective Neurospora crassa pyr4 marker
gene. In addition, we reconstituted the complementation strain Dcox7cC by using the
full-length cox7c gene cassette. Compared with wild type and Dcox7cC, the Dcox7c mu-
tant showed reduced colony size and ITC or VRC resistance, similar to the IM1 mutant
(Fig. 2A).

To further determine whether the absence of cox7c affects cross-resistance to anti-
fungals, we selected several antifungals with different action mechanisms to assess

FIG 1 Two A. fumigatus isolates resistant to azoles have the cox7c (W56*) nonsense mutation. (A) Comparison of the
susceptibility of the reference strain A1160C, IM1 mutant, and IM2 mutant to ITC or VRC. Strains were grown on YAG agar
plates supplemented with or without ITC or VRC at the indicated concentrations and incubated at 37°C for 2 days. (B)
Analysis of cox7c sequencing map of IM1 and IM2 mutants. (C) Schematic diagram of the conserved domain and the
identified mutation site of Cox7c. (D) Wild-type spores exposed to different cryopreservation times were cultured on YAG
agar plates supplemented with 0.5 mg/mL ITC at 37°C for 4 days. Tested spores were cryopreserved in sterile deionized
water at 220°C for 0 to 10 weeks. Red arrows indicate the breakthrough growth of ITC-more tolerant mutants IM3, 24,
and 25. (E) Selected mutated clones were purified and subcultured on YAG agar plates supplemented with or without ITC
at 37°C for 2 days.
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responses to azoles (posaconazole [PSC]), polyenes (amphotericin B [AmB]), allylamines
(terbinafine [TBF]), nucleoside analogs (5-fluorocytosine [5-FC]), sphingolipid synthesis
inhibitors (myriocin [MYR]), and echinocandins (caspofungin [CAS]). Notably, a set of
drug-tolerant phenotypes was classified into three categories according to the

FIG 2 Deletion or mutation of cox7c results in lower intracellular ITC retention, decreased ROS, and different-level
resistance of A. fumigatus to antifungal drugs. (A) Cross-resistance and sensitivity tests to ITC, VRC, PSC, TBF, AmB,
MYR, 5-FC, and CAS in selected strains. All strains were grown on indicated plates at 37°C for 2 days. (B) Diagnostic
PCR using genomes as templates confirmed that the full-length sequence of cox7c was replaced by the selective
gene in the deletion strain and was complemented in the reconstitution strain. For lanes 1, 2, and 3, the PCR
primer pair was cox7c P2/Diag cox7c to detect whether there was a cox7c gene, and the expected size was 1.1 kb.
(C) Comparison of the intracellular ergosterol concentrations in the displayed strains. (D) Intracellular ITC
concentrations in strains stimulated by 1 mg/mL ITC for 2 h. The concentration values of ITC and ergosterol were
analyzed by one-way analysis of variance (ANOVA) with unpaired Student's t test and presented as the means 6
SD of three biological samples. Error bars represent the corresponding standard deviations. **, P , 0.01; ***,
P , 0.001. (E) Increment of ITC-induced ROS in mycelia of indicated strains. Fluorescence intensity values were
presented as the means 6 SD of three biological replicates and analyzed by one-way ANOVA with unpaired
Student's t test (**, P , 0.01; ***, P , 0.001). (F) Colony phenotypes of indicated strains on MM containing
glucose, ethanol, or glycerol, respectively, as a sole carbon source at 37°C for 2 days. (G) Colony phenotypes of
indicated strains on MM containing H2O2 or VC in the presence or absence of ITC at 37°C for 2 days.
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diversity of colony size on plates when compared to the control strain, A1160C (Fig.
2A). In class I, the cox7c mutants showed the highest degree of resistance to ITC, PSC,
and VRC compared with the wild type when spotted on solid YAG media containing
tested antifungals. In class II, the cox7c mutants were cross-tolerant to AmB and TBF.
However, in classes III, all the mutants and the wild-type strain displayed 5-FC-, MYR-,
and CAS-susceptible phenotypes. Subsequently, we tested the MICs of the cox7c
mutants and the wild-type strain (A1160C) in response to antifungals following the
Clinical and Laboratory Standards Institute M38-A2 standard methods (27), and the
results are provided in Table 1. In agreement with the plate tests, the MIC assays fur-
ther confirmed that the cox7c mutants exhibited increased tolerance levels to azoles
AmB and TBF. The azole MICs of cox7c mutants were 4-fold (4 mg/mL in Dcox7c versus
1 mg/mL in wild type) higher, and the AmB and TBF MICs of Dcox7c were 2-fold higher
than that of A1160C. In contrast, there were no detectable differences in the MICs of
MYR and 5-FC among these strains. In summary, cox7c mutants have a specific antifun-
gal resistance profile and exclusively antagonize antifungals inhibiting ergosterol bio-
synthesis or targeting fungal ergosterols, suggesting the existence of a potential novel
antifungal resistance mechanism.

It has been suggested that azoles interfere with the activity of 14-a-lanosterol de-
methylase to inhibit ergosterol biosynthesis, and the ergosterol level is a determinant
for resistance to any class of azoles (6). To interpret the resistance mechanism, we first
tested and compared the ergosterol contents between the cox7c mutants and the
A1160C strain. Total sterol was extracted and detected by high-performance liquid
chromatography (HPLC) analysis. However, no significant differences in the ergosterol
contents were found among these strains (Fig. 2C). Furthermore, the intracellular ITC
contents of the cox7c-null mutant and the wild-type strain were directly measured by
HPLC, and the intracellular ITC retention in the mutants, expectably, was 2.3-fold lower
than that in the reference strain (Fig. 2D). We reasoned that the reduced ROS content
may alleviate the fungicidal effects of antifungals in mutants, and indeed, we observed
less intracellular ROS accumulation in the mutants (only 63% that of the wild type)
when the most representative azole ITC was used as an ROS stimulator (Fig. 2E). Less
production of ROS was also detected in the mutants with or without H2O2 stimulus in
comparison to the wild type (Fig. S4A). As shown in Fig. 2F, cox7cW56* and Dcox7c
showed nonfermentable carbon source colony defects in minimal medium (MM) plates
supplemented by glycerin or ethanol as the sole carbon source compared with the ro-
bust hyphal growth of the parental wild-type and complemental strains, suggesting
that cox7c mutation could cause loss of mitochondria aerobic respiration capacity,
which may account for the decreased ROS in mutants. Moreover, when H2O2 was
added to the media in the presence or absence of ITC, cox7c mutants exhibited a
slower growth rate and decreased resistance to ITC compared with parental wild-type
and complemental strains (Fig. 2G). Interestingly, the antioxidant reagent vitamin C
(VC) improved the wild-type strain’s ITC tolerance but not the mutants’ (Fig. 2G). Taken
together, these results suggest that the intracellular ITC and ROS decreases in the
cox7c mutants are responsible for their azole resistance. However, more in-depth stud-
ies are needed to fully explain the mechanisms of cox7c depletion-mediated azole ad-
aptation of A. fumigatus.

TABLE 1MICs of ITC, VRC, PSC, AmB, TBF, MYR, and 5-FC for selected isolatesa

Strain

MIC (mg/mL) of:

ITC VRC PSC AmB TBF MYR 5-FC
A1160c 1 0.5 0.5 1 4 32 .128
cox7cW56* 4 2 2 2 8 32 .128
Dcox7c 4 2 2 2 8 32 .128
aITC, itraconazole; VRC, voriconazole; PSC, posaconazole; AmB, amphotericin B; TBF, terbinafine; MYR, myriocin;
5-FC, 5-fluorocytosine.
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Dcox7c differentially expressed genes are primarily involved in transporter
activity and iron metabolism. A transcriptome sequencing (RNA-seq)-based approach
was used to further explore the cox7c mutation-incurred antifungal-resistant mecha-
nisms. Two groups of RNA samples from the IM1 mutant and the wild-type strain
A1160C (serving as the control) were prepared independently for transcriptome analy-
sis. The comparative RNA-seq analysis revealed that the gene expression profile of the
IM1 strain was greatly different from that of the A1160C strain. Among the 10,041 A.
fumigatus transcripts, 1,306 were significantly regulated (P# 0.05, 21$ log2 fold change
[log2 fold change] $ 1) (Data Set S2). Of the 1,306 differentially expressed genes (DEGs)
between the two experimental groups, 890 were upregulated, and 406 were downregu-
lated (Fig. 3A and Data Set S2). As shown by the gene ontology (GO) functional enrich-
ment analysis, the DEGs were primarily involved in the transporter activity, cellular
response to iron ion starvation, cellular iron ion homeostasis, etc. (Fig. 3B).

In addition, a heatmap showing the selected top upregulated or top downregu-
lated DEGs involved in multidrug transporter and iron metabolism was constructed
(Fig. 3C). Most genes involved in the multidrug transporter from the IM1 group, in con-
trast to the control group, were upregulated, including atrF (fold change, 4.37), abcB
(FC, 3.34), mdr3 (FC, 2.65), and mdr1 (FC, 2.55). However, abcA (FC, 0.72) and mdr4 (FC,
0.03) were downregulated. Additionally, putative cytochrome c peroxidase ccp1 and
putative manganese superoxide dismutase sod3 genes increased by 5.92- and 2.41-
fold. Among the metal metabolism-related genes, iron metabolic genes showed the
most striking alteration in terms of number and fold change. For instance, the tran-
scription level of the vacuolar iron transporter cccA (AFUB_069470) showed a dramatic
11.4-fold upregulation. Simultaneously, the transcription levels of siderophore biosyn-
thesis sidJ (AFUB_044860), sidF (AFUB_044850), sidD (AFUB_044830), and siderophore
transporter mirD (AFUB_044810), as well as 2OG-Fe (II) oxygenase family genes
(AFUB_047610), were 29.38-, 462.13-, 95.84-, 259.47-, and 8.17-fold less, respectively,

FIG 3 The IM1 mutant has significant changes in the patterns of gene transcription. (A) Volcano plot highlighting downregulated and upregulated genes
with a j(lg2FC)j of $1 and a P value of #0.05. Differential gene expression in the IM1 mutant compared with the parental wild type was measured by RNA
sequencing. Red, upregulation; blue, downregulation; gray, not significant. (B) GO term enrichment analysis of RNA-seq data. Rich factor, the ratio of input
DEGs that are annotated in a term to all genes that are annotated in this term. (C) Heatmap analysis of RNA-seq results for the annotated genes encoding
proteins putatively involved in multidrug transport, ROS scavenging, and iron metabolism. Log2 fold changes are plotted for significant difference.
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than those of the wild-type strain. The transcriptional expression of predicted metallothio-
nein (AFUB_098700) was remarkably enhanced by 31.60-fold. These changes in gene
expression may represent adaptations of the cox7c-null mutant to a cytoplasmic iron excess
condition. Indeed, our results showed the total intracellular iron concentration of Dcox7c
was significantly higher than that of the wild-type strain (Fig. S4B). In addition, genes
involved in other divalent cations’ homeostasis, such as zinc, manganese, and magnesium,
were not obviously regulated. Unlike in a previous study (21) in which Ca21 signaling medi-
ated Dcox10-related azole resistance, mRNA levels of Ca21-signaling calmodulin and tran-
scription factor crzA in the cox7c mutant remained unchanged statistically. Additionally,
cyp51A and cyp51B expression increased by 1.79- and 1.4-fold, respectively, but they were
not statistically regulated.

cox7c may increase azole resistance by regulating metal ions. On the basis of
the transcriptomic data, we sought to determine whether metal homeostasis changes
induced by supplementation with metal ions could change A. fumigatus’s susceptibility
to azoles or if they were responsible for the azole resistance mechanism of Dcox7c.
Here, we compared the growth phenotypes of Dcox7c and its parental strain when
supplemented with or without metal ions (FeCl3, FeCl2, CuSO4, MgCl2, ZnCl2, and CaCl2)
and ITC. As shown in Fig. 4A and B, the addition of 1 mM metal ions into the MM plates
without ITC produced no statistical difference between the colony growth of wild type
and Dcox7c. In contrast, when cultured in media supplemented with 0.2 mg/mL ITC
and 1 mM various respective metal ions, the wild-type strain displayed enhanced toler-
ance to the ITC. Notably, in the presence of 0.2 mg/mL of ITC, the addition of iron ions
increased the growth rate of both the wild-type and the cox7c deletion strains. To fur-
ther assess whether the iron status was involved in ITC resistance, the Dcox7c mutant
was exposed to the iron starvation medium supplemented with 100 mM of the iron-
specific chelator bathophenanthroline disulfonic acid (disodium salt) (BPS). As pre-
dicted, the ITC-sensitive morphology was restored in Dcox7c (Fig. 5C). Therefore, we

FIG 4 Addition of metal ions changes the azole susceptibility of A. fumigatus. (A) Comparison of the susceptibility of the
indicated strains to 0.2 mg/mL of ITC, with the addition of various kinds of metal ions. All strains were grown on MM plates at
37°C for 2 days. (B) Colony sizes, shown as percentages of the diameter of the control strain (A1160C), for the indicated strains
cultured on MM plates in the presence of 1 mM metal ions and with or without 0.2 mg/mL of ITC. Values are means and SD from
three independent colonies (**, P , 0.01; ***, P , 0.001 [unpaired Student's t test]).
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concluded that metal ion metabolism contributed to the ITC resistance of A. fumigatus,
and there may be a link between iron metabolism and cox7c.

Intracellular heme B mediates susceptibility to ITC of Dcox7. Based on the differ-
ential expression analysis of transcriptomic data, cellular iron ion homeostasis-associated
genes were investigated. Heme, an iron porphyrin compound, is the auxiliary group of
hemoglobin, myoglobin, cytochrome, peroxidase, nitric oxide synthase/nitrite reductase/
nitric oxide reductase, and catalase (28, 29). Considering heme’s affinity for iron ions and
the influence of iron ions on the adaptation of A. fumigatus to ITC, we hypothesized that
the cox7c-related azole resistance might be associated with intracellular heme. We per-
formed an antifungal resistance evaluation using the addition of hemin (an oxidized or
in vitro form of heme). The external addition of 36 mg/mL of hemin distinctly caused the
wild-type and the reconstituted strains to be resistant to antifungal drugs targeting
enzymes in the ergosterol biosynthesis pathway or fungal ergosterols (Fig. 5A), although
it did not remarkably alter the resistance of the cox7c mutants (except for ITC and TBF).
This phenomenon was not observed for the other three drugs (MYR, 5-FC, and CAS),
which corroborated our previous observations (Fig. 2A). Thereafter, to prove that the
cox7c-mediated antifungal adaptation specifically involved heme, an HPLC analysis of
heme was performed. A comparison with the structure of the standard substance
revealed that Dcox7c had markedly more intracellular heme B than A1160C (Fig. 5B),
which suggested that cox7cmay play a role in the conversion of heme B to heme deriva-
tives (30). To test if other ITC-resistant mutants also have an increase in the intracellular
heme B concentration, we further selected two azole-resistant mutants, DAfssn3 and
1160-331(cyp51AG54W), for heme B analysis. As shown in Fig. S4C, no significant increase
was found in the intracellular heme B content of these two mutants. In addition, the
heme B content in the wild-type strain rose significantly in the presence of ITC but not in

FIG 5 Heme promotes the azole resistance of A. fumigatus. (A) Comparison of colonies of A1160C, Dcox7c, and Dcox7cC strains on YAG plates in the
absence or presence of the indicated concentrations of antifungals (ITC, VRC, PSC, TBF, AmB, MYR, 5-FC, and CAS), with the addition of 36 mg/mL hemin.
Strains were grown on indicated plates at 37°C for 2 days. (B) HPLC analyses of the intracellular concentrations of heme in the displayed strains. The hemin
concentration values were analyzed by one-way ANOVA with unpaired Student's t test and presented as the means 6 SD of three biological samples. Error
bars represent the corresponding standard deviations. *, P , 0.05; **, P , 0.01. (C) Comparison of the susceptibility of A1160C, Dcox7c, and Dcox7cC to ITC,
with the addition of 100 mM BPS or 30 mM NaNO2. Strains were grown on indicated plates at 37°C for 2 days.
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the presence of AmB, TBF, or CAS (Fig. S4D). Therefore, the resistance to specific antifun-
gal agents caused by the deletion of cox7c and elevated intracellular heme B concentra-
tions were strongly correlated.

It is widely believed that NaNO2 causes nitric oxide (reactive nitrogen species) dam-
age in cells (31), and intracellular heme interacts with nitric oxide during its metabo-
lism (32, 33). To further verify heme’s performance in azole resistance, NaNO2 was used
to alter the heme concentration in A. fumigatus cells. When sodium nitrite was added
to YAG solid medium containing 0.2 mg/mL of ITC, the wild-type strain produced
breakthrough growth (Fig. 5C), which had an ITC resistance near the level of Dcox7c.
An HPLC analysis also demonstrated that a higher heme B content was produced in
the wild-type cells following sodium nitrite stimulation (Fig. 5B). Under BPS chelation
conditions, in which the resistance of Dcox7c declines, the heme B concentration
dropped dramatically both in wild type and Dcox7c (Fig. 5B and C).

Furthermore, a Tet-hem15 (AFUB_055280; a putative mitochondrial ferrochelatase cata-
lyzes the last step of heme biosynthesis) (34) mutant was constructed in which the pro-
moter of hem15 was replaced with a conditional doxycycline (Dox)-inducible promoter
(Fig. 6B). The Tet-hem15mutant was greatly inhibited when grown on a YAG plate without
doxycycline (tet-off). Conversely, the severely impaired growth was almost complemented
when 1mg/mL Dox was added into the medium (tet-on) (Fig. 6A). The susceptibility of the
Tet-hem15 mutant to ITC was determined. As predicted, the Tet-hem15 strain accumulated
its heme B content and was resistant to ITC when it was cultured on YAG supplemented
with Dox at the concentration of 10mg/mL (overexpression) (Fig. 6A and C), and this resist-
ance phenotype of Tet-hem15 was almost restored to normal under the tet-on condition

FIG 6 Overexpression of Hem15 in heme biosynthesis pathway affect azole resistance. (A) Comparison of colonies of parental wild-type
A1160C and Tet-hem15 strains on YAG plates in the absence or presence of the indicated concentrations of doxycycline (Dox) or ITC at 37°C
for 48 h. (B) PCR analysis (amplified using primer pair tet-hem15 P1/P6) revealed successful construction of the Tet-hem15 mutant. For lanes
1 and 2, PCR product electrophoresis showed the expected 6,245-bp and 1,867-bp bands, respectively. (C) HPLC analyses of the intracellular
concentrations of heme B in the displayed strains. The heme concentration values were analyzed by one-way ANOVA with unpaired
Student's t test and presented as the means 6 SD of three biological samples. Error bars represent the corresponding standard deviations.
**, P , 0.01. (D) Schematic showing the cox7c depletion contributes to fungal drug resistance through inducing heme B accumulation and
ROS reduction.
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(Fig. 6A), suggesting hem15 could regulate azole susceptibility. As a result, we verified the
hypothesis that Dcox7c resistance to azole is mediated by intracellular heme. We examined
our transcriptomics data; however, there were no statistical differences among the heme
biosynthetic genes at the mRNA level between the two groups.

DISCUSSION

In this study, we identified a novel cox7c (W56*) mutation from two A1160C-derived
ITC-resistant isolates (obtained after exposure of long-term-preserved A. fumigatus
A1160C spores to ITC) and characterized the function of Cox7c, a subunit of mitochon-
drial respiratory chain complex IV, in A. fumigatus. We showed that the loss of Cox7c is
not essential for the mold’s viability but, indeed, lessens its vegetative growth and,
interestingly, antifungal susceptibility. Interestingly, the azole resistance of most mito-
chondrial dysfunction mutants is at the cost of reduced growth rates. The cox7c (W56*)
mutation results in a genetic trade-off in which A. fumigatus is harmed in the normal
environment (reduction in the growth rate) but benefits under fungicide selection in
vitro (multiple antifungal resistance).

The Cox7c subunit (Cox8p in yeast) is found only in eukaryotes, and little specific
functional information is known. The lack of Cox8 in the genomes of green plants, as
determined by bioinformatics analyses, is intriguing because it is crucial for cellular res-
piration and ATP production. Thus, there may be an evolutionally functional compen-
sation to maintain its activity. In yeast, Cox8p-null mutants show a lower respiratory
growth rate and decreased competitive fitness (35). However, none of the amino acid
substitutions in cox7c have been previously reported as being involved in fungal azole
resistance.

Cox7c is 149 amino acids in length (Fig. 1C), and it is predicted to possess a conserved
domain with remarkable similarity to cytochrome c oxidase VIIc. Multiple alignments of
Cox7c indicated it shares a low sequence identity within organisms, showcasing a diver-
gence in the evolutionary process (see Fig. S1 in the supplemental material). On the basis of
these bioinformatics analyses, we speculate that the Aspergillus Cox7c, in addition to oxida-
tive phosphorylation, has unique biological functions compared to other fungi. Likewise,
the particular VIIc subunit in A. fumigatus may have been assigned specific functions differ-
ent from other subunits. Here, we demonstrated that an amino acid alternation (W56*) or
full-length deletion of cox7c caused a decrease in intracellular azole concentration, mitigat-
ing the fatal effects of ergosterol deprivation. The question is, what components are
involved in the reduction of intracellular azole retention?

The mitochondrial iron transporter MrsA coordinates iron homeostasis. The deletion
of mrsA induces abnormal ROS accumulation and hypersusceptibility to azole or oxida-
tive stresses (36). A. fumigatus SREBP SrbA mediates triazole response and regulation
of iron acquisition in response to hypoxia and low-iron conditions. The exogenous
addition of high iron partially rescues the triazole susceptibility and decrease in ergos-
terol content phenotypes of DsrbA (37). Transcriptome-based iron metabolism-related
gene expression changes are primarily involved in the cellular response to iron ion
starvation and cellular iron ion homeostasis (Fig. 3B and C); therefore, it is likely that
the cox7c mutant also disrupts mitochondrial or cytoplasmic iron homeostasis, incur-
ring azole resistance. Null mutants of HapX, a bZIP transcription factor, have a reduced
ability to produce siderophores, are attenuated in virulence, and increase tolerance to
triazoles (19). These phenotypes somewhat resemble our findings for cox7c mutants.
However, the mRNA level of hapX was not remarkably altered in cox7c mutants (fold
change of 0.75), and the same results were obtained in the analysis of the CCAAT-binding
complex subunits hapB, hapC, and hapE, suggesting a potential interaction between cox7c
and the transcriptional regulation of genes involved in iron homeostasis independent of
hapX. The addition of ferrous iron ions significantly increased the azole resistance level of A.
fumigatus (Fig. 4A). Iron is the central atom of heme, an indispensable component of cyto-
chrome (38). In this research, the loss of cox7c in A. fumigatus increased the accumulation of
heme B, the most abundant of the hemes. This may result from mitochondrial dysfunction
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and iron metabolism-related disorder. The extracellular addition of hemin or intracellular
accumulation of heme B elevated the resistance/tolerance of the wild-type strain primarily
to azoles (ITC, VRC, and PSC) and then polyenes (TBF) and allylamines (AmB), whereas it did
not affect resistance to other antifungals (Fig. 5A and B). The effects of extracellular hemin
supplementation on antifungal susceptibility was consistent with that caused by the cox7c
deletion. Additionally, the indirect inhibition of heme biosynthesis by BPS chelation and the
promotion of heme accumulation by NaNO2 or by overexpression of hem15 led to decreas-
ing azole resistance or increasing azole resistance comparable to that of the cox7c-deletion
mutant, respectively (Fig. 5 and 6). These results suggest that the cox7c-mediated antifungal
drugs’ adaptation in A. fumigatus is achieved by regulating intracellular heme B.

A cytochrome b5-like heme-binding damage resistance protein (Dap) family, includ-
ing DapA, DapB, and DapC, coordinately regulates the functionality of Erg5 and Erg11
and oppositely affects susceptibility to azoles (39). Biochemical analyses have verified
that the free nitrogen of azole molecules is able to compete for the iron atom of the
heme in cytochrome P450 enzymes with oxygen to inhibit the synthesis of ergosterol
in fungal membranes. Hence, it is conceivable that the cox7c-null mutation results in the
azole resistance of A. fumigatus through the nonassembly of the cytochrome c oxidase
complex. Then, the liberation and increase of heme B carrying irons from CYP proteins in
the cytoplasm occurs, acting as a substitute for the catalytic heme of cytochrome P450
enzymes to bind the free nitrogen of azole molecules and rescue the synthesis inhibition
of ergosterol in fungal membranes.

Reactive oxygen species (ROS) are an important group of free radicals capable of
causing direct oxidative damaging effects on DNA, proteins, and lipids, leading to a se-
ries of biological consequences (40). In addition to the specific mode of action on ergos-
terol, antifungal agents generally have ROS-inducing effects in susceptible fungi (41),
and they could be scavenged by the appropriate number of certain metabolites (14).
Here, Dcox7c showed remarkably reduced ROS production (Fig. 2E and Fig. S3A). This
corroborated a previous report in which less ROS was produced in the cox10 mutants
(21). We reasoned that the reduced ROS content alleviates the fungicidal effects of azoles
in cox7c mutants. Loss of cox7c affects normal mitochondrial function, resulting in
decreased mitochondrial respiration and less ROS production. Additionally, the superox-
ide dismutase sod3 and the putative cytochrome c peroxidase ccp1 genes, which can act
as ROS scavengers, were upregulated, as determined by the RNA-seq analysis (Data Set
S2) in the cox7cmutant. Nevertheless, their effects on ROS clearance are limited.

The cox7c deficiency results in different levels of resistance/tolerance to various
kinds of antifungals belonging to the triazoles (ITC, VRC, and PSC), polyenes (AmB),
allylamines (TBF), nucleoside analogs (5-FC), sphingolipid synthesis inhibitors (MYR),
and echinocandins (CAS). The triazoles inhibit ergosterol synthesis through P450 cyto-
chrome-mediated lanosterol demethylation (Cyp51/Erg11), leading to toxic sterol accu-
mulation and cell death. The polyenes are directed against ergosterols to mediate
membrane permeabilization, leading to fungal cell death (6). The allylamines inhibit
the enzyme squalene epoxidase (Erg1) at the early stage of ergosterol biosynthesis (6).
Metabolites of 5-FC can incorporate into RNA, resulting in the disruption of protein
synthesis (42). MYR is a specific inhibitor of serine palmitoyltransferase and of ceramide
de novo synthesis (43). Caspofungin inhibits the enzyme b-(1,3)-glucan synthase of the
fungal cell wall (44). Collectively, Cox7c-mediated multiantifungal resistance may
involve the following mechanisms (Fig. 6D). First, the cytochrome c oxidase has a simi-
lar intermediate structure as heme within the P450 enzyme. A cox7c deletion in the mi-
tochondria increased the intracellular reductive heme B concentration, to some extent,
and it acts as triazole ligands to neutralize fungicides, which is the main reason for the
azole resistance of the cox7c mutants. Second, the cox7cmutation reduced intracellular
ROS production, leading to the cox7c mutants being more tolerant to AmB and TBF.

MATERIALS ANDMETHODS
Strains, media, and culture conditions. All the A. fumigatus strains used in this study are shown in

Table S1. The media used in this study included rich medium YAG (0.5% yeast extract, 2% glucose, 0.1%

cox7c Is Involved in Antifungal Resistance Antimicrobial Agents and Chemotherapy

June 2022 Volume 66 Issue 6 10.1128/aac.00151-22 12

https://journals.asm.org/journal/aac
https://doi.org/10.1128/aac.00151-22


1,000� trace elements, and 2% agar), YUU (YAG supplemented with 5 mM uridine and 10 mM uracil),
and minimal medium (MM) (1% glucose, 0.1% 1,000� trace elements, 5% 20� salts [pH 6.5], and 2%
agar). For the plate test, conidia of freshly cultured strains were harvested, adjusted to 1 � 107 spores
per mL in sterile water, and then inoculated on indicated medium in the absence or presence of differ-
ent concentrations of ITC, VRC, caspofungin (CAS), posaconazole (PSC), terbinafine (TBF), amphotericin B
(AmB), myriocin (MYR), 5-fluorocytosine (5-FC), hemin, sodium nitrite (NaNO2), bathophenanthroline
disulfonic acid disodium salt hydrate (BPS), or metal ions (FeCl3, FeCl2, CuSO4, MgCl2, ZnCl2, and CaCl2).
ITC, VRC, PSC, TBF, AmB, MYR, and hemin were prepared in dimethyl sulfoxide. CAS, 5-FC, BPS, and metal
ion compounds were dissolved directly in sterile deionized water.

For cryopreservation time series and azole induction analyses of A. fumigatus A1160C and Af293,
storage of a conidial suspension (1 � 107) in sterile deionized water at 4°C or 220°C for 0 to 10 weeks
was performed. Then, we spot inoculated 2 mL of conidial suspension on YAG solid medium containing
different types of antifungals.

Next-generation sequencing. For genome resequencing analysis, spores from A. fumigatus A1160C

and mutation strains (IM1 and IM2) were inoculated into YAG liquid medium, respectively, and shaken
for 20 h at 37°C at 220 rpm. The harvested mycelia were sent to Shanghai Biotechnology Corporation for
DNA extraction and genome resequencing analysis. The library was prepared according to the TruSeq
DNA sample preparation guide (Illumina; catalog no. 15026486 Rev. C). The quantity of libraries was
assessed by Qubit 2.0 fluorometer. The quality and size of libraries were measured by Agilent 2100
Bioanalyzer high-sensitivity DNA assay according to the reagent kit guide. For Illumina sequencing, the
qualified libraries were applied to 2 � 150-bp paired-end sequencing on Illumina HiSeq X Ten platform
(Illumina).

FASTQ files were aligned to A. fumigatus A1163 reference genome (GenBank assembly accession no.
GCA_000150145) by BWA v0.7.13. The aligned files (SAM/BAM format files) were sorted by SAMtools
(v1.3) first, and then duplicates were flagged by using Picard (v2.2.4). By using GATK v3.5, reads were
locally realigned, and base qualities were recalibrated. Finally, mapping statistics include coverage and
depth and were generated from recalibrated files by BEDTools (v2.16.1) and in-house perl/python
scripts. Variants were genotyped from recalibrated BAM files using the multisample processing mode of
the UnifiedGenotyper tool from the GATK. Then, variant quality score recalibration (VQSR) was used to
reduce false positives of variant calling.

For transcriptome analysis, samples of the A1160C and IM1 strains were collected under the same
culture conditions as above. The details of total RNA isolation, library construction, sequencing, and data
processing procedures (SRA accession numbers SRX12366462 to SRX12366467) were described in a pre-
vious study (14).

Deletion and complementation of cox7c. All primers used in this study are displayed in Table S2.
For deletion of the cox7c gene, a fusion PCR approach was employed to generate the fragment sequen-
tially containing the upstream fragment, Neurospora crassa pyr4-selectable marker, and downstream
fragment (45). Upstream flanking sequences of about 876 bp that corresponded to the region immedi-
ately upstream of the cox7c start codon were amplified from the A1160 genomic DNA using the primers
cox7c P1 and cox7c P3. Downstream flanking sequences about 932 bp that corresponded to the regions
immediately downstream of the cox7c stop codon were amplified with the primers cox7c P4 and cox7c
P6. The N. crassa pyr4 was used as a selectable nutritional marker for transformation and amplified from
plasmid pAL5 (45) with the primers pyr4 F and pyr4 R. These three fragments were then mixed as templates
and used in a fusion PCR with primers cox7c P2 and cox7c P5 to construct the cox7c deletion cassette. Then,
the cox7c deletion cassette was transformed into the wild-type A1160 strain to achieve homologous recombi-
nation. A diagnostic PCR assay was performed to identify the absence of the cox7c gene with the primers
cox7c P2 and Diag cox7c. For the complementation of the cox7c deletion mutant, the full-length cox7c gene
was amplified using the primer pair cox7c-com S1/S2, which contains the native promoter, 59-untranslated
region (59-UTR), gene coding, and 39-UTR sequences. The complementation cassette was subsequently trans-
formed into the PAN7-1 plasmid. The recombinant plasmid was then transformed into the cox7c deletion
strain, and transformants were selected on YAG medium supplemented with 200mg/mL hygromycin (46).

Generation of the Tet-hem15 mutant. For Tet-hem15 mutant construction, the promoter of hem15
was replaced with a conditional doxycycline-inducible tet-on promoter (46), and the selection marker
pyrithiamine resistance cassette was replaced by pyr4. First, the selective marker pyr4 and the tet-on pro-
moter were amplified from the pAL5 and pCH008 plasmids using the primer pairs pyr4 F/R and tet F/R,
respectively. Approximately 1-kb areas of the upstream and downstream flanking sequences of the
hem15 59-UTR region were amplified with the primer pairs tet-hem15 P1/P3 and tet-hem15 P4/P6,
respectively. The resulting fragments were then cloned into pCE-Zero vector using the pEASY-Basic
seamless cloning and assembly kit (TransGen Biotech), yielding pCE-Zero-hem15. The fragment ampli-
fied from pCE-Zero-hem15 using tet-hem15 P2/P5 was transformed into the A1160 strain to generate
the Tet-hem15 mutant. Transformants were selected on medium without uracil and uridine.

Antifungal susceptibility testing. The conidia of tested Aspergillus strains were harvested, adjusted
to 1 � 107 spores per mL in phosphate-buffered saline, and then inoculated into RPMI 1640 liquid me-
dium in the presence of different concentrations of antifungal drugs (ITC, VRC, PSC, TBF, AmB, MYR, or 5-
FC). Broth microdilution antimicrobial susceptibility testing was performed according to CLSI M38-A2
(27). Briefly, 2-fold serial drug dilutions were prepared in flat-bottom 96-well microtiter plates (100 mL
per well), and drug-free wells were used as control. Each well was inoculated with 100 mL of freshly iso-
lated spores (1 � 104 conidia per mL) suspended in RPMI 1640 media. After 48 h of incubation at 35°C,
the MIC data were recorded as the lowest drug concentration at which no growth was observed. These
MIC assays were repeated four times.
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Intracellular drug detection. The intracellular drug was measured as described previously (47).
Briefly, 1 � 107 spores of the indicated strains were cultured in 100 mL of liquid YAG medium at 37°C
and shaken at 220 rpm for 20 h. Then, a final concentration of 1 mg/mL of ITC was added to the media
and continued to culture for 2 h. Mycelia were harvested and washed with distilled water to remove the
extracellular ITC and were then lyophilized. Approximately 100 mg of lyophilized mycelia was incubated
in 2 mL of 50% (vol/vol) methanol in water and homogenized using ceramic beads. The cell debris and
ceramic beads were then removed by centrifugation at 13,000 � g for 10 min. After which, the superna-
tant was analyzed using HPLC on an AQ C18 column (250 mm by 4.6 mm; 5 mm) with an isocratic profile
at 65% (vol/vol) acetonitrile in phosphate buffer at a flow rate of 1 mL/min. The peak corresponding to
ITC was detected using absorption spectrophotometry at a wavelength of 265 nm. The results indicate
that the retention time for ITC was 8.10 min. The standard curve was prepared with 0.1, 0.5, 1, 5, and
10mg/mL of ITC. The detectable concentration range of ITC in samples is 1 to 4mg/mL. The final concen-
tration unit of ITC in the samples was converted to micrograms per gram (drug weight per hypha
weight).

Intracellular ROS detection. Intracellular reactive oxygen species (ROS) were measured as described
previously (14). In brief, spores (1 � 105) of the indicated strains were cultured in 200 mL of liquid YAG
medium in the black and clear bottom of the 96-well Costar plate at 37°C for 10 h. After the culture was
completed, hyphae were washed in PBS three times. 2,7-Dichlorofuorescin diacetate (DCFH-DA) was
added at a final concentration of 15 mM and then incubated at 37°C for 30 min without light. Then,
hyphae were washed in PBS three times, and 200 mL of 1 mg/mL of ITC or 1.5 mM H2O2 in PBS was
added to the dish, followed by incubation at 37°C for 3 h. The fluorescence intensity was measured with
an excitation filter at 495 nm and an emission filter at 530 nm in a microtiter plate reader (Infinite M200
Pro; Tecan, Switzerland) at 37°C. Unstained cells were used as a blank.

Ergosterol detection. Ergosterol in A. fumigatus strains was extracted as described previously with
slight modifications (48). Spores (1 � 107) of the indicated strains were cultured in 100 mL of liquid YAG
medium at 37°C and shaken at 220 rpm for 20 h. The mycelia were harvested by filtration, and 200 mg
of dry mycelia was treated with 3 mL of a 25% alcohol potassium hydroxide solution (3:2 dilution of
methanol/ethanol), followed by vortexing for 1 min. After incubation at 85°C for 1 h, the samples were
treated with 1 mL of distilled water and 3 mL of hexane and vortexed for 3 min. The upper hexane layer
was transferred, blown dry by nitrogen, and solubilized in 1 mL methanol. Before HPLC analysis, the
samples were filtered through 0.45-mm-pore-size filters. Under an isocratic profile at 97% (vol/vol) meth-
anol at a 1-mL/min flow rate, the total ergosterol was detected at 280 nm on an AQ C18 column
(250 mm by 4.6 mm; 5 mm). The retention time for ergosterol was 9.50 min, and the standard curve was
prepared with 0.025, 0.05, 0.1, 0.4, and 0.8 mg/mL of ergosterol. The detectable concentration range of
ergosterol in the samples was 0.08 to 0.16 mg/mL. The concentration unit of ergosterol in the samples
was converted to milligrams per gram (drug weight per hypha weight).

Cellular iron content detection. Cellular iron content was determined according to the BPS-based
colorimetric method (49). Spores (1 � 107) of the indicated strains were cultured in 100 mL of liquid YAG
medium at 37°C and shaken at 220 rpm for 20 h. The mycelia were harvested by filtration, and 10 mg of
dry mycelia was treated with 500 mL of 3% nitric acid and incubated at 95°C for 2 h to digest the cells
completely. We then mixed 200 mL of cell supernatant with 80 mL of 38 mg/mL sodium ascorbate,
160 mL of 1.7 mg/mL BPS, and 63 mL of 4 M ammonium acetate. After 10 min incubation at room tem-
perature, the optical density at 535 nm (OD535) of the BPS-Fe complex was determined by a microtiter
plate reader (Infinite M200 Pro; Tecan, Switzerland). The OD680 was also recorded as the nonspecific ab-
sorbance. Experiments were performed in triplicate, and the iron content was calculated as the following
formula: (OD535 2 OD680)/hypha weight, and displayed in arbitrary units (AU).

Heme detection. Intracellular heme was prepared and analyzed by HPLC as described elsewhere with
a minor modification (31, 50). The total hemin was extracted from 20 mg of A. fumigatus dry mycelia with
0.4 mL of acetone containing 2.5% HCl. The mixture was vortexed, disrupted by ultrasonication for 10 min,
centrifuged for 5 min at 15,000 � g, and mixed with 0.6 mL of 50% acetonitrile. Insoluble material was
removed, and the extract was clarified by second centrifugation and applied to an AQ C18 column
(250 mm by 4.6 mm; 5 mm). Hemin was eluted at a flow rate of 1 mL/min using a 30% to 50% acetonitrile
gradient over the first 5 min, followed by a 50% to 75% linear acetonitrile gradient over the subsequent
35 min, and, finally, 50% acetonitrile gradient over the last 5 min. All gradient solutions contained 0.05%
trifluoroacetic acid. The elution of heme compounds was monitored at 400 nm. The retention time of the
products was 17.5 min (heme B), 35 min, and 36.5 min. The standard curve was prepared with 0.5, 1, 5, 10,
and 20 mg/mL of hemin. The detectable concentration range of heme B in samples was 0.5 to 16 mg/mL.
The final concentration unit of heme B in the samples was converted to microgram per gram (drug weight
per hypha weight).

Data availability. The raw Illumina sequencing data were deposited in SRA at NCBI with accession
numbers SRX12366077 to SRX12366079.
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