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Abstract

Autophagy is a highly conserved mechanism to overcome various stresses and recycle cytoplasmic components and orga-
nelles. Ubiquitin-like (UBL) protein Atgl2 is a key protein involved in autophagosome formation through stimulation of
Atg8 conjugation to phosphatidylethanolamine. Here, we describe the identification of the autophagy-related gene Acatgli?2,
encoding an Atg12 homologous protein in the cephalosporin C producing fungus Acremonium chrysogenum. Disruption of
Acatgl?2 impaired the delivery and degradation of eGFP-Atg8, indicating that the autophagic process was blocked. Mean-
while, conidiation was dramatically reduced in the Acatg!2 disruption mutant (AAcatgl2). In contrast, cephalosporin C
production was increased twofold in AAcatgl2, but fungal growth was reduced after 6 days fermentation. Consistent with
these results, the transcriptional level of the cephalosporin biosynthetic genes was increased in A Acatgl2. The results extend

our understanding of autophagy in filamentous fungi.

Introduction

Autophagy is primarily a cytoplasmic degradation process
via vacuole or lysosome for coping with various stresses
and maintaining cellular homeostasis. This process is highly
conserved in eukaryotes [1]. Macroautophagy, microau-
tophagy and chaperone-mediated autophagy are three major
autophagic pathways [2]. In macroautophagy (generally
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called autophagy), a double-membrane vesicle termed
autophagosome engulfs cellular constituents (cargoes) such
as redundant and damaged organelles and proteins, and
fuses with the vacuole membrane, resulting in degradation
of cargoes by the lysosomal hydrolases of the vacuole. In
microautophagy, the substrates are directly engulfed through
invagination of the vacuole membrane. So far, more than
40 autophagy-related genes (Atg) have been found in Sac-
charomyces cerevisiae [3]. Some of their homologous genes
were also identified in filamentous fungi, but their function
and mechanism are poorly understood.

Two ubiquitin-like (UBL) protein conjugation systems,
consisting of Atg8 and Atgl2, are essential for autophagy
[2]. The conjugation production of Atg8 and phosphatdyle-
thanolamine (PE) has a pivotal role in phagophore expansion
[4]. After the C-terminal arginine is removed by the cysteine
protease Atg4, Atg8 is bonded with an El-like enzyme Atg7,
subsequently transferred to an E2-like enzyme Atg3, and
eventually conjugated to PE. Another UBL protein, Atgl2, is
also dependent on Atg7, but it uses Atg10 as E2-like enzyme
to form the Atgl2-Atg5 conjugate [5, 6]. The Atgl2-Atg5
conjugate with an E3-like activity facilitates Atg8-PE conju-
gation by accelerating the transfer of Atg8 from Atg3 to PE
[7]. The Atgl12-AtgS conjugate forms a complex with Atgl6
[8]. Both UBL protein conjugation systems are located in the
pre-autophagosomal structure (PAS) [9].
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Acremonium chrysogenum is well known for produc-
ing the p-lactam antibiotic cephalosporin C (CPC) and
its derivatives [10]. The CPC biosynthetic enzymes are
located in different cellular compartments [11]. These
enzymes are encoded by six biosynthetic genes (pcbAB,
pcbC, cefDl, cefD2, cefEF and cefG), three transporter
genes (cefM, cefP and cefT) and a regulatory gene (cefR)
[11, 12]. CPC production is also regulated by various fac-
tors such as carbon source, nitrogen source, phosphorus
source, pH and oxygen [13]. Recently, autophagy was
found to have an effect on antibiotic production. In Peni-
cillium chrysogenum, penicillin production was enhanced
by deletion of atg/ [14]. Similarly, disruption of Acatgl of
A. chrysogenum resulted in a remarkable increase in CPC
production but a significant reduction of fungal growth at
the late stage of fermentation [15]. However, the Acatgl ]
disruption mutant showed a reduced CPC production [16].
These results indicate that different autophagy-related
genes have distinct effects on secondary metabolite pro-
duction, possible through different pathways. In this study,
an autophagy-related gene, Acargi2, was identified in A.
chrysogenum and its function was investigated. The results
extend our understanding of autophagy in filamentous
fungi.

Materials and Methods

Strains, Plasmids, Culture Media and Growth
Conditions

Strains and plasmids used in this study are listed in
Table S1. The cephalosporin C producing strain A. chry-
sogenum CGMCC 3.3795, which was purchased from the
China General Microbiological Culture Collection Center,
was used as the wild-type strain (WT). TSA medium, LPE
medium and the modified MDFA medium were used for
the growth, sporulation and fermentation of A. chrys-
ogenum and its derivatives as described previously [17].
For Agrobacterium tumefaciens-mediated transformation
(ATMT), minimal medium, induction medium and co-
cultivation medium were used [18]. Escherichia coli was
grown at 37 °C in Luria—Bertani (LB) medium supple-
mented with antibiotics when required.

Cloning of the Acatg12 gene
The DNA and cDNA of Acatgi2 were amplified with prim-
ers Acatgl2-F/Acatgl2-R and cloned into pEASY-Blunt

(TransGen, China), respectively. DNA sequencing was per-
formed by GENEWIZ (Beijing, China).
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Constructions of the Acatg12 Disruption Mutant
and Its Complemented Strain

To obtain the Acatgl2 disruption mutant (AAcatgl2), a
1192 bp upstream and a 1117 bp downstream DNA frag-
ments of Acatgl2 were amplified from WT with prim-
ers Acatgl2UF/Acatg12UR and Acatg12DF/Acatg12DR,
respectively. For gene disruption, the plasmid pAgAcatg12
was constructed (Fig. S1). ATMT was used for fungal
transformation as described previously [16, 18]. The ble-
omycin-resistant and hygromycin B-sensitive (bleRhph®)
transformants were selected and confirmed by PCR using
the gene outside primers Acatgl20ut-F/Acatg120ut-R
and inside primers Acatgl2In-F/Acatgl12In-R. Southern
hybridization was performed to further confirm AAcatg12
as previously described [16, 18]. A 534 bp DNA fragment
amplified from WT with primers Probe-F/Probe-R was
used as a probe. For Southern hybridization, the fungal
genomic DNA was digested with Scal.

To complement AAcatgl?2, the 1535 bp and 1194 bp
DNA fragments containing the putative promoter and
terminator regions of Acatgl2 were amplified with prim-
ers Acatgl2CF1/Acatgl2CR1 and Acatgl2CF2/Acat-
g12CR2, respectively. Plasmid pAgAtgl2C was con-
structed for complementation of AAcatgl2 (Fig. S2).
Finally, pAgAtg12C was introduced into AAcatgl2 via
ATMT. The hygromycin B resistant (hph®) transfor-
mants were selected and confirmed as the complemented
strain (Acatgl2C) by PCR with primers Acatgl2In-F/
Acatgl12In-R.

Fluorescence Microscopy

Fluorescence microscopy was performed on an Axio-
observer Al microscope (Carl Zeiss) as described previ-
ously [16, 18]. Images of cells were captured by Zeiss
AxioCam MR camera with the AxioVision software. For
detection of eGFP-Acatg8, pAgHBPEAT containing the
expressing cassette of eGFP-Acatg8 was transformed
into AAcatgl2. Transformants were selected on the TSA
medium containing 50 pg/ml hygromycin B and 500 pg/
ml cefotaxime and confirmed by PCR.

Determination of Conidiation and CPC Production

Fungal conidiation and CPC production were determined
as described previously [17].
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RNA Isolation and Real-Time Reverse Transcription
PCR (RT-PCR)

RNA was isolated as described previously [17]. The RNA
samples were treated with RQ1 RNase free DNase (Pro-
mega, USA). The PrimeScript™ RT reagent Kit (TaKaRa,
Japan) was used for reverse transcription. Synthesis of
cDNA and real-time RT-PCR were performed as described
previously [17].

Western Blot Analysis

To examine the autophagy of AAcatgl2 during fermenta-
tion, Western blot analysis of AcAtg8 was performed as pre-
viously described [16, 18]. Total cellular extracts from WT
and AAcatgl2 were collected after fermentation for 48, 72,
96 and 120 h. Proteins were separated by SDS-PAGE fol-
lowed by immunoblotting with anti-AcAtg8 serum. GAPDH
was used as control [16, 18].

Statistical Analysis

All data were expressed as mean + SD. Differences were
determined by 2-tailed Student’s t test between two groups
in Excel (Microsoft). Statistical significance is indicated as
* for P <0.05 and ** for P<0.01.

Results

Identification and Characterization
of an Autophagy-Related Gene Acatg12 in A.
chrysogenum

The whole genomic sequence of A. chrysogenum CGMCC
3.3795 (unpublished) was searched in the non-redundant
protein database of National Center for Biotechnology Infor-
mation (NCBI) by using the BLASTxX program. A query
sequence encoding a protein with 40% identity to Saccharo-
myces cerevisiae Atgl2 and 63% identity to Sordaria mac-
rospora Atgl2 was identified and designated Acatg12 (Gen-
Bank accession No. MG987012). Comparing its genomic
and cDNA sequences, one intron was identified (extending
from 394 to 484 with respect to the putative translation start
point). Acatgi?2 encodes a protein of 151 amino acids with a
calculated molecular mass of 15.6 kDa. A conserved glycine
residue involved in covalent interaction between Atgl12 and
Atg5 was found at the C-terminus of AcAtgl2. Most resi-
dues involved in interactions with Atg3, Atg5 and Atg8 are
conserved in AcAtgl2 (Fig. 1).

Acatg12 is Essential for Autophagy in A.
chrysogenum

To identify the function of Acatgl2, an Acatgl2 disrup-
tion mutant (A Acatgl2) was constructed via homologous
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Fig.1 Multiple sequence alignment of AcAtgl2 and its orthologs.
Alignment was performed with the following sequences: AcAtgl2
from A. chrysogenum, ScAtgl2 from S. cerevisiae (P38316.1),
SmAtgl12 (XP_003349162.1, excluding C-terminal amino acids) from
Sordaria macrospora, AnAtgl2 (QSBCHO0.2) from Aspergillus nidu-
lans, CeAtgl12(CCD61524.1) from Caenorhabditis elegans, HsAtg12
(094817.1) from Homo sapiens, MoAtgl2 (Q51P78.1) from Mag-
naporthe oryzae, NcAtgl2 (Q7S083.1) from Neurospora crassa,

PcAtgl2 (ABO31083.1) from P. chrysogenum. Pound sign indicates
the non-canonical Atg8 interaction motif in yeast and human. Aster-
isk stands for the Atgl2 residues essential for binding with Atg3 in
human. Black spots mark the residues involved in non-covalent inter-
action with Atg5 in yeast. The C-terminal conserved glycine residue
and the phenylalanine residue essential for the function of Atgl2-
Atg5 conjugate are labeled by red color. (Color figure online)
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recombination (Fig. S3). Finally, AAcatg12 was isolated and
confirmed by PCR and Southern hybridization (Fig. S3).
RT-PCR analysis showed that transcription of Acatgl2 was
completely abolished in AAcatgl?2 and restored in the com-
plemented strain Acatg12C (Fig. S3).

To analyze the effect of Acatgl2 on autophagy, the
autophagy marker Acarg8 gene fused to eGFP was intro-
duced into AAcatgl2. 3x 10’ spores of each fungal strain
were inoculated in MDFA medium and cultured for 20 h.
For autophagy induction, the fungal mycelia were switched
into water and incubated for 4 h. To prevent the degrada-
tion of autophagic bodies, 2 mM PMSF (phenylmethane-
sulfonyl fluoride, a cysteine protease inhibitor) was added.
In AAcatgl2, the eGFP-AcAtg8 signal was diffused in the
cytoplasm (Fig. 2a). In contrast, eGFP-AcAtg8 was almost
fully accumulated in the vacuole of WT. These results indi-
cated that engulfment of AcAtg8 was inhibited in A Acatg12.
In consistent with this, eGFP-AcAtg8 proteolysis assay
showed that degradation of eGFP-Acatg8 was also inhibited
in AAcatgl?2 (Fig. 2b), indicating that Acatgl?2 is essential
for the autophagy of A. chrysogenum.

Disruption of Acatg12 Reduces Conidiation of A.
chrysogenum

To further study the function of Acargl2, conidiations
of WT, AAcatgl2 and Acatgl2C were analyzed on LPE
medium. 1x 10° spores of each strain were spread on LPE
medium. After incubation for 7 days, the number of conidia
was counted and the mycelium dry weight was measured
(Fig. 3a, b). The conidia number of AAcatgl2 was dramati-
cally decreased to one-sixth of the wild type. As expected,

the conidiation was restored in strain Acatgl2C. These
results demonstrated that Acatgl2 is important for the
conidiation of A. chrysogenum. When additional carbon
sources were supplemented in the medium, the conidiation
of AAcatgl?2 was partially restored (Fig. 3c, d).

Disruption of Acatg12 Increases CPC Production
and Expression of CPC Biosynthetic Genes

To investigate the effect of Acatgl2 disruption on CPC pro-
duction, fermentation of WT, AAcatgl2 and Acatgl12C was
performed. CPC production of AAcatgl?2 increased twofold
with respect to WT (Fig. 4a). In Acatgl12C, CPC produc-
tion was restored to the wild-type level. WT, AAcatgl?2
and Acatg12C showed comparable growth rates at logarith-
mic phase (Fig. 4b). The biomass of AAcatgl2 was only
slightly reduced at the stationary phase compared to WT and
Acatg12C. These results indicated that the increased CPC
production was mainly due to the disruption of Acargl2.
To further address the reasons of increased CPC in
AAcatgl?2, transcriptional level of the cephalosporin bio-
synthetic genes pchAB, pcbC, cefD1, cefD2, cefEF and cefG
was determined via real-time RT-PCR. The transcriptional
levels of most of these genes, except cefEF, were signifi-
cantly increased in AAcatgl2 on the 4th or 5th day, just
before CPC production reached the peak (Fig. 5), while
cefD?2 reached the highest level in the 3rd day of fermenta-
tion. Then, pcbAb, pcbC and cefG maintained higher lev-
els of expression in AAcatgl?2 until day 7. The transcrip-
tional level of cefEF in AAcatgl?2 increased significantly
only after six days of fermentation. These results indicate
that one reason for the increase in CPC production was the
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DIC / S cGFP-Acatg8
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Fig.2 Detection of autophagy in WT and AAcatgl2. a Fluorescence
microscopy of eGFP-Acatg8 in WT and AAcatg8. DIC, differential
interference contrast. The autophagy was induced when fungal myce-
lia were switched into water containing 2 mM PMSF after cultured
in MDFA for 20 h. b Western blot analysis of eGFP-Acatg8 degra-
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dation in WT::eGFP-Acatg8 and AAcatgl2::eGFP-Acatg8 after 3
days cultured in MDFA. Protein was separated on a 12% SDS-PAGE
gel. GAPDH was used as control. WT::eGFP-Acatg8, expression of
eGFP-Acatg8 in WT; AAcatgl2:eGFP-Acatg8, expression of eGFP-
Acatg8 in AAcatgl2
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Fig.3 Conidiation of WT, AAcatgl2 and Acatgl2C. a Conidia for-
mation in WT, AAcatgl2 and Acatgl2C. b Mycelial dry weight
in WT, AAcatgl2 and Acatgl2C was measured after growth in
LPE medium for 7 days. ¢ Conidia formation of WT, AAcatgl2
and Acatgl2C in the LPE medium supplied with different nitro-
gen sources. Ammonium chloride (NH,CI), ammonium nitrate
(NH,NO3), sodium nitrate (NaNO;), ammonium sulfate ((NH,),SO,),
methionine (Met) or proline (Pro) was added in the LPE medium at

transcriptional increase in cephalosporin biosynthetic genes
caused by Acatrgl2 disruption.

Discussion

Fluorescence microscopy demonstrated that transport and
degradation of eGFP-Acatg8 were inhibited in AAcatgl2,
indicating that Acargl?2 is essential for Acatg8-mediated
autophagy. In addition to the autophagy-related function,
disruption of Acargl2 also led to a decrease in conidia for-
mation. Similarly, disruption of atg/2 in maize impaired
the recycling of nitrogen and decreased seed yield [19].
Autophagy is required for nutrient supply in anthers and

B 35 T ok
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o
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Dry cell weight ( mg/plate )

AAcatg12 Acatg12C

>k

CK Glucose Glycerol Sucrose Mannitol Inositol

the final concentration of 1.2%. CK, the medium without supplement
of additional carbon or nitrogen sources. d Conidia formation of WT,
AAcatgl2 and Acatgl2C in the LPE medium supplied with different
carbon sources. Glucose, glycerol, sucrose, mannitol or inositol was
added in LPE medium at the final concentration of 1.2%. Error bars
represent standard deviations from three independent experiments.
The ** and *indicate P<0.01 and 0.05 relative to the control strain
WT, respectively

lipid metabolism of rice [20]. In S. cerevisiae and S. pombe,
atgl2 was essential for ascosporogenesis during nitrogen
starvation [21]. Similar to AAcatgl [15], supplementation of
additional carbon sources partially restored the conidiation
of AAcatgl2, suggesting that carbon source homeostasis
dependent on autophagy could be the reason of conidiation
reduction.

Furthermore, we found that disruption of Acargl?2
increased CPC production. In A. oryzae, disruption of
MoATGS resulted in the accumulation of methionine syn-
thase [22]. It is known that methionine stimulates CPC
production by increasing the transcription of biosynthesis
genes, so disruption of Acatgl?2 could accumulate methio-
nine synthase and in turn increase the concentration of
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Fig.5 Relative transcriptional level of the cephalosporin biosynthetic
genes. The transcriptional level of pcbAB, pcbC, cefD1, cefD2, cefEF
and cefG was determined by real-time RT-PCR. Error bars represent

endogenesis methionine. Recently, our group found that
enhancement of endogenesis SAM concentration through
reconstructing methionine cycle dramatically increase
CPC production [22]. As the late steps of the cephalo-
sporin biosynthesis pathway take place in peroxisomes
[11], we speculate that the accumulated peroxisomes due
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Time (day)
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standard deviations from three independent experiments. The ** and
* indicate P <0.01 and 0.05

to the deficiency of autophagy also increase CPC produc-
tion. Since autophagy is primarily a degradation process,
it is possible that some positive regulators that stimulate
cephalosporin biosynthesis are not recycled at a normal
rate due to the impairment of autophagy, thus resulting in
an increase in CPC production.
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