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ABSTRACT
Candida albicans is a common fungal pathogen that can cause life-threatening infections. MIR1 is 
considered to be a mitochondrial phosphate carrier of C. albicans, while its role in virulence has not 
been fully elucidated. In this study, we found that mir1Δ/Δ mutant exhibited severe virulence 
defect in both nematode and murine models. Further mechanism studies revealed that the 
mir1Δ/Δ mutant grew more slowly than the wild-type strain and showed severe filamentation 
defects on the hypha-inducing agar media, including YPD + serum, Lee, Spider + glucose, SLAD, 
SLD, and YPS. Furthermore, the loss of MIR1 resulted in unfermentable carbon utilisation defect, 
ATP decrease, and reactive oxygen species (ROS) accumulation in C. albicans. Antioxidant 
proanthocyanidins, vitamin E, and N-acetyl cysteine (NAC) could reduce intracellular ROS levels 
and partially rescue the filamentation defects of the mir1Δ/Δ mutant. Accordingly, hypha-specific 
genes, as well as CEK1 and RIM101 were down-regulated in the mir1Δ/Δ mutant, and this down- 
regulation could be partially rescued by the addition of the antioxidant NAC. Collectively, MIR1 
plays an important role in C. albicans mitochondrial function, filamentation and virulence, and 
would be a promising antifungal target.
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1. Introduction

Fungi are widely distributed in nature with a wide vari
ety of species, and some fungi can invade human tissues 
and organs, causing invasive fungal diseases (IFDs). IFDs 
are worldwide medical issues threatening human health 
and even life. In recent years, with chemotherapy for 
cancer patients, the widespread use of immunosuppres
sive drugs, the spread of viruses such as HIV and SARS- 
CoV-2, and the widespread use of broad-spectrum anti
biotics, the morbidity and mortality of IFDs have 
increased dramatically (Chen et al. 2018; Gangneux 
et al. 2022; Li et al. 2022; Massart et al. 2023). A recent 
study showed that there are 6.5 million cases of invasive 
fungal infections each year, with 2.5 million deaths, or 
about 68% (Denning 2024). Of the pathogenic fungi that 
can cause disease in humans, Candida spp. is the most 
common (Chen et al. 2018; Bloos et al. 2022; Li et al.  
2022). In 2022, the World Health Organization published 
for the first time a list of 19 fungal pathogens that posed 

a public health risk, with Candida being the most com
mon fungal pathogen for life-threatening invasive infec
tions (Fisher and Denning 2023). In clinical practice, it 
was found that the incidence of Candida albicans was 
dominant among all the Candida spp. (Brown et al.  
2012). C. albicans infection occurs in 42.86% of catheter 
drainage patients, and diabetic and ICU patients are also 
at high risk for C. albicans infection (Li et al. 2022). It is 
also one of the most important causes of death in ICU 
patients (Chen et al. 2018).

The high morbidity of C. albicans infection is due to its 
high adaptability and virulence. C. albicans is a human 
commensal fungus, colonising mucosal surfaces such as 
oral, gastrointestinal, and genital tracts. When host 
immune function is compromised, C. albicans can be 
invasive and cause infections varying from superficial 
mucosal disorders to life-threatening bloodstream infec
tions (Magill et al. 2014; Mylonakis et al. 2015; d’Enfert 
et al. 2021). Regarding its virulence trait, the yeast-hypha 
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morphological transition is vital. Studies have shown 
that C. albicans will change from the yeast state to the 
hyphal form after invading the host (Olivier et al. 2022). 
Thereby, inhibition of morphological transition is 
expected to be developed as a new antifungal strategy.

Along with the increased incidence of invasive fungal 
infections represented by C. albicans infections, the clin
ical application of antifungal drugs is also increasing. 
However, available drugs to treat fungal infections are 
very limited in clinics, mainly including azoles, polyenes, 
echinocandins, and nucleosides (Mota Fernandes et al.  
2021). Accordingly, the antifungal targets that can be 
applied to develop drugs are also very limited. Azoles 
are known to target Erg11p (Wu et al. 2018), echinocan
dins to target Fas1p (Hu et al. 2023), flucytosine to target 
nucleic acid biosynthesis, and amphotericin B mainly to 
bind ergosterol in the cell membrane (Fisher et al. 2022). 
With the wide application of the available antifungal 
drugs, drug resistance has become a serious problem 
troubling the effect of clinical antifungal therapy (Mota 
Fernandes et al. 2021). Therefore, there is an urgent 
need for new antifungal treatment strategies, new 
drug targets, and new antifungal agents.

Targeting virulence factors is an effective strategy to 
fight fungal pathogens. To facilitate the study of 
C. albicans virulence, we have developed 
a Caenorhabditis elegans-based infection model that 
offers an efficient approach for high-throughput screen
ing work and yeast-to-hypha transition studies 
(Tampakakis et al. 2008; Pukkila-Worley et al. 2009). 
Using this C. elegans candidiasis model, we found that 
a mutant lacking MIR1 was significantly less virulent to 
C. elegans. MIR1 encodes a putative mitochondrial phos
phate transporter (http://www.candidagenome.org/), 
which is involved in phosphate transport and is asso
ciated with membrane potential and mitochondrial pro
tein import (Zara et al. 1996).

In this study, we used the mir1Δ/Δ mutant and con
firmed that it was avirulent in a murine candidiasis 
model and significantly hypo-virulent in the C. elegans 
model. The mechanism of this virulence defect was 
further explored.

2. Materials and methods

2.1. Strains and growth conditions

The C. albicans strains used in this study and the 
generation of the mir1Δ/Δ mutant, the MIR1 re- 

integrated strain are described in our previous 
study (Xing et al. 2023). Strains were routinely 
grown in a YPD liquid medium (1% yeast extract, 
2% peptone, and 2% dextrose) at 30 °C in a shaking 
incubator. Other medium used in this study included 
YPD + serum (YPD with 10% foetal calf serum), Lee’s 
[1 L medium contains 0.5 g (NH4)2SO4, 0.2 g MgSO4·H2 

O, 0.25 g K2HPO4, 5 g NaCl, 0.0714 g ornithine, 0.5 g 
alanine, 1.3 g leucine, 1.0 g lysine, 0.5 g phenylalanine, 
0.5 g proline, 0.5 g threonine, 0.1 g methionine, 0.001 g 
biotin, and 12.5 g dextrose], Spider (1% nutrient broth, 
1% mannitol, and 0.2% K2HPO4), SLAD [2% dextrose 
and 0.17% YNB with 6.6 mg (NH4)2SO4 per litre], SLD 
[0.2% dextrose, 0.17% YNB, and 0.5% (NH4)2SO4, with 
10 mg methionine per litre], and YPS (1% yeast extract, 
2% peptone, and 2% sucrose).

2.2. Virulence assay using a C. elegans candidiasis 
model

C. elegans glp-4; sek-1 strain was propagated on 
nematode growth medium on lawns of Escherichia 
coli OP50 by using standard methods (Pukkila- 
Worley et al. 2009). Approximately 400 adult 
C. elegans glp-4; sek-1 nematodes, synchronised in 
their development, were introduced into the middle 
of the C. albicans lawns placed on brain heart infusion 
(BHI) media. The setup was then incubated at 
a temperature of 25 °C for 4 h (Tan et al. 2014). 
Following a thorough wash, the worms were trans
ferred using a pipette into a single well of a six-well 
tissue culture plate. This well contained 2 mL of liquid 
medium consisting of 80% M9 and 20% BHI, along 
with kanamycin at a concentration of 45 μg/mL. Any 
dead worms were counted daily.

2.3. Virulence assay using a murine candidiasis 
model

Mice were infected with C. albicans as described pre
viously (Fuchs et al. 2010). ICR female mice (six-week- 
old, 18–22 g) were infected with 1.5 × 106 CFUs of 
C. albicans suspended in PBS via a tail vein injection 
in a 100 μL volume.

Two days after infection, the kidneys of the mice 
were removed aseptically, weighed and homoge
nised in sterile PBS. The dilutions were plated on 
YPD agar to determine the fungal burden of the 
kidneys.
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Histopathological analysis was also performed to 
assess kidney damage. Kidney tissue was fixed in 10% 
neutral buffered formalin and embedded in paraffin. 
Thin sections were stained using periodic acid Schiff 
(PAS) to reveal the hyphal structure of the fungal 
pathogens (Wang et al. 2009).

2.4. Time-growth curve assay

The experiment was carried out as described 
previously with some modifications (Xu et al. 2017). 
The cells of WT, mir1Δ/Δ, and mir1Δ/MIR1 were col
lected and then suspended in fresh YPD medium at 
a concentration of 1 × 106 cells/mL. Subsequently, the 
cells were cultured at a temperature of 30 °C while 
being continuously agitated at a speed of 200 r/min 
and the OD600 values were measured at designated 
time points after culture (0, 2, 4, 6, 8, 10, 12, and 24 h). 
The assay was carried out in triplicate.

2.5. Measurement of intracellular ethanol content

C. albicans cells were cultivated on Spider + glucose 
(100 mmol/L) at a temperature of 30 °C for 5 d, or on 
YPD + serum medium at a temperature of 37 °C for 
3 d. The detection of ethanol content was carried 
out as previously described (Bi et al. 2018). 0.1–0.3 g 
cells were accurately weighted and suspended with 
1 mL sterilised water. 700 μL glass beads (425–600  
μm, Sigma) were added to each suspension, and the 
C. albicans cells were lysed by Bead Ruptor 12 (Omni 
19-050A) and interrupted by cooling on ice. Glass 
beads were removed by centrifugation and the 
CheKine™ fluid ethanol kit (R-Biopharm AG) was 
utilised to measure the ethanol concentrations in 
the resulting supernatants. Triplicate independent 
experiments were conducted.

2.6. Measurement of intracellular ATP level

The measurement was performed as described pre
viously with some modifications (Xu et al. 2009). 
Exponentially growing C. albicans cells were adjusted 
to 5 × 106 cells/mL and incubated at 30 °C in a shaking 
incubator for 30 min. Intracellular ATP was deter
mined utilising the BacTiter-Glo reagent (BacTiter- 
Glo™ Microbial Cell Viability Assay, Promega, USA) 
and the signals were detected by a microplate reader 
(TECAN Infinite M200). To quantify the ATP levels, 

a standard curve was generated, and the ATP content 
was subsequently calculated based on this curve. The 
experiment was carried out in triplicate.

2.7. Measurement of intracellular ROS levels

The measurement was conducted as described pre
viously (Sa et al. 2017). Exponentially growing strains 
were diluted to 1 × 106 cells/mL and incubated with 
10 mmol/L of 2,7-dichlorofluorescin (DCFH-DA, 
Molecular Probes, Yeasen Biotechnology, China) at 
30 °C, 200 r/min for 1 h to react with intracellular 
ROS. Then the probe was washed away and the sam
ples were resuspended in a PBS buffer. The mean 
fluorescence intensity values were detected by flow 
cytometer (BD FACSCalibur) with excitation wave
length at 488 nm and the FL1 channel according to 
the product manuals. Triplicate independent experi
ments were conducted.

2.8. Measurement of mitochondrial ROS 
production rate

Mitochondrial ROS was detected by fluorescent 
probe DCFH-DA. C. albicans cells were adjusted to 
5 × 106 cells/mL, and mitochondria were extracted using 
a working solution [CheKine™ Mitochondrial Reactive 
Oxygen Species (ROS) Production Rate Fluorometric 
Assay Kit, Abbkine, China] after wall-breaking in homo
geniser. The extraction solution was incubated with 
fluorescent dye at 37 °C for 10 min, and the fluorescence 
values were recorded in 2 min by a microplate reader 
(TECAN Infinite M200) at the excitation wavelength of 
488 nm and the emission wavelength of 525 nm. The 
mitochondrial ROS production rates of WT, mir1Δ/Δ, and 
mir1Δ/MIR1 strains were calculated according to the for
mulas provided in the instructions.

2.9. RT-qPCR

Approximately 100 C. albicans cells were spread on 
a Spider + glucose agar plate [Spider +100 mmol/L 
glucose media containing 2% agar (Xu et al. 2015)]. 
Incubation was carried out at 37 °C for 3 d. Colonies 
were collected, washed and resuspended in DEPC- 
treated sterile ddH2O. Total RNA was extracted using 
an RNA purification kit (Yeast Total RNA Isolation Kit, 
Sangon, China). The overall quality of RNA was deter
mined by A260/A280 and analysed by agarose gel 
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electrophoresis. For RT-qPCR assays, 500 ng of total RNA 
of each sample was used to synthesise cDNA with 
reverse transcriptase [5×PrimeScript RT Master Mix 
(Perfect Real Time), TaKaRa, China]. Independent reac
tion mixtures were carried out by the same cDNA tem
plate for both the genes of interest and the ACT1 
reference gene using the SYBR Green qPCR SuperMix 
[HieffⓇ qPCR SYBR Green Master Mix (No Rox), Yeasen, 
China] according to the instructions. The sequences of 
primers are shown in Table S1. The relative mRNA fold 
changes were determined by the 2−ΔΔCт method using 
the CheKine™ 1 System. Data was shown in the form of 
log2. Triplicate independent experiments were 
conducted.

3. Results

3.1. MIR1 is required for virulence of C. albicans

In this study, wild-type strain SC5314, a mir1Δ/Δ 
mutant, and a re-integrated strain mir1Δ/MIR1 were 
used and we tested their virulence in two different 
infection models. In the C. elegans candidiasis 
model, the survival rate of the wild-type group 
was less than 40% within 48 h, and the survival 
rate dropped to approximately 20% at 120 h 
(Figure 1a), and each dead worm was visibly pene
trated by hyphae through the cuticle (Figure 1b). 
Similar results were seen in the re-integrated strain 
group (Figure 1a,b). In contrast, the survival rate of 
the mir1Δ/Δ infection group remained at about 90% 
at 120 h, and no hyphae were observed in either 
alive or dead worms (Figure 1a,b). In the murine 
candidiasis model, the survival data indicated that 
the mir1Δ/Δ strain was non-lethal to mice during 
21 days of observation, whereas the wild-type and 
the mir1Δ/MIR1 strain killed all the hosts within 8  
days (Figure 1c). The fungal burden in renal tissue 
was significantly lower in the mir1Δ/Δ mutant group 
than that in the wild-type group (Figure 1d, ***, p <  
0.001). Periodic Acid Schiff (PAS) staining of the 
mouse kidneys showed that C. albicans hyphae 
were clustered after infection with the wild-type 
and mir1Δ/MIR1 strains. However, no obvious hyphal 
cluster was observed in the mir1Δ/Δ infection group 
(Figure 1e). These results indicated that the mir1Δ/Δ 
mutant had a serious defect in virulence in both 
nematode and murine models.

3.2. MIR1 is required for normal growth of 
C. albicans

To investigate how MIR1 influences the virulence of 
C. albicans in the host, we tested several factors that 
contributed to the virulence of the fungal pathogen. 
First, we tested the influence of MIR1 on the growth of 
the fungus in vitro. The results indicated that the wild- 
type and mir1Δ/MIR1 strains showed a similar growth 
trend, while the mir1Δ/Δ mutant strain grew much 
slower than the wild-type and mir1Δ/MIR1 strains in 
24 h (Figure 2). The data demonstrated that MIR1 is 
required for the growth of C. albicans and the defi
ciency of MIR1 may slow down the growth process of 
the yeast.

3.3. MIR1 affects hyphal formation of C. albicans

The morphogenetic change of C. albicans from yeast to 
hyphae facilitates invasion and plays an essential role 
in C. albicans virulence (Chen et al. 2020). In this study, 
we found that the mir1Δ/Δ mutant seemed to have 
hyphal defects in both nematode and murine models 
(Figure 1b,e), suggesting that MIR1 might influence 
hyphal formation. Hence, hyphal formation was speci
fically investigated in vitro on agar systems mimicking 
features of tissue invasion (Kumamoto and Vinces  
2005a, 2005b; Sudbery 2011). We incubated the wild- 
type, mir1Δ/Δ, and mir1Δ/MIR1 strains on multiple 
hypha-inducing agar media under different tempera
tures (25, 30, and 37 °C) (Figure 3). The mir1Δ/Δ mutant 
did not grow on Spider (mannitol as carbon source) 
and displayed a severe filamentation defect on YPD +  
serum, Lee, Spider + glucose, SLAD (low nitrogen- 
containing medium), SLD (synthetic low dextrose med
ium), and YPS. More specifically, the mir1Δ/Δ mutant 
formed smooth-edged colonies on all the tested media 
(except for Spider) at various temperatures, in contrast 
to the wrinkled colonies or colonies with radial hyphae 
in the wild-type and the re-integrated strains (Figure 3). 
We also observed the hyphal formation of the mir1Δ/Δ 
mutant in liquid media. We cultured wild-type, 
mir1Δ/Δ, and mir1Δ/MIR1 strains on four hypha- 
inducing liquid media at 37 °C. Interestingly, the 
mir1Δ/Δ mutant exhibited filamentation defects only 
in liquid Spider medium, but not in YPD + serum, Lee, 
or Spider + glucose (100 mmol/L) medium (Figure S1). 
Collectively, the results suggested that MIR1 may play 
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an important role in C. albicans filamentation features 
of tissue invasion.

To investigate whether MIR1 influenced the fila
mentation on solid media by affecting budding in 
C. albicans, we examined the budding of 

C. albicans cells. It was observed that the absence 
of MIR1 did not affect budding by comparing the 
wild-type, mir1Δ/Δ, and mir1Δ/MIR1 strains in 
either liquid or solid media of Spider + glucose 
(100 mmol/L), and the budding rates of the wild- 

Figure 1. The mir1Δ/Δ mutant exhibited severe defects in virulence. (a) Caenorhabditis elegans survival was followed for 120 h after 
Candida albicans infection (60–70 worms per strain of C. albicans). **, p < 0.01, ****, p < 0.0001. (b) The C. elegans glp-4; sek-1 
nematodes were infected by C. albicans wild-type, mir1Δ/Δ, or mir1Δ/MIR1 strain, respectively. On day 3, the worms were 
photographed. Scale bars: 1 mm. (c) Mice survival was observed for 21 days. n = 12, ****, p < 0.0001. Mice were inoculated with 
1.5 × 106 CFUs of the indicated strains intravenously and observed twice daily. (d) Fungal burden of the kidneys of mice infected with 
the wild-type, mir1Δ/Δ, or mir1Δ/MIR1 strain, 2 days after inoculation. The data were analysed using one-way ANOVA followed by 
a post hoc Dunnett-t test. n = 4, ***, p < 0.001. (e) PAS stained thin sections of kidneys 2 days after inoculation with the indicated 
C. albicans strains. Tissues were examined by microscope. Arrows indicate C. albicans filaments in the tissues. These images were 
observed with an optical microscope at 400-fold magnification. Scale bars = 100 μm.
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type, mir1Δ/Δ, and mir1Δ/MIR1 strain were almost 
the same in both media tested in this study 
(Figure S2).

3.4. MIR1 affects unfermentable carbon utilisation

As shown in Figure 3, the mir1Δ/Δ mutant could 
not grow on Spider agar, indicating a specific 
growth defect on the medium. Spider medium 
uses mannitol as the carbon source, which is non
fermentable, compared with other tested media. 
We then added glucose as a fermentable carbon 
source into Spider agar. We found that mir1Δ/Δ 
mutant could grow on Spider with glucose, but 
still could not form hyphae at 25, 30, and 37 °C 
compared with wild-type and mir1Δ/MIR1 strains.

Based on these findings, we supposed that MIR1 
affected unfermentable carbon utilisation in 
C. albicans. To test the hypothesis, we incubated 
the three strains on YPG (with nonfermentable gly
cerol as a carbon source) and YPE (with nonfermen
table ethanol as a carbon source) agar. The results 
showed that no obvious growth of the mir1Δ/Δ 
mutant could be observed after 24 h incubation at 
30 °C on YPG or YPE agar (Figure 4a). Due to defi
ciencies in the ability to utilise non-fermentable 
carbon sources, the mir1Δ/Δ mutant might rely pri
marily on fermentative growth. Since ethanol is the 
main product in fermentation, we examined the 

amount of ethanol in the mir1Δ/Δ mutant cells. As 
expected, ethanol content in the mir1Δ/Δ mutant 
was significantly higher than in the wide-type strain 
in two different media (Figure 4b). As shown above, 
these results confirmed our hypothesis that MIR1 
played a role in unfermentable carbon utilisation in 
C. albicans.

3.5. Intracellular reactive oxygen species (ROS) 
accumulated in the mir1Δ/Δ mutant, leading to 
defects of hyphal formation

MIR1 encodes a putative mitochondrial phosphate 
carrier that catalyses the proton co-transport of phos
phate into the mitochondrial matrix (Murakami et al.  
1990; Phelps et al. 1991), which might affect the oxi
dative phosphorylation (Hamel et al. 2004). 
Consequently, the deficiency of MIR1 might disturb 
ATP production and redox balance in mitochondria. 
Therefore, we measured intracellular ATP and ROS 
content to detect oxidative phosphorylation levels. 
As expected, the mir1Δ/Δ mutant showed decreased 
ATP concentration compared with the wild-type in 
YPD media (Figure 5a). The content of ATP in the 
mir1Δ/Δ mutant was 24.90 nmol/L, which was about 
1/3 of the content in the wild-type strain. Moreover, 
the redox balance was interrupted in the mir1Δ/Δ 
mutant. Our results indicated that the intracellular 
ROS level increased by about 2.5 times (Figure 5b), 
and the mitochondrial ROS production rate increased 
by about 2 times in the mir1Δ/Δ mutant strain 
(Figure 5c) compared with the wild-type strain, indi
cating that the ROS accumulated in the mir1Δ/Δ 
mutant, and the ROS accumulation was in accordance 
with the mitochondrial ROS production rate.

Furthermore, we examined whether the accumu
lated intracellular ROS level was associated with the 
hyphal growth defects in the mir1Δ/Δ mutant strain. 
We used antioxidants to reduce the intracellular ROS 
levels in the mir1Δ/Δ mutant strain and observed the 
hyphal growth. All the 3 antioxidants used in this study, 
including proanthocyanidins, vitamin E, and N-acetyl 
cysteine (abbreviated as PC, VE, and NAC, respectively) 
could significantly reduce the intracellular ROS levels in 
the mir1Δ/Δ mutant strain (Figure 5d, ***, p < 0.001 or 
****, p < 0.0001). Then the 3 antioxidants were added to 
the hyphal-inducing media respectively to observe 
their effects on the filamentation of the mir1Δ/Δ mutant 
strain. The results indicated that adding 600 μmol/L PC, 

Figure 2. The growth curve of the wild-type, mir1Δ/Δ, and 
mir1Δ/MIR1 Candida albicans strains. Exponentially growing 
C. albicans cells were adjusted to 1 × 106 cells/mL, and cultured 
at 30 °C with constant shaking. The OD values were measured at 
designated time points.
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Figure 3. The mir1Δ/Δ mutant strain could not form hyphae on many kinds of media. Hyphal formation of Candida albicans wild-type, 
mir1Δ/Δ, and mir1Δ/MIR1 strains on different media at (a) 25 °C, (b) 30 °C, (c) 37 °C. Scale bars = 1 mm.
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Figure 4. MIR1 affects unfermentable carbon utilisation in Candida albicans. (a) The mir1Δ/Δ mutant couldn’t grow on nonfermentable 
carbon sources. YPD: Contains fermentable glucose as the carbon source; YPG: Contains nonfermentable glycerol as the carbon source; 
YPE: Contains nonfermentable ethanol as the carbon source. (b) The ethanol content in C. albicans wild-type, mir1Δ/Δ, and mir1Δ/MIR1 
strains growing in spider + glucose or YPD + serum. **, p < 0.01.

Figure 5. Intracellular reactive oxygen species (ROS) accumulated in the mir1Δ/Δ mutant, leading to hyphal formation defects. (a) The 
ATP content of Candida albicans wild-type, mir1Δ/Δ, and mir1Δ/MIR1 strains. ***, p < 0.001. (b) The intracellular ROS content of 
C. albicans wild-type, mir1Δ/Δ, and mir1Δ/MIR1 strains. *, p < 0.05. (c) The mitochondrial ROS production rate of C. albicans wild-type, 
mir1Δ/Δ, and mir1Δ/MIR1 strains. *, p < 0.05 compared with the wild-type strain. (d) Effect of antioxidants on intracellular ROS levels of 
wild-type strain and mir1Δ/Δ mutant. 600 μmol/L proanthocyanidins (PC), 1 mmol/L vitamin E (VE), and 4 mmol/L N-acetyl cysteine 
(NAC) were added into YPD medium respectively, strains were incubated at 30 °C for 1 h. ***, p < 0.001; ****, p < 0.0001. (e) Effect of 
antioxidants on filamentation of C. albicans wild-type, mir1Δ/Δ, and mir1Δ/MIR1 strains. 600 μmol/L PC, 1 mmol/L VE, and 4 mmol/L 
NAC were added into spider + glucose solid medium respectively. Plates were incubated at 30 °C for 7 d. Scale bars = 1 mm.
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1 mmol/L VE, or 4 mmol/L NAC to the agar partially 
rescued the filamentation defects of the mir1Δ/Δ 
mutant strain (Figure 5e). In contrast to the smooth 
edges of the control mir1Δ/Δ mutant colonies, the 
colonies grown on the antioxidant-added agar were 
significantly wrinkled. These results demonstrated that 
the functional defect of MIR1 led to intracellular ROS 
accumulation, which in turn influenced filamentation in 
the mir1Δ/Δ mutant strain. Reducing the ROS level in 
cells partially restored this hyphal formation defect.

3.6. Cek MAPK pathway and Rim101 pathway 
might be involved in the hyphal formation defects 
of the mir1Δ/Δ mutant

To explore whether the hyphal formation defect in 
the mir1Δ/Δ mutant was due to the blockage of 
hyphal-related signalling pathways, we performed 
RT-qPCR. In the mir1Δ/Δ mutant, CEK1 and RIM101 
were obviously down-regulated, meanwhile, the 
hypha-specific genes ECE1, HYR1, and HWP1 were 
also down-regulated (Figure 6a). We also investi
gated the effects of the antioxidant on the hyphal- 
related gene expression in the mir1Δ/Δ mutant. 
The results showed that the antioxidant NAC 
could rescue the down-regulation of hypha- 
specific genes, as well as CEK1 and RIM101 
(Figure 6b). These findings suggested that the 
hyphal formation defect of the mir1Δ/Δ mutant 
might be related to the obstruction of the Cek 
MAPK pathway and Rim101 pathway, leading to 
the downregulation of downstream hypha-specific 
genes, and resulting in hyphal formation defects.

4. Discussion

In Saccharomyces cerevisiae, MIR1 encodes 
a mitochondrial phosphate carrier that is involved in 
the proton co-transport of phosphate into the mito
chondrial matrix (Murakami et al. 1990; Zara et al.  
1996). In the present study, we revealed a novel role 
of MIR1 in C. albicans virulence and found that the 
deletion of MIR1 markedly attenuated the virulence of 
C. albicans in both the C. elegans and the murine 
candidiasis models. A prominent reason for the loss 
of virulence is the dramatic defect in the yeast-to- 
hypha transition of the mir1Δ/Δ mutant. The hyphal 
formation is an important attribute in C. albicans viru
lence. Mutants that are unable to form hyphae are 
reported to be avirulent (Lo et al. 1997; Bi et al. 2018). 
In this study, the mir1Δ/Δ mutant could not form 
hyphae to puncture the nematode or cluster in the 
kidneys of mice, and it showed severe filamentation 
defects in all tested hypha-inducing media. The defect 
in the yeast-to-hypha transition may contribute to the 
attenuated virulence of the mir1Δ/Δ mutant. 
Furthermore, this morphological transformation 
defect is associated with mitochondrial dysfunction 
and ROS accumulation. Antioxidants could eliminate 
intracellular ROS and rescue filamentation defects. 
Furthermore, the Cek MAPK pathway and Rim101 
pathway may be involved in the filamentation defects 
of the mir1Δ/Δ mutant. Overall, this study suggests 
that MIR1 plays a vital role in respiration, filamentation 
and virulence of C. albicans, and disrupting respiration 
through blocking the mitochondrial phosphate car
rier may serve as a potent antifungal strategy.

Figure 6. The Cek MAPK pathway and Rim101 pathway might be involved in the hyphal formation defects of the mir1Δ/Δ mutant. Cells 
grown on spider + glucose (100 mmol/L) agar medium for 3 days were harvested and used for mRNA extraction. To investigate the effect 
of antioxidants, spider + glucose (100 mmol/L) agar medium was added with 4 mmol/L NAC. Expression levels of the selected genes were 
assessed by RT-qPCR. (a) Relative mRNA levels of some hypha-related genes in Candida albicans wild-type, mir1Δ/Δ, and mir1Δ/MIR1 
strains. (b) Effect of the antioxidant NAC on the mRNA levels of some hypha-related genes in the mir1Δ/Δ mutant.
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There are two ways of energy production in 
C. albicans cells, fermentation and respiration. 
Fermentation pathways can ferment carbohydrates 
to ethanol and produce ATP in the process. 
Respiration is more efficient in ATP production since 
carbohydrates can be thoroughly metabolised into 
water and carbon dioxide in this strategy. C. albicans 
prefers respiration in most cases when oxygen is suf
ficient (Askew et al. 2009). Of note, the mir1Δ/Δ 
mutant exhibited a respiration defect, as evidenced 
by its defect in utilising non-fermentable carbon 
sources. This may be explained by the insufficient 
supply of phosphate caused by MIR1 dysfunction 
since it is one of the key substrates in ATP production 
(Murakami et al. 1990). The mir1Δ/Δ mutant failed to 
form hyphae. This may indicate that respiration is 
essential for the filamentation of C. albicans.

Respiration is composed of a series of metabolic 
processes including glycolysis, tricarboxylic acid (TCA) 
cycle, and adenosine triphosphate (ATP) synthesis via 
oxidative phosphorylation (Duvenage et al. 2019). 
Goa1 protein is required for respiratory growth and 
mutants that lack Goa1 are compromised in hyphal 
growth and avirulent in a murine model of haemato
genous disseminated candidiasis (Bambach et al.  
2009). Further study shows that interrupting DPB4 
and RBF1, which are the transcriptional regulators of 
GOA1, also affects the yeast-to-hyphal transition of 
C. albicans (Khamooshi et al. 2014). Previously, we 
revealed that lacking iron-sulphur subunit of succi
nate dehydrogenase (also named respiratory complex 
II) leads to both filamentation and virulence defects 
(Bi et al. 2018). In this study, we further revealed that 
lacking mitochondrial phosphate carriers leads to 
severe filamentation and virulence defects. 
Collectively, it can be inferred that respiration is asso
ciated with virulence of C. albicans and intervention in 
respiration of pathogenic fungi may become an anti
fungal strategy.

ROS is a bunch of active substances containing 
unpaired electrons derived from O2, such as ·O2, 
H2O2, and ·OH (Halliwell and Gutteridge 2007). It is 
mainly produced by mitochondria in C. albicans 
cells. When the function of mitochondria is dis
turbed, ROS may accumulate and lead to cell 
damage. Excessive ROS can break the DNA chains 

and damage proteins, resulting in cell apoptosis 
and cell death (Dwyer et al. 2012; Foti et al. 2012). 
Our previous study has clarified that the increased 
intracellular ROS is associated with the filamenta
tion defects of C. albicans. The ROS-inducing 
agents could inhibit the hyphal growth of the 
yeast in a dose-dependent manner (Bi et al.  
2018). In this study, lack of MIR1 led to mitochon
dria dysfunction and ROS accumulation in 
C. albicans. This may contribute to the growth 
and filamentation defects in the fungal cells. 
Meanwhile, antioxidants such as PC, VE, and NAC, 
could decrease ROS levels in cells and restore the 
hyphal formation ability. These experiments con
firmed that ROS is associated with filamentation 
defects in C. albicans, and accumulating intracellu
lar ROS by influencing respiration is a promising 
antifungal strategy.

Hypha-specific genes, including ECE1, HWP1, HGC1, 
and HYR1, affect C. albicans hyphal formation (Silva 
et al. 2017). They are downstream genes regulated by 
several signalling pathways. The Cek MAPK pathway, 
for example, is induced by the embedding matrix 
environment, cell wall damage and low nitrogen. 
The signals are transmitted from CST20 to CEK1 
through STE11 and HST7, and eventually lead to 
hyphal formation through phosphorylation of tran
scription factors CPH1 (Chen et al. 2020). While 
regarding the cAMP-PKA pathway, CYR1-encoded 
adenylate cyclase can increase the synthesis of 
cAMP, thereby activating the cAMP-dependent pro
tein kinase regulatory subunits, and then activating 
the catalytic subunit TPK1. TPK1 activates EFG1, up- 
regulates hypha-specific genes, and induces hyphal 
formation, which contributes to filaments on solid 
media (Giacometti et al. 2011). Besides, there is also 
a pH-sensing pathway regulating hyphal formation, 
mainly mediated by Rim101 (Li et al. 2004). In this 
study, MIR1 deletion resulted in hyphal defects in 
C. albicans. It seemed that the hyphal defects caused 
by MIR1 deletion might be partially due to the inhibi
tion of the CEK1-mediated Cek MAPK pathway and 
Rim101-mediated pH signalling pathway, rather than 
the cAMP-PKA pathway. Meanwhile, antioxidant NAC 
could partially restore the expression of the hypha- 
specific genes in the mir1Δ/Δ mutant, which is 
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consistent with the results of hyphal formation. 
Nevertheless, more evidence is still needed to validate 
the role of the Cek MAPK pathway and Rim101 path
way in the hyphal formation of the mir1Δ/Δ mutant.
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