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Abstract
The filamentous fungus Aspergillus fumigatus is the most important pathogenic fungus among Aspergillus species associ-
ated with aspergillosis. A. fumigatus is exposed to diverse environmental stresses in the hosts during infection such as an 
excess of essential metal copper. To gain further insights into copper homeostasis, we generated an A. fumigatus laboratory 
evolved strain with increased fitness in copper stress, and identified the mutation in a  Zn2-Cys6 type transcription factor clcA. 
We examined the role of clcA using the evolved and ∆clcA strains. The ∆clcA strain exhibited defective growth on minimal 
medium, PDA and copper-repleted medium, and defective conidiogenesis and conidial pigmentation. We found that clcA 
was required for the expressions of genes involved in conidiogenesis, conidial pigmentation, and transporters cdr1B and 
mfsB related to azole resistance. clcA was dispensable for the virulence in silkworm infection model. We report here that 
clcA plays an important role in hyphal growth, conidiogenesis, and copper adaptation.
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Introduction

The filamentous fungus Aspergillus fumigatus is the most 
important pathogenic fungus among Aspergillus species 
associated with aspergillosis (Bodey and Vartivarian 1989; 
Latgé and Chamilos 2019). Metals such as copper (Cu) 
and iron (Fe) are essential micronutrients for all organisms 
including fungi (Andreini et al. 2008); copper serves as a 
critical cofactor for numerous proteins (Robinson and Winge 
2010; Festa and Thiele 2011). Thus, copper homeostasis 

plays a critical role in a broad range of biological processes 
such as virulence, conidiogenesis, and secondary metabolite 
production in fungi including A. fumigatus (Park et al. 2014; 
Cai et al. 2017; Kusuya et al. 2017; Wiemann et al. 2017; 
Raffa et al. 2019). The fundamental mechanisms for cop-
per homeostasis such as copper acquisition, utilization, and 
regulation have been discovered in fungi (Smith et al. 2017). 
Three copper-binding transcription factors (TFs) have been 
examined in A. fumigatus; Wiemann et al. (2017) reported 
that a TF AceA plays a critical role in defense mechanism 
against macrophages. Besides, Kusuya et al. (2017) reported 
that a TF AfMac1 plays a role in copper acquisition, con-
tributing to the biosynthesis of conidia-specific melanin and 
the late stage of conidiogenesis (Wiemann et al. 2017; Park 
et al. 2018). CufA has been examined, but its function is still 
unknown (Wiemann et al. 2017; Raffa et al. 2019).

Upon bacterial and fungal infection, macrophages elevate 
copper levels inside the phagosome by increasing the expres-
sion of copper importer Ctr1 and locating the P-type cop-
per ATPase pump (ATP7A) to the phagosomal membrane 
(White et al. 2009; Achard et al. 2012; Ding et al. 2013). 
It is thus conceivable that the copper stress contributes to 
killing A. fumigatus. Against the copper accumulation, A. 
fumigatus scavenges copper and detoxifies ROS through 
AceA-dependent response (Wiemann et al. 2017; Anabosi 
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et al. 2021). Although 10 genes as the copper-responsive 
genes have been functionally characterized in A. fumigatus 
(Blatzer and Latgé 2017), copper homeostasis is not fully 
understood.

To gain further insight into copper homeostasis, we here 
generated a strain adapted to copper-repleted conditions, 
Af293-G10, through a laboratory passage experiment. The 
Af293-G10 strain exhibited greater growth than the parent 
strain Af293 on not only AMM and PDA but also copper-
repleted and -depleted medium. We identified the mutation 
resided within clcA in Af293-G10. Unlike the initial pur-
pose, the disruption of clcA had a broad range of effects on 
the growths on AMM, PDA and copper-repleted medium, 
and the conidiogenesis and conidial pigmentation. In addi-
tion, clcA was dispensable for the virulence in the silkworm 
infection model. Exploring the prevalence of clcA in fungi, 
clcA is conserved only across Ascomycota. Taken together, 
we suggest that clcA plays an important role in hyphal 
growth, conidiogenesis and copper adaptation.

Material and methods

Strains and culture conditions

The strains used in this study are listed in Table 1. A. fumiga-
tus Af293 was used as the parent strain. Strains were grown 
at 37 °C in Aspergillus minimal medium (AMM) supple-
mented with Clive Roberts trace elements solution described 
in the Culture Medium of Protocols at Fungal Genetics Stock 
Center (http:// www. fgsc. net/ Asper gillus/ proto cols/ Media 
ForAs pergi llus. pdf).

Serial passaging of A. fumigatus Af293 
under the copper‑repleted condition

A serial passage experiment was performed with slight 
modifications of Kowalski et al. (2016) and Toyotome et al. 
(2021). We used an A. fumigatus Af293 strain as the paren-
tal strain. The conidia of Af293 as the starting material 
were grown on a PDA plate for 7 days at 37 °C, followed 
by conidia collection. Passage experiment was followed; 
first, to expose the strains to copper-repleted condition, 

the conidia were inoculated on an AMM plate containing 
100 µM  CuSO4, as copper-repleted condition, at 37 °C for 
4 days. Next, the conidia were inoculated on a PDA plate for 
3 days. Following 10 passages of 7 day-culture, we obtained 
the laboratory evolved strain.

Construction of gene deletion and reconstituted 
strains

All primers used in this study are presented in Table S1. 
The clcA gene was disrupted by using CRISPR/Cas9 sys-
tem (Umeyama et al. 2018). First, the hph (hygromycin 
B resistance cassette) was amplified from the pHph plas-
mid constructed from pSK397 (Krappmann et al. 2006; 
Umeyama et al. 2018). Next, the fragments A and B corre-
sponding to about 1 kbp upstream and downstream regions 
of clcA, respectively, were amplified from the genomic 
DNA of Af293 by using the primer sets of 2g08040UF-
2g08040 + HphUR and Hph + 2g08040DF-2g08040DR, 
respectively (Fig. S1a). Both 2g08040 + HphUR and 
Hph + 2g08040DF primers contained a 24 bp complemen-
tary to hph sequences at the 5′ end. Then, recombinant 
PCR was performed to fuse fragments by overlap exten-
sion PCR. Subsequently, the transformation was performed 
(Fig. S1b). For the complemented clcA strain (Co-clcA), 
the ptrA (pyrithiamine resistance gene) was amplified from 
the pPTRI plasmid (Takara Bio, Shiga, Japan). Similarly to 
disruption of clcA, two fusion fragments were transformed 
into the ∆clcA strain.

Transformation of A. fumigatus

Transformation of A. fumigatus was performed according to 
Umeyama’s method for genome editing using CRISPR/Cas9 
(Umeyama et al. 2018). The culture and protoplast solution 
were prepared according to Szewczyk et al. (2006), and 
Umeyama et al. (2018). Briefly, conidia were incubated at 
37 °C in 10 mL of YG medium (5 g yeast extract (BD Difco, 
MD, USA), 20 g D-glucose and 400 µL of trace elements 
in 1 L distilled water) for 5–6 h. 10 mL of protoplast solu-
tion containing 4 g VinoTaste Pro (Novozymes, Bagsvaerd, 
Denmark) was supplemented in the culture for generating 
protoplasts. The transformants were screened by CZAPEK 
DOX BROTH (CDB: Duchefa Biochemie, Haarlem, Neth-
erlands) agar supplemented with 1 M sucrose containing 
400 µg/mL hygromycin B or AMM containing 0.1 µg/mL 
pyrithiamine. The successful transformants were selected 
by PCR of the inserted fragments, followed by verification 
of the sequences of all amplified fragments of i, ii, and iii 
(Fig. S2) by ABI 3130xl Genetic Analyzer (Thermo Fisher 
Scientific, Massachusetts, USA) (data not shown).

Table 1  A. fumigatus starains used in this study

Strain Genotype Reference

Af293 FGSC A1100, wild-type From FGSC
Af293-G10 The laboratory passage strain from 

Af293
This study

∆clcA Af293 clcA::Hph This study
Co-clcA Af293 clcA::Hph, clcA-ptrA This study

http://www.fgsc.net/Aspergillus/protocols/MediaForAspergillus.pdf
http://www.fgsc.net/Aspergillus/protocols/MediaForAspergillus.pdf
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Growth assays

Conidia were harvested from a 5-day-old culture on AMM 
plate at 37 °C. The numbers of conidia in the suspensions 
were counted using a hemocytometer (Watson, Kobe, 
Japan). A total of 3 ×  103 conidia of Af293, Af293-G10, 
and ∆clcA strains were grown on the plates of PDA, AMM, 
AMM supplemented with 100 µM  CuSO4 (copper-repleted), 
and AMM supplemented with 100 µM bathocuproinedisul-
fonic acid (BCS) (copper-depleted) at 37 °C for 3–7 days. 
The assays were performed in triplicate. Statistical analysis 
was performed using Tukey–Kramer test by the R program-
ming language (https:// www.r- proje ct. org/).

Microscopic observation of conidiophores

Conidiophores were observed by using the slide culture 
method and photographed with a Nikon ECLIPSE Ni 
(Nikon, Tokyo, Japan). AMM agar media was sliced into 
the thin agar blocks, and conidial suspensions were streaked 
on the sliced AMM agar blocks. The agar blocks were sand-
wiched between cover glasses and glass slides, and incu-
bated at 25 °C for 5 days under moist conditions.

Phylogenetic analysis

The amino acid sequences were aligned with MAFFT (ver. 
7.475) (Katoh et al. 2002; Katoh and Standley 2013). A phy-
logenetic tree was constructed using multithreaded RAxML 
(ver. 8.2.12) (Stamatakis 2014), the PROTGAMMAWAG 
model, and 100 bootstrap replicates, and visualized by iTOL 
(Letunic and Bork 2019). The graphical representation of 
ClcA was depicted by IBS (ver. 1.0.3) (Liu et al. 2015).

RNA extraction and quantitative real‑time RT‑PCR

Mycelia of Af293, Af293-G10, and ∆clcA were harvested 
after growth in AMM liquid media at 37 °C for 24 h and 
inoculated on AMM, AMM supplemented with 100 µM 
CuSO4, and AMM supplemented with 100 µM BCS plate. 
After cultivation, fungal cells were harvested at 24 h. Total 
RNA was prepared by using a RNeasy Mini Kit (Qiagen, 
Hilden, Germany), and a cDNA was synthesized by reverse 
transcription using a RevaTra Ace qPCR RT Master Mix 
with gDNA remover (TOYOBO, Osaka, Japan).

Quantitative real-time RT-PCR analysis was performed 
on a LightCycler 96 Real-Time PCR System (Roche Diag-
nostics, Basel, Switzerland) with a THUNDERBIRD 
SYBER qPCR Mix (TOYOBO). The act1 gene was used 
as an internal control for quantification of the target gene 
expression. The relative expression ratio relative to that of 

WT mycelia grown in AMM liquid media after 24 h post-
inoculation was calculated using the  2−ΔΔCt method. The 
primers used in this study are listed in Table S2.

Evaluation of virulence against silkworms

We infected silkworm (Bombyx mori) larvae with A. fumiga-
tus with slight modifications of Majima et al. (2021) and 
Yu et al. (2021). Briefly, fifth star silkworms were pur-
chased from Ehime Sansyu (Ehime, Japan). They were 
raised at 25 °C for 2–3 days. Inoculum of 0.05 mL diluted 
to 3.0 ×  106 CFU/mL was injected into the hemolymph of 
silkworms using a 1 mL Terumo Myjector 29G insulin 
syringe (Terumo, Tokyo, Japan). After the infection, they 
were maintained at 34 °C and their survival was evaluated 
by Kaplan–Meier method using log-rank test with survival 
package of the R programming language. The experiment 
was performed in duplicate, and the results were shown as 
the mean values.

Antifungal susceptibility testing

Antifungal susceptibilities of the strains were determined 
by Minimum Inhibitory Concentrations (MICs) using broth 
microdilution method based on the Clinical and Labora-
tory Institute (CLSI) M38-E3 using Dry Plate Eiken (Eiken 
Chemical Co., Ltd., Tokyo, Japan) (Kikuchi et al. 2014; 
CLSI 2017). The tests were performed in duplicate.

Whole‑genome sequencing analysis

Genome DNA was extracted from overnight cultured myce-
lia by the phenol–chloroform method as described previ-
ously (Takahashi-Nakaguchi et al. 2015). Genomic DNA 
libraries of A. fumigatus strains were constructed using an 
NEBNext Ultra DNA Library Prep Kit (New England Bio-
Labs, Massachusetts, USA) according to the manufacturer’s 
protocol. A 150-bp paired-end sequencing on a HiSeq X 
Ten system (Illumina) was carried out by GENEWIZ (New 
Jersey, USA). Raw genomic reads were quality-controlled 
and trimmed by fastp (ver. 0.20.1) (Chen et al. 2018). Fil-
tered reads were aligned against the Af293 reference genome 
(retrieved from FungiDB) using BWA-MEM (ver. 0.7.17-
r1188) (Li 2013). SNP analysis was performed by sam-
tools (ver. 1.10) (Li et al. 2009), and in-house python-script 
(Hagiwara et al. 2014).

Prediction of the tertiary structure of ClcA

The tertiary structures of ClcA and  ClcAL781F were predicted 
by AlphaFold (ver. 2.0) with default parameters (Jumper 
et al. 2021). The tertiary structures of ClcA and  ClcAL781F 
were depicted and aligned with PyMol (DeLano 2002).

https://www.r-project.org/
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Results

Generation of the strain adapted to copper‑repleted 
conditions

To investigate further insight into copper homeostasis, 
we generated the strains adapted to the copper-repleted 
conditions through the laboratory evolution approach. Fol-
lowing 10 passages, the resulting strain, hereafter called 
Af293-G10, was obtained.

To evaluate the fitness of Af293-G10, we measured 
the colony diameters on the plates of AMM, PDA, AMM 
containing 100 µM  CuSO4 (copper-repleted conditions), 
and AMM containing 100 µM BCS (copper-depleted con-
ditions). The growths of Af293-G10 were significantly 
greater than those of the parental strain Af293 on not only 
PDA and AMM, but also copper-repleted and -depleted 
conditions (Fig. 1a). Similarly, the dry weights of Af293 
and Af293-G10 were quantified in the cultures for AMM 
and AMM containing 100 µM  CuSO4. The biomass of 
Af293-G10 was significantly lower than that of Af293 
in AMM (Fig.  1b), while the biomass of Af293-G10 
was comparable with that of Af293 in AMM containing 
100 µM  CuSO4. By calculating the ratio of biomass in 
copper-depleted conditions to biomass in AMM, the fit-
ness ratio of Af293-G10 was significantly higher than that 
of Af293 (Fig. 1c). These data suggest that Af293-G10 
could evolve to adapt to copper-repleted conditions by our 
passage experiment.

Identification of a nonsynonymous mutation 
in  Zn2‑Cys6 transcription factor clcA

To identify causal mutations for the phenotypic change 
in Af293-G10, whole-genome sequencing of Af293 and 
Af293-G10 was performed. By comparing the genomes, 
we found two mutations in Af293-G10 (Table  2). 
One was a nonsynonymous mutation of L781F in clcA 
(Afu2g08040), and the other was found in the intron 
region of Afu4g06610. clcA is annotated as C6 finger 
domain protein according to FungiDB (Amos et al. 2022). 
ClcA harbors “Fungal Zn(2)-Cys(6) binuclear cluster 
domain” (PF00172) in the N-terminus, belonging to the 
largest class of fungal-specific domains (Shelest 2008), 
and the mutation L781F resides within “fungal transcrip-
tion factor regulatory middle homology region” (cd12148) 
(Fig. 2a). The taxonomic group of genes in the ortholog 
group OG6_143678 including clcA were Ascomycota 
such as A. niger and A. flavus (Fig. 2b). Among the genes 
in OG6_143678, a total of 61 genes harbor both Zn(2)-
Cys(6) binuclear cluster domain” (PF00172) and “fungal 

transcription factor regulatory middle homology region” 
(cd12148) in OG6_143678 (Fig. 2b), indicating that clcA 
could be broadly conserved across the species including 
Eurotiomycetes. To infer the structural changes of ClcA 
with L781F, refereed as  ClcAL781F, the tertiary structures 
of ClcA and  ClcAL781F were predicted with AlphaFold 2.0 
(Jumper et al. 2021). Interestingly, “Fungal Zn(2)-Cys(6) 
binuclear cluster domain” of  ClcAL781F was not aligned 
with ClcA (Fig. S3), suggesting that the structural change 
of  ClcAL781F might contribute to the adaptation to copper-
repleted conditions in Af293-G10.

ClcA is required for hyphal growth in AMM, PDA 
and under copper‑repleted conditions

To investigate the physiological functions of clcA, we con-
structed ∆clcA strain from Af293, and performed the growth 
assays on PDA and AMM plates. The ∆clcA strain exhibited 
a slow growth on the PDA and AMM plates, while Af293-
G10 exhibited a greater growth (Fig. 1a). The ∆clcA strain 
exhibited a marked growth defect under copper-repleted con-
ditions. Furthermore, we observed the pigmentation in the 
∆clcA strain under copper-depleted conditions, although the 
growth was comparable to that of Af293 (Figs. 1a and S4). 
When cultured in liquid media, the biomass of ∆clcA strain 
in AMM was significantly increased, while the biomass in 
copper-repleted conditions was comparable with those of 
Af293 and Af293-G10 (Fig. 1b). As a result, the fitness ratio 
of biomass of ∆clcA strain was significantly lower than those 
of Af293 and Af293-G10 (Fig. 1c). Furthermore, we con-
structed the complemented strain Co-clcA. The growths of 
Co-clcA strain were comparable to those of Af293 on both 
PDA and AMM containing 100 µM  CuSO4 (Fig. S5). These 
findings indicated that clcA could be required for hyphal 
growth on not only AMM and PDA, but also copper-repleted 
conditions.

ClcA contributes to sporulation and pigment 
biosynthesis

To confirm the defective conidiogenesis in the ∆clcA 
strain (Figs. 1a and S4), we observed the conidiophores 
in the Af293, Af293-G10, and ∆clcA strains by micros-
copy. Indeed, the ∆clcA strain exhibited defective conid-
iogenesis and hyphal growth (Fig. 3). These data suggest 
that clcA could be required for both hyphal growth and 
conidiogenesis.

To further investigate the conidia formations in the 
∆clcA strain, we compared the expression levels of the 
genes involved in conidiation and DHN-melanin biosyn-
thesis, brlA, abaA, wetA, pksP, abr1, and abr2 at 24 h 
(Fig. 4a–c). While the expression of brlA in the ∆clcA 
strain was higher than that in Af293, the expressions of 
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Fig. 1  Growth phenotypes of 
Af293, Af293-G10 and ∆clcA 
strains. (a) Growth assays of 
Af293, Af293-G10 and ∆clcA 
strains. The radial growth of 
Af293, Af293-G10, and ∆clcA 
strains were measured. The 
colony diameters and micro-
scopic images are shown. 
A total of 3 ×  103 conidia of 
strains were inoculated, and 
grown on PDA for 3 days, 
AMM and AMM containing 
100 µM BCS for 4 days, and 
AMM containing 100 µM 
 CuSO4 for 7 days. (b) Biomass 
from liquid cultures grown in 
AMM and AMM containing 
100 µM  CuSO4 at 48 h. Ratio 
of biomass in AMM contain-
ing 100 µM  CuSO4 to biomass 
in AMM. Statistical analysis 
was performed using Tukey–
Kramer test (**p-value < 0.01, 
***p-value < 0.001)
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abaA and wetA were lower than those, possibly leading to 
smaller amount of conidia and pigmentation in the ∆clcA 
strain (Figs. 1a, 4c and S4). The expressions of pksP, 
abr1, and abr2 were markedly decreased in the ∆clcA 
strain compared with those in Af293 (Fig. 4c). These 
expression profiles other than pksP were comparable 
with those under copper-repleted and -depleted condi-
tions (Fig. S6). Taken together, these results suggested 
that the disruption of clcA could impair sporulation and 
pigmentation, and the L781F mutation of ClcA could lead 
to the defect in conidia formation.

The ∆clcA strain is susceptible to azoles

The antimicrobial susceptibilities of Af293, Af293-G10, and 
∆clcA strains were determined by testing with micafungin 
(MCFG), amphotericin B (AMPH-B), and 5-flucytosine 
(5-FC), as well as the azole drugs fluconazole (FLCZ), itra-
conazole (ITCZ), voriconazole (VRCZ), and miconazole 
(MCZ). The ∆clcA strain exhibited increased susceptibility 
to ITCZ and MCZ, while the susceptibility to VRCZ in the 
∆clcA strain was comparable with that in Af293, indicating 
that clcA could be involved in the ITCZ and MCZ resistance 
(Table 3).

Apart from alternations in cyp51A (Fisher et al. 2018; 
Toyotome et al. 2018), an ATP-binding cassette (ABC) 
and the major facilitator superfamily (MFS) transporters 
are the causes of azole resistance in fungi (Lupetti et al. 
2002; Fraczek et al. 2013; Paul and Moye-Rowley 2014; 
Hagiwara et al. 2017; Toyotome et al. 2021). To examine 
whether the transporters participate in azole susceptibility 
in the ∆clcA strain, we measured the expressions of three 
transporters, cdr1B encoding ABC transporter, mfsD and 

Table 2  Detected mutations in Af293-G10

Gene Variant type

clcAL781F (Afu2g08040) Missense
Afu4g06610 G→T (1227nt) Intron

Fig. 2  Protein structure 
of ClcA and phylogenetic 
tree. (a) Protein structure of 
ClcA. ClcA harbors “Fungal 
Zn(2)-Cys(6) binuclear cluster 
domain” (PF00172) and “fungal 
transcription factor regula-
tory middle homology region” 
(cd12148). (b) Phylogenetic 
tree of 61 amino acid sequences 
among Ascomycota. Color 
strips along the tree correspond 
to taxonomy, i.e., Eurotiomy-
cetes (red), Dothideomycetes 
(grey), Pezizomycetes (blue), 
Orbiliomycetes (black), Leotio-
mycetes (yellow), and Sord-
ariomycetes (sky blue). clcA 
(Afu2g08040) and Afu7g08250 
in A. fumigatus were marked as 
the star (grey)
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mfsB encoding MFS transporters. The expression of mfsB 
was markedly lower in the ∆clcA strain (Fig. 5a). These 
results suggest that the increased susceptibility to ITCZ 
in the ∆clcA strain may be caused by decreased expres-
sion of mfsB. ClcA could be required for the regulation 
of expressions of cdr1B and mfsD in addition to mfsB.

Besides, we measured the expression of crpA encod-
ing Cu efflux transporter regulated by AceA (Wiemann 
et al. 2017; Anabosi et al. 2021). The expression of crpA 
was upregulated in Af293-G10, whereas the expression of 
crpA in the ∆clcA strain was comparable to that in Af293 
(Fig. 5b). Interestingly, the L781F mutation of ClcA may 
lead to the upregulation of crpA.

ClcA is dispensable for the virulence of A. fumigatus 
in the silkworm infection model

Finally, we evaluated the virulence of Af293, Af293-G10, 
and ∆clcA strains by using the silkworm infection model. 
There were no differences in the survival rates of Af293-
G10 and ∆clcA strains in comparison with that of Af293 
(Fig. 6). These results suggested that clcA is dispensable 
for the virulence of A. fumigauts.

Fig. 3  Conidia formation in Af293-G10 and ∆clcA. Conidia were harvested after 5 days of incubation at 25 °C on a sliced AMM agar culture 
sandwiched between a slide glass and a covered glass. Conidiogenesis developments on a covered glass were observed
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Fig. 4  Expression analysis in 
the genes involved in the BrlA 
pathway. (a) The transcriptional 
regulation of conidiation and 
melanization in A. fumigatus. 
BrlA regulates the expressions 
of abaA and melanization genes 
including the DHN-melanin 
gene cluster, i.e., alb1 (pksP), 
arp1, and arp2, laccase-encod-
ing genes, i.e., abr1 and abr2. 
Following the activation of the 
expression of wetA by AbaA, 
the conidiation is induced. 
(b) Schematic diagram of the 
experimental procedure. Fol-
lowing cultivating the conidia 
of Af293, Af293-G10, and 
∆clcA in AMM liquid media 
for 24 h at 37 °C, the collected 
hyphae were transferred to 
AMM and incubated for 24 h at 
37 °C. Total RNA in the hyphae 
was extracted. (c) Quantitative 
real-time RT-PCR analyses of 
brlA, abaA, wetA, pksP, abr1, 
and abr2. All relative ratios to 
Af293 were calculated using the 
 2−ΔΔCt method. Statistical analy-
sis was performed using Tukey–
Kramer test (*p-value < 0.05, 
**p-value < 0.01, 
***p-value < 0.001)
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Discussion

In the present study, we identified a novel  Zn2-Cys6 tran-
scription factor clcA that plays an important role in hyphal 
growth and conidiogeneis in A. fumigatus. Through the 
passage experiment, we generated Af293-G10 that exhib-
ited greater growth in copper-repleted and -depleted con-
ditions (Fig. 1). We found the mutation L781F of ClcA in 

Af293-G10, and investigated the physiological functions 
of clcA by using the ∆clcA strain. Our results indicate that 
clcA is involved in hyphal growth, conidiogenesis and 
copper-homeostasis, but dispensable for the virulence in 
A. fumigatus.

Among six fungal-specific TF families, the  Zn2-Cys6 
binuclear cluster domain family (zinc binuclear cluster) 
is the largest class of fungal-specific TFs (Shelest 2008; 
Todd and Andrianopoulos 1997). This family plays a 

Table 3  MICs of antifungals 
against Af293, Af293-G10, and 
∆clcA 

Strain MIC (mg/L)

MCFG CPFG AMPH 5-FC FLCZ ITCZ VRCZ MCZ

Af293  < 0.015 0.25 1–2 64  > 64 1 1–2 8
Af293-G10  < 0.015 0.25 0.5–2 64  > 64 0.5–1 2 4–8
∆clcA  < 0.015 0.25 0.5 64  > 64 0.25 2 4
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Fig. 5  Expression analysis in four transporters in Af293, Af293-G10, 
and ∆clcA strains. (a) The expressions of cdr1B encoding ABC trans-
porter, mfsD and mfsB encoding MFS transporters were determined 
by quantitative real-time RT-PCR analyses. (b) The expression of 
crpA encoding Cu efflux transporter. Conidia were inoculated and 

cultivated in AMM liquid media at 37  °C for 24  h. The collected 
mycelia were transferred to AMM plates and incubated at 37 °C for 
24 h. All relative ratios to harvested Af293 were calculated using the 
 2−ΔΔCt method. Statistical analyses were performed using Tukey–
Kramer test (*p-value < 0.05, **p-value < 0.01, ***p-value < 0.001)
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role in a broad range of cell physiology including fun-
gal-specific functions, such as secondary metabolite and 
mycotoxin production (Bok et al. 2006; Brakhage 2013), 
and azole resistance (Hagiwara et al. 2017). Valero et al. 
(2020) identified a  Zn2-Cys6 binuclear cluster family 
AFUB_054000 involved in caspofungin resistance by 
screening a library of 484 A. fumigatus TF null mutants 
(Furukawa et al. 2020). Although 223 genes including clcA 
are annotated as “C6 transcription factor” in A. fumiga-
tus Af293 in FungiDB (Amos et al. 2022), most of them 
have not yet been investigated. While we found that two 
paralogue genes clcA and Afu7g08250 exist in A. fumiga-
tus, A. niger or Penicillium rubens have one or two clcA 
homologue (Fig. 2b), that is, the duplication of clcA varied 
among the species. This result suggests that the duplica-
tion of clcA may be involved in the physiological functions 
in A. fumigatus, possibly leading to the diversity of the 
 Zn2-Cys6 binuclear cluster domain family.

The mutation L781F of clcA contributed to greater 
growth, although the disruption of clcA impaired the hyphal 
growth in AMM and copper-repleted conditions (Fig. 1a). 
The expression of crpA encoding Cu efflux transporter 
was upregulated in Af293-G10, but not the ∆clcA strain 
(Fig. 5b), suggesting that the upregulation of crpA may 
account for the increased fitness of Af293-G10 to copper-
repleted conditions. The effect of  ClcAL781F was not identi-
cal to the disruption of clcA, i.e., loss of function. Instead, 
 ClcAL781F may have abnormal activity of gene regulation, 
supported by the upregulation of crpA (Fig. 5b) and the pre-
diction of “Fungal Zn(2)-Cys(6) binuclear cluster domain” 
with AlphaFold 2.0 (Fig. S3). The mutation of clcA was 
reported in the clinical strains isolated from the same patient 
(Hagiwara et al. 2014). Interestingly, the mutation Y958C 
of clcA in IFM 59355-1 resided within “fungal transcrip-
tion factor regulatory middle homology region” (cd12148) 
similarly to Af293-G10, suggesting that human lung could 
be copper abundant microenvironment, and the mutations 
of clcA could frequently occur in A. fumigatus upon expo-
sure the environmental stresses, such as during infection. 
Besides the mutations of cyp51A and hmg1 (Hagiwara et al. 
2014, 2018a), the increased fitness through the mutation of 
clcA might contribute to long-term infection. It has been 
reported the altered expression of clcA, such as upregulation 
in conidia upon exposure to neutrophils and in hyphae upon 
exposure to heat stress (Sugui et al. 2008; Takahashi et al. 
2017), indicating that clcA may participate in adaptation to 
environmental stresses.

In addition to the effect of clcA on hyphal growth, we 
observed the pigmentation and defective conidiogenesis 
in the ∆clcA strain (Figs. 1, 3, 4c and S4). The defective 
conidiogenesis could be accounted for lower expressions 
of abaA and wetA similarly to that in the ∆Afmac1 strain 
(Kusuya et al. 2017). The disruption of clcA may affect 
the timing of expression of brlA, leading to the defec-
tive conidiogenesis. Although the gene expression pat-
tern indicated that the L781F mutation of clcA may result 
in the defect in the conidiogenesis, it was unclear why 
Af293-G10 formed normal conidiogenesis even if lower 
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Fig. 6  Survival of silkworms after infection. Survival rates of silk-
worms inoculated with Af293 (n = 23), Af293-G10 (n = 23), and 
∆clcA (n = 23) strains were evaluated. We also made Mock (10 silk-
worms) as an uninfected group

Fig. 7  Schematic diagram 
of proposed clcA regulatory 
mechanisms
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expressions of abaA and wetA. It is conceivable that the 
conidiogenesis might be delayed in timing in Af293-G10. 
These results indicated that clcA plays an important role in 
the conidial maturation processes potentially as an activa-
tor (Fig. 7).

Although clcA was dispensable for the virulence in the 
silkworm infection model (Fig. 6), it has been reported that 
there were the cases that the virulence in the silkworm infec-
tion model could not reflect the virulence in mouse infec-
tions (Yu et al. 2021). Since Af293-G10 exhibited increased 
fitness to environmental copper stress (Fig. 1), the timeframe 
setting in silkworm infection model could be inappropriate, 
suggesting that clcA virulence might be underestimated.

The transporters are the causes of azole resistance in 
fungi (Lupetti et al. 2002; Fraczek et al. 2013; Paul and 
Moye-Rowley 2014; Hagiwara et al. 2017; Toyotome et al. 
2021). The ∆clcA strain exhibited increased susceptibility 
to ITCZ and MCZ (Table 3). The expression of mfsB in 
the ∆clcA strain was significantly decreased, suggesting 
that clcA may be a regulator of mfsB and increased sus-
ceptibility to ITCZ in the ∆clcA strain may be caused by 
downregulation of mfsB (Fig. 5a). Besides, the expression 
of cdr1B was upregulated in the ∆clcA strain. It has been 
reported that TF AtrR directly regulates the expression of 
cdr1B (Hagiwara et al. 2017), indicating that clcA may 
cooperate with AtrR to regulate the expression of cdr1B.

Here we present the role of the  Zn2-Cys6 transcription 
factor clcA, which contributes to a broad range of physiolog-
ical functions in A. fumigatus. The environmental fitness of 
A. fumigatus is an important factor for virulence (Kowalski 
et al. 2016, 2019). Although the copper fitness of Af293-
G10 was increased (Fig. 1a), Af293-G10 did not exhibit 
the hypervirulence phenotype (Fig. 6). Both genotypic and 
phenotypic heterogeneities are crucial for the virulence of 
A. fumigatus (Takahashi-Nakaguchi et al. 2015; Keller 2017; 
Hagiwara et al. 2018b; Ries et al. 2019; Barber et al. 2021). 
Further studies will be required to elucidate copper fitness, 
heterogeneities and virulence in A. fumigatus.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00294- 022- 01250-2.
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