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Programmed cell death (PCD), in which cells actively participate in their own death

through the activation of defined pathways, has long been established as an

important developmental pathway in metazoan systems but it is only recently that

evidence for a primitive form of PCD in the fungi has come to light. While much of

the evidence for this comes from studies in the yeast Saccharomyces cerevisiae,

recent evidence strongly suggests the presence of a metacaspase (primitive

orthologues of the mammalian caspases) independent and dependent pathways

in the Aspergilli which can be activated by deleterious environmental stimuli such

as starvation, oxidative stress and antifungal agents as well as developmentally

during sporulation. Bioinformatic evidence for these pathways suggests that the

PCD pathway(s) is more complex in the Aspergilli compared to yeasts.
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Introduction

Programmed cell death (PCD) is cellular death that

involves the active participation of the cell through the

activation of a discrete signalling pathway(s) and has

been an area of intensive study in multi-cellular

organisms for many years (for reviews see [1,2]).

Programmed cell death plays an essential role in

development, tissue homeostasis and as an important

defence mechanism eliminating pathogen-infected cells

[3,4]. Moreover, PCD underlies the hypersensitive

response of plants by which cells surrounding an

invading pathogen die in order to try and limit

pathogen spread [5,6]. Until recently, it had been

assumed that PCD evolved only with the evolution of

multi-cellularity, however, the discovery that apoptosis

inducing proteins from mammalian cells such as bax

could induce death with an apoptotic phenotype when

expressed in the yeast Saccharomyces cerevisiae and

that this could be prevented by the simultaneous

expression of the anti-apoptotic mammalian protein

bcl-2, has led to the realization that a primitive PCD

pathway evolved earlier than had previously been

imagined [7�9].

PCD in yeasts

Numerous studies in yeast have since shown that

various toxic agents including hydrogen peroxide, acetic

acid and aspirin along with cellular stress including

hyperosmotic stress, nutrient starvation, DNA damage
and defects in N -glycosylation, all induce PCD [10�
16]. The PCD phenotype includes the flipping of

phosphatidylserine from the inner to the outer plasma

membrane, an early classical marker of PCD in higher

eukaryotes, and the distinctive and specific degradation

of DNA, which initially occurs without loss of mem-

brane integrity. Initial genome studies in S. cerevisiae

revealed few orthologues of the PCD pathway from
multi-cellular organisms; however some functional

homologues have begun to emerge. Chief amongst

these is the metacaspase protein YCA1 , which is a

protease with activity related to the divergent caspase

family in higher eukaryotes [17]. Caspases play a

critical role in the downstream execution of the PCD

pathway in higher eukaryotes and form a family of

cysteine proteases with distinctive functions. Disrup-
tion of YCA1 in S. cerevisiae has been shown to rescue

yeasts from PCD confirming its functional role as an

executor of PCD although its target substrates have yet
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to be characterized [18�21]. However, disruption of

YCA1 does not prevent PCD in all cases. For example,
PCD induced by ammonia in ageing colonies was able

to occur in YCA1 deleted strains [22]. Moreover PCD

induced by overexpression of the yeast homologue of

the mammalian apoptosis inducing factor (AIF) was

only partially negated by disruption of YCA1 [23].

Thus it is unclear whether the execution of PCD is

mediated through YCA1 in all cases.

In higher eukaryotes, mitochondria appear to play a
central role in the PCD process with PCD inducing

agents causing the loss of cytochrome C from the

mitochondria which then complexes with the apoptosis

activating factor (APAF). The complex then activates

caspase 9 which itself activates downstream caspases

[1,2] However, no APAF homologue has so far been

described in yeast although release of cytochrome C

from mitochondria has been demonstrated in conjunc-
tion with the development of a PCD phenotype, for

example in response to acetic acid and mating pher-

omone [24,25]. However, recently a homologue of the

apoptosis-inducing factor (AIF), Aif1p, a protein

which also is normally sequestered in mitochondria

but released during PCD, has also been characterized

in yeast and shown to mediate PCD [23]. In higher

eukaryotes, AIF triggers PCD through a caspase
independent pathway suggesting that PCD in yeasts

may be regulated through two independent pathways.

More recently, another pro-apoptotic mammalian

homologue of PCD, AMID, a mitochondrial NADH

dehydrogenase, has been identified in yeast and shown

to induce PCD when overexpressed [26].

An accumulation of reactive oxygen species (ROS) as

a result of mitochondrial dysfunction during PCD
appears to be a central phenomenon in most instances

of PCD. Reactive oxygen species accumulation during

PCD development has also been reported in many

cases of induced PCD in S. cerevisiae [10,27�29]. In

addition, PCD was shown to be delayed by reducing

ROS accumulation with free radical scavengers, further

implicating ROS as a core component of PCD signal-

ling [27,30�32]. Initially it was hypothesized that ROS
played a central role in the execution of PCD although

it is now unclear as to whether ROS accumulation plays

a secondary role or may act as both signalling

molecules and as PCD regulators [9].

While the downstream targets and machinery of

yeast apoptosis is still to be discovered, it is becoming

more apparent that many mutations in yeast can lead to

PCD and that PCD may be induced when normal
cellular functions are impaired. For example, whilst it is

known that aberrant protein glycosylation, DNA

replication and mRNA stability can lead to PCD

[16,29,33,34], it has recently been discovered that

PCD may also be linked to actin and the cytoskeleton.
Agents and mutations that decrease actin turnover led

to an accumulation of ROS and induced PCD, whereas

increasing actin turnover led to an increase in long-

term viability [35], thus implicating the actin cytoske-

leton in chronological ageing.

Cell death in filamentous fungi

In contrast to the increasing number of studies that are

beginning to unravel the PCD pathway in yeasts,
relatively little work has, as yet, focused on the

filamentous fungi (Table 1). Due to the larger genome

size and developmental complexity, it is possible that

the PCD pathway(s) in filamentous fungi may be more

complex than that present in yeast. Preliminary studies

of the genomes of filamentous fungi have already

identified homologues of mammalian PCD compo-

nents that appear to be absent in yeasts though
experimental studies have yet to confirm their function

[36]. For example, the Aspergilli possess a number of

proteins which include the STAND domain, a group

including NACHT NTPases and NB-ARC ATPases

which regulate PCD in animals and plants, subunits of

mitochondrial NADH ubiquinone oxidoreductase

GRIM-19 and NDUFS1, poly(ADP-ribose) polymer-

ase (PARP), a key regulator of mammalian caspase
independent PCD, TRAF3 and a number of APAF

homologues that in mammalian cells complex with

caspase 9 to activate PCD [36�38].

Autolysis

Autolysis is a highly regulated and natural process that

occurs after filamentous fungi in liquid culture become

nutrient-limited and enter the stationary phase [39,40].

Autolysis is the process of enzymatic self-degradation

that occurs during the stationary phase of growth

following nutrient depletion and involves the coordi-

nated activation of several key enzyme classes including

glycosyl hydrolase and proteases resulting in the
catabolism of macromolecules within the hyphae cell

[40,43]. The liberated sugars and amino acids can be

utilized by the remaining mycelium through a process

known as cryptic growth [39,40]. The sequence of

events in fungal autolysis therefore bears some simila-

rities to PCD of higher eukaryotes; for example, both

phenomena are energy-dependent in contrast to necro-

sis, which has no energy requirement. In Aspergillus

fumigatus, entry into the stationary phase has been

shown to be associated with a rapid decrease in viability

which was associated with the development of an
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apoptotic phenotype [44]. Such a rapid decline in cell

viability (�/90% within 6 h of reaching the stationary
phase) is not confined to Aspergillus fumigatus as

similar rapid declines in viability have also been

observed in Aspergillus niger and Aspergillus nidulans

[GD Robson, unpublished observations]. The develop-

ment of an apoptotic phenotype was prevented by the

addition of the protein synthesis inhibitor cyclohex-

imide immediately prior to the onset of stationary

phase, indicating a dependence on de novo protein
synthesis. Moreover, the apoptotic phenotype was

prevented by the addition of a broad-spectrum caspase

inhibitor and entry into the stationary phase was

associated with a rise in intracellular activity against

substrates specific for caspase 1 and 8. By contrast,

yeasts on entering stationary phase lose viability much

more slowly, taking several days to reach viabilities

of less than 10% and have been used as a model of
chronological ageing [18,27]. Nonetheless, loss of

viability is associated with a PCD phenotype and can

be reduced in the metacaspase-deleted strain or by

addition of the broad-spectrum caspase inhibitor. By

contrast, despite blocking the development of a PCD

phenotype in A. fumigatus by addition of the broad-

spectrum caspase inhibitor, no effect was seen on the

loss of viability. The development of a PCD phenotype
early during carbon starvation has also been reported

in A. nidulans [45] although the authors suggest that

this pathway is separate from subsequent autolysis as

the PCD phenotype was also seen in mutants in which

autolysis of the mycelium did not occur. Entry into the

stationary phase and loss of viability is also associated

with an accumulation of ROS (Fig. 1) which initially

was found to be compartmentalized before later
accumulating in the majority of hyphae. Reactive

oxygen species accumulation appeared to precede cell

death [GD Robson, unpublished observation].

Extracellular agents

Compared to yeasts, there have been comparatively few

studies investigating whether exposure to toxic treat-
ments triggers the development of an apoptotic phe-

notype. Treatment of A. fumigatus with low but toxic

levels of hydrogen peroxide or amphotericin B both

induced a strongly apoptotic phenotype and cell death

[46]. However, unlike death induced during the sta-

tionary phase, this could not be blocked by the broad-

spectrum caspase inhibitor Z-VAD-fmk, nor was a rise

against any caspase specific substrate observed, sug-
gesting a caspase-independent pathway may operate in

filamentous fungi or that additional metacaspase(s) not

blocked by the broad-spectrum caspase inhibitor orT
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active against the specific substrates tested may be

present. At least two metacaspase genes are present in

A. fumigatus genome (and in all other filamentous

fungal genomes examined to date) whereas only one

has been identified in the yeasts [36]. Treatment of A.

nidulans with the phytoshingolipids or the antifungal

protein PAF have also both been reported to lead to the

development of PCD including DNA degradation,

translocation of phosphatidylserine and ROS accumu-

lation and appeared to be independent of metacaspase

activity at least in the case of the AFP [47,48].

More recently, farnesol, a quorum sensing isoprenoid

secreted by Candida albicans was shown to inhibit

growth, induce ROS accumulation and cause the

development of a PCD phenotype in A. nidulans,

with the authors suggesting that this might be an

antagonistic mechanism for suppressing fungal growth

in the environment [49].

Developmental cell death

Heterokaryon or vegetative incompatibility is a form of

PCD that is triggered when the hyphae of two

individuals carrying incompatible het loci fuse, leading

to growth inhibition, hyphal compartmentalization,

repression of sporulation and ultimately death of the
fused cells (for reviews see [50�52]). Although widely

studied, particularly in Podospora and Neurospora, the

downstream PCD pathway remains largely unresolved.

In the development of macrofungi, highly organized

and specific death of hyphae appears to occur early

during mushroom development which creates for

example, separate gills in the mature fruitbody. Such

developmental cell death echoes developmental PCD in
multi-cellular organisms although to date, there is no

firm biochemical evidence that death in these hyphae is

occurring through PCD [53,54]. More recently, mutants

of Coprinus cinereus in which defects in meiosis occur

have been shown to induce apoptosis in the basidia but

not the neighbouring somatic cells [55]. Programmed

cell death is also initiated in yeast with mutations in

DNA replication and is thought to be activated in
response to DNA damage [32]. Metacaspase activity

has also been associated with asexual sporulation in

Aspergillus nidulans and the same authors also detected

an orthologue of the mammalian DNA repair protein

poly (ADP-ribose) polymerase (PARP), a known

caspase substrate which is degraded during PCD [56].

In filamentous fungi, vacuolization and protein break-

down in the mycelium occurs at the same time as
asexual sporulation and metacaspase-mediated degra-

dation of the A. nidulans. PARP protein was found to

occur early in the sporulation process indicating that

PCD is also important in asexual development. Re-

cently, evidence that signalling pathways interact with

PCD has come to light. In the plant pathogen

Colletotrichum trifolli , expression of the small GTP-

binding protein Ras (Ct-ras) with a dominant activat-
ing mutation was found to cause aberrant hyphal

growth and defects in polarized growth which was

associated with ROS accumulation and PCD pheno-

type under nutrient-poor but not nutrient-rich condi-

tions. These effects were inhibited by the inclusion of

the antioxidant praline [57]. Recently, the Ras-cAMP

pathway has also been implicated as a modulator of

PCD induced by acetic acid and hydrogen peroxide in
C. albicans [58]; thus PCD may play a number of roles

in the developmental biology of filamentous fungi and

may be modulated by signalling pathways.

Fig. 1 Accumulation of reactive oxygen species (ROS) and loss of

membrane integrity in stationary phase of Aspergillus niger. Myce-

lium from cultures 4 h into the stationary phase were counterstained

with 40 mM 2?,7?-dichlorodihydrofluorescein diacetate (40 ROS) and

30 mg ml � 1 propidium iodide (PI) (membrane integrity) and exam-

ined under (a) bright-field and (b) fluorescence microscopy excited at

490 nm (ROS) and then (c) at 575 nm (PI). Note that ROS

accumulation appears before loss of membrane integrity.
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Conclusion

Experimental evidence from fungi, principally yeasts,

demonstrates that an ancestral PCD evolved early in

the eukaryotes and that a number of components are

remarkably functionally conserved across both animals

and plants. Compared to yeasts, experimental evidence

for PCD in the filamentous fungi is sparse, nonetheless,

like yeasts; the development of classical markers of

PCD in response to numerous stimuli demonstrates the

conservation of PCD in the filamentous fungi. Geno-

mic analysis of recently published Aspergillus genomes

have revealed that the PCD in these organisms is likely

to be more complex than the yeasts as they contain

homologues of the mammalian PCD machinery not

apparently present in the yeast genome. The Aspergilli

may therefore prove valuable as alternative model

eukaryotes in which to unravel the components of

PCD pathway(s). Such studies will not only throw light

on the evolution of PCD in eukaryotes, but may also

reveal the role of PCD in response to environmental

stresses, mycelial development, and may highlight novel

targets for antifungal drug development. To date,

evidence for PCD in filamentous fungi has been largely

investigated in laboratory culture. Future studies

should also focus on whether PCD occurs naturally

in the environment, for example during the oxidative

burst of engulfed spores/hyphae as part of the host

defence mechanism, or in the environment in older

regions of the mycelium where nutrients have been

exhausted.
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22 Váchová L, Palková Z. Physiological regulation of yeast cell death

in multicellular colonies is triggered by ammonia. J Cell Biol

2005; 169: 711�715.

23 Wissing S, Ludovico P, Herker E, et al . An AIF orthologue

regulates apoptosis in yeast. J Cell Biol 2004; 166: 969�974.

24 Ludovico O, Rodrigues F, Almeida A, et al . Cytochrome c release

and mitochondrial involvement in programmed cell death induced

by acetic acid in Saccharomyces cerevisiae. Mol Biol Cell 2002; 13:

2598�2606.

25 Severin FF, Hyman AA. Pheromone induces programmed cell

death in S. cerevisiae. Curr Biol 2002; 12: R233�235.

26 Li W, Sun L, Liang Q et al . Yeast AMID homologue Ndi1p

displays respiration-restricted apoptotic activity and is involved in

chronological ageing. Mol Biol Cell 2006; 17: 1802�1811.

27 Laun P, Pichova A, Madeo F, et al . Aged mother cells of

Saccharomyces cerevisiae show markers of oxidative stress and

apoptosis. Mol Microbiol 2001; 39: 1166�1173.

28 Mazzoni C, Mancini L, Verdone F, et al . Atruncated form of

KILsm4p and the absence of factors involved in mRNA decap-

ping trigger apoptosis in yeast. Mol Biol Cell 2003; 14: 721�729.

29 Weinberger M, Ramachandran L, Burhans WC. Apoptosis in

yeasts. IUBMB Life 2003; 55: 467�472.

30 Machida K, Tanaka T, Fujita K, et al . Farnesol-induced

generation of reactive oxygen species via indirect inhibition of

the mitochondrial electron transport chain in the yeast Sacchar-

omyces cerevisiae. J Bacteriol 1998; 180: 4460�4465.

– 2006 ISHAM, Medical Mycology, 44, S109�S114

Programmed cell death in filamentous fungi S113



31 Fujita KI, Tani K, Usuki Y, et al . Growth inhibition dependent

on reactive oxygen species generated by C9-UK-2A, a derivative

of the antifungal antibiotic UK-2A, in Saccharomyces cerevisae. J

Antibiot 2004; 57: 511�517.

32 Brace JL, Van der Weele DJ, Rudin CM. SvfI inhibits reactive

oxygen species generation and promotes survival under conditions

of oxidative stress in Saccharomyces cerevisiae. Yeast 2005; 22:

641�652.

33 Weinberger M, Ramachandran L, Feng L, et al . Apoptosis in

budding yeast caused by defects in initiation of DNA replication.

J Cell Sci 2005; 118: 3543�3553.

34 Mazzoni C, Herker E, Palermo V, et al . Yeast caspase 1 links

messenger RNA stability to apoptosis in yeast. EMBO Rep 2005;

6: 1076�1081.

35 Gourlay CW, Ayscough KR. A role for actin in aging and

apoptosis. Biochem Soc Trans 2005; 33: 1260�1264.

36 Fedorova ND, Badger JH, Robson GD, et al . Comparative

analysis of programmed cell death pathways in filamentous fungi.

BMC Genomics 2005; 6: 177.

37 Leipe DD, Koonin EV, Aravind L. STAND, a class of P-loop

NTPases including animal and plant regulators of programmed

cell death: multiple, complex domain architectures, unusual

phyletic patterns, and evolution by horizontal gene transfer. J

Mol Biol 2004; 343: 1�28.

38 Hong SJ, Dawson TM, Dawson VL. Nuclear and mitochondrial

conversations in cell death: PARP-1 and AIF signaling. Trends

Pharmacol Sci 2004; 25: 259�264.

39 Trinci AP, Righelato RC. Changes in constituents and ultra-

structure of hyphal compartments during autolysis of glucose-

starved Penicillium chrysogenum . J Gen Microbiol 1970; 60: 239�
249.

40 White S, McIntyre M, Berry DR, et al . The autolysis of industrial

filamentous fungi. Crit Rev Biotechnol 2002; 22: 1�14.

41 Hernawan T, Fleet G. Chemical and cytological changes during

the autolysis of yeasts. J Ind Microbiol 1995; 14: 440�450.

42 McNeil B, Berry DR, Harvey LM, et al . Measurement of

autolysis in submerged batch cultures of Penicillium chrysogenum .

Biotechnol Bioeng 1998; 57: 297�305.

43 McIntyre M, Berry DR, McNeil B. Role of proteases in autolysis

of Penicillium chrysogenum chemostat cultures in response to

nutrient depletion. Appl Microbiol Biotechnol 2000; 53: 235�242.

44 Mousavi SA, Robson GD. Entry into the stationary phase is

associated with a rapid loss of viability and an apoptotic-like

phenotype in the opportunistic pathogen Aspergillus fumigatus.

Fungal Genet Biol 2003; 39: 221�229.
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