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Autophagy genes Smatg8 and Smatg4 are
required for fruiting-body development,
vegetative growth and ascospore germination in
the filamentous ascomycete Sordaria macrospora
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Autophagy is a tightly controlled degradation process involved in various developmental aspects of eukaryotes.
However, its involvement in developmental processes of multicellular filamentous ascomycetes is largely unknown. Here,
we analyzed the impact of the autophagic proteins SmMATG8 and SmATG4 on the sexual and vegetative development of
the filamentous ascomycete Sordaria macrospora. A Saccharomyces cerevisiae complementation assay demonstrated that
the S. macrospora Smatg8 and Smatg4 genes can functionally replace the yeast homologs. By generating homokaryotic
deletion mutants, we showed that the S. macrospora SmATG8 and SmATG4 orthologs were associated with autophagy-
dependent processes. Smatg8 and Smatg4 deletions abolished fruiting-body formation and impaired vegetative
growth and ascospore germination, but not hyphal fusion. We demonstrated that SmATG4 was capable of processing
the SmATGS8 precursor. SmMATG8 was localized to autophagosomes, whereas SmATG4 was distributed throughout the
cytoplasm of S. macrospora. Furthermore, we could show that Smatg8 and Smatg4 are not only required for nonselective
macroautophagy, but for selective macropexophagy as well. Taken together, our results suggest that in S. macrospora,
autophagy seems to be an essential and constitutively active process to sustain high energy levels for filamentous growth
and multicellular development even under nonstarvation conditions.

Introduction

In all eukaryotic cells, from yeast to plants to man, autoph-
agy (which literately translates to “self-eating”) is a conserved
intracellular recycling process to overcome nutrient depletion.!
Mechanistically, autophagy is divided into three basic types:
macroautophagy, microautophagy and chaperone-mediated
autophagy.? Macroautophagy (hereafter, autophagy) describes
the formation of a double-membrane vesicle, the autophagosome,
which encloses a portion of cytoplasm containing excessive or
defective proteins and/or organelles.’”

Selective and nonselective pathways have been described in
autophagy. The selective degradation of surplus organelles such
as peroxisomes, mitochondria, ribosomes and nuclei are termed
pexo-, mito-, ribo- and nucleophagy, respectively.® In yeast, but
not in filamentous fungi, a specific form of autophagy has been
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described,*! the cytoplasm-to-vacuole targeting (Cvt) path-
way, which transports the hydrolytic enzymes aminopeptidase I
(Apel) and a-mannosidase (Amsl) to the vacuole.

The molecular dissection of autophagy has been mostly per-
formed in the budding yeast Saccharomyces cerevisiae and has led
to the identification of autophagy-related, or A7G, genes."” The
high degree of conservation of these genes simplified the identi-
fication of orthologs in other organisms including filamentous
ascomycetes."!

In S. cerevisiae, two ubiquitin-like conjugation systems are
involved in formation of the initial sequestering compartment,
the phagophore, and its expansion into an autophagosome.'*
In one of these conjugation systems, the ubiquitin-like protein
Atg8 is first C-terminally processed to a glycine-exposed form by
the cysteine protease Atg4. The processed Atg8 is then activated
by Atg7 and transferred to the E2-like enzyme Atg3. Finally, a
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conjugate of Atg8 and the lipid phosphatidylethanolamine (PE)
is formed, which is a structural component of the autophagosome
membrane.”" In addition to processing newly synthesized Atg8,
Atg4 acts as a deconjugating enzyme and facilitates the recycling
of Atg8 from the membrane.”

In filamentous ascomycetes, the process of autophagy has
been thoroughly investigated in Podospora anserina, and the
plant pathogens Magnaporthe grisea, Fusarium graminearum,
Colletotrichum orbiculare and Ustilago maydis.'® It was demon-
strated that autophagy is induced during heterokaryon incom-
patibility, aerial hyphae and fruiting-body formation as well as
in appressorium formation, conidiation and penicillin produc-
tion."”? So far, it is not exactly known how autophagy partici-
pates in fungal differentiation processes, but autophagy might be
involved in the reconstitution of intracellular components during
development of different cell types. Hyphae that are not in con-
tact with the medium may acquire nutrients through recycling of
intracellular components by autophagy.”*

The haploid filamentous ascomycete Sordaria macrospora is an
excellent fungal model organism to study multicellular fruiting-
body development.? S. macrospora is a coprophilic and homo-
thallic (self-fertile) fungus that naturally lives on herbivore dung.
It lacks an asexual cycle, but every strain is able to complete the
sexual cycle without a mating partner. Thus, in contrast to hetero-
thallic (self-sterile) ascomycetes, recessive mutations can directly
be tested for defects in fruiting-body development. Under labora-
tory conditions, the S. macrospora life cycle is completed within
7 d. After ascosporic germination, S. macrospora grows as a two-
dimensional mycelium accompanied by hyphal branching and
fusion. At day 3 of development, the sexual cycle starts with the
formation of ascogonial coils followed by prefruiting-body (pro-
toperithecia) formation and ends after a self-fertilization event,
karyogamy and meiosis with the mature perithecia, which con-
tain asci with sexual ascospores.’34

To analyze whether nonselective autophagy is necessary for
vegetative growth and fruiting-body development in S. macros-
pora, we previously characterized Smatg7, encoding the com-
mon El-like enzyme of the two conjugation systems. However,
we were not able to generate a homokaryotic knockout mutant
in S. macrospora, suggesting that Smatg7 is required for viabil-
ity. Interestingly, a heterokaryotic ASmatg7/Smatg7 strain and
transformants generated by RNA interference showed consider-
able morphological phenotypes during fruiting-body develop-
ment.®! In this study, we elucidated the impact of Smazg8 and
Smatg4 on sexual and vegetative development in S. macrospora
by phenotypically characterizing deletion mutants. By means
of microscopic analysis of enhanced green fluorescent protein
(EGFP)-tagged versions of SmATG8 and SmATG4, the proteins
were localized in vivo and the processing of the SmATGS8 precur-
sor by SmATG4 was visualized.

Results
Isolation of . macrospora Smatg8 and Smatg4 genes. To isolate

a gene encoding a homolog of the autophagosomal protein ATG8
from S. macrospora, a TBLASTN search was performed on the
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S. macrospora genome® with the S. cerevisiae Atg8 (YBL078C)
protein as a query sequence. We identified the 503 bp ORF
SMAC_02305 (CCC07296.1) encoding a putative homolog of
S. cerevisiae Atg8. Splicing of two predicted introns (69 and 68
bp) was confirmed by sequencing of the cDNA. SMAC_02305
encodes a protein of 121 amino acids (aa) with a predicted mass
of 14.1 kDa and a theoretical isoelectric point (pI) of 6.15.
Because the encoded protein shares 76% amino acid identity
to the S. cerevisiae Atg8 protein, the gene was named Smatg8.
Amino acid alignment of SmATGS8 with homologs of other
members of the Ascomycota phylum showed that this protein
is highly conserved. Only the last five C-terminal aa (DEFTA)
after Glyl16, which is predicted to be C-terminally exposed after
processing by Atg4, display a low level of identity (Fig. 1A). The
alignment revealed that SmATGS8 shares 100, 98, 95, 95 and
91% identity with orthologs of Neurospora crassa (Q8WZY7),
P. anserina (Q8]282), Aspergillus nidulans (Q5B2U9), A. oryzae
(Q2UBHS) and Magnaporthe oryzae (Q51MW4), respectively.
To isolate an ortholog of the gene encoding the cysteine protease
Atg4, which is required for Atg8 processing and recycling, we
used S. cerevisiae Atgd (YNL223W) for a TBLASTN search and
identified the 1789 bp SMAC_08321 (CCC09424.1) sequence,
encoding a protein of 515 amino acids with a predicted mass of
56.16 kDa and a theoretical pI of 4.88. The ORF is predicted to
contain three introns of 83, 90 and 68 bp. Intron splicing was
confirmed by cDNA sequencing. The encoded protein shows
43% identity in 254 aa overlap when compared with the S. cere-
visiae homolog. However, an alignment of the predicted C54
peptidase domain (pfam03416) of the protein demonstrated
that this domain is rather conserved among Atg4 orthologs of
different ascomycetes. This domain includes an active cysteine
residue that was previously identified in the Atg4 protease of
M. oryzae (Fig. 1B)."” Due to this high degree of sequence iden-
tity, the isolated gene was named Smatg4. Quantitative real-time
experiments revealed that Smatg8 and Smatg4 are constitutively
expressed under both vegetative and sexual growth conditions
(data not shown).

Functional characterization of Smatg8 and Smarg4 in
S. cerevisiae autophagy mutants. In order to confirm functional
conservation of Smatg8 and Smatg4 and their yeast counterparts,
we performed a complementation experiment using Smatg8 and
Smatg4 cDNA under control of a MET25 promoter in S. cerevi-
stae to rescue atg8A and atg4A deletion strains, respectively. In
S. cerevisiae, maturation of the precursor form of aminopetidase
I (prApel) to the mature enzyme (Apel) depends on autophagy
proteins, including Atg8 and Atg4.%® Rescue of autophagy of the
S. cerevisiae mutants was thus monitored using a prApel matura-
tion assay.®” In S. cerevisiae prApel is also localized to the vacuole
by the Cvt pathway, which again depends on the autophagy pro-
teins. Precursor Apel is synthesized as a 61- kDa soluble cytosolic
protein and, upon delivery to the vacuole, the N-terminal propep-
tide is removed to yield the 50-kDa Apel. We generated the yeast
strains WCG + pRS426-met25, a1g8A + pRS315-EGFP-Atg8,
atg4A + pRS316-Atg4 as positive controls and azg8A + pRS426-
met25 as well as azg4A + pRS426-met25 as negative controls
(Table 1). Yeast strains azg8A + pRS-met-Smatg8 and azg4A +
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Figure 1. Multiple sequence align-
ment of the Atg8 and Atg4 proteins
from members of the Ascomycota.
(A) Amino acid alignment of Atg8
proteins. The ClustalX alignment
was created using the following
sequences: S.m., Sordaria macros-
pora, F7VP68; N.c., Neurospora crassa,
Q8WZY7; P.a., Podospora anserina,
Q8J282; A.n., Aspergillus nidulans,
Q5B2U9; A.o., Aspergillus oryzeae,
Q2UBH5; M.o., Magnaporthe oryzae,
Q51MW4; S.c. Saccharomyces cerevi-
siae, P38182. Conserved residues im-
portant for the interaction with Atg4
and Atg7 in other organisms are indi-
cated by dots below the alignment.
(B) ClustalX alignment of catalytic
C54 domain of Atg4 starting with
Asp?? to Lys*® of the S. macrospora
ATG4. Following sequences were uti-
lized in the alignment: S.m., F7VV83;
N.c., Q7S3X7; P.a., Q86ZL5; M.o.,
Q523C3; A.n.,, Q5B7L0; A.0., Q2U5BO0;
S.c., P53867. The conserved Cys, Asp
and His residues of the catalytic triad
of the C54 domain are marked with
dots under the alignment. Identical
amino acids, which are conserved

in all proteins, are shaded in black;
residues conserved in at least 6 of 7
sequences are shaded in dark gray
and residues conserved in at least
four sequences are shaded in light
gray. Amino acid identity in % is
given at the right margin.

pRS-met-Smatgd were used to
assess whether the S. macrospora
genes could rescue prApel process-
ing in the yeast deletion strains.
Yeast strains were grown overnight
in synthetic defined (SD) minimal
medium and adjusted to OD,, =
1. One set of cells was used for pro-
tein extraction, while another set
was grown for 4 h in SD minimal
medium lacking nitrogen (SD-N)
that induces amino acid-starvation
and, in turn, autophagy in S. cere-
visiae (Fig. 2). The effect of starva-
tion was not as drastic as expected,
which might have been due to the
fact that the cells were already in
stationary phase at the start of
the experiment and thus nutrient
deprived. Figure 2A shows that
prApel maturation occurred to
the same extent when S. cerevisiae
ATGS8 or Smatg8 was expressed
in atg8A, which indicated the
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S.m. : RSKFKDEHPFEKRKAEAERIROKYSDRIPVICEKVEKSDIATIDKKKY LN 50
N.c. : RSKFKDEHPFEKRKAEAERIROKYRNDRIPVICEKVEKSDIATIDKKKY LN 50
P.a. : RSKFKDEHPFEKRKAEAERIReKYDRIPVICERVEKSDIATIDKKKYLNH 50
A.n. : RSKFKDEHPFEKRKAEAERIRLGKYDRIPVICEKVEKSDIATIDKKKY LN 50
A.o. : RSKFKDEHPFEKRKAEAERIREKYRDRIPVICEKVEKSDIATIDKKKYL : 50
M.o. : R/ EKSDIATIDKKKYLEN 50
S.c. : : 50
S.m. : PADLTVGQFVYVIRKRIKLSPEKAIFIFVDHYLPPTAALMSSIYEEHKD EENNI0]
N.c. : PADLTVGQFVYVIRKRIKLSPEKAIFIFVDH®RYLPPTAALMSSIYEEHKD 0]
P.a. : PADLTVGQFVYVIRKRIKLSPEKAIFIFVDA®YLPPTAALMSSIYEEHKD 0]
A.n. : PADLTVGQFVYVIRKRIKLSPEKAIFIFVDH®YLPPTAALMSSIYEEHKD 0]
A.o. : PADLTVGQFVYVIRKRIKLSPEKAIFIFVDH®AYLPPTAALMSSIYEEHKD N0
M.o. : : 100
S.c. : : 100
* 120
S.m. :
N.c. :
P.a. :
A.n. :
A.o. :
M.o. :
S.c. :

B S.m. : 280
N.c. : 271
P.a. : 273
M.o. : 251
A.n. : 150
A.o. : 130
S.c. : 194
S.m. : 338
N.c. : 329
P.a. : 323
M.o. : 309
A.n. : 209
A.o. : 189
S.c. : 254
S.m. : 398
N.c. : 389
P.a. : 383
M.o. : 369
A.n. : 269
A.o. : 249
S.c. : 312
S.m. LiTUHTRRL O : 452
N.c. EIfD T!HTRRL : 443
P.a. : 437
M.o. : 429
A.n. : 322
A.o. : 303
S.c. : 357
S.m. : 466
N.c. : 457 95%

P.a. : 451 77%
M.o. : 443 69%
A.n. : 336 61%
A.o. : 317 62%
S.c. : 371 43%
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capability of Smatg8 to complement the yeast azg8A strain.
However, Smatg4 apparently only partially complemented the
yeast atg4A strain. In the negative control (azg4A + pRS426-
met25), in addition to the Apel precursor form, a very faint
band of Apel was visible under starvation conditions, indicating
inefficient prApel processing activity in the yeast #zg4A mutant.
Extracts from cells expressing the heterologous Smatg4 showed a
clearly visible Apel signal, but when compared with the positive
control, the signal of the strain expressing the endogenous A7G4
gene (atg4A + pRS316-Atg4), the signal was weaker (Fig. 2B).

SmATGS interacts with SmATG#4 in the yeast two-hybrid
system. A direct protein-protein interaction of Atg8 and Atg4 has
been described in S. cerevisiae® and was recently demonstrated
in M. oryzae” To confirm that SmATG8 and SmATG4 interact
with each other, a yeast two-hybrid analysis was performed. For
this purpose, Smatg8 and Smatg4 cDNA was cloned into the two-
hybrid vectors pGBKT?7 (bait) and pGADT?7 (prey), respectively.
The resulting bait plasmids were transformed into yeast strain
Y187, and prey plasmids into the strain AH109. Transactivation
of pBD-Smatg8 and pBD-Smatg4 was tested by mating them
with strain AH109 carrying the pGADT?7 vector. Mating of
Y187 carrying pGBKT7 with AH109 containing either pAD-
Smatg8 or pAD-Smatg4 served as a negative control. As a posi-
tive control and to test the appropriate expression of the proteins
encoded by the bait plasmids, mating of bait plasmids carrying
strains with an AH109 strain containing pAD-RanBPM was
conducted.”” The two-hybrid experiment clearly demonstrated
an interaction of SmATGS8 and SmATG4 (Fig. 3).

Smatg8 and Smatg4 deletion strains are sterile and impaired
in vegetative growth and ascospore germination. In order to
analyze the effect of Smatg8 and Smatg4 on the viability and
sexual reproduction of S. macrospora, we generated ASmatg8 and
ASmatg4 deletion strains for phenotypic characterization (Figs.
S1 and S2). Microscopy analysis of the knockout strains revealed
that both were blocked during fruiting-body development. They
were able to form the first stages of sexual development (ascogo-
nia and protoperithecia) but failed to produce a mature fruiting
body (perithecia) or ascospores. Complementation by inserting
an ectopic copy of Smatg8 and Smatg4 into the ASmatg8 and
ASmatg4 mutant, respectively, fully restored the wild-type (wt)
phenotype (Fig. 4A). Furthermore, we were interested in deter-
mining whether autophagy impairment also led to an impair-
ment of the foraging capability, as was recently shown for a £,
graminearum Aatg8 mutant.” Here, we use the term “forag-
ing” to describe the growth of a filamentous fungus over a non-
nutritious surface to reach nutrientrich regions. For this type
of growth, the required nutrients are thought to be provided by
basal hyphae.” To assess the foraging capability of the mutants,
wt and the complemented strains, agar plugs were transferred
into an empty Petri dish and incubated for 5 d. While the wt
and complemented strains displayed extensive mycelial growth,
ASmatg8 and ASmartg4 knockout strains were unable to grow on
an inert plastic surface (Fig. 4B). In addition to this phenotype,
both mutants showed a significant decrease in vegetative growth
velocity [1.9 (+ 0.46) and 2.0 (+ 0.29) cm/d compared with 3.1
(+ 0.36) cm/d of the wt strain]. The vegetative growth defect was
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partially rescued in the complemented strains (Fig. 4C). When
histidine starvation was imposed by the drug 3-amino-1,2,4-tri-
azole (3-AT), reduction of the growth velocity was more severe in
the mutant strain than in the wt (Fig. 4C).

Previous work in S. macrospora has shown that sterile mutants,
whose perithecia development ceases at a stage of protoperithecia
formation similar to that of the ASmatg8 and ASmatg4 mutants,
are often unable to perform hyphal fusion or form an inter-
connected mycelial network.** Furthermore, it was recently
reported for N. crassa that atg8 is required for intracolonial
hyphal cell fusion.” To test if ASmatg8 and ASmatg4 mutants
were capable of undergoing hyphal fusion, we microscopically
analyzed ASmatg8 and ASmatg4 for the presence of intracolonial
hyphal cell fusion and monitored cytoplasmic flow at putative
hyphal fusion sites. Figure 5A shows that both mutants exhib-
ited no hyphal fusion defect. In comparison to the wt and the
complemented strains, both mutant strains displayed a similar
number of hyphal fusion events.

Another method to examine hyphal fusion in S. macrospora is
to cross two sterile strains. When two sterile strains are used in
a cross, complementation of genetic defects results in the forma-
tion of fertile perithecia only in the contact zone of two mutant
mycelia, all of which are hybrid perithecia. As can be seen in
Figure 5B, crossing of the sterile mutant ASmatg8 and ASmatg4
resulted in the formation of hybrid perithecia in the crossing
zone. In contrast, crossing of two previously described hyphal
fusion mutants, proll and ASmmob3 did not result in the forma-
tion of hybrid perithecia.>%

To determine the role of SmATG8 and SmATG4 during asco-
spore germination, we investigated the ascospore-germination
rate of ASmatg8 and ASmatg4 in comparison to wt and com-
plemented strains by crossing them against a fertile fus strain,
which has a mutation in the fus gene that leads to production
of brown ascospores (Fig. 5C).* To compare germination rates
of all crosses, spores were only isolated from hybrid perithecia.
S. macrospora is a homothallic fungus that produces self-fertile
perithecia. The discrimination between self-fertile and hybrid
perithecia in crosses of wt strains is difficult. To circumvent this
problem, spore-color mutants can be used in crosses. Crosses
between wt and spore-color mutants result in hybrid perithecia
in the contact zone, with asci containing four black wt spores
and four colored spores. In comparison to wt, the germination
efficiency of ASmatg8 and ASmatg4 decreased by about 50%
when both mutants were crossed against the fertile fus mutant.
The ascospore germination rate dropped even more when the two
mutant strains were crossed against each other. To determine the
percentage of germinated ascospores carrying the ASmatg8 and
ASmatg4 deletion background, the mycelia of the spore isolates
were transferred to BMM medium containing hygromycin. In
the case of ASmatg8 x fus, only 2 of the 232 ascospore isolates
were hygromycin resistant and contained the ASmatg8 back-
ground, whereas in the ASmatg4 x fus cross, 28 of 201 spores
displayed the ASmatg4 genotype. Crossing of ASmatg8fus x
ASmatg4 resulted in 55 out of 144 hygromycin-resistant asco-
spore isolates (Fig. 5D). Thus, the autophagy mutants of
S. macrospora are capable of hyphal fusion, but due to the impaired
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Table 1. Saccharomyces cerevisiae and Sordaria macrospora strains used in this study

Strain
Sc PJ69-4A

Sc WCG4a
Sc atg8A
Sc atg4A

Sc Y187

Sc AH109

$48977

566001

S23442

Sc WCG4a + pRS426-met25
Sc atg8A + pRS426-met25

Sc atg8A + pRS315-EGFP-Atg8

Sc atg8A + pRS-met-Smatg8
Sc atg4A + pRS426-met25

Sc atg4A + pRS316-Atg4

Sc atg4A + pRS-met-Smatg4

S ASmatg8
S ASmatg8:Smatg8:t
S ASmatg8::egfp-Smatg8:t
S ASmatg8::egfp-Smatg8-DsRed-SKLe<t
S ASmatg8::DsRed-SKLet
S ASmatg4
S ASmatg4::Smatg4et
S ASmatg4::egfp-Smatg8:t
S ASmatg4::Smatg8-egfpect
S ASmatg4::egfp-Smatg8G116°<t
S ASmatg4::Smatg4-egfpect
S ASmatg4:DsRed-SKLe<t
S wt:Smatg8-egfpet
S wt:egfp-Smatg8mutect

Characteristics

MATa; trp1-901; leu2-3,112; ura3-52; his3-200; ga14D; ga180D; LYS2::GALI-HIS3;
GAL2-ADE2; met2::GAL7-lacZ

MATo; his3-11,15; leu2-3,112; ura3-52
MATo,; his3-11,15; leu2-3,112; ura3-52; atg8A::KAN
MATw; his3-11,15; leu2-3,112; ura3-52; atg4A:HIS5

MATo; ura3-52; his3-200; ade2-101; trp1-901; leu2-3, 112; gal4A; metA; gal80A; MEL1;

URA3:GAL1UAS-GALTTATA-lacZ

MATa; trp1-901; leu2-3, 112; ura3-52; his3-200; ade2-101;

gal4A, gal80A; LYS2:GALTUAS-GALTTATA-HIS3; GAL2UASGAL2TATAAde2;
URA3:MELTUAS-MELTTATA-lacZ; MEL1

Wild type

Aku70::nat®

mutation in fus gene, brownish ascospores

Source
James et al. (1996)3

M. Thumm, Gottingen?®
M. Thumm, Goéttingen?®
M. Thumm, Gottingen?®

Clontech

Clontech

U. Kiick, Bochum,?

Poggeler and Kiick
(2006)¢"

Nowrousian et al.

(2012)*

MATw; his3-11,15; leu2-3,112; ura3-52 + pRS426-met25 This study
MATa his3-11,15; leu2-3,112; ura3; atg8A::KAN; + pRS426-met25 This study

MATq,; his3-11,15; leu2-3,112; ura3-52; atg8A::KAN; egfp-atg8 under control of .
endogenous promoter This study

MATo; his3-11,15; leu2-3,112; ura3-52; atg8A:KAN; Smatg8 under control of met25 .
[ — This study
MATq; his3-11,15; leu2-3,112; ura3-52; atg4A::HIS5; + pRS426-met25 This study
MATq, his3-11,15; leu2-3,112; ura3-52; atg4A::HIS5; ATG4 under control of endog- Tty

enous promoter
MATq; his3-11,15; leu2-3,112; ura3-52; atg4A::HIS5; Smatg4 under control of met25 Tt vy
promoter

ASmatg8::hygF, ssi This study
ASmatg8::hyg?, Smatg8:, nat, ssi This study
ASmatg8::hyg®, egfp-Smatg8°<, nat®, ssi This study
ASmatg8::hyg, egfp-Smatg8-DsRed-SKL*<', nat®, ssi This study
ASmatg8::hyg?, DsRed-SKL®<', nat* This study
ASmatg4::hyg®, ssi This study
ASmatg4::hyg?, Smatg4=<, nat®, ssi This study
ASmatg4::hyg, egfp-Smatg8°<, nat*® This study
ASmatg4::hyg?, Smatg8-egfp°<, nat® This study
ASmatg4::hyg®, egfp-Smatg8G116°<, nat* This study
ASmatg4::hyg?, Smatg4-egfpe<, natR, ssi This study
ASmatg4::hyg?, DsRed-SKL®<, natR This study
Smatg8-egfpe<, natR, ssi This study
egfp-Smatg8mute, natR This study

Sc, Saccharomyces cerevisiae; S, Sordaria macrospora; hyg®, hygromycin resistant; nat®, nourseothricin resistant; ssi, single spore isolate. ®Department of

Biochemistry Il, UMG, Georg-August University Gottingen, Germany *Department of General and Molecular Botany, Ruhr-University Bochum, Germany.

germination efficiency of the ascospores, the majority of asco-
spore isolates carry the wt background. From these experiments
we concluded that autophagy as a nutrient-providing process was
necessary for fruiting body-development, foraging, vegetative
growth and ascospore germination, but not for hyphal fusion.
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EGFP-SmATGS is processed by SmATG4. In S. cerevisiae, it
was clearly demonstrated that the C-terminal arginine residue of
Atg8 is removed by the cysteine protease Atg4 resulting in a pro-
cessed Atg8 with a C-terminally exposed glycine residue.”® The
alignment of SmATGS8 with Atg8 homologs from S. cerevisiae
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Figure 2. Complementation of the S. cerevisiae auto-
> phagy mutants with S. macrospora autophagy genes.
Complementation of respective yeast strains with
Smatg8 and Smatg4 was analyzed using a precursor
Apel maturation assay.*’” In S. cerevisiae the cytosolic
61-kDa precursor of Apel (prApel) is delivered to the
vacuole via the Cvt pathway, which involves intact
Atg4 and Atg8 proteins. Upon delivery to the vacuole
prApel is processed to the mature Apel enzyme
(Apel). Identical amounts of yeast cell extracts (0.2
OD,,, equivalents of cells) isolated before (-) and
after starvation on SD-N medium for 4 h (+) were
separated on 15% SDS-PAGE gels. After blotting,
PVDF membranes were probed with an anti-Apel
antibody as stated in the Materials and Methods. To
verify equal protein concentrations after stripping

of the membrane anti-actin antibody was used as
loading control. Numbers at the right indicate the
molecular mass. prApel, precursor Apel, Apel, mature
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@
fo@ (pRSmet-Smatg8). As a positive control the S. cerevisiae

* Apel. (A) Complementation of S. cerevisiae atg8A with
5O Smatg8 under control of the yeast MET25 promoter

wild-type strain WCG was transformed either with
the empty plasmid pRS426-met25, or S. cerevisiae
atg8A was transformed with the yeast egfp-ATG8 gene
(pRS315-EGFP-Atg8). S. cerevisiae atg8A transformed
with the empty vector pRS426-met25 served as a
negative control. (B) Complementation of S. cerevisiae
atg4A with Smatg4 under control of the yeast MET25
promoter (pRSmet-Smatg4). As positive control, the
S. cerevisiae wt WCG was transformed with the empty
plasmid pRS426-met25 or S. cerevisiae atg4A was
transformed with the yeast ATG4 gene (pRS316-Atg4).
S. cerevisiae atg4A transformed with the empty vector
pPRS426-met25 served as a negative control.

— 60 kDA
— 51 kDA

— 40 kDA

and other fungi (Fig. 1A) showed a high degree of amino acid
identity throughout the protein, except for the C-terminal
amino acids after the Glyl16 residue. To verify that SmATG8
is cleaved by SmATG4, different versions of SmATG8 were
either C- (SmATGS8-EGFP) or N-terminally (EGFP-SmATGS)
fused with EGFP. Protein extracts isolated from wt, ASmatg8
or ASmatg4 expressing the EGFP-tagged versions of SmATG8
were separated by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) and examined by western blot
analysis using an anti-EGFP antibody. A wt strain expressing an
ectopically integrated egfp gene and an untransformed wt were
used as a control (Fig. 6). Signals of 40 kDa, representing the
EGFP-SmATGS fusion protein and of the free 26 kDa EGFP,
were visible when proteins were extracted from ASmatg8::egfp-
Smatg8«. In the wt strain expressing an ectopic Smatg8-egfp
fusion gene (wt::Smatg8-egfp™’) a band that presumably rep-
resented the DFETA-EGFP apparently ran slightly slower than
free EGFP (Fig. 6). Only the unprocessed fusion protein was
visible when a mutated version of SmATGS8 was produced in
the wt (wt::Smatg8mut-egfpe). In this construct, amino acids
115-118 (including Glyl16) were exchanged for Ala. Similarly,
only the 40-kDa band was detected when N- or C-terminally
EGFP-tagged versions of SmATG8 were produced in ASmatg4
(ASmatg4::egfp-Smarg8°, ASmatg4::Smatg8-egfp*). Based on
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these results, we concluded that SmATG4 is an essential protease
for SmATGS processing,.

EGFP-SmATGS localizes to autophagosomes and vacuoles,
whereas SmATG4-EGFP is distributed within the cytoplasm.
To analyze the cellular localization of SmATG8 and SmATG4 in
S. macrospora, we performed fluorescence microscopy. We trans-
formed plasmids pRS-Smatg4-egfp and pRS-egfp-Smatg8 carry-
ing egfp fusion genes under control of their endogenous promoters
into the corresponding S. macrospora deletion mutant. When
compared with the wt, the obtained strains ASmatg8::egfp-
Smatg8«* and ASmatg4::Smatg4-egfp** showed no obvious dif-
ference in vegetative growth and sexual development, indicating
that EGFP-SmATGS8 and SmATG4-EGFP fusion proteins were
functional (data not shown). Fluorescence microscopy revealed
that EGFP-SmATGS was localized to punctate autophagosome-
like structures in the cytoplasm and to the lumen of vacuoles,
while SmATG4-EGFP was distributed diffusely within the cyto-
plasm (Fig. 7).

In the mutant ASmatg4, EGFP-SmATG8 and the
C-terminally tagged version SmATGS8-EGFP were observed
in large aggregates that were excluded from the vacuole. Thus,
in both strains, an accumulation of EGFP was observed, but
fluorescence of small autophagosomes and vacuoles was absent
(Fig. 8A). In contrast, the C-terminally tagged SmATG8-EGFP
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in the wt seemed to be cleaved, and displayed a similar dis-
tribution as the wt transformant expressing egfp under the
control of the strong constitutive gpd promoter of A. nidulans
(Fig. 8B). The same localization can be observed when the
SmATGS8-EGFP version with the mutated processing site was
expressed in the wt (wt::Smatg8mut-egfp*) (Fig. 8B). To
verify if a processed version of SmATGS8 can complement the
ASmatg4 mutant, we constructed a C-terminally truncated
EGFP-SmATGS version ending with Glyl16 and the strain
ASmatg4::egfp-Smatg8°"° was generated. In this strain,
the EGFP fluorescence localized to small autophagosome-
like structures similar to those observed in ASmatg8::egfp-
Smatg8« (Fig. 7; Fig. 8A). However, expression of the
SmATGS8C"¢ processed version did not complement sterility
or the slow growth phenotype of ASmatg4 (data not shown).
Taken together, these experiments indicated that SmATG4
was able to C-terminally process SmATG8 most probably by
cutting the C-terminal motif DFETA, but it seemed to be
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also required for SmATGS recycling.

SmATGS8 and SmATG4 are involved in pexophagy.
Recently, it was demonstrated in A. oryzae that macro-
autophagy mediates degradation of nuclei, mitochondria
and peroxisomes in basal cells of the mycelium to support
the growth of tip cells.” In order to analyze the involvement
of SmATGS8 and SmATG4 in pexophagy, we constructed
plasmid pRS-egfp-Smatg8-DsRed-SKL encoding EGFP-
SmATGS8 together with DsRed fused to a C-terminal ser-
ine-lysine-leucine (SKL), which represents the peroxisomal
targeting sequence 1 (PTS1) signal for peroxisomal matrix
import. Previously, we demonstrated that in S. macrospora,
expression of the DsRed-SKL fusion gene under the control of
the A. nidulans gpd-promoter led to protein import of DsRed

Figure 3. Yeast two-hybrid interaction of SmATG8 and SmATG4. Full-length
cDNAs of Smatg8 and Smatg4 were used to generate Gal4 DNA binding
domain (BD) and activation domain (AD) plasmids. Yeast strains Y187 and
AH109 were transformed either with bait plasmid pGBKT7, pBD-Smatg8 and
pBD-Smatg4 or with prey plasmids pGADT7, pAD-RanBPM, pAD-Smatg8
and pAD-Smatg4, respectively. After mating of both strains in all possible
combinations, diploid cells were selected on SD-Leu/-Trp media. Strains
carrying empty plasmids pGADT7 and pGBKT?7 served as negative controls.
To determine whether the bait proteins are expressed appropriately for an
interaction to be detected, we used as a positive control a test, based on
interaction with the Gal4 BD with protein RanBPM.* Serial dilutions were
made either on SD-Leu/-Trp to select for the presence of both plasmids (left)
or on selection medium lacking adenine (SD-Ade/-Leu/-Trp) to verify the
interaction of SmMATG8 with SmATG4 (right).

into peroxisomes.*°

Plasmid pRS-egfp-Smatg8-DsRed-SKL was transformed
into ASmatg8. DsRed and EFGP fluorescence was analyzed by
fluorescence microscopy in the obtained strain ASmatg8::egfp-
Smatg8-DsRed-SKLe. In the basal hyphae, EGFP signals were
observed in the lumen of vacuoles, while the DsRed signal also
localized to the lumen of vacuoles and to punctate peroxisomal
structures (Fig. 9A, upper panel). The merged picture showed a
yellow staining of the vacuolar lumen, indicating colocalization
of DsRed and EGFP and the transport of these proteins into the
vacuole. In the tip cells, EGFP-SmATGS8 and DsRed-SKL local-
ization differed from that in basal hyphae. The EGFP signal was
mainly localized to autophagosomes and some small vacuoles,
but excluded from larger vacuoles, while DsRed signals displayed
only punctate fluorescent patterns (Fig. 9A, lower panel). An
overlay showed no colocalization of EGFP and DsRed signals,
indicating that pexophagy occurred in basal hyphae rather than
in apical cells.

To determine the impact of SmATG8 and SmATG4 on
pexophagy, plasmid pDsRed-SKL was transformed into the
ASmatg8 and ASmatg4 strains. Consistent with reports in
A. oryzae, in the absence of Smatg8 and Smatg4, DsRed fluores-
cence was only visible in small spots, but no DsRed signals were

observed in the vacuoles of basal hyphae (Fig. 9B). Therefore,
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we concluded that pexophagy was arrested in the Smazg8 and
Smatg4 deletion mutants.

Discussion

Autophagy proteins SmATGS8 and SmATG4 are highly con-
served and can rescue S. cerevisiae mutants. The ubiquitin-like
S. macrospora protein SmATGS reveals a high degree of sequence
identity when compared with the S. cerevisiae Atg8 and other
fungal Atg8 orthologs. This includes the conserved core hydro-
phobic side chains Phe77, Phe79, as well as Leu84 and Arg65,
which in S. cerevisiae and the human LC3 (an ATG8 homolog),
were shown to be part of the recognition site for the cysteine
protease Atg4 and the El-enzyme Atg7. In addition, the latter
enzyme interacts with conserved residues Glul12, Asnl13 and
Thrl14 of the Atg8 tail region via a salt bridge and a network
of hydrogen bonds. Furthermore, Tyr49 and Leu50, which were
demonstrated to be essential for Atg8 function, and Phell5 and
Gly116, which are substantial for the Atg4 dependent-processing,
are also perfectly conserved in the Atg8 homologs of filamen-
tous ascomycetes.”* However, the last C-terminal amino acids
after the conserved Glyl16 residues displayed a high variability
(Fig. 1A). In contrast to Atg8, the overall amino acid identity of
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Figure 4 (See opposite page). Phenotypic analysis of Smatg8 and Smatg4 deletion and complementation strains. (A) Microscopy investigation of
sexual development in ASmatg8 and ASmatg4 compared with wt. Wt strains form ascogonia at day 3 which develop into protoperithecia at day 5 and
mature perithecia after 7 d. Ascus rosettes are visible when cracking the perithecia. ASmatg8 and ASmatg4 generate only ascogonia and proto-
perithecia. Ectopically integrated copies of the Smatg8 and Smatg4 complement the mutant phenotype. (B) Deletion strains are unable to undergo
foraging but wt and complemented strains exhibit the ability to grow on an inert plastic surface. Agar plugs of 5-mm diameter were transferred into
empty Petri dishes and incubated for 5 d in a damp chamber. Scale bar: 2 mm. (C) Growth velocity of deletion strains and complemented strains. In
comparison to the wt the vegetative growth velocity of ASmatg8 and ASmatg4 was reduced by 39% and 36%, respectively. On medium containing 5
mM 3-AT this effect was increased. Growth-rate analysis was conducted in 30-cm race tubes. Growth rates shown are averages from nine independent
measurements of three independent experiments (n = 27), standard deviations are indicated by error bars. Values of the deletion mutants with aster-
isks differ significantly from wt and the complemented mutant according to Student’s t-test (p < 0.0000001).

Atg4 orthologs were less conserved. Only the predicted peptidase
C-54 domain at the C terminus was conserved among fungal
Atg4 orthologs (Fig. 1B). Recently, studies on M. oryzae have
shown that Cys206 of the C-54 domain is the catalytic center
of MoAtg4, which is responsible for processing of the M. oryzae
MoAtg8." This cysteine residue (Cys236) as well as two other
residues of the catalytic triad of cysteine proteases (Asp348 and
His350) were conserved in SmATG4 and in other fungal Atg4
orthologs (Fig. 1B).%°

The functional conservation of the Smatg8 and Smatg4 ortho-
logs was confirmed by rescue of S. cerevisiae atg8A and arg4A
deletion strains. Complementation of the deletion strains was
monitored using a prApel maturation assay.” The Smatg8 cDNA
was able to complement the prApel maturation defect of the
atg8A strain to the same extent as the endogenous S. cerevisiae
EGFP-ATGS (Fig. 2A). This result was not surprising, consider-
ing the high degree of sequence identity between SmATG8 and
the budding yeast Atg8 (76%), and the conservation of residues
essential for interaction with Atg7 and Atg4. In a previous study,
we demonstrated that Smatg7 was capable of partially comple-
menting ascospore-formation deficiency in a S. cerevisiae atg7A
strain.’' Similarly, complementation of the prApel maturation
defect in the S. cerevisiae atg4A mutant was only partially res-
cued by expression of the Smatg4 cDNA (Fig. 2B). Recently, it
was demonstrated that the M. oryzae MoATG4 cDNA rescued
starvation sensitivity of the S. cerevisiae atg4A mutant. However,
it was unclear whether this was a partial or a full complemen-
tation, since the determination of the prApel maturation effi-
ciency seems to be more precise than the rescue of starvation
sensitivity."” Expression of the Arabidopsis thaliana AtATG8a and
AtATG8d orthologs only partially rescues prApel maturation of
a S. cerevisiae atg8A strain, whereas AtATG4b almost completely
complements an azg4A strain.”’

In accordance with studies performed using ATG8 and
ATG4 orthologs of M. oryzae and A. thaliana, we demon-
strated, by means of a yeast two-hybrid study, that SmATGS8
and SmATG#4 interact with each other, as do their yeast ortho-
logs.'”>! Recently, Liu et al.”” tried to confirm in vivo interaction
of M. oryzae MoAtg4 and MoAtg8 by means of a bimolecular
fluorescence complementation assay, but detected an interac-
tion only in vegetative hyphae grown under nitrogen starvation
conditions. Furthermore, we demonstrated that SmATGS is
C-terminally processed by SmATG4. Western blot experiments
revealed that the SmATGS8-EGFP fusion protein can be pro-
cessed in the wt, but not in the ASmatg4 deletion strain or when
the putative processing site was mutated (Fig. 6). These results
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corroborate that SmMATG8 and SmATG4 might also interact
in vivo.

Smatg8 and Smatg4 are involved in vegetative growth,
fruiting-body development and ascospore germination. In con-
trast to Smatg/, we succeeded in deleting Smatg8 and Smatg4 to
generate homokaryotic ASmatg8 and ASmatg4 knockout strains
from ascospore isolates of the primary transformants. Previously,
we suggested that SmATG7-mediated autophagy is at least essen-
tial for ascospore germination and the establishment of mycelial
growth during the regeneration of protoplasts.® However, here
we showed that germination of ascospores is not per se abol-
ished in autophagy mutants, although germination efficiency
of the ASmatg8 and ASmartg4 deletion strains was significantly
decreased (Fig. 5C). Thus, autophagy seems to be important for
a proper nutrient supply in the germinating ascospore. Previously,
it was demonstrated that in A. oryzae and the plant pathogen
M. grisea, autophagy-related proteins ATG8 and ATG4 were
involved in early stages of conidial germination.?*272%52% In
F. graminearum, FgATGS8 deletion resulted only in the reduc-
tion of conidiospore production.” However, despite the fact that
ascospores carrying the ASmatg8 or ASmatg4 background can
germinate, the growth velocity of the received mycelium was sig-
nificantly reduced under normal conditions, but was restricted
even more under amino acid starvation conditions or on an
inert plastic surface when compared with wt (Fig. 4B and C).
This was similar to reports on other filamentous fungi, which
showed that deletion of either ATG8 or ATG4 also leads to a
decrease in vegetative growth velocity, whereas 7d77 deletion, the
ortholog of ATGS in P. anserina, shows no influence on the lin-
ear growth rate, but only on the hyphal density.'#?>2>27453 In
U. maydis, atg8 deletion affects survival during carbon starva-
tion and pathogenic growth.” Thus, autophagy is required for
vegetative growth of filamentous fungi in general, but seems to
be indispensable for growth under nutrient-limiting conditions.
Recently, Shoji and Craven®® found that autophagy-mediated
degradation of basal cell components, including nuclei and other
organelles, were closely connected to the tip growth of filamen-
tous fungi.

In addition to the reduced growth velocity, mycelial fungi defi-
cient in ATG4 and ATG8 display a reduced density of the aerial
hyphae and an absent or decreased conidiation.'”***>*"5* An altered
morphology of aerial hyphae in the S. macrospora ASmatg8 and
ASmatg4 mutants was not observed and the effect on conidiation
cannot be analyzed because S. macrospora produces no asexual
spores. However, as in P. anserina, M. oryzae and F. graminearum,
deletion of Smatg8 and Smatg4 affected sexual development.”#3%
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Figure 5. ASmatg8 and ASmatg4 strains display no defect in hyphal fusion. (A) Microscopy investigation of vegetative hyphal fusion. White circles
indicate hyphal fusion events. Hyphal fusions were verified by monitoring cytoplasmic flow. Microscopy pictures were taken at subperiphal regions
5-to 10-mm from the growth front. MM + starch = 0.1% starch-containing minimal medium. Scale bar: 20 wm. (B) After crossing of sterile ASmatg8
and ASmatg4 strains, fertile perithecia were formed, whereas no fruiting-body development occurred when the sterile hyphal fusion mutants pro11
and ASmmob3 were crossed. Lower panel displays close up of the crossing zone. Strains were grown on BMM medium for 10 d. Scale bars: 1 cm and

1 mm (close-up). (C) Determination of germination efficiency of ascospores. As described in the Materials and Methods, sterile deletion strains,
complemented and wt strains were crossed with the spore color-mutant fus or a fus isolate of ASmatg8 (ASmatg8fus) was crossed with ASmatg4.

400 spores of each color were isolated and inoculated on BMM supplemented with 0.5% sodium acetate. The percentage of germinated spores was
determined for each strain. (D) Determination of the genotype (hygF resistance) of ascospores lines. Colonies grown from germinated ascospores were
transferred to hygromycin-containing BMM medium. Light gray = spores germinated; dark gray = spores germinated with deletion background.

ASmatg8 and ASmatg4 mutants are incapable of perithecia and In S. macrospora, many genes involved in fruiting-body devel-
ascospore formation and generated only the precursors of fruiting  opment have been characterized and several have shown a pheno-
bodies, protoperithecia, in low numbers (Fig. 4A). type similar to ASmatg8 and ASmatg4. They have been described
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as pro-mutants, whose sexual development ceases at the point
of protoperithecia formation.?® Another characteristic shared by
most pro-mutants is their incapability of hyphal fusion, which is
thought to be essential for the formation of multicellular sexual
structures in ascomycetes.** Surprisingly, hyphal fusion was
not affected and hyphal fusion events occurred in equal num-
bers in ASmatg8 and ASmatg4 when compared with wt and
complemented strains (Fig. 5A). In contrast to crossing of the
hyphal fusion mutants proll and ASmmob3, crossing of sterile
ASmatg8 and ASmatg4 strains resulted in mature hybrid peri-
thecia at the contact zone of both mycelia (Fig. 5B), once again
implying that autophagy affects sexual development, but not
hyphal fusion. For N. crassa, it has recently been reported that
deletion of Ncatg8 (NCUO01545) prevents intracolonial hyphal
cell fusion, but an effect on fruiting-body development was not
analyzed in that study.”

EGFP-SmATGS8 is localized to autophagosomes, while
SmATG4-EGFP is distributed in the cytoplasm. Cellular local-
ization studies using functionally expressed EGFP-SmATGS
fusion proteins revealed that SmATG8 was found to be local-
ized in small dots, assumingly representing autophagosomes, and
to vacuoles, indicating degradation of EGFP-SmATGS deliv-
ered to vacuoles as structural components of autophagosomes
(Fig. 7, upper panel). As previously described in yeast, EGFP-
Atg8 fusion proteins assemble to autophagosomes and are visible
as fluorescent dots that are also observed in other filamentous
fungi, including P. anserina, M. oryzae and A. oryzae and even
in mammals.?»???7% In contrast to EGFP-SmATGS, SmATG4-
EGEFP was not focused in dot-like structures, but rather dispersed
throughout the cytoplasm (Fig. 7, lower panel). The same find-
ings have been reported for Atg4 localization experiments in
M. oryzae and A. oryzae, whereas in S. cerevisiae, Atg4-EGFP
is dispersed in the cytoplasm and localized to nuclei.”?"*>>¢
Nuclear localization of SmATG4-EGFP could not be detected
in our study. SmATG4 seems to be necessary for proper process-
ing and autophagosome formation, since expression of EGFP-
SmATG8 and SmATGS8-EGFP in the ASmatg4 mutant led to
the formation of larger aggregates instead of small punctate auto-
phagosomes. Similar to our results, an accumulation of EGFP-
Atg8 into aggregates has been observed in M. oryzae and A. oryzae
ATG4 deletion strains.?"* It remains unclear whether accumula-
tion of unprocessed EGFP-SmATGS is formed by aggregation of
EGFP or SmATGS8. However, when the wt expressed SmATG8-
EGFP or a mutated version, SmATG8mut-EGFP, the fluores-
cence was dispersed in the cytoplasm and did not accumulate in
aggregates (Fig. 8).

Interestingly, the expression of the putatively processed
form EGFP-SmATG8%"¢ in ASmatg4 led to the formation of
small punctate autophagosome-like structures confirming our
assumption that Glyl16 of SmATGS is C-terminally exposed
by the catalytic activity of SmATG4 und can undergo lipida-
tion. Similar observations have been reported in S. cerevisiae,
where introduction of EGFP-ATG8% in an ag4A mutant also
resulted in formation of wt-like autophagosomes. Expression of
the glycine-exposed Atg8%''° in the yeast #g4A mutant results in
significant autophagy defects.”™® Just like in yeast, we showed
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Figure 6. SmMATG8 is C-terminally processed by SmATG4. Cleavage of
EGFP-SmATG8 by SmATG4 was verified by western blotting using an
anti-EGFP antibody. Protein crude extract of S. macrospora wt and
mutant strains expressing EGFP, EGFP-SmATG8, SmATG8-EGFP or
SMATG8mut-EGFP were separated on a 15% SDS-PAGE gel. The protein
crude extract of the untransformed wt was used as a negative control.
Cleaved or free EGFP is indicated by a 26 -kDa band, and fusion proteins
of SmATG8 and EGFP are 40 kDa in size.

that expression of the putatively processed form of SmATGS did
not complement the ASmartg4 phenotype, suggesting that delipi-
dation and recycling of SmATGS is also an important function
of SmATG4.

Deletion of Smatg8 and Smatg4 prevents pexophagy.
In order to investigate the involvement of SmATGS8 and
SmATGH4 in selective macroautophagy, we examined the extent
of pexophagy in young and old hyphae of deletion mutants.
Transformation  of  pRS-egfp-Smatg8-DsRed-SKL  into
ASmatg8 complemented the phenotype of the mutant. Thus,
this construct allowed us to simultaneously follow fluorescence
signals of DsRed-SKL-labeled peroxisomes and EGFP-labeled
autophagosomes. Only in basal hyphae, but not in tip cells,
both fluorescence signals were colocalized to the vacuole, indi-
cating that peroxisomes were delivered to the vacuole as cargo
of autophagosomes and were degraded together (Fig. 9A). As
shown for A. oryzae and P. chrysogenum, our result suggested
that autophagic degradation of peroxisomes preferentially takes
place in old basal hyphae, but not in the growing hyphal tips.”*
In Smatg8 and Smatg4 deletion mutants, pexophagy was abol-
ished (Fig. 9B). Similarly, it was recently shown that pexophagy
is not observed in a Pichia pastoris PpATG8 deletion mutant.®
In P. chrysogenum, deletion of atgl prevents pexophagy and,
furthermore, results in a significantly increased number of per-
oxisomes in subapical hyphae.? However, in S. macrospora, an
increased number of peroxisomes was not observed in ASmatg8
and ASmatg4 mutants.

In conclusion, our study demonstrated that in S. macros-
pora even under nonstarvation conditions, autophagy seems to
be an essential and constitutively active process for filamentous
growth, the development of multicellular fruiting bodies and the
production of a sexual progeny. Our future studies will address
the impact of filamentous fungus-specific genes on autophagy-
mediated vegetative and sexual development processes.
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Figure 7. EGFP-SmATGS localizes to autophagosomes and is degraded in vacuoles while SmATG4-EGFP is distributed within the cytoplasm. Fluores-
cence microscopy analysis of the S. macrospora ASmatg8 and ASmatg4 strain carrying plasmid pRS-egfp-Smatg8 and pRS-Smatg4-egfp, respectively.
The upper panel shows that EGFP-SmATG8 localizes to autophagosomes and vacuoles. Autophagosomes are indicated by an arrow. SmATG4-EGFP
expression in ASmatg4 leads to a diffuse cytoplasmic signal which is excluded from the vacuole. For the visualization of the vacuolar contours, vacu-
olar membranes were stained with FM 4-64 as described in the Materials and Methods. Strains were grown on SWG layered slides or cellophane. Scale

bar: 10 pm.

Materials and Methods

Strains and culture conditions. Cloning and amplification of
recombinant plasmids was achieved in an Escherichia coli Machl
strain under standard culture conditions.”” All plasmids used in
this study are listed in Table S1. All fungal strains used and
generated during this work are listed in Table 1. Depending on
the experimental setup S. macrospora was cultivated on Biomalt
Maiz Medium (BMM), complete medium containing 10.8%
saccharose (CMS) and fruiting-body development-inducing
SWG medium.“>® S. cerevisiae was inoculated on YEPD or
SD minimal medium.” §. macrospora was grown at 27°C in
liquid medium for genomic DNA, RNA and protein extrac-
tion.®® Determination of growth velocity of the S. macrospora
strains was performed as described by Nolting and Poggeler.®!
For microscopy analysis, S. macrospora was inoculated on objec-
tive slides coated with 1-2 ml SWG medium or on a cellophane
layer on solid SWG medium and incubated at 27°C.%* For
examination of the foraging abilities of S. macrospora strains, a

1.4: an agar

plug test was performed according to Josefsen et a
plug with a diameter of 5 mm was put into an empty Petri dish
and incubated for 5 d in a damp chamber at 27°C. Mycelial
growth was visualized using a Digital Microscope VHX-500F
(Keyence).

To determine germination efficiency of ascospores from
hybrid perithecia, deletion and complementation strains were

crossed with a fus $23442 (spore-color mutant) strain. A total of
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400 spores of each color were isolated from hybrid perithecia and
inoculated on BMM supplemented with 0.5% sodium acetate.
Germinated spores were counted after 1, 2 and 3 d. Obtained
colonies were then transferred to hygromycin selective media to
elucidate whether the ascospore isolates carried a wt or knockout
phenotype.

Transformation techniques. Transformation of chemically
competent E. coli was achieved by standard transformation pro-
tocols.”” S. cerevisiae transformations were performed by electro-
poration using an Eppendorf Electroporator 2510 (Eppendorf)
at 1.5 kV.®? Transformation of S. macrospora was conducted

as described previously.’®¢

3 S. macrospora transformants were
selected on media containing nourseothricin-dihydrogen sul-
fate (50 pg/ml) (WernerBioAgents, 5004000) or hygromycin B
(110 U/ml) (Merck, 400051-10MU).

Preparation of nucleic acids and PCR. S. macrospora genomic
gDNA isolation was performed as previously specified.®* PCR
amplification of S. macrospora gDNA and cDNA was per-
formed with HotStarTaq Master Mix Kit (Qiagen, 203443),
Phusion High-Fidelity DNA polymerase (New England Biolabs,
MO0530S), Molzyme MolTaq polymerase (Molzym GmbH & Co.
KG, P-010-1000) or Pfu polymerase (Promega GmbH, M7741)
according to the manufacturer’s recommendations. Primers used
in this study were obtained from MWG Biotech (Eurofins MWG
GmbH) and are listed in Table S2.

Generation of the S. macrospora Smatg8 and Smatg4 dele-
tion and complementation strains. For the isolation of the
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Figure 8. Localization of EGFP-tagged versions of SmATG8 in ASmatg4 and wt. (A) In the ASmatg4 mutant, EGFP-SmATG8 and SmATG8-EGFP localize
to large aggregates (wide arrows) whereas a processed EGFP-SmATG8¢"® version localizes to autophagosomes (narrow arrows). (B) In the wt, SmATG8-
EGFP and its mutagenized version SmATG8mut-EGFP are mainly visible in the cytoplasm, similar to EGFP. Strains were grown on SWG layered slides or

cellophane. Scale bar: 10 pm.

S. macrospora autophagy genes Smatg8 (SMAC_02305) and
Smatgd (SMAC_08321) a TBLASTN search of the S. macrospora
genomic sequence® was performed using the amino acid sequence
of S. cerevisine ATG8 (YBL0O78C) and ATG4 (YNL223W),
respectively.

The generation of the deletion and complementation con-
structs was conducted using the homologous recombination
mechanism of S. cerevisiae.”® For deletion cassette generation
5'- and 3'-regions of Smatg8 and Smatg4 were amplified from wt
gDNA using the primer pair atg8-5f/atg8-5r and atg8-3f/atg8-3r
for Smatg8 and atg4-5f/atg4-5r and atg4-3f/atgd-3r for Smarg4.
During the PCR amplification, specific 29-bp overhangs either
homologous to the S. cerevisiae shuttle vector pRS426° or to the
hygromycin-resistance cassette, were added to the 5'- and 3'-flank.
The hph cassette was amplified using the primer pair hph-f/hph-r
and plasmid pCB1003 as template. The three PCR amplicons
obtained and the EcoRI/Xhol linearized vector pRS426, were co-
transformed into S. cerevisiae strain PJ69-4A,% where the frag-
ments were fused by homologous recombination. The resulting
plasmids pRS-Aatg8 and pRS-Aatg4 (Table S1) were isolated and
used as a template to amplify deletion cassettes with primer pairs
atg8-5f/atg8-3r and atg4-5f/atg4-3r, respectively. Subsequently,
3400-bp Smatg8 and Smatg4 deletion cassettes were transformed

www.landesbioscience.com

into the S. macrospora Aku70 strain which is enhanced in homol-
ogous recombination events.” As S. macrospora transformants are
often heterokaryotic and carry both transformed and nontrans-
formed nuclei, single spore isolates were generated from the pri-
mary transformants. To eliminate the Aku70::nat® background
nourseothricin- and hygromycin- resistant single spore isolates
were afterwards crossed with the S. macrospora spore color mutant
fus (523442) and hygromycin-resistant, respectively, nourseo-
thricin-sensitive spores were isolated. The confirmation of the
desired gene deletion was achieved by PCR and Southern blot
analysis (Figs. S1 and S2). To verify the integration of the dele-
tion cassette at the targeted Smatg8 locus, primer pairs atg8-5D1/
tCl and atg8-3D1 /h3-o0 were used whereas primer pair atg8-ver-
f/atg8-ver-r was used to confirm the presence of Smatg8 in the
S. macrospora wt and complemented strain and the absence of
Smatg8 in the homokaryotic ASmatg8 deletion strain (Fig. S1).
The verification of the Smatg4 deletion and complementation was
performed in the same manner using the primer pairs atg4-5D1/
tCl-o, atg4-3D1/h3-0 and atg4-ver-f/atg4-ver-r (Fig. S2).

To complement the phenotype of ASmatg8 and ASmatg4
mutants, plasmids pRS-Smatg8-comp and pRS-Smatg4-comp
(see Table S1) were constructed by amplifying the 5'- and 3'-
regions together with the entire coding regions of Smtatg8 and
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Figure 9. Smatg8 and Smatg4 are involved in pexophagy. (A) Localization of EGFP-SmATG8 and DsRed-SKL in basal hyphae (upper panel) and in apical
hyphae (lower panel) of ASmatg8. Arrows indicate vacuoles. In basal hyphae DsRed-SKL and EGFP-SmATGS are localized to the lumen of vacuoles. In
apical hyphae peroxisomes are not degraded in the vacuoles. (B) DsRed-SKL is excluded from the vacuole in basal hyphae of ASmatg8 and ASmatg4.

Arrows indicate vacuoles free of the DsRed-SKL fluorescence signals or cellophane. Scale bar: 10 m.

Smarg4 with primer pairs atg8-5f/atg8-3r and atg4-5f/atg4-3r
from gDNA of the wt, respectively. Amplified fragments were
integrated into the EcoRI linearized vector pRSnat®® by homol-
ogous recombination in S. cerevisiae. Plasmid pRS-Smatg8-
comp and pRS-Smatg4-comp was transformed into deletion
strains ASmatg8 and ASmatg4, respectively. Complemented
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transformants were selected on medium containing nourseo-
thricin and inspected for perithecia development. The rein-
tegration of the ectopic copy of the desired wild-type gene
was confirmed by PCR using the primer pair atg8-ver-f/atg8-
ver-r for the ASmartg8::Smatg8«* and atg4-ver-f/atg4-ver-r for
ASmatg4::Smatg4* strains, respectively (Figs. S1 and S2).
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In addition, deletion and complementation events were con-
firmed by Southern hybridization (Figs. S1 and S2). Southern blot-
ting was done according to standard techniques.” Hybridization
was done with DIG High Prime DNA Labeling and Detection
Starter Kit II (Roche Diagnostics GmbH, 1585614). DNA
probes were obtained by PCR with primers hph-f and hph-r (see
Table S2), and labeling and detection was done according to the
manufacturer’s protocol.

Light and fluorescence microscopy. Egfp-fusion constructs
were integrated ectopically into the genome of wt and deletion
strains. To examine the localization of SmATG8 and EGFP-
SmATGS fusion proteins under their native promoters and ter-
minators was constructed. The 5'- untranslated region (UTR)
of Smatg8 was amplified using wt gDNA as template and the
primer pair atg8-5f/atg8-egfp-5r (Table S2). The forward
primer atg8-5f contains a 29-bp overhang to the pRSnat vec-
tor and the reverse primer atg8-egfp-5r an overhang to the egfp
gene. The egfp gene without stop codon was amplified using the
primer pair egfp-f/egfp-r and p1783% as template. Primer pair
atg8-egfp-3f/atg8-egfp-3r was used to amplify the coding region
of Smatg8 without the start codon and its 3-UTR. Both prim-
ers have an overhang homologous to the 3'-end of egfp and to
the pRSnat vector, respectively. The fragments were fused in S.
cerevisiae via homologous recombination and plasmid pRS-egfp-
Smatg8 was obtained. Generation of a C-terminal SmATGS-
EGFP fusion construct was achieved using the primer pair
atg8-gf/atg8-gr; here the forward primer generated a BglIl over-
hang and the reverse primer a Hind111 overhang. Applying these
primers, the stop codon was removed from the Smazg8 ORF.
Subsequently, the fragment was cloned into the Bglll/Hind1l1
linearized pDS23-eGFP (M. Nowrousian, unpublished), a
pRS426 derivative with egfp under control of a gpd promoter
and #7pC terminator of A. nidulans (Table S1). The resulting
plasmid was termed pRS-Smatg8-egfp. The construction of a
C-terminal SmATG4-EGFP fusion encoded by plasmid pRS-
Smatg4-egfp was conducted in the same manner with the primer
pair atg4-gf/atg4-gr.

For the generation of an EGFP-SmATG8mut fusion protein
encoded by plasmid pRS-egfp-Smatg8mut, we mutagenized
the putative SmATG4 processing site of SmATG8. To amplify
the mutated version of Smatg8 we used the primer pair atg8-gf/
atg8-gr2 to substitute amino acid residues 115-118 of SmATG8
to Ala. This fragment was cloned also into pDS23-eGFP.
Plasmid pRS-egfp-Smatg8©''® encodes the putatively processed
form of SmATGS that lacks amino acids 117-121 and exposes
a C-terminal Glyl16. It was generated using primer pair atg8-
5f/atg8p5r and atg8p-3f/atg8-3r, respectively with pRS-egfp-
Smatg8 as a template. Fragments consisting of Smazg8 5-UTR,
egfp and a truncated Smazg8 as well as the 3'-region of Smatg8
were amplified. The obtained fragments were cloned into pRSnat
via homologous recombination in S. cerevisiae. To study the
involvement of Smatg8 and Smatg4 in pexophagy we generated
the plasmid pRS-egfp-Smatg8-DsRed-SKL encoding both an
EGFP-SmATGS8 and a DsRed-SKL fusion protein. Primer pair
atg8-5f3/atg8-org-5r amplified a fragment consisting of Smatg8
5'-region, egfp, Smarg8 and its 3'-UTR using pRS-egfp-Smatg8
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as template. A fragment containing a gpd promoter, DsRed-SKL
and a #7pC terminator was amplified using the primer pair atg8-
org-3f/MiPe-r2 and pDsRed-SKL* as a template. Both frag-
ments were cloned into pRSnat by homologous recombination
in S. cerevisiae.

For the visualization of hyphae, ascogonia and protoperithe-
cia an Axiolmager M1 microscope (Zeiss, purchased by Visitron
Systems GmbH) was utilized. A Photometrics CoolSNAPZHQ
camera (Roper Scientific, purchased by Visitron Systems GmbH)
was used to obtain the images. EGFP fluorescence was visual-
ized with the filter combination chroma filter set 49002 (exciter
ET470/40%, emitter ET525/50 m and beamsplitter T495LP)
and detection of DsRed and FM 4-64 dye (Invitrogen, F34653)
was achieved with a chroma filter set 49005 (excitation/emis-
sion filter ET545/30/ET620/60, beam splitter T570lp) and an
X-cite 120 PC lamp (EXFO). Image editing was performed with
MetaMorph (Visitron Systems GmbH), Adobe Photoshop CS2
and Illustrator CS2. Staining with FM 4-64 was achieved by
applying 20-40 pl of a FM 4-64 solution (1 pg/ml in deO)
directly on the mycelium.

Immunoblotting. For detection of EGFP-SmATGS,
SmATGS8-EGFP, SmATG8mut-EGFP and EGFP-SmATG8¢¢
fusion proteins S. macrospora protein extracts were separated
by SDS-PAGE using a 15% gel and blotted to a PVDF mem-

brane. 427071

Immunodetection of the fusion proteins was
achieved with monoclonal mouse anti-EGFP antibody (Santa
Cruz Biotechnology, sc-9996, 1:5000). As secondary antibody
a goat anti-mouse horseradish peroxidase (HRP)-linked anti-
body (Dianova, 115-035-003, 1:5000) was used. Detection of
signals was achieved by the enhanced chemiluminescent reac-
tion (Agilent Technologies, 204525). The prApel maturation
assay in S. cerevisiae was performed as described previously?” with
the polyclonal rabbit anti-Apel antibody (M. Thumm, 1:2500)
and secondary HRP-linked anti-rabbit antibody (Invitrogen,
G21234, 1:2500). After stripping of nitrocellulose membrane
by incubating it for 1 h at RT in a solution of 0.2% Ponceau S
dissolved in 3% TCA, and subsequent blocking, the calibration
of the western blot was done by immunodetection of actin with
a monoclonal mouse anti-actin (Novus, NB100-74340, 1:2500)
and secondary HRP-linked goat anti-mouse antibody (Dianova,
115-035-003, 1:2500).

Yeast two-hybrid interaction studies. Bait plasmids pBD-
Smatg8 and pBD-Smatg4 were constructed by cloning an ampli-
fied ¢cDNA fragment using primer pair atg8-Hf/atg8-Hr and
atgd-Hf3/atg4-Hr, respectively, into vector pGBKT7 (Clontech,
630443). To generate the prey vector pAD-Smatg8 the Smatg8
amplicon was cloned into the vector pGADT7 (Clontech,
630442). For cloning of the pAD-Smatg4 prey plasmid primers
atg4-Hf3/atg4-Hr3 were utilized. Bait plasmids were transformed
into the S. cerevisiae strain Y187 and prey plasmids into S. cerevisiae
strain AH109, by a lithium acetate transformation protocol and
selected on SD-Trp and SD-Leu, respectively.”> Mating of trans-
formants was performed in YPDA liquid medium overnight at
30°C and mated cells were selected on SD-Trp/Leu solid medium.
Interaction was verified on SD-Ade/Leu/Trp solid medium. To
determine whether the bait proteins are expressed appropriately
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for an interaction to be detected we used a test, based on interac-
tion with the Gal4 binding domains with protein RanBPM.*

Sequence analysis. Primers were synthesized at MWG
Biotech AG (Ebersberg). DNA sequencing was performed by
the G2L-sequencing service of the “Géttinger Genom Labor”
(Georg-August University of Géttingen). Molecular weights
and isoelectric points of proteins were calculated with programs
from the ExPASy Proteomics Server (www.expasy.org). Protein
sequence alignments were performed using the ClustalX pro-
gram’® and visualized using GeneDoc.”* Protein and nucleotide
sequence data of Atg8/ATGS8 and Atgd/ATG4 from other organ-
isms were obtained from the public databases at NCBI (www.
ncbi.nlm.nih.gov/entrez/) or by BLAST searches of the complete
sequenced genomes at the Broad Institute (www.broad.mit.edu/
annotation/fungi/fgi/).
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