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Filamentous fungi including mushrooms frequently and
spontaneously degenerate during subsequent culture
maintenance on artificial media, which shows the loss or
reduction abilities of asexual sporulation, sexuality, fruit-
ing, and production of secondary metabolites, thus lead-
ing to economic losses during mass production. To better
understand the underlying mechanisms of fungal degen-
eration, the model fungus Aspergillus nidulans was em-
ployed in this study for comprehensive analyses. First,
linkage of oxidative stress to culture degeneration was
evident in A. nidulans. Taken together with the verifica-
tions of cell biology and biochemical data, a comparative
mitochondrial proteome analysis revealed that, unlike the
healthy wild type, a spontaneous fluffy sector culture of A.
nidulans demonstrated the characteristics of mitochon-
drial dysfunctions. Relative to the wild type, the features
of cytochrome c release, calcium overload and up-regu-
lation of apoptosis inducing factors evident in sector mi-
tochondria suggested a linkage of fungal degeneration to
cell apoptosis. However, the sector culture could still be
maintained for generations without the signs of growth
arrest. Up-regulation of the heat shock protein chaper-
ones, anti-apoptotic factors and DNA repair proteins in
the sector could account for the compromise in cell
death. The results of this study not only shed new lights
on the mechanisms of spontaneous degeneration of fun-
gal cultures but will also provide alternative biomarkers to
monitor fungal culture degeneration. Molecular & Cel-
lular Proteomics 13: 10.1074/mcp.M113.028480, 449–461,
2014.

Culture degeneration, also called colony deterioration, of
filamentous fungi can frequently occur during subsequent

maintenance of fungal culture on artificial media by showing
morphological changes, such as colony sectorization, loss or
impaired ability of sporulation, fruiting, and sexuality (1, 2). It
was first called as “woolly degeneration” in the model fungus
Neurospora crassa (3). These morphological variations are
also accompanied with the loss or reduction in secondary
metabolites production, thus resulting in great commercial
losses (4–7). Different from the mutation of genes involved in
conidiation producing fluffy phenotypes (8–10), fungal culture
degeneration spontaneously occurs and is usually irreversi-
ble. The rate of colony deterioration varies considerably
among fungal species/strains and correlates with the growth
environments, especially the composition of nutrient medium
(11, 12). In addition, unlike the phenotype of senescence
observed in the model fungus Podospora anserina (13), mor-
phological variants of other filamentous fungi could be sub-
cultured for many generations without growth arrest (14, 15).
The mechanism(s) underlying fungal culture degeneration is
poorly understood. Genetic mutations were not evident in the
degenerated fungal isolates of Penicillium chrysogenum (6).
Otherwise, methylation of genomic DNA was reported in a
sector of the plant pathogenic fungus Fusarium oxysporum
after successive subculturing (16). In some fungi, degenera-
tion was linked to chromosome instability (4, 17).

Our previous studies on the insect pathogenic fungus
Metarhizium anisopliae revealed that fungal culture degener-
ation showed the signs of aging such as cellular accumulation
of reactive oxygen species (ROS)1, mitochondrial (mt) dys-
functions, and mtDNA glycation (14, 15). According to the
vicious cycle theory of aging, mitochondria are the primary
source of intracellular ROS production and also one of the
important targets of ROS damage, which leads to generation
of additional ROS (18, 19). Mitochondrial proteomics analyses
have been frequently performed for studies on human dis-
eases, and the physiologies of plants and yeasts (20, 21).
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Proteins localized in the mitochondria control mt dynamics,
morphology, and function and their dysregulation or damage
may induce abnormality in mitochondrial function (22). How-
ever, it is not known whether these changes occur in degen-
erated fungal cultures.

In this study, cell biology, biochemical and comparative
mitochondrial proteomic analyses were performed by using
the model fungus Aspergillus nidulans to better understand
the features and mechanisms of fungal culture degeneration.
We found a significant difference in mitochondrial protein
profiles between the wild type (WT) and nonsporulation sector
culture. Many of the altered proteins fall into the functional
categories of energy metabolism, stress responses and cell
death. Functional consequences of these changes are sup-
ported by our experimental data. The observed features such
as cellular oxidative stress, mitochondrial dysfunctions, ac-
celerated autophagy and releases of apoptotic factors in de-
generated A. nidulans resemble the apoptotic process ob-
served in mammalian cells.

EXPERIMENTAL PROCEDURES

Fungal Cultures and Maintenance—The WT strain of A. nidulans
FGSC A4 was maintained on potato dextrose agar (PDA, BD Difco,
Sparks, MD) for 2 weeks at 28 °C (Fig. 1A). A spontaneous sector
(Sec, Fig. 1B) of A4 strain that showed a fluffy mycelium-type growth
without sporulation was randomly selected and transferred to a fresh
PDA plate (Fig. 1D). For oxidative stress challenge, H2O2 was sup-
plied in the PDA plates to a final concentration of 20 mM (15). The A.
nidulans strain TN02A7 (pyrG89; pyroA4; nkuA::argB2; riboB2; veA1)
was used for fungal transformation and protein localization analysis
(23). To determine the growth of Sec the antioxidant agent N-acetyl-
L-cysteine (NAC) was added to PDA plates to a final concentration of
5 mM (24). Sabouraud dextrose broth (SDB, BD Difco, Sparks, MD)
was used to grow the fungi in liquid medium when required. The
following media were used for fungal transformations: YAG (2% glu-
cose, 0.5% yeast extract, trace elements of solution), YUU (YAG
supplemented with 5 mM uridine and 10 mM uracil), YAGK (YAG with
0.6 M KCl) and YUUK (YUU with 0.6 M KCl). Trace elements were
prepared by adding the compounds of ZnSO4●7H2O, 2.2 g; H3BO3,
1.1 g; MnCl2●4H2O, 0.5 g; FeSO4●7H2O, 0.5 g; CoCl2●5H2O, 0.16 g;
CuSO4●5H2O, 0.16 g; (NH4)6Mo7O24●4H2O, 0.11 g; Na4EDTA, 5.0 g
to 80 ml of sterile water. The pH was adjusted to 6.5–6.8 with KOH
pellets and the volume of solution was finally adjusted to 100 ml (25).
To prepare solid media, agar was added (2%) individually in the liquid
media.

Microscopic Observations—To determine cellular oxidative stress,
a nitroblue tetrazolium (NBT) reduction assay was performed using a
0.3 mM NBT aqueous solution with 0.3 mM NADPH (14). Mycelial
discs were mounted in 30% glycerol (v/v) and examined under a light
microscope to examine the formation of blue/purple formazan pre-
cipitates that resulted from the reduction of NBT by ROS. For mt
imaging, the WT and Sec cells grown in SDB for 36 h were stained
with a fluorescent dye, MitoTracker Green (M7154, Invitrogen, Carls-
bad, CA) and a membrane potential-dependent dye, MitoTracker Red
CMXRos (M7512, Invitrogen). Confocal images were obtained using a
LSM510 confocal microscopy (Carl Zesis Microscopy Ltd, Cam-
bridge, UK). Apoptosis of the WT and Sec cells was assayed by
counterstaining with Hoechst 33342 and propidium iodide (PI). In
addition, the vital dye, neutral red was used to assess the WT and Sec
cell viabilities (26).

Transmission Electron Microscopy—Morphologies of organelles
and cell wall structures of A. nidulans WT and Sec were examined
under a transmission electron microscopy (TEM, H-7650, Hitachi,
Japan). The mycelia were grown in SDB media for 48 h at 28 °C,
harvested by filtration and washed with sterile distilled water. The
mycelial specimens were pre-fixed in a solution of 2.5% glutaralde-
hyde (w/v) phosphate buffer (0.1 M, pH 7.4) and washed three times
with phosphate buffer for 10 min each at room temperature. The
samples were postfixed in 2% (w/v) osmium tetroxide solution in
phosphate buffer for 2 h and then dehydrated and embedded in a
SPI-812 epoxy resin (27). Ultra-thin sections (50–60 nm in thickness)
were prepared using a diamond knife, mounted on slotted and Form-
var film-coated grids for TEM analysis.

Mitochondrion Isolation—To isolate mitochondria for proteomics
analysis, the WT and Sec were grown in SDB for 48 h at 28 °C.
Mycelia were harvested, and washed twice with ice-cold sterile water
and homogenized in an extraction buffer (10 mM Tris-HCl, pH 7.5, 0.2
mM EDTA, 15% sucrose) (15). The homogenates were centrifuged at
5000 � g for 5 min at 4 °C and the supernatant was collected and
centrifuged for another 30 min at 15,000 g to pellet crude mitochon-
dria. The crude mitochondrial fraction was then re-suspended in TE
buffer (10 mM Tris-HCl, pH 7.5, 0.2 mM EDTA) containing 20% su-
crose, loaded on the top of a 20%/35%/60% sucrose gradient and
centrifuged at 64,000 � g for 90 min at 4 °C. Purified mitochondria
were collected from the interface between 35 and 60% sucrose
layers. The samples were lysed in a denaturing lysis buffer (150 mM

Tris-HCl, pH 8.5, 8 M urea, 10 mM DTT) and centrifuged at 15,000 �
g for 30 min. The supernatant was collected and precipitated with
trichloroacetic acid/acetone. The precipitated proteins were reconsti-
tuted in a lysis buffer (150 mM Tris-HCl, pH 8.5, 8 M urea, 10 mM DTT),
quantified, aliquoted, and stored at �80 °C for further experiments.
SDS-PAGE analysis was performed to profile and qualify the protein
samples prepared from different experiments.

Label-free Quantitative Proteomics—Label-free quantitative pro-
teomic analysis of the WT and Sec mt proteins was performed as
described previously (28). Briefly, purified mitochondrial proteins (100
�g) were diluted in the lysis buffer to a concentration of 5 g/�l and
carboxyamidomethylated in 50 mM iodoacetamide for 40 min at room
temperature in the dark. The proteins were digested with an endo-
protease Lys-C (Roche Applied Science, Indianapolis, IN) at a final
substrate/enzyme ratio of 100:1 (w/w) at 37 °C for 3 h. The Lys-C
digests were further treated with modified sequencing grade trypsin
(Roche Applied Science) at a final substrate/enzyme ratio of 50:1
(w/w) at 37 °C for 20 h. After digestion, the peptide mixture was
passed through an ultrafilter unit (Millipore, Billerica, MA) with a mo-
lecular weight cut-off of 10 kDa and acidified by formic acid (0.1%
final concentration) for mass spectrum analysis. A linear ion trap-
orbitrap liquid chromatography-tandem mass spectrometry system
(LTQ-Orbitrap, Thermo Fisher Scientific, San Josse, CA) equipped
with a nanospray ion source was used for full MS scan analysis
followed by five MS/MS scans in the LTQ on the five most intense
ions from the MS spectrum. Three parallel runs were performed
consecutively for each sample. The software DeCyder MS (ver 2.0)
(GE Healthcare, Pittsburgh, PA) was used to generate the peak lists
from all the runs and the data were then automatically searched using
the SEQUEST (ver. 2.7) (Thermo Fisher Scientific, San Josse, CA)
against the A. nidulans genome archive (ver. S03-M05-R01, contain-
ing 10,644 protein entries) at AspGD database (www.aspgd.org) with
the following parameters (28): peptide mass tolerance set to 10 ppm;
fragment tolerance set to 0.8 Da, and two missed trypsin cleavages.
Carbamidomethylation of cysteine was searched as a fixed modifica-
tion, whereas N-acetyl protein and oxidation of methionine were
searched as variable modifications. For protein identification, all pep-
tide matches were filtered by a maximum false discovery rate (FDR)
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index less than 0.01, �Cn larger than 0.1 and Xcorr scores of greater
than 1.7, 2.0, and 3.0 for �1, �2, and �3 charged ions, respectively.
The peptides were discarded for further analysis if mapped to more
than two different proteins. A protein was considered identifiable with
at least one unique peptide detected for more than twice in the three
replicates of each sample (29). Full MS data have been deposited
to the ProteomeXchange Consortium (http://proteomecentral.
proteomexchange.org) via the PRIDE partner repository (30) with the
data set identifier PXD000422 (PRIDE accessions: 32763–32768).
Quantification of proteins was performed by estimating the normal-
ized spectral index (SIN) for each protein, which combines the fea-
tures of peptide count, spectral count, fragment-ion intensity and
protein length as described by Griffin et al. (31). Reliability of technical
repeats was analyzed by calculating the multivariate Pearson corre-
lation coefficients using the software SigmaPlot (ver. 8.0). FDR esti-
mation of differentially expressed proteins was conducted using a
mixture model-based method (32). Heat mapping analysis was con-
ducted using the program Matlab (R2009a). The significance of dif-
ferentially expressed proteins between the samples was tested with
the cutoff values of p � 0.05 and FDR � 0.05 (33).

Protein Distribution and Function Analysis—The identified proteins
were subjected to in silico analysis with the programs ProtCom (ver.
9.0, http://linux1.softberry.com/) and WoLF PSORT (http://wolfpsort.
org/) to predict subcellular localizations and InterProScan analysis
(www.ebi.ac.uk/Tools/pfa/iprscan/) to classify individual proteins to
protein families. Functional annotation of significantly differentially
expressed proteins in the WT and Sec cells was performed using the
program FunCat (34). Additional function analysis was conducted
using as reference, the well-annotated yeast mitochondrial proteome
database (http://www.mitop.de:8080/mitop2/).

Antibody Preparation and Western Blot Analysis—To verify LC-
MS/MS data, the expressions of a few proteins in WT and Sec were
verified and compared by Western blot analysis. To generate cyto-
chrome c (CycA, AN6246) polyclonal antibody, the gene was cloned
into the pGEX-4t1 vector (GE Healthcare). GST-CycA fusion protein
was expressed in E. coli and purified by Sepharose Glutathione-S-
Transferase column (GE Healthcare) and used to raise polyclonal
antibodies in New Zealand White rabbits. The polyclonal antibodies
against the lipid droplet specific perilipin-like protein (AN10518) (27)
and anti-oxidant enzyme glutathione peroxidase Gpx (AN2846) (7)
were obtained in previous studies. The antibody against the septum-
specific protein septin B (AspB) was kindly provided by Prof. Momany
(35). Antigenic peptides were predicted for the mitochondrial inner
membrane protein LetM1 (AN2939, PKDTENIDEDHKYEC), which
plays a role in calcium and hydrogen ion exchange (36), and the heat
shock protein Hsp70 (AN1047, EPVERVLRDAKIDKSC), which is im-
portant for stress response. The peptides were synthesized for raising
polyclonal antibodies. For Western blot analysis, equal amounts of
either whole cell lysates or mitochondrial proteins (30 �g) were re-
solved by SDS-PAGE, transferred to PVDF membranes and probed
with the antibodies following the protocols described previously (27).

Fungal Transformation and Confocal Microscopy—To verify the
translocation of Hsp70 protein to mitochondria during fungal growth
under oxidative stress, the strain TN02A7 expressing GFP-tagged
Hsp70 was generated by fusing the GFP open reading frame (ORF) to
the C terminus of a Hsp70 protein (AN5129) by homologous recom-
bination (37). In brief, the 2 kb 5�- and 3�- flanking regions of the gene
were amplified using genomic DNA as a template with the primer
pairs L-flank5� (GCTTCTCCTATACCTCACTTTTAACGA)/L-flank3�
(GTCGAGCTCCTCGTTCTCCTC), and R-flank5� (TGCTTTAACG-
CACTTGGTTCTG)/R-flank3� (CCTCCACCTCCTCTCAAAATCC), re-
spectively. The cassette containing Gfp and the selective marker
AfpyrG (pyrG gene from A. fumigatus) was amplified using the
primers Cassette-5� (GGTGTCGTTGAGGAGAACGAGGAGCTC-

GACGGAGCTGGTGCAGGCGCT) and Cassette-3� (GAAGAAAACA
GAACCAAGTGCGTTAAAGCACTGTCTGAGAGGAGGCACTGATG)
from the plasmid pFNO3 (Fungal Genetics Stock Center, Kansas City,
MO). The purified fragments and the selectable marker cassette were
then mixed together to perform a fusion PCR with the primers Nest-
ed-F (CTTTGACCCCTCTTCACGAACC) and Nested-R (TCGTCTCT-
GATGCTCTCGCCT) as described before (38). After purification, the
fused fragment was used to directly transform A. nidulans TN02A7
strain to generate Hsp70-GFP-expressing transformant under the
control of the endogenous promoter. The protoplast transformation
method was performed as described previously (35). Lytic enzyme
mix for protoplast preparation was composed of 0.4 mg/ml b-D-
glucanase (Interspex Products, 0439–1), 5 ml/ml glucuronidase
(Sigma, St. Louis, MO) and 0.4 mg/ml lysing enzyme (L2265, Sigma).

Cellular Metabolic Activity Assay—Colorimetric tetrazolium assay
using the dye XTT {2,3-bis (2-methoxy-4-nitro-5- sulfophenyl)-5-
[(phenylamino) carbonyl]-2H-tetrazolium hydroxide} was conducted
to compare the WT and Sec cell metabolic activities as previously
described (39). In brief, the WT spores and Sec mycelia were inocu-
lated into SDB for 12 h and then transferred into 1 L flasks containing
300 ml SDB for 48 h at 28 °C. The mycelial balls of both cultures were
dispersed mechanically and equal amounts were grown in 25 ml SDB
for another 4, 5, 6, 7, and 8 h before measurement. XTT was diluted
to 5.75 mg/ml in PBS. Menadione (Sigma) was prepared in acetone at
a concentration of 0.52 mg/ml. For activity assays, five ml culture
broth was transferred to a 15 ml tube and incubated with 250 �l of
XTT-menadione solution (200 �l of 5.75 mg/ml XTT in PBS and 50 �l
of 0.52 mg/ml menadione in acetone) at 31 °C for 2 h. The absorb-
ance of samples was measured at 460 nm against the blank (five ml
SDB treated with XTT-menadione solution). Following the assays,
mycelia were harvested from the parallel treatments and heat dried at
75 °C for 1 day to determine the dry cell weight (DCW). Relative
metabolic activity was determined as the unit absorbance value of
DCW. Each sample had three replicates and the experiment was
repeated three times.

Measurement of ATP Turnover—ATP production by the WT and
Sec cells was quantified using an ATPlite bioluminescence assay kit
according to manufacturer’s instructions (Vigorous Biotechnology
Ltd, Beijing, China). The mycelia were grown in SDB at 28 °C for 20 h,
harvested and equal amounts disrupted with silica beads (one mm in
diameter) by FastPrep (MP Biomedicals, Solo, OH) in one ml 0.02%
trichloroacetic acid. The homogenates were centrifuged at 5,000 g for
5 min and supernatants were collected for protein quantification by
Bradford protein assay. Twenty �l of supernatant was used for ATP
measurement and the ATP turnover was determined as relative lumi-
nescence units of 1 mg protein.

Quantification of Different Metal Ions—For measurement of metal
ions in mitochondria and whole cells, the WT and Sec cells were
grown in SDB at 28 °C for 48 h and one part of the harvested mycelia
were heat dried, weighed, and digested in concentrated nitric acid.
The remaining mycelia were used for isolation of mitochondria as
described above and the purified mitochondria were solubilized in a
lysis buffer (8 M urea, 150 mM Tris-HCl pH 8.5, 10 mM DTT, 1 mM

PMSF). Protein concentration was determined as indicated above.
The concentrations of Ca2�, Fe2�/3�, Zn2�, Cu2�, and Mn2� ions
were quantified using an inductively coupled plasma-atomic emission
spectroscopy (ICP-AES, PerkinElmer, Waltham, MAs) (40).

RESULTS

Association Between Oxidative Stress and Culture Degen-
eration—Phenotypic degeneration of filamentous fungi oc-
curs spontaneously when maintained on artificial medium (1,
14, 15). This was also the case for the model fungus A.
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nidulans with around 8% of the cultures producing fluffy my-
celium-type non-sporulation sectors on PDA plates (Figs. 1A,
1B, 1G). By inoculating the culture of A. nidulans into the
plates amended with H2O2, we found a significant increase in
sectorization frequency (Figs. 1C and 1G). The Sec cultures
failed to produce asexual spores and their irreversible pheno-
type could be sustained for many generations (Figs. 1D and
1E). However, addition of an antioxidant agent, NAC, only
partially restored the ability of Sec cultures to form conidio-
pheres and conidial spores (Fig. 1F). In contrast to the WT, the
Sec cells accumulated higher levels of ROS as indicated by
NBT staining assay (Fig. 2A). Thus, similar to the observations
in Metarhizium (14, 15), a correlation was evident between
fungal culture degeneration and cellular oxidative stress in A.
nidulans.

Mitochondria are one of the primary targets of ROS-in-
duced organelle damages (19, 41). Therefore, mitochondrial
morphologies were compared between the WT and Sec cells
by fluorescent staining with different dyes. Similar to previous
observations (42), the WT cells of A. nidulans harbored
thread-like and spherical mitochondria and these were con-
trast to the smaller and densely distributed mitochondria in
sector mycelia when stained with MitoTracker Green (Figs. 2C
and 2D). Staining with the membrane potential-dependent
MitoTracker Red dye indicated a higher membrane potential
in Sec cells than the WT (Figs. 2E and 2F) suggesting a higher
rate of ATP synthesis in Sec mitochondria.

Accelerated Autophagic and Apoptotic Processes in Sector
Cells—Oxidative stress triggers autophagy, apoptosis and
cell aging (19). In filamentous fungi, increased volume of
vacuoles was observed in cells undergoing autophagy that
resulted in degradation and recycling of cytoplasmic and

organelle components that are damaged under stress condi-
tions (43). Higher levels of ROS in the Sec cells (Fig. 2B) led us
to speculate that the sector cells may have enlarged vacuoles
when compared with WT. Indeed, a neutral red staining indi-
cated that the sector cells contained many more large vacu-
oles than WT (Figs. 3A, 3B). Large vacuoles were evident in
WT cells when treated with H2O2 (Fig. 3A), which was a
reminiscent of oxidative stress in Sec cells. These observa-
tions indicated that the appearance of large vacuoles was
because of oxidative stress. Consistent with neutral red stain-
ing, large vacuoles were also evident in Sec but not WT cells
when examined under TEM (Figs. 3C, 3D). In addition, unlike
the WT, autophagic bodies were found exclusively in the
vacuoles of sector cells (Fig. 3D). Moreover, when compared
with WT much denser melanin pigment layers were deposited
outside the Sec cell wall (Figs. 3E, 3F). Fungal melanin pig-
ments act as traps for oxidative radicals and thus have high
antioxidant activities (44). In this respect, production of higher
amounts of melanin by the Sec mycelia could be an adaptive
response against cellular oxidative stress. To further deter-
mine whether oxidative stress could cause cell apoptosis, we
counterstained the sector cells with Hoechst/PI and com-
pared with the WT. The results indicated that, in contrast to
the WT (Figs. 4A–4C) significantly increased numbers of Sec
cells contained condensed chromatins and were also positive
for PI staining (Figs. 4D–4F). Thus, the Sec cells of A. nidulans
appeared to undergo apoptosis.

General Features of Mitochondrial Proteomic Profiling—To
better understand the mechanisms of fungal culture degen-
eration, we conducted a high throughput label-free proteomic
analysis to profile and compare the WT and Sec mt pro-
teomes of A. nidulans. The mt proteins extracted from highly

FIG. 1. Phenotypic characterization. The wild-type strain of A. nidulans grown on PDA for 2 weeks displayed the characteristic phenotype
of dark-green sporulation (A) with about 8% of the colonies producing fluffy mycelium-type sectors (B, G). The addition of H2O2 increased the
frequency of colony sectorization (C, G). After transfer of the sector to new plates, the fluffy mycelium-type colonies remained stable without
sporulation (D, E). However, addition of the anti-oxidant NAC to the plates partially restored the sector’s ability to sporulate (F).
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purified mitochondria of two independent experiments dem-
onstrated the reproducible patterns and the differences in
intensity and composition of protein bands between the WT
and Sec samples (Fig. 5A). The protein samples were further

subjected to trypsin digestion and LC-MS/MS analysis. Both
spectra profiles (supplemental Fig. S1) and regression analy-
sis of the WT (supplemental Fig. S2A, r � 0.7895, p � 0.05)
and Sec (supplemental Fig. S2B, r � 0.7243, p � 0.05) indi-

FIG. 2. Microscopic examinations of the wild-type (WT) and
sector (Sec) cells. Nitroblue tetrazolium staining showed that in
contrast to WT (A), blue/purple formazan precipitate formation was
observed in sector mycelia (B), an indication of cellular oxidative
stress. MitoTracker Green staining and confocal microscopic obser-
vations showed mitochondrial phenotypic differences between the
WT (C) and Sec (D) cells. MitoTracker Red staining revealed the
differences of mitochondrial morphology and membrane potential
between the WT (E) and Sec (F) cells. Bar, 5 �m.

FIG. 3. Neutral red (NR) staining and transmission electron mi-
croscope (TEM) observations. NR staining demonstrated the differ-
ence in vacuole formation between the wild-type (WT) (A, inset shows
WT cells challenged with H2O2 for two hours and then stained with
NR) and sector (Sec) (B) cells. TEM analysis confirmed that in contrast
to WT (C), large vacuoles were formed in Sec cells (D, arrows indicate
autophagic bodies). Ultrastructure TEM analysis also revealed the
differences in melanin (arrowed) formation on cell wall (CW) surface
between the WT (E) and Sec (F) cells. Bar, 2 �m.
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cated the high reproducibility of the three technical repeats.
By mapping the fragmented peptides on protein sequences, a
total of 858 proteins were detected from two samples (sup-
plemental Tables S1–S3). Among these, 703 were in both WT
and Sec samples whereas 53 and 102 proteins were detected
only in the WT and Sec, respectively. Consistent with SDS-
PAGE analysis (Fig. 5A), considerable differences were also
observed in mt protein expressions between the WT and Sec
(Fig. 5B). A statistical analysis identified 260 differentially ex-
pressed proteins (cutoff values at p � 0.05; FDR � 0.05),
which included 148 up-regulated and 112 down-regulated
proteins in Sec when compared with WT (supplemental Table
S1).

An InterProScan analysis indicated that 778 out of 858
proteins detected contained conserved domains. Functional
characterization of differentially expressed proteins as well as
those specifically expressed either in the WT or Sec mito-
chondria revealed that expect for those involved in protein
synthesis, more proteins were up-regulated in different func-
tional categories in the Sec mitochondria, especially those
involved in cell metabolisms and transportation (Fig. 6A). For
those involved in cell metabolisms, the proteins involved in
carbohydrate, amino acid and lipid/fatty acid metabolism
were more highly up-regulated in sector mitochondria than in
WT (Fig. 6B). In addition, proteins associated with the energy
metabolic pathways, such as tricarboxylic acid cycle (TCA
cycle, supplemental Fig. S3), oxidative phosphorylation and
�-oxidation of fatty acids, were also mostly up-regulated in
sector cells.

Verification of Protein Localization—Based on LC-MS/MS
analysis, varied numbers of mt proteins were identified in the
WT (756 proteins) and Sec (805 proteins) mitochondria. How-
ever, in silico analysis of these proteins with the program
ProtComp only predicted 209 and 229 mt proteins in the WT
and Sec, respectively. And, 233 (WT) and 244 (Sec) mt pro-
teins were predicted above the confidence level by the pro-
gram WoLF PSORT. To validate our proteome data, Western
blot analyses were performed for a few selected proteins (Fig.
5C). As expected, antibodies against the septum protein,
AspB, and lipid droplet surface protein perilipin (Per) did not
bind to any mt protein from WT or Sec mitochondria as shown
by the lack of signals, but did bind to proteins from whole cell
samples (Fig. 5C). The heat shock protein Hsp70 (AN5129)
was 1.7-fold up-regulated in the Sec mitochondria (p �

0.0014; FDR � 0.0043) (supplemental Table S1). Consistent
with the MS data, a stronger signal was detected in the Sec
mt sample than the WT. The mitochondrial H�/Ca2� anti-

FIG. 4. Assessment of cell apoptosis. Both the wild-type (A–C)
and sector (D–F) mycelia were counterstained using Hoechst and
propidium iodide (PI), which demonstrated the differences between
the wild-type and sector cells in nuclear phenotype and the ability to
uptake PI. BF, bright field. Bar, 5 �m.

FIG. 5. Proteome profiling and Western blot analyses. A, Mito-
chondrial proteins of the wild-type (WT) and sector (Sec) prepared
from two independent experiments were analyzed by SDS-PAGE and
silver staining. B, Heat map analysis of the WT and Sec mitochondrial
protein expression profiles. Int, intensity of protein peak. C, Western
blot analysis of the WT and Sec mitochondrial and whole cell protein
samples using different antibodies. Asp B, septum-specific protein
septin B; Per, lipid droplet-specific perilipin-like protein; Hsp70, heat
shock protein Hsp70; LetM1, calcium antiporter LetM1; Gpx, gluta-
thione perioxidases; CycA, cytochrome c protein.
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porter, Letm1 (AN2939), was only detected in the Sec mito-
chondria by MS analysis (supplemental Table S2) and this
was confirmed by Western blot analysis (Fig. 5C). Relative to
the WT, the antioxidant mt enzyme, glutathione peroxidase
(Gpx, AN2846), was up-regulated (1.7-fold) in Sec although
not significantly (p � 0.1599; FDR � 0.0972) (supplemental
Table S1). This was also evident in Western blot analysis (Fig.
5C). Release of cytochrome c from mitochondria is a hallmark
of cell apoptosis (45). Cytochrome c (CycA, AN6246) was not
identified in our MS data, however, the protein was detected
in the WT but not Sec mitochondria by Western blot assay, i.e.
an indicative of CycA release from sector mitochondria (Fig.
5C). Overall, the MS data were supported by Western blot
analyses.

In our LC-MS/MS analysis, six of 13 genome-encoded
Hsp70s were detected in the WT and Sec mt proteins. Be-
sides AN5129 mentioned above, three other Hsp70s, i.e.
AN6010 (2.1-fold, p � 0.0504; FDR � 0.0443), AN1047 (2.0-
fold, p � 0.0009; FDR � 0.0036), and AN4616 (2.1-fold, p �

0.005; FDR � 0.0091) were significantly up-regulated in Sec
when compared with WT (supplemental Table S1). We were

interested to determine whether these molecular chaperones
were “real” mt proteins. Previous studies have shown that
yeast Ssc1 (P0CS90) and Ssg1 (Q9UXR0) are mitochondrial
chaperones of the Hsp70 class (46). The ortholog of these
Hsp70s in A. nidulans is AN6010 (76% identity with Ssc1 and
53% with Ssg1), which was also predicted as a mitochondrial
protein by both programs in in silico analyses. To further verify
the mt localization of other Hsp70s, AN5129 was selected and
its C terminus was fused with a GFP protein for fungal trans-
formation of the WT strain (supplemental Fig. S4). The ac-
quired transformants were challenged with H2O2 to mimic
oxidative stress in the sector cells. As shown in Fig. 7, the
occurrence of AN5129-GFP translocation into mitochondria
was confirmed, which supported again the MS data.

Proteins Responsible for Enhanced Metabolic Activities and
ATP Production in Sector Cells—Proteomics data suggested
an enhancement of the overall metabolic activities in sector
cells (Fig. 6; supplemental Fig. S3). To confirm these experi-
mentally, we quantified the overall metabolic activity using an
XTT assay. The results indicated a higher metabolic activity in
sector cells when compared with WT at all-time points exam-

FIG. 6. Functional classification
analysis. A, Functional category analy-
sis of the mitochondrial proteins differ-
entially expressed by the wild-type (WT)
and sector (Sec). B, Functional category
analysis of differentially expressed mito-
chondrial proteins involved in cell me-
tabolisms (Met.) in WT and Sec.

Characteristics of Apoptosis in Degenerate Fungal Culture

Molecular & Cellular Proteomics 13.2 455

http://www.mcponline.org/cgi/content/full/M113.028480/DC1
http://www.mcponline.org/cgi/content/full/M113.028480/DC1
http://www.mcponline.org/cgi/content/full/M113.028480/DC1
http://www.mcponline.org/cgi/content/full/M113.028480/DC1
http://www.mcponline.org/cgi/content/full/M113.028480/DC1
http://www.mcponline.org/cgi/content/full/M113.028480/DC1


ined (Fig. 8A). Consistent with the observation of a higher mt
membrane potential in Sec than WT (Fig. 2F), the detected mt
proteins involved in TCA cycle (supplemental Fig. S3), �-oxi-
dation (AN2072, AN0023, and AN1078) and oxidative phos-
phorylation for ATP synthesis (i.e. ATP synthases including
AN11303, AN11565, AN10032, AN1523, AN6232, AN5713,
and AN8674) were up-regulated in sector cells when com-
pared with WT (supplemental Tables S1 and S2). Besides
peroxisomal �-oxidation of fatty acids, mt �-oxidation was
evident in A. nidulans (47). The up-regulated activities of 3-hy-
droxyacyl-CoA dehydrogenase (AN0023, 1.5-fold), acyl-CoA
dehydrogenase (AN0272, 1.4-fold) and D3, D2-enoyl-CoA
isomerase (AN1078, 1.6-fold) could be related to the produc-
tion of acetyl-CoA to enter mitochondria for the TCA cycle
(supplemental Table S1; supplemental Fig. S3). In addition, a
long chain fatty acid CoA ligase (AN6014) was only detected
in the Sec mitochondria (supplemental Table S2). This enzyme
catalyzes the formation of fatty acyl-CoA, which is the prestep
reaction for �-oxidation of fatty acids (48). These data sug-
gested the production of higher amounts of unit ATP in the
Sec cells than the WT. This speculation was verified by mea-
surement of ATP turnover with an ATPlite assay kit, which
showed larger amounts of ATP (p � 0.0062) in sector cells
when compared with WT (Fig. 8B).

Up-regulated Transporters to Elevate Mitochondrial Ca2�

Level in Sector Cells—Mitochondrial Ca2� stimulates TCA

cycle and oxidative phosphorylation for energy metabolisms
(49). Mitochondrial Ca2� uptake occurs through the mt Ca2�

uniporter (Mcu) and H�/Ca2� antiporter Letm1 (34). Mcu ho-
mologs have not been characterized in yeasts and A. nidulans
(50). In this study, we found a P-type ATPase (AN10367, i.e.
ion transporter) being significantly up-regulated (1.6-fold, p �

0.0013; FDR � 0.0042) in Sec mitochondria when compared
with WT (Tables S1). This protein is a homolog of yeast Spf1
(52% identity), which is implicated in Ca2� homeostasis (51).
Antiporter Letm1 was specifically expressed in Sec mitochon-
dria (Fig. 5B; supplemental Table S2). Up-regulation of these
transporters suggested an accumulation of more Ca2� cat-
ions in sector mitochondria than in WT. To test this, we
measured the metal ion contents in whole cells and mitochon-
dria, respectively, by ICP-AES spectroscopy analysis. The
results demonstrated a lesser amount of Ca2� ion in sector
whole cells than in WT (Fig. 9A). However, a 3-fold increase in
Ca2� content accumulation was observed in the Sec mito-
chondria when compared with WT (Fig. 9B). This is in contrast
to other detectable metal ions (Fe, Zn, Cu, and Mn), which
were highly accumulated in whole sector cells and mt than
those in WT (Fig. 9).

Proteins Involved in Controlling Mitochondrial Morphology—
Mitochondria have a dynamic network and its morphology
within a cell is precisely controlled by a set of proteins that
regulate organelle fusion and fission (52). Consistent with the
report that oxidative stress results in mt fragmentation (53,
54), much denser and smaller type of mitochondria were
observed in Sec cells than those in WT (Figs. 2C–2F). In A.
nidulans, very few proteins involved in controlling mt morphol-
ogy have been characterized. By examining the MS data set,
we found that the orthologs of yeast Mdv1 (AN6867, 32%
identity; 1.5-fod, p � 0.004; FDR � 0.0008), Tim11 (AN11303,
32% identity; 2.2-fold, p � 0.0015; FDR � 0.0044), and Num1
(AN7757, 20% identity; 2.77-fold, p � 0; FDR � 0.0006)
(supplemental Table S1), which are involved in mt fission (54),
were significantly up-regulated in Sec mitochondria. In addi-
tion, the yeast dynamin (Dm1) homolog AN8874 (69% iden-

FIG. 7. Translocation of Hsp70 from cytosol to mitochondria.
The wild-type strains were transformed with an Hsp70-Gfp fusion
gene and the acquired transformants were grown in a medium
amended with different concentrations of H2O2 for 4 h and then
stained with the mitochondrial dye MitoTracker Red for microscopic
examination.

FIG. 8. Cellular metabolic activity and ATP production assays.
A, An XTT assay revealing the differences in the overall cellular
metabolic activities between the wild type (WT) and sector (Sec) cells.
B, Bioluminescence assay showing the differences in ATP production
between the WT and Sec cells.
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tity), which is implicated in mt fission (54), was only detected
in the Sec mt protein sample (supplemental Table S2). It has
also been reported that calcium overload in mt is one of the
factors that induces mt-network fragmentation (55). Taken
together, more frequent events of fission than fusion would be
speculated to occur in sector cells and thereby resulted in mt
fragmentation (Fig. 2D).

Proteins Involved in Anti-oxidative Stress and Anti-apopto-
sis—As indicated above, Sec culture demonstrated the char-
acteristic features of apoptosis. This was consistent with the
up-regulation of a putative apoptosis-inducing factor (Aif)
(AN0394, 1.3-fold, p � 0.0181; FDR � 0.0208) in the sector
sample (supplemental Table S1). In yeast, strong stimulation
of apoptotic cell death by overexpression of Aif-1 (24% iden-
tity with AN0394) has been evident (56). A putative nucleoside
diphosphate kinase (AN8216), involved in the negative regu-
lation of apoptosis (57), was down-regulated in sector (1.8-
fold, p � 0.0227; FDR � 0.0244). Down-regulation of a su-
peroxide dismutase homolog (AN0785) (1.8-fold, p � 0.0006;
FDR � 0.0028) in sector mitochondria and the presence of the
homologs of anti-oxidant enzymes, thioredoxins (AN0170 and
AN8571) and peroxiredoxin (AN8692) only in WT but not in
Sec (supplemental Table S3) could contribute, at least in part,
to the accumulation of ROS in Sec cells. However, unlike the
senescence observed in P. anserina cultures (13), A. nidulans
sector culture could be subsequently maintained on media,
that is, without the signs of cell death. Apart from the massive
biosynthesis of melanin to combat oxidative stress, a few mt
proteins were found to be up-regulated in Sec, which may be
responsible for anti-oxidative stress and/or anti-apoptosis.

For example, besides the up-regulation of Gpx enzyme men-
tioned above, an anti-oxidant enzyme glutathione S-trans-
ferase (AN10273) was only detected in the Sec mitochondria
(supplemental Table S2). A putative glutamine amidotrans-
ferase (AN6141) involved in the biosynthesis of pyridoxine
(vitamin B6, an inhibitor of cell apoptosis) (58), was up-regu-
lated 2.1-fold in Sec (p � 0.0303; FDR � 0.031) (supplemental
Table S1). In yeasts, plants and animals, two copies of mt
inner membrane prohibitins (Phb) form a complex and play
active roles in response to oxidative stress and mt dysfunc-
tion (59). Similarly, two prohibitins were detected in our MS
data, i.e. AN0686 (yeast Phb1-like, 71% identity) only ex-
pressed in Sec and AN6072 (yeast Phb2-like, 66% identity)
up-regulated in Sec (1.3-fold) (supplemental Tables S1 and
S2). In addition, it has been well established that Hsp70 can
efficiently inhibit cell apoptosis (60). Thus, the up-regulations
of different Hsp70s could additionally contribute to the anti-
apoptotic process in sector. The up-regulations of ABC-type
multidrug transporters in Sec could be also involved in stress
defenses to maintain Sec culture viability (Fig. 6A; supple-
mental Tables S1 and S2).

Oxidative stress also induces mutation and degradation of
mtDNA (61) and mtDNA glycation is evident in the degener-
ated culture of Metarhizium (15). In light of these, failure to
maintain mtDNA integrity could result in cell death rather than
apoptosis of A. nidulans sector culture. By examining the MS
data, we observed up-regulation of different proteins involved in
DNA repair in Sec including AN10677 (Rad54, 1.7-fold, p �

0.0444; FDR � 0.0399), AN0855 (Rad54b, 3-fold, p � 0.0006;
FDR � 0.0028), AN10415 (Rad18, 3.4-fold, p � 0.0028; FDR �

FIG. 9. Quantification of ion concentrations. A, Different ion concentrations in the whole cell samples of wild-type (WT) and sector (Sec). B,
Different ion concentrations in the WT and Sec mitochondria. p values under each panel show the significance level of differences between WT and
Sec.
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0.0066), and AN10757 (RecQ, 2.3-fold, p � 0.0002; FDR �

0.0017) (supplemental Table S2). RecQ AN10757 is a homolog
of yeast Hrq1, which is reported to support the repair of excised
nucleotides (62). The putative DNA helicase AN5278 and DNA
repair nuclease AN3118 were only detected in sector (supple-
mental Table S2) and are the homologs of yeast Pif1 (26%) and
Mus81 (36% identity), respectively. Pif1 helicase has been
shown to play important roles in the maintenance of both nu-
clear and mt genome integrity by interacting with a single-strand
binding protein (63). Mus81 is shown to serve as a subunit of a
heterodimeric nucleases complex that efficiently repairs DNA by
resolving DNA intermediates (64). Taken together, it could be
reasonable to speculate that oxidative damages of mtDNA in
sector were the stimuli to trigger the up-regulation or transloca-
tion of DNA repair proteins to sustain mt genome stability and
thus, the viability of sector culture.

DISCUSSION

In this article, by using the filamentous fungus A. nidulans
as a model, we establish that spontaneous fungal culture
degeneration is linked to cellular accumulation of ROS and
mitochondrial dysfunctions. Comparative mt proteome anal-
yses of the WT and nonsporulation sector cultures further
helped understand the mechanisms of spontaneous degen-
eration of fungal cultures. Most significantly, we found that, in
contrast to WT, the degenerated culture demonstrated the
characteristics of cell apoptosis, including the release of
CycA, calcium overload and up-regulations of apoptosis in-
ducing factors in sector mitochondria (Fig. 10). Elevated ac-
cumulation of Ca2� was evident in the Sec mitochondria

which could accelerate the release of CycA as well as the
productions of ROS to trigger cell apoptosis (65, 66). How-
ever, unlike cell senescence (13), the Sec culture did not show
signs of growth arrest during maintenance, which could be
caused by the up-regulations of the Hsp70 chaperones, anti-
apoptotic factors and mtDNA repair proteins (Fig. 10).

Phenotypic features of degenerated fungal cultures include
non-sporulation and impaired abilities of sexuality, fruiting, and
production of secondary metabolites (6, 7, 15). However, mu-
tation or deletion of different genes involved in controlling spor-
ulation could also result in a fluffy phenotype in A. nidulans and
other fungi. For example, the zinc finger region-containing
transcription factor BrlA (AN0973) controls conidiophore devel-
opment and its proper expression is crucial for regulating
conidiation in A. nidulans (67). Deletion of a Zn2Cys6-type tran-
scription factor Fl (for fluffy) led to the failure of macroconidia
production in N. crassa and thereby the fluffy phenotype (8, 68).
The RGS (regulator of G-protein signaling) domain-containing
protein FlbA (fluffy low BrlA expression, AN5893) has been
verified in different fungi in controlling spore production and
deletion of this gene could result in aerial hyphal growth, that is,
the fluffy phenotype (9). The genes FlbB (AN7542), FlbC
(AN2421), and FlbD (AN0279) encoding transcription factors are
also important for regulating similar phenotypes featured by a
failure in conidiophore development and asexual spore forma-
tion (10). Global regulators like LaeA (AN0807, methyltrans-
ferase) and VeA (AN1052, velvet protein) coupled with the G-
protein signaling pathway have been functionally demonstrated
to coordinate the regulation of asexual sporulation, sexuality
and secondary metabolism in A. nidulans (69, 70). Not surpris-
ingly, none of these transcription factors or RGS protein was
detected in our MS data. In addition, it has not been reported
that deletion of any of these genes could lead to cellular ROS
accumulation, the feature essentially different from spontane-
ous culture degeneration. However, the characteristic fluffy
phenotype of the A. nidulans sector suggests that it would be
worthwhile to determine in the future whether or not these
global regulators participate in fungal culture degeneration.

Mitochondrial proteins are also directly or indirectly in-
volved in controlling fungal developments. For example, mi-
tochondrial ATP synthases have been found to be involved in
regulations of ascospore germination and sexual reproduc-
tion in P. anserina (71). In this study, we detected a high
expression of ATP-dependent protease (AN0122) only in the
WT mitochondria (supplemental Table S3). This protein is a
homolog of Lon protease, which shows 33% identity to
PaLon1 from P. anserina mitochondria. Deletion of PaLon1
leads to the defects in fungal developments including sexu-
ality and a decrease in fungal life span (72). Down-regulation
of the Lon protease in human cells also impairs mitochondrial
structure and functions, and lead to extensive apoptotic cell
death (73). Thus, loss of Lon protease in sector mitochondria
further supports the conclusion of apoptotic process occur-
ring in the degenerated cultures of A. nidulans.

FIG. 10. Schematic representation of mitochondrial dysfunc-
tions in the degenerated sector of A. nidulans. The factor(s) that
triggers cellular accumulation of reactive oxygen species (ROS) is not
known. However, accumulation of ROS, release of cytochrome c
(CycA), calcium overload and up-regulation of apoptosis inducing
factors will induce sector cell apoptosis. On the other hand, up-
regulation of anti-apoptotic factors, mtDNA repair proteins, heat
shock proteins (HSPs) and translocation of HSPs to mitochondria will
suppress sector cell apoptosis. Up arrows represents increase.
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Mitochondrial theory of aging is based on the vicious cycle of
ROS generation and damages (18, 19). We found the causal link
among oxidative stress, mt dysfunctions, and culture degener-
ation in A. nidulans. Besides the up-regulation of apoptosis-
inducing factors, the cytochrome c release and calcium over-
load were evident in the sector mitochondria. The former is the
hallmark of cell apoptosis and aging across the kingdom (18,
45). And, the latter is also one of the apoptotic ways to perturb
or rupture mt membrane permeability and in turn the release of
apoptotic factors including cytochrome c and Aif factor into the
cytosol (54, 74). In addition, it has been established in P. an-
serina and yeast that reducing mt fission could increase cellular
resistance to the induction of apoptosis. Relative to the wild
type, the up-regulations of proteins involved in mt fission, and
the smaller/denser-type of mitochondria in sector cells also
suggested the occurrence of cell apoptosis in sector associated
with oxidative stress (53, 75). Thus, it could be reasonably
concluded that fungal culture degeneration is linked to cell
apoptosis. Nevertheless, in contrast to the aging yeast, Po-
dospora or mammalian cells, which show decreased levels of
mt membrane potential (��m) and ATP production (76, 77), the
levels of ��m and ATP turnover were higher in sector than the
wild type. Provided that there are emerging data with contrary
results based on different models of apoptosis and different
systems (78, 79), the up-regulations of anti-oxidant and anti-
stress enzymes in the sector could contribute to the differences
between this study and previous reports on other systems. For
example, relative to the wild type, a glutathione peroxidase was
up-regulated in the sector mitochondria, the enzyme could pro-
tect mitochondrial ATP generation against oxidative damage
(80). Further studies are still required to determine the similar
and dissimilar mechanisms between the cell apoptosis and
fungal culture degeneration.

The mt genome of A. nidulans (NC_017896) contains 20
protein coding genes, which is close to the numbers in other
fungi (81). However, the exact numbers of mt proteome in
different organisms including A. nidulans is still not clear. Based
on mass spectrometry and cellular localization studies the mt
proteome of the budding yeast has been estimated to be 	800
proteins (81). In addition, based on a GFP-tagged library, about
500 yeast proteins are observed to be localized in mitochondria
(82). However, the MitoP2 mitochondrial proteome database
catalogues 601 proteins (83) and the MitoMiner database (84)
includes more than 1000 proteins as yeast mt proteins. Like-
wise, the MitoP2 database shows 442 mt proteins for the model
fungus N. crassa whereas at least 738 genes encoding proteins
are estimated in the Neurospora mt proteome (85). In this study,
different numbers of mt proteins were detected in the WT and
Sec mitochondria, respectively. The data suggested that mt
proteome changed dynamically in association with cell physio-
logical states. However, both numbers are considerably higher
than those predicted in silico by different algorithms. For exam-
ple, the predicted “none” Hsp70 AN5129 could be evidently
translocated into mitochondria from cytosol when the fungus

was challenged with oxidative stress (Fig. 7). The proteins in-
volved in DNA repairs are all predicted as nuclear proteins in in
silico analysis. However, different DNA repair proteins have
been shown to target both nuclear and mitochondrial compart-
ments (86). A recent study has shown that more than one third
of yeast mt proteome has dual localizations (87). Thus, it is not
uncommon to detect these proteins in the mitochondria of A.
nidulans. There are also well-known mt proteins that were not
detected in our MS spectra. Besides cytochrome c, the MdmB
(AN6901) protein of A. nidulans has been shown to regulate mt
morphology and localize within mitochondria (88). This protein
was also not detected in our MS data. Thus, the analyses with
combined proteomic techniques to determine the mt proteins
isolated from the cells under different physiological stages
could account for a more reliable mt proteome.

Overall, based on cell biology, biochemical and comparative
mt proteomic analyses, we establish the causal link among
oxidative stress, mitochondrial dysfunctions and fungal culture
degeneration with the latter showing the signs of cell apoptosis
and aging. Besides the cellular accumulation of ROS and over-
deposition of melanin on the cell wall of sector culture, the
findings of cytochrome c release, calcium overload, accelerated
rate of ATP production, down-regulation of Lon protease, and
protein translocations could be potentially used as “biomarkers”
to monitor fungal culture degeneration to prevent or reduce
economic losses during mass production of valued economic
fungi. Mechanistically, many issues still remain elusive, for ex-
ample, the cause and effect relationships between frequent
culture degeneration and cellular oxidative stress and between
mitochondrial dysfunction and fungal developments. Apart from
the involvement of mitochondrial proteins, cytosolic and other
organelle proteins, especially the downstream transcription fac-
tors, are likely to be implicated in physiological responses and
adaptations of fungal culture deterioration. Future functional
studies of differentially expressed mt proteins as well as related
non-mitochondrial proteins will help identify the “trigger(s)” of
fungal culture degeneration and elucidate the associated sig-
naling networks.
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Tercero, J. A. (2012) Cell cycle-dependent regulation of the nuclease
activity of Mus81-Eme1/Mms4. Nucleic Acids Res. 40, 8325–8335

65. Brustovetsky, N., Brustovetsky, T., Jemmerson, R., and Dubinsky, J.M.
(2002) Calcium-induced cytochrome c release from CNS mitochondria is
associated with the permeability transition and rupture of the outer
membrane. J. Neurochem. 80, 207–218

66. Brookes, P. S., Yoon, Y., Robotham, J. L., Anders, M. W., and Sheu, S. S.
(2004) Calcium, ATP, and ROS: a mitochondrial love-hate triangle. Am. J.
Physiol. Cell Physiol. 287, C817–C833

67. Adams, T. H., Boylan, M. T., and Timberlake, W. E. (1988) brlA is necessary
and sufficient to direct conidiophore development in Aspergillus nidu-
lans. Cell 54, 353–362

68. Rerngsamran, P., Murphy, M. B., Doyle, S. A., and Ebbole, D. J. (2005)
Fluffy, the major regulator of conidiation in Neurospora crassa, directly
activates a developmentally regulated hydrophobin gene. Mol. Microbiol.
56, 282–297

69. Calvo, A. M., Wilson, R. A., Bok, J. W., and Keller, N. P. (2002) Relationship
between secondary metabolism and fungal development. Microbiol. Mol.
Biol. Rev. 66, 447–459
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Schrattenholz, A. (2007) Differential proteomic profiling of mitochondria
from Podospora anserina, rat and human reveals distinct patterns of age-
related oxidative changes. Exp. Gerontol. 42, 887–898
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