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Abstract 
Selective mitochondrial autophagy or mitophagy is an evolutionarily con-
served cellular process that selectively degrades superfluous, damaged, and 
dysfunctional mitochondria. This process is believed to be a mitochondrial 
quality control system crucial for intracellular homeostasis. Recently, re-
searchers developed a range of methods to induce mitophagy and a variety of 
assays to monitor this process. With these new methods, the research on mi-
tophagy has been developed rapidly. In particular, some key receptors and 
regulatory factors in fungi have been identified, which provides a basis for 
further understanding of the mechanism of this process. Although it has been 
studied extensively in the model yeast Saccharomyces cerevisiae, mitophagy 
in pathogenic fungi remains poorly understood. However recent studies have 
shown that mitophagy is involved in the regulation of pathogenicity of pa-
thogenic fungi, which greatly increases the importance of mitophagy. There-
fore, it is necessary to review the current research on mitophagy in order to 
provide an accurate understanding of mitophagy and promote mitophagy re-
search in the pathogenic fungi. 
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1. Introduction 

Mitochondria, double-membrane-enclosed organelles, carry out most of the 
cellular oxidative processes and produce the bulk of the cell’s adenosine tri-
phosphate (ATP), which is the primary source of energy [1] [2]. Moreover, mi-
tochondria are important organelles in eukaryotic cells, which are involved in 
vital functions that include cellular differentiation, cell signaling, and cell death, 
as well as maintaining control of the cell cycle and cell growth [3]. Mitochondri-
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al dysfunction is usually multifactorial and characterized by abnormal accumu-
lation of ATP and reactive oxygen species (ROS) [1] [3]. Thereby dysfunctional 
mitochondria may disrupt the regulation of intracellular cell homeostasis, and be 
harmful to the cell [4]. Mitochondria possess some internal quality control ma-
chinery, but an important contribution for quality control and clearance of mi-
tochondria comes from mitophagy, which is a selective degradation of mito-
chondria by autophagy [5]. The primary research goal of mitophagy is to eluci-
date the molecular mechanisms by which cells maintain a certain population of 
healthy and functional mitochondria for normal cellular metabolism [5] [6]. 

In the past two decades, many new methods have been used for the study of 
mitophagy, and great progress has been made in studying the roles of mitophagy 
in fungi, especially in a model yeast S. cerevisiae [6]-[14]. Recently, a particular 
interest has been devoted to study mitophagy in the pathogenic fungi [15]-[20]. 
This review summarizes the research progress in mitophagy, including methods 
to induce mitophagy, a variety of assays to monitor mitophagy, and the molecu-
lar mechanism of mitophagy, with an emphasis on studies performed in the pa-
thogenic fungal species Candida glabrata, Candida albicans, Magnaporthe ory-
zae, Aspergillus oryzae, Ustilago maydis and Beauveria bassiana. This review will 
provide a better understanding of the role of mitophagy in fungal pathogenicity 
and help develop new strategies for fungal disease control. 

2. Induction and Physiological Roles of Mitophagy in Yeast 
and Pathogenic Fungi 

2.1. Induction of Mitophagy 

Eukaryotes perceive nutritional status and activate autophagy to survive during 
starvation [13]. Several conditions, including nitrogen starvation, stationary 
phase, rapamycin treatment, and some alternation of mitochondrial function, 
induce mitophagy in fungi [5] [19] [21] [22] [23] [24] [25]. In yeast and patho-
genic fungi, nitrogen starvation is the most common condition for induction of 
mitophagy [12] [23] [24] [26]. In yeasts, mitophagy is generally observed during 
the post-logarithmic growth phase when cells are cultured in a respiratory me-
dium containing a non-fermentable carbon source, such as lactate and glycerol, 
or pre-cultured in a non-fermentable medium and then transferred to a nitro-
gen-free fermentation medium containing glucose [5] [6] [21] [25] [27] [28]. 
Moreover, there are variations in the conditions of mitophagy induction among 
different species of yeast. In the budding yeast S. cerevisiae, mitophagy is imme-
diately induced when cells are cultured under nitrogen-starved conditions after 
pre-culturing in a non-fermentable medium [8] [21] [29] [30] [31]. Interestingly, 
in S. cerevisiae, mitophagy is also induced by rapamycin treatment. Rapamycin 
could inhibit the TOR (target of rapamycin) signaling pathway to regulate res-
piration induced mitophagy [28]. In the haploid budding yeast C. glabrata, a 
close relative of S. cerevisiae, mitophagy can be induced in long-term culture in 
medium containing respiratory carbon source, but not under short-period ni-
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trogen starvation condition [22]. The mechanism by which mitophagy is sup-
pressed in media containing a respiratory carbon source remains to be clarified. 
As for, C. albicans, a methylotrophic yeast, mitophagy is also induced under ni-
trogen starvation conditions [26]. These studies have indicated physiological 
differences underlying mitophagy regulation in different yeast species. 

Induction of mitophagy, in the filamentous fungus M. oryzae (rice blast fun-
gus), is observed under nitrogen starvation [17] [23]. In addition, mitochondria 
are one of the major sources of ROS in cells, imbalance of ROS levels and the 
resulting oxidative stress within these organelles is an attractive candidate for an 
inducer of mitophagy [4]. In M. oryzae, oxidative stress is another inducer of 
mitophagy in addition to minimal medium with glycerol [23]. Likewise, in 
another filamentous fungus Aspergillus oryzae, mitophagy can be induced in the 
minimal medium with lactic acid or glycerol as the sole carbon source [32]. Mi-
tophagy in a highly attractive model fungus U. maydis for the study of cellular 
processes is detected after the transfer from log-phase cells to either wa-
ter-diluted YEPS (yeast extract-peptone-sucrose) or nitrogen-deprived minimal 
medium (MMG-N; glucose is the sole carbon source), which are amino acid 
starvation conditions [19]. Additionally, mitophagy is also induced as response 
to conditional overexpression of the a2 mating-type locus gene, which induces 
mitochondrial dysfunction in U. maydis [33]. Recently, a study showed that the 
mitophagy of B. bassiana, a filamentous entomopathogenic fungus, was induced 
by mild starvation [31]. Variations in the different fungi growth environments 
and fungal diversity can explain the differences in the mitophagy-inducing con-
ditions for these fungi. However, the mechanism of these different conditions to 
trigger mitophagy needs further study. 

In addition, there are different types of mitophagy occurring during nutrient 
deprivation, mitochondrial damage and at last the form of self-eating mitochon-
dria. Nutrient deprivation and mitochondrial damage mitophagy are known as 
the macro-mitophagy while the latter is known as the micro-mitophagy. Mi-
cro-mitophagy is well characterized in yeast. Different molecular mechanisms 
are required for different types of mitophagy. However to elucidate the molecu-
lar mechanism of the various forms of mitophagy in yeast and pathogenic fungi, 
more detailed research needs to be conducted [34]. 

2.2. The Physiological Role of Mitophagy 

The physiological roles of mitophagy have been recently determined using cells 
with mitophagy deficiency, such as ATG32, ATG24 and ATG26 deletion mu-
tants in different fungi [23] [29] [32]. In S. cerevisiae and C. glabrata, mitophagy 
plays an essential role in maintaining the appropriate quantity and quality of 
mitochondria to minimize the ROS production when cells encounter starvation 
stress in respiratory growth [12] [22]. Mitochondrial membrane potential 
(MMP) is critical for maintaining the physiological function of respiratory chain 
to generate ATP and has an important impact on mitochondrial function and 
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cellular longevity [31]. It has also been reported that mitophagy is required for 
maintenance of MPP to sustain the levels of intracellular ATP and retaining the 
longevity in S. cerevisiae and C. glabrata [6] [22]. In addition, decreased or dy-
sregulated mitophagy can also contribute to the decline in mitochondrial quality 
and function, which is related to aging [6]. However, how mitophagy is regu-
lated during aging in most of the fungi remains to be elucidated. 

In filamentous fungi, mitophagy plays essential roles during differentiation in 
sexual and asexual development, and pathogenesis [23] [32]. For example, mi-
tophagy is essential for conidia differentiation and fungal pathogenesis in M. 
oryzae [17] [23]. Similarly, in A. oryzae, strongly reduced conidial and aerial 
hyphae growth and invasive growth were shown in the ATG26 deletion strain, 
which is mitophagy deficient mutant [32]. Moreover, in B. bassiana, mitophagy 
is related to the development of blastopores and starvation stress [20]. However, 
it has been suggested that mitophagy defects do not lead to serious defects in 
fungal pathogenicity in some pathogenic fungi, in contrast to the situation with 
non-specific autophagy [11] [17] [20] [23] [32]. The relationship between mito-
phagy and fungal pathogenesis remains elusive and needs to be further explored. 

3. Methods to Monitor Mitophagy in Yeast  
and Pathogenic Fungi 

3.1. Transmission Electron Microscopy Analysis of Mitophagy 

Since the first evidence of mitophagy in yeast was reported by Kissova et al. [34], 
a considerable amount of work has been conducted in mitophagy. Methods for 
detecting mitophagy in fungi include transmission electron microscopy (TEM), 
fluorescence microscopy for co-localization of mitochondria with autophago-
somes, and western blotting to quantify degradation of mitochondrial proteins 
[35] [36] [37]. TEM is a widely used methodology to detect mitophagy [36]. 
TEM observations make it possible to distinguish between selective mitophagy 
and nonselective mitochondrial degradation and qualitatively distinguish early 
stages of mitophagy by the presence of autophagosomes containing intact mito-
chondria from late stages of mitophagy [38]. Although TEM requires expertise 
in recognizing and analyzing these ultrastructural features, this approach has 
higher resolution than fluorescence-based imaging technology [36] [37]. None-
theless, TEM is best used in combination with other methods to ensure the 
complex and holistic approach that is becoming increasingly necessary in mito-
phagy research. 

3.2. Fluorescence Microscopy for Analyzing Mitophagy 

Fluorescence microscopy is also an important and commonly used methodology 
for assessing and quantifying the complete degradation of mitochondria by mi-
tophagy [23] [32]. Mitophagy can be visualized under fluorescence microscopy 
using GFP/RFP/mCherry-tagged mitochondrial proteins or dye-labeled mito-
chondria [17] [23] [32] [39]. This type of microscopy has been commonly used 
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in most of the studies detecting mitophagy in yeast and pathogenic fungi [17] 
[23] [32] [39] [40] [41]. In this assay, when mitophagy is induced, the damaged 
mitochondria are transported to tagged or labeled vacuoles, and the mitophagy 
can be observed by the fluorescence signals from GFP/RFP/mCherry or dyes in 
the vacuoles [17] [23] [27] [32] [34] [35] [39]. Observing mitophagy using fluo-
rescence microscope could provide results for mitophagy observation in a large 
number of cells. 

3.3. Western Blot Analysis of Mitophagy 

Mitophagy can also be quantified by the degradation of mitochondrial proteins 
using Western blot assay. This assay is more appropriate and specific for mito-
phagy [42]. However, high levels of mitophagy may be required to detect mito-
chondrial protein degradation, and changes in protein levels can be seriously af-
fected by other factors, for example, by proteasomal degradation pathways and 
alterations in biogenesis [37]. The outer mitochondrial membrane proteins are 
degraded by both autophagy and the proteasome, which makes interpretation of 
data from Western blot assays very complicated [43]. In addition, this method of 
quantification may underestimate mitophagy when substantial mitochondrial 
biosynthesis is occurring simultaneously [11] [43]. According to published re-
search results, mitochondrial inner membrane or matrix proteins have been 
recommended for mitophagy assessment by Western blot analysis in fungi as it 
has been more objective and quantitative [35]. 

In conclusion, at present, no single experimental method is sufficient for the 
assessment of mitophagy, because none of these assays alone provide the evi-
dence to prove the occurrence of cargo-specific mitophagy. Consequently, it is 
important to use a variety of assays to study mitophagy. 

4. The Molecular Mechanism of Mitophagy in Yeast  
and Pathogenic Fungi 

4.1. Receptor Proteins Involved in Mitophagy in Different Fungi 

Selective autophagy pathway requires binding of the cargo receptor to the core 
autophagy machinery that linking the cargo to the phagophore [5] [30] [44]. In 
mitophagy, the receptor recruits the autophagy machinery components directly 
to the superfluous or damaged mitochondria to the autophagosome membrane 
to initiate selective autophagy [8] [9] [29] [30]. The receptor-proteins functions 
related to mitophagy in yeasts and pathogenic fungi were summarized in Table 
1. Among them, S. cerevisiae Atg32 is the first mitophagy receptor identified 
[29]. Moreover, the Atg32 homolog also was identified as a mitophagy receptor 
in the pathogenic yeast C. glabrata [45]. In addition, several mitophagy receptors 
were identified, including MoAtg24 in M. oryzae and AoAtg26 in A. oryzae, 
which are directly involved in mitophagy similar to the yeast Atg32 [23] [32]. 
Notably, AoAtg26 is involved in both mitophagy and pexophagy in A. oryzae 
[32]. At present, how they perceive the mitochondrial stresses within mitochondria  
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Table 1. Summary of the mitophagy receptors and key proteins in yeasts and pathogenic fungi. 

Protein Species Host Localized Function Induction condition Ref. 

ATG32 
(Mitochondria-anchor 
receptor) 

S. cerevisiae N.A Outer 
membrane of 
Mitochondria 

Recruits the autophagic 
machinery components to 
mitochondria and regulates 
degradation of mitochondria 

Nitrogen starvation 
conditions and 
non-fermentable carbon 
source 

[25] [29] [30] [45] 

C. glabrata Human Mitochondria Contribute to mitochondrial 
quality control mechanism, 
longevity of cells and 
pathogenesis 

Iron-depleted conditions [22] [38] [46] 

ATG24 (Sorting 
nexin) 

M. oryzae Rice and 
wheat 

Mitochondria Required for sporulation and 
proper invasive growth during 
rice blast infection process 

Starvation and oxidative 
stress 

[17] [23] [47] 

ATG26 (Sterol 
glucosyltransferase) 

A. oryzae Rice, maize, 
barley and 
wheat 

PAS Required for selective autophagy 
degradation of mitochondria, 
peroxisome and nuclei 
differentiation process 

Non-fermentable carbon 
source 

[32] 

ATG8 (Ubiquitin like 
protein) 

S. cerevisiae, 
C. glabrata, 
M. oryzae, 
A. oryzae 

Human, 
Rice, wheat, 
barley and 
maize 

Autophagosom
al membrane 

mediating the recruitment of 
different cargo molecules into 
autophagosomes 

Starvation, oxidative 
stress Non-fermentable 
carbon source 

[25] [29] [30] [45] 
[22] [38] [46] [17] 
[23] [47] [32] 

ATG11 
(Scaffold protein) 

S. cerevisiae, 
C. glabrata, 
M. oryzae, 
A. oryzae 

Human, 
Rice, wheat, 
barley and 
maize 

Cytosol an adaptor protein for selective 
autophagy 

phosphate 
starvation-induced 
autophagy 

[25] [29] [30] [45] 
[22] [38] [46] [17] 
[23] [47] [32] 

 
to activate mitophagy remains largely unknown in pathogenic fungi. 

4.2. Key Proteins in the Mechanism Process of Mitophagy in 
Yeasts and Pathogenic Fungi 

Various fungi share similar molecular mechanism for mitophagy. The receptor 
protein interacts with scaffold protein Atg11 to organize the core autophagic 
machinery at the phagophore assembly site (PAS), and mediates recruitment of 
Atg8, which initiates phagophore elongation from the PAS [5] [48]. In S. cerevi-
siae, the interaction of Atg32 and Atg11 is regulated by phosphorylation of 
Atg32 [25]. As observed in S. cerevisiae, the phosphorylation of CgAtg32 before 
initiation of mitophagy was also detected in iron-depleted C. glabrata cells [22]. 
In addition, the Atg11 homologs have been identified in M. oryzae, A. oryzae 
and U. maydis, but the requirement of Atg11 for mitophagy has only been elu-
cidated in S. cerevisiae, A. oryzae and U. maydis [18] [19] [26] [39] [49] [50] 
[51]. The role of Atg11 in the initiation of mitophagy in other fungi remains to 
be studied. 

In mitophagy, the receptor recruits the core autophagy machinery compo-
nents, which are required for nonselective and other selective autophagy, direct-
ly to the superfluous or damaged mitochondria to initiate selective autophagy 
[5]. An ubiquitin-like protein Atg8 is one of the core elements in autophagy. 
Atg8 interacts with mitophagy receptors through a conserved WXXL-like se-
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quence (W/Y-X-X-L/I/V), Atg8-family-interacting motif (AIM), to mediate se-
lective recognition of the superfluous or damaged mitochondria by the phago-
phore [30]. Subsequently, an autophagosome, which completely encloses the 
mitochondria, forms to depolarize and degrade mitochondria [10]. Studies in S. 
cerevisiae showed that the interaction between Atg32 and Atg8 facilitates the 
formation of autophagosomes surrounding the mitochondria and anchor the 
mitochondria to autophagosomes during mitophagy process. The function of 
Atg8 in autophagy has been investigated in yeast and several pathogenic fungi 
including S. cerevisiae, M. oryzae, A. oryzae, U. maydis and B. bassiana [52] [53] 
[54] [55], indicating that the Atg8 protein has different roles in pathogenic fungi. 
However, the role of Atg8 in mitophagy in pathogenic fungi remains elusive. The 
formation of the autophagosome, surrounding a mitochondria proceeds by the 
means of Atg1 complex activating the phosphatidylinositol 3-kinase (PI3K) com-
plex involving the Vps15, Vps34, Atg6, and Atg14 proteins [5]. 

Moreover, mutants of the corresponding core autophagy genes, which are in-
volved in mitophagy, showed defects in the conidiation, growth, appressorium 
formation or virulence in both yeast and pathogenic fungi. For example in C. 
glabrata, ATG17 mutant showed reduced survival in host tissues [46]. Except 
MoATG13 and MoATG17, the deletion of the core ATG genes (MoATG1- 
MoATG12, MoATG14-16, MoATG18) resulted in the loss of pathogenicity in 
M. oryzae [56]. In addition, disruption of core autophagy genes (AoATG4, 
AoATG8, AoATG13 and AoATG15) in A. oryzae resulted in serious defects in 
the development of aerial hyphae and conidia [57]. Figure 1 has given a sche-
matic representation of the involvement of the receptor proteins and key pro-
teins in mitophagy process in yeast and pathogenic fungi. 

It is also worth noting that the mitochondrial fusion and fission process, espe-
cially the mitochondrial fission process, affects mitophagy. It is known that mi-
tochondria fission machinery is active after prolonged nutrient stress, which 
leads to degradation through mitophagy [17]. In S. cerevisiae, mitochondrial fis-
sion is executed by the dynamin-related GTPase Dnm1 which binds to the outer 
membrane via Fis1 and Mdv1 [59]. Notably, the Dnm1-Atg11 interaction is re-
quired for inducing of mitochondrial fission and mitophagy in S. cerevisiae. 
However, it is not clear whether fission is required for mitophagy in S. cerevisiae 
due to the contradictory results from different studies [60]. In M. oryzae, disrup-
tion of mitochondria fission machinery gene, such as DNM1, MDV1 and FIS1, 
affects both mitophagy and nonspecific autophagy and causes significant reduc-
tion in pathogenicity [17]. In addition, Dnm1 fission component is required for 
lga2-induced mitophagy, but not for starvation-induced mitophagy in U. may-
dis, suggesting that Dnm1-dependent fission is not always required for mito-
phagy [33]. A recent study showed that Fis1, Mdv1 and Dnm1 are indispensable 
for mitochondrial fusion and contribute to mitophagy in B. bassiana [20]. As 
opposed to fission, mitochondria fusion machinery consists of three key pro-
teins, Fzo1, Ugo1 and Mgm1, in S. cerevisiae [61]. Deletion of S. cerevisiae FZO1  
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Figure 1. Schematic representation of the involvement of Atg32, Atg24 and Atg26 in mitophagy in yeast and patho-
genic fungi. 1. Upon induction of mitophagy, damaged mitochondria are tagged for degradation by mitophagy recep-
tors, Atg32 in S. cervisiae and C. glabrata, Atg24 in M. oryzae and Atg26 in A. oryzae [23] [29] [32]. Atg11 and Atg8 
bind to the specific mitophagy receptor to recruit mitochondria to the PAS, where mitophagy-specific uptaking occurs 
[58]. 2. The formation of the autophagosome, proceeds by the means of the mitopahgy specific receptor and Atg11 - 
Atg8 interaction. [13]. 3. Subsequently, a double (or multi-) membrane layer starts to sequester the tagged mitochon-
dria, resulting in the formation of a mitophagosome. 4. Upon completion of sequestration, the outer membrane layer 
of the mitophagosome fuses with the vacuolar membrane. The inner membrane of the mitophagosome, along with the 
sequestered autophagic body, is degraded. At last the resulting metabolites are recycled to the cytoplasm for further use 
[59]. 

 
reduces mitophagy [61] [62], suggesting that mitochondrial fusion process also 
affects mitophagy. In conclusion, these results indicate that the fission-fusion 
machinery is related to mitophagy in yeast and pathogenic fungi, but the role of 
mitochondrial fusion and fission factors in mitophagy is still not consisted. 

5. Conclusion and Future Directions 

Mitophagy is of great importance in scavenging damaged mitochondria to 
maintain a stable cellular state [6]. The studies in the model organism S. cerevi-
siae and pathogenic fungi have promoted our understanding of the physiological 
role and molecular mechanism of mitophagy in eukaryotic cells [5] [6] [21] [29] 
[30]. Mitophagy has been implicated in various physiological and pathological 
conditions including maintaining the appropriate quantity and quality of mito-
chondria related to aging and development. Recent studies have shown that mi-
tophagy is involved in the regulation of pathogenicity of pathogenic fungi, which 
greatly increases the importance of mitophagy. Furthermore, the latest findings 
about mitophagy have highlighted special receptor and key proteins required for 
mitophagy in fungi. For further understanding of mitophagy in pathogenic fun-
gi, several questions remain to be answered. For example, how does mitosis in-
tegrate stress and developmental signals to meet precise cellular needs? How 
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does receptor mediated mitophagy selectively remove unwanted or damaged 
mitochondria in order to regulate the quality and quantity of mitochondria? Is 
the mitophagy signaling pathway consistent among yeast and pathogenic fungi? 
How are mitophagy and fusion-fission mechanisms connected? Whether there is 
more accurate monitoring of the whole process of mitosis is helpful to improve 
the understanding of mitophagy and explore its physiological and pathological 
effects. The answers to these questions will significantly enhance our knowledge 
of mitophagy and provide much needed insights into the pathogenesis of patho-
genic fungi, thus helping to identify potential fungal disease control strategies. In 
pathogenic fungi, future research in mitophagy remains interesting and we look 
forward to more significant insights. 
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