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ABSTRACT

Autophagy is a conserved self-degradation mechanism that governs a large array of cellular
processes in filamentous fungi. Filamentous insect and nematode mycopthogens function in the
natural control of host populations and have been widely applied for biological control of insect and
nematode pests. Entomopathogenic and nematophagous fungi have conserved “core” autophagy
machineries that are analogous to those found in yeast but also feature several proteins involved in
specific aspects of the autophagic pathways. Here, we review the functions of autophagy in
protecting fungal cells from starvation and stress cues and sustaining cell differentiation, asexual
development and virulence. An emphasis is placed upon the regulatory mechanisms involved in
autophagic and non-autophagic roles of some autophagy-related genes. Methods used for mon-
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itoring conserved or specific autophagic events in fungal pathogens are also discussed.

Introduction

Autophagy is an evolutionally conserved degradation pro-
cess much beyond a simply starvation-responsive process
considered previously in eukaryotic cells [1]. This self-
degradation cellular process has been intensively studied
in model yeast and occurs selectively or nonselectively in
the form of microautophagy or macroautophagy.
Microautophagy takes place via direct uptake of cytoplasm
or organelles surrounded by invaginated vacuolar mem-
branes. Nonselective macroautophagy involves random
engulfment of cytoplasm and organelles by autophagsomes
that appear in the vacuoles containing the contents to be
degraded and recycled, contrasting to selective macroauto-
phagy that enables to degrade specific organelles, such as
mitochondria, peroxisomes and ribosomes, for removal of
redundant or impaired organelles [2]. Autophagy is
mediated by the cytoplasm-to-vacuole targeting (Cvt)
pathway that is responsible for specific sorting of proteins
to vacuoles [3]. Despite conserved features, autophagic
proteins are functionally differentiated among fungi [4].
Filamentous fungi are highly divergent in morphology and
lifestyle [5], and hence the roles of autophagic processes in
their adaptation to host and environment may differ from
one lineage to another [6].

Filamentous entomopathogenic and nematophagous
fungi play important roles in the natural control of host
populations and have been widely applied for biological
control of pest insects and nematodes [7,8]. As classic

insect mycopathogens, Beauveria bassiana and
Metarhizium spp. are a large source of global mycoin-
secticides and mycoacricides as alternatives to chemical
pesticides [9,10]. Fungal conidia adhere to insect cuti-
cle, where they geminate to infect host through cuticu-
lar penetration for entry into host hemocoel [11]. The
success of fungal infection is followed by transition of
penetrating hyphae into hyphal bodies (namely unicel-
lular blastospores), a process called dimorphic transi-
tion that facilitates intrahemocoel proliferation of
fungal cells by yeast-like budding until host mummifi-
cation to death [12-14]. Upon host death, hyphal
bodies become septate hyphae that penetrate the host
cuticle again for outgrowth and ultimate conidiation on
cadaver surfaces for a new infection cycle [15,16].
Nematophagous fungi can be divided into nematode-
trapping, egg-parasitic, endoparasitic and toxin-produ-
cing groups [17]. The mycelia of the first two groups
can form traps to capture namatodes and invade host
eggs by the actions of mechanical forces and extracel-
lular hydrolytic enzymes [18], respectively. The infec-
tion cycle of an entomopathogenic or nematophagous
fungus comprises a wide array of cellular processes and
events that are closely linked to autophagy [19,20]. This
mini-review aims to update the understanding of
autophagic events that are genetically regulated in
insect and nematode mycopathgens and associated
with their phenotypes crucial for biological control
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potential, including vegetative growth, cell differentia-
tion, asexual or sexual development, host infection and
virulence.

Overview of autophagy-related proteins in
insect and nematode mycopathogens

The yeasts Saccharomyces cerevisiae, Komagataella pas-
toris (formerly Pichia pastoris) and K. phaffii are model
species used in autophagic studies. Up to 42 genes have
been found encoding autophagy-related proteins
(ATGs) and mostly characterized in the yeasts, as sum-
marized in Table 1. Among those, 18 are considered as
core genes indispensable for autophagic processes while
other 24 are involved into the induction of specific
autophagic pathway or selective autophagy [21-23].
The core ATG genes are obligatory for all autophagy-
related processes and fall into five functional groups,
including ATGI1 kinase complex (A1C), membrane
recruiting system (MRS), phosphoinositide 3-kinase
complex (PI3KC), ubiquitin-like conjugation system
(ULCS), and degradation and transportation system
(DTS). As illustrated in Figure 1, autophagic behavior is
induced by A1C and PI3KC complexes through forma-
tion of preautophagosomal structures, followed by vesi-
cle formation and expansion that rely upon ULCS during
autophagosome maturation, hydrolyzation and recy-
cling of all engulfed proteins and organelles by DTS in
vacuoles [24], and a requirement of MRS for phagophore
membrane expansion and vesicle completion [23].

In insect and nematode mycopathogens, the ATG
genes involved in different autophagic processes are
not always identical with the yeast counterparts, and
only those associated with A1C complex are completely
conserved in fungi (Table 1). For instance, such myco-
pathogens lack not only ATG41 that interacts with
ATGO9 and participates in yeast autophagosome biogen-
esis [22] but also ATG14 and ATG38 that are associated
with the yeast PI3KC required for vesicle formation and
maturation [23]. ULCS is required for ATGS activation
and involved in two conjugation pathways. One pathway
consists of the protease ATG4, the E1-like enzyme ATG7
and the E2-like enzyme ATG3 while another pathway
comprises ATG7 and the E2-like enzyme ATG10 [25].
Interestingly, the yeast ATG10 homolog exists in some
filamentous fungi [26] but is absent in Ascosphaera apis
[27], suggesting less conserved structure or too low
sequence identity for ATGI10 to be located in the hon-
eybee mycopathogen by BLAST search. ATG22 is a
permease that uniquely transports degraded products
from vacuole to cytosol in most yeast species [24,26].
In contrast, most of insect and nematode mycopatho-
gens have more transporters homologous to the yeast

ATG22. B. bassiana even possesses four ATG22 homo-
logs, of which two (EJP69073 and EJP65688) are tran-
scriptionally expressed during cell proliferation in host
hemocoel [28] and another (EJP65315) is involved in
fungal pathogenicity, which was reduced by its inser-
tional mutagenesis [29]. This suggests a possibility for
some filamentous entomopathogens to have evolved a
strategy of utilizing multiple autophagy-related trans-
porters at different stages of infection cycle.
Filamentous fungal ATG proteins involved in
specific autophagy pathway exhibit a low degree of
conservation [26]. During nonselective macroauto-
phagy induced by starvation, A1C associates with
the ATG17 complex (A17C) consisting of ATG17,
ATG29 and ATG31 in S. cerevisiae [30]. Of those,
ATG31 seems to exist only in S. cerevisiae since its
homolog is absent in filamentous and other yeast
species, such as Hansenula polymorpha, K. pastoris
and K. phaffii. This implicates that a novel mechan-
ism might exist in bulk autophagy of the species
other than the budding yeast. In addition, selective
autophagy required for cellular homeostasis includes
mitophagy, pexophagy, ribophagy, reticulophagy
and the Cvt pathway [31]. In selective degradation
processes, cargo must be recognized by a receptor
and forms a cargo-receptor complex (CRC). ATG11
acts as an essential scaffold protein that mediates
the CRC interaction with the core proteins essential
for autophagosome formation [32] and is highly
conserved in yeasts and filamentous fungi [26].
ATGI11 acts as a conserved adaptor which interacts
with specific receptors in various pathways [23]. In
the budding yeast, aminopeptidase I (Apel) is trans-
located into vacuoles via the Cvt pathway, and
ATG19 functions as a receptor between Apel and
ATG11 [23]. In spite of weakly conserved ATG19-B
proteins in some yeasts [26], ATG19 is absent in
insect and nematode mycopathogens (Table 1), in
which it remains unknown whether the Cvt pathway
exists and what protein acts as the receptor if it
exists. In pexophagy, ATG30 and ATG36 function
as the receptor in K. pastoris and S. cerevisiae,
respectively [33,34], but both of them are absent in
insect and nematode mycopathogens. ATG32, a pro-
tein associated with mitochondrial membrane, acts
as a receptor and mediates selective degradation of
mitochondria (mitophagy) [35]. ATG39 is anchored
in perinuclear endoplasmic reticulum (ER) for
initiation of reticulophagy and nucleophagy.
ATG40 is localized to cortical and cytoplasmic ER
for mediation of specific ER degradation [36].
However, such receptors acting in the selective
autophagic processes of yeasts lack homologs in
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Figure 1. Autophagy-related (ATG) genes functioning in unicellular fungi. Forty-two ATG genes plus Vps14 and Vps34 involved in
autophagy pathway of yeast species are sorted into two groups, of which one works in the “core” autophagy machinery and another

participates in various specific pathways [24].

insect and nematode mycopathogens. ATG41 exist-
ing only in S. cerevisiae has been found to interact
with ATGY9 and play a role in autophagasome for-
mation [22]. As a newly characterized vacuolar ser-
ine carboxypeptidase, ATG42 (Ybr139w) is required
for normal vacuole function and the terminal steps
of autophagy in S. cerevisiae [21] and exist in all
examined yeasts and insect/nematode myco-
pathognes (Table 1), suggesting its highly conserved
role in fungi. In B. bassiana, selective autophagy is
evidently associated with cellular stress response,
development and virulence. Loss-of-function muta-
tion of ATG11 in B. bassiana has been shown to not
completely block autophagic process in vacuoles but
to abolish pexophagy and mitophagy during growth
in vitro and in vivo [37] although actual receptors
involved in the processes remain unclear.

Overall, many of yeast ATG homologs, particularly
those receptors, are distinct or absent in the genomic
databases of insect and nematode mycopathogens
[7,38-40]. This is likely attributable to their essential
or nonessential roles in fungal adaptation to hosts and

habitats and/or extremely low identities of their
sequences to the counterparts in the model yeasts.

Monitoring autophagic events in insect and
nematode mycopathogens

Interest in unveiling the prominent role of autophagy in
the life cycles of insect and nematode mycopathogens is
increasing in the postgenomic era. Effective methods
have been explored to monitor autophagic events in
these mycopathogens. The acidophilic dye monodansyl
cadaverine (MDC) has been used as an indicator of acidic
autophagosomes to examine whether the stained struc-
tures accumulate in the vacuoles of AATG mutants in B.
bassiana [41] or at the early stage of mycelial trap for-
mation in the nematode-trapping fungus Arthrobotrys
oligospora [20]. Due to a high affinity to acid environ-
ment, however, MDC is not suitable for the detection of
autophagesomes when other acid vesicles exist [42].
Highly conserved ATGS is localized on the mem-
brane of autophagosomes to be translocated into



vacuoles and considered as a molecular marker for
autophagic tracking due to its essentiality for preauto-
phagomal structure formation and autophagosome
maturation in eukaryotic cells [43,44]. Fluorescence pro-
tein-tagged ATGS fusion proteins have been successfully
used to monitor autophagic events in germlings, hyphae,
aerial conidia, submerged blastospores and in vivo
hyphal bodies of B. bassiana [20] and in the appressoria
formed at the initial stage of infection by Metarhizium
robertsii, another important insect mycopathogen [45].
Transmission electron microscopy (TEM) is the
most effective method that allows for observation of
various autophagic structures, such as phagophores,
autophagosomes and autophagic bodies [4]. This
method has been employed to unveil the absence/pre-
sence of autophagic bodies under autophagy-inducing
conditions [20] or during asexual development in the
absence of important genes in B. bassiana [13]. In M.
robertsii, autophagic bodies in the vacuoles of hyphal
cells stressed by starvation are also well visualized via
TEM [45]. Recently, dual RNA-seq analysis has been
adopted to reveal all possible ATG genes that are
expressed during B. bassiana propagation within host
hemocoel [28]. This suggests that the molecular detec-
tion method is highly effective to monitor the activities
of all ATG genes in the in vivo sample of small size.

Autophagic events associated with pest control
potential of mycopathogens

The biological control potential of a fungal insect or
nematode pathogen depends on not only the virulence
or pathogenicity as an indicative ability to invade the
host but also cell tolerance to environmental adversity
and the asexual development that is critical for in vivo
propagation of fungal cells and efficiency of in vitro
mass-production [46]. Thus, the fungal potential
against pest insects and nematodes is definitely an out-
put of cellular functions and processes that are linked
to autophagic events, as illustrated in Figure 2.

Autophagy in response to nutritional starvation/shift

During conidial germination on scant media or oligo-
trophic insect cuticle, B. bassiana may make use of
autophagy to mobilize and recycle intracellular stored
nutrients. This role is evidenced with abolishment of
autophagic process in the absence of some ATG genes,
such as ATG1, ATG5 and ATGS8 [20,41]. The conidia of
these AATG mutants germinated as well as the wild-
type conidia on rich medium but suffered germination
defects in response to nutritional starvation on water
agar and host cuticle. Additionally, deletion of ATGI1I
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in B. bassiana resulted in a block of selective autophagy
during conidial germination on oligotrophic substrata
and significant germination defects under nutrient defi-
cient conditions [37]. Similarly, nematode surface is
also a nutritionally poor substratum for nematode-trap-
ping fungi [47], in which autophagic process is induced
by amino acid starvation [19].

A plenty of fatty acids and lipids are used as carbon
sources by insect mycopathogens during their infection
to host through cuticular penetration [48]. Upon entry
into the host hemocoel, fungal cells need metabolize
hemolymph-rich trehalose and other carbohydrates and
convert them to glucose for use in intrahemocoel pro-
pagation [49]. Pexophagy was first found in the cells of
K. pastoris grown in an oleic acid-based medium and
then shifted into a glucose-based medium [50]. In B.
bassiana, both pexophagy and mitophagy are evidently
involved in cell response to carbon shift [37].

Autophagy in response to oxidative stress

Autophagy plays an important role in scavenging
damaged organelles and proteins in the response of
mammal cells to oxidative stress [51]. In B. bassiana,
ATGI and ATGS are functionally different in antiox-
idant response since total activity of superoxide dismu-
tases (SODs) decreased by 50-70% in absence of ATG8
but was not affected in absence of ATGI [20]. This
contrasts to increased resistance to oxidative stress in
the absence of either ATGI or ATG8 in Aspergillus
niger [52]. Similarly, loss-of-function mutations of
ATGI and ATG8 in S. cerevisiae resulted in enhanced
SOD activities [53]. Apparently, ATGl and ATGS8
could be independent of each other in the response of
B. basssiana to oxidative stress, and mechanistically
different from their homologs in the antioxidant
response of both mentioned fungi.

Reactive oxygen species (ROS) causing oxidative
damage to mitochondria can be scavenged by selective
autophagy for mitochondrial homeostasis [54].
Interestingly, ATG11 has been confirmed to function
in antioxidant response of B. bassiana through pexo-
phagy rather than mitophagy [37] although a mechan-
ism underlying the ATG11-induced pexophagy under
oxidative stress remains unclear.

Autophagy during cell differentiation and
development

Autophagy has been widely linked to cell differentiation
in many filamentous fungi [55]. In B. bassiana, normal
autophagy is required for asexual development and
morphogenesis. For instance, deletion of ATGI, ATG5



434 e S.-H. YING AND M.-G. FENG

A
(A) fBeauveria bassiana\

(Metarhizium roberts%

A(n‘hrobotrys oligosp%

Asexual development
Oxidation resistance

*Conidial germination
on host cuticle

Intrahemocoel
proliferation

\_ Vviuence J \_

Asexual development
Lipid storage

*Appressorium formation
on host cuticle

Intrahemocoel
proliferation

Virulence

Asexual development

*Capturing-trap
formation around host

Virulence

(B)
Wild type ABbATG1 ABbATG5S ABbATGS8 ABbATG11
(C) Growth in Mild In-depth )
host hemocoel starvation starvation O Perssisans

o Non-selective Mitochondrium
Oxidative pathway

stress % O

S \e
O o 0‘\\0“5%9 ATG8
ATG17 W&

Asexual B o 7 ﬁ/ A,
development r'd
& b Selective pathway
(1]
S, -g Hydrolysis
29 — QL —»)« —_— Q —_— i
(1]
% = Phagophore
=& % Autophagosome Autophagic body

Initiation Vesicle Vesicle Vesicle fusion

formation expansion and maturation

Figure 2. Overview of autophagic events in entomopathogenic and nematophagous fungi. (A) Divergent roles of autophagic events
in sustaining the in vitro and in vivo cellular processes of B. bassiana, M. robertsii and A. oligospora, three representative
mycopathogens that have evolved for adaptation to distinct host spectra and associated habitats and fall into different lineages.
Autophagy mediates the asterisked process that is distinct for each of the fungal pathogens to penetrate through the host cuticle
after conidial germination. (B) Transmission electronic microscopic images (scale bars: 0.2 um) for intravacuolar autophagic events
altered by singular deletions of ATGI, ATG5, ATG8 and ATGI11 in B. bassiana. (C) Proposed model for autophagy pathways in

B. bassiana,
phosphatidylethanolamine.

or ATGS has been shown to greatly reduce the yields of
aerial conidia as infective propagules or submerged
blastospores as an index of in vivo dimorphic transition
rate [20,41]. Autophagy is also involved in the conidia-
tion of M. robertsii [45] or in the formation of mycelial
nematode traps by A. oligospora [19].

Moreover, some ATG genes may regulate conidiation
via different pathways. For example, a conidial protein
(BbCP15) is required for conidiation due to the role of its
acting as a downstream target of ATG1 instead of ATG8
in B. bassiana [20]. ATGS5 is linked to conidial morphol-
ogy in B. bassiana due to conidial size enlarged in

including starvation-induced or non-selective autophagy, selective autophagy and bulk autophagy. PE:

absence of ATG5 [41]. These findings indicate distinct
roles for some ATG genes in the cell differentiation and
development that are associated with the in vitro and in
vivo life cycles of insect and nematode mycopathogens.

Autophagy associated with host infection and
fungal virulence

Fungal virulence is a pleiotropic phenotype linked to an
array of cellular processes and events. In M. robertsii,
ATG8 is essential for the formation of appressoria that



initiate cuticular penetration in the course of host infection
[45]. Deletion of ATG1, ATG5 or ATG8 resulted in blocked
autophagy and attenuated virulence in B. bassiana [20,41],
M. robertsii [45] or A. oligospora [19]. These studies
demonstrate important impacts of autophagy on the viru-
lence of insect and nematode mycopahtogens but are
somewhat different from an absolute requirement of
autophagy for the pathogenesis of Magnaporthe grisea, a
phytopathogenic fungus [56]. The limited ATG genes char-
acterized to date indicate a close linkage of normal autop-
hagy with the virulence of entomopathogenic and
nematophagous fungi. Therefore, different lineages of
insect and nematode mycopathogens are ideal models for
exploring diverse mechanisms involved in autophagic link-
age to fungal virulence.

Regulatory network of autophagy in insect and
nematode mycopathogens

In eukaryotes, autophagy is a precisely regulated
self-degrading process. The target of rapamycin
(TOR) pathway is considered to be a main regulator
of autophagy and can inhibit autophagy via phos-
phorylation of ATG13, a regulator of ATG1 complex
[57]. The TOR kinase is inactivated by sensing sig-
nals from upstream pathways, followed by formation
of autophagy-inducing complex [2]. In B. bassiana,
the ATG1 kinase may induce autophagy in response
to starving cues [20]. Transcriptional networks
learned from some insect and nematode mycopatho-
gens also play important roles in autophagic pro-
In Sordaria macrospora (a filamentous
ascomycete), a bZIP transcription factor required
for vegetative growth and fruiting-body develop-
ment represses transcriptional expression of ATG4
and ATG8 [58]. Fungus-nematode interaction
induces the autophagy of A. oligospora by amino
acid starvation in a manner absolutely depending
on transcriptional regulation of GCN4 which acti-
vates a set of genes required for amino acid bio-
synthesis [19]. G-protein receptor 3 is required for
transcription of ATGI and ATG2 during the in vitro
blastospore formation of B. bassiana [59], suggesting
an involvement of the G-protein pathway in signal
transduction during autophagy. An in vivo tran-
scriptomic analysis has uncovered that all ATG
genes are expressed during B. bassiana propagation
in host hemocoel, including ATG4, ATG8 and
ATGIO regulated by alternative splicing [28]. In
addition, two core eisosome proteins (PillA and
Pil1B) simultaneously localized at the periphery of
hyphal cells have been shown to play opposite roles
in the autophagic regulation of B. bassiana, as

cesses.
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unveiled by blocked autophagy in absence of PillB,
restored autophagy in absence of Pill1A and opposite
changes in transcript levels of many ATG genes in
the mutant strains [13]. These studies indicate a
complicated autophagy-regulatory network that
remains poorly understood in insect and nematode
mycopathogens.

Concluding remarks

Autophagic events exert comprehensive effects on the
in vitro and in vivo life cycles of entomopathogenic and
nematophagous fungi, in which many ATG genes
remain to be functionally explored. The previous stu-
dies restricted to several conserved ATG genes have
unveiled that their roles in autophagic events are not
necessarily similar to those learned from model yeasts
or phytopathogenic fungi. We speculate that insect and
nematode mycopathogens could have evolved a distinct
autophagy-regulatory network that warrants their
adaptation to entomopathogenic or nematophagous
lifestyle, which could have originated from different
evolution histories. In classic insect mycopathogens,
for instance, the Beauveria/Cordyceps lineage is consid-
ered to have evolved insect pathogenicity 130 million
years earlier than the Metarhizium lineage from plant
affinity or pathogenicity [38-40,60]. Perhaps for this
reason, host spectra differ greatly between B. bassiana
and Metarhizium spp [10]. So do their genetic back-
grounds required for adaptation to different host spec-
tra and associated habitats. Due to their high potential
for use in pest control programs, it is necessary to
functionally characterize the ATG family genes of the
representative lineages, elucidate contributions of
autophagic events to their potential against pest insects
and nematodes, and explore possible mechanisms
underlying the events. Future emphasis is expectedly
placed upon distinct roles of some ATG genes in sus-
taining biological control potential of insect and nema-
tode mycopathogens. The new knowledge will facilitate
development and application of fungal formulations
against target pests.
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