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RESEARCH PAPER

MoVast2 combined with MoVast1 regulates lipid homeostasis and autophagy in 
Magnaporthe oryzae
Xue-Ming Zhua, Lin Lia, Jian-Dong Baoa, Jiao-Yu Wanga, Shuang Lianga, Li-Li Zhaoa, Chang-Li Huanga, Jiong-Yi Yanb, 
Ying-Ying Caib, Xi-Yu Wub, Bo Dongc, Xiao-Hong Liub, Daniel J. Klionsky d, and Fu-Cheng Lin a,b

aState Key Laboratory for Managing Biotic and Chemical Treats to the Quality and Safety of Agro-products, Institute of Plant Protection and 
Microbiology, Zhejiang Academy of Agricultural Sciences, Hangzhou, Zhejiang, China; bState Key Laboratory of Rice Biology, Institute of 
Biotechnology, Zhejiang University, Hangzhou, Zhejiang, China; cMarkey Cancer Center, University of Kentucky, College of Medicine, Lexington, KY, 
USA; dLife Sciences Institute and Department of Molecular, Cellular and Developmental Biology, University of Michigan, Ann Arbor, MI, USA

ABSTRACT
Macroautophagy/autophagy is an evolutionarily conserved biological process among eukaryotes that 
degrades unwanted materials such as protein aggregates, damaged mitochondria and even viruses 
to maintain cell survival. Our previous studies have demonstrated that MoVast1 acts as an autophagy 
regulator regulating autophagy, membrane tension, and sterol homeostasis in rice blast fungus. 
However, the detailed regulatory relationships between autophagy and VASt domain proteins remain 
unsolved. Here, we identified another VASt domain-containing protein, MoVast2, and further uncov
ered the regulatory mechanism of MoVast2 in M. oryzae. MoVast2 interacted with MoVast1 and 
MoAtg8, and colocalized at the PAS and deletion of MoVAST2 results in inappropriate autophagy 
progress. Through TOR activity analysis, sterols and sphingolipid content detection, we found high 
sterol accumulation in the ΔMovast2 mutant, whereas this mutant showed low sphingolipids and low 
activity of both TORC1 and TORC2. In addition, MoVast2 colocalized with MoVast1. The localization of 
MoVast2 in the MoVAST1 deletion mutant was normal; however, deletion of MoVAST2 leads to 
mislocalization of MoVast1. Notably, the wide-target lipidomic analyses revealed significant changes 
in sterols and sphingolipids, the major PM components, in the ΔMovast2 mutant, which was involved 
in lipid metabolism and autophagic pathways. These findings confirmed that the functions of 
MoVast1 were regulated by MoVast2, revealing that MoVast2 combined with MoVast1 maintained 
lipid homeostasis and autophagy balance by regulating TOR activity in M. oryzae.
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Introduction

The plasma membrane (PM) is the basis for the origin of cells and 
the continued survival of living cells, acting as a cell barrier and 
dynamic interface to selectively control the entry and exit of 
intracellular and extracellular substances, and also as 
a scaffolding platform for proteins to transmit signals [1,2]. In 
eukaryotes, the PM is mainly composed of lipids and proteins, 
including phospholipids, sterol lipids, a small amount of glycoli
pids and sphingolipids [3]. It has been confirmed that these lipids 
and proteins coordinate with each other to regulate PM home
ostasis, which plays an important role in resisting the constantly 
changing environment [4,5]. The best-understood examples of 
coregulation are sphingolipids and sterols, which have a similar 
localization and cooperative activity in altering membrane order 
and nucleating lipid microdomains [6,7]. In yeast, loss of sterol 
biosynthesis-related genes ERG2 and ERG6 results in intense 
changes in sphingolipid levels [8]. In mammalian cells, lipopro
teins such as OSBP and OSBPL5/ORP5, participate in both sterol 
and sphingolipid trafficking and cause accumulation of both lipids 
[9]. These functional interdependences suggested that there may 
be many genetic interactions between sphingolipid- and sterol- 
related genes [10].

The balance of sterols and sphingolipids of PM exert cru
cial roles in the maintenance of lipid homeostasis, which is 
controlled by TORC2-Ypk1 signaling [11–13]. In yeast, inac
tivation of TORC2 decreases the phosphorylation level of 
Ypk1 and reduces sphingolipid levels in the PM. Inhibition 
of sphingolipid synthesis or treatment by hypotonicity can 
lead to an increase in PM tension and the movement of Slm 
proteins from eisosomes to the membrane compartment con
taining TORC2 (MCT) regions, leading to activation of 
TORC2 signaling to promote sphingolipid biosynthesis 
[1,14,15]. Although the mechanism by which Slm proteins 
regulate PM tension through this relocation is unclear, the re- 
increase in cell membrane tension through activation of 
TORC2 is prevalent in mammalian cells and fungal yeast 
cells [16].

Sterols and sphingolipids are synthesized in the endoplas
mic reticulum. Both of them are rare in the ER (5 mol% of 
lipids) but abundant in the trans-Golgi and plasma membrane 
(30–40 mol%) [17–19]. Although the mechanism by which 
sphingolipids and sterols are move up the concentration gra
dient into the PM is not fully understood, a possible role for 
cytoplasmic coat protein (COP) vesicular and non-vesicular 
lipid transport proteins that mediate retrograde membrane 
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transport [19,20]. In yeast cells, de novo synthesized ceramide 
and very long acyl chain phytoceramide (C26) in the ER can 
be delivered to the cis-Golgi via COPII vesicles to form com
plex sphingolipids. However, the shorter acyl chain ceramides 
are most likely to be delivered to the cis-Golgi by a non- 
vesicular mechanism in mammalian cells [21]. In addition, 
some proteins are involved in sterols transport in mammals 
and yeast. In yeast, Osh proteins were found to regulate the 
organization of sterols in the PM. in temperature-conditioned 
yeast mutants lacking all functional Osh proteins, the bidirec
tional movement of sterols between the ER and PM was not 
affected, suggesting that other sterol transport proteins are 
present in yeast cells [21,22].

In recent years, the VAD1 analog of StAR-related lipid 
transfer (VASt) domain-containing proteins have been iden
tified in eukaryotes. However, although these structural 
domains are present in all major eukaryotic lineages, they 
have not yet been assigned molecular functions [23]. In 
Arabidopsis thaliana, the VASt domain-containing protein 
VAD1 regulates programmed cell death [14,24]. The presence 
of a GRAM domain in VAD1 suggests that its function may 
require lipid binding, but the role of VAD1 at the subcellular 
level is currently unknown [23]. In mammals, the VASt 
domain-containing proteins GRAMD1A/Aster-A, 
GRAMD1B/Aster-B, and GRAMD1C/Aster-C bind choles
terol and facilitate its removal from the plasma membrane 
[15]. In Saccharomyces cerevisiae, there are six VASt domain- 
containing proteins, namely Lam1, Ysp2/Lam2, Sip3/Lam3 
and Lam4 to Lam6 [16]. The deletion of a LAM gene alone 
does not affect yeast growth but increases the resistance of 
yeast cells to amphotericin B, a cell membrane sterol- 
destroying substance, suggesting that Lam-family proteins 
are also involved in the distribution of sterols in the cell 
membrane [25–28]. In addition, new findings suggested that 
Ysp2 and Sip3 localized at membrane contact sites, play a role 
in ER-PM sterol transport. Deletion of Ysp2 or Sip3 lead to 
sterol accumulation in PM and increased sensitivity to sphin
golipid synthesis inhibitors myriocin [28]. However, the iden
tification and functions of VASt domain-containing proteins 
have not yet been reported in plant pathogenic fungi.

Rice blast disease, caused by Magnaporthe oryzae (syn 
Pyricularia oryzae), is one of the most devastating diseases 
and poses a major challenge to global food production and 
security [29–31]. The infection process of M. oryzae is 
initiated by a mature appressorium produced by a three- 
celled conidium [32]. In the rice blast fungus M. oryzae, our 
previous studies identified two VASt domain-containing pro
teins and found that MoVast1 acts as a novel sterol transfer 
protein regulating autophagy, membrane tension, and sterol 
homeostasis [33]. Although MoVast2 also include a VASt 
domain, the functions of MoVast2 remain to be explored. In 
this study, we analyzed the functions of MoVast2 in M. oryzae 
and found that MoVast2 is also anchored to the membrane 
system and is involved in lipid homeostasis. Furthermore, we 
determined that MoVast2 interacted with MoVast1 and 
MoAtg8, and colocalized at the phagophore assembly site 
(PAS). Loss of MoVAST2 resulted in mislocalization of 
MoVast1, reduced activity of both TORC1 and TORC2, and 
substantially increased autophagic flux. In addition, lipid 

homeostasis was disrupted in both ΔMovast1 and ΔMovast2 
mutants. Our results revealed that MoVast2 is another auto
phagy regulator that combined with MoVast1 coregulates 
appressorium development and lipid homeostasis by mediat
ing both TORC1 and TORC2 activity in M. oryzae.

Results

Identification of the MoVast2 protein in M. oryzae

Our previous studies found that the VASt-domain protein 
MoVast1 regulates autophagy, membrane tension, and sterol 
homeostasis in rice blast fungus. To further explore the pre
cise regulatory mechanisms of the VASt domain proteins, we 
screened the rice blast fungus database (http://fungi.ensembl. 
org/Magnaporthe_oryzae/Info/Index?db=core) and identified 
another VASt domain protein, which we named MoVast2. To 
explore the potential function and evolution of the VASt 
domain in M. oryzae, we obtained the VASt profile using 
hidden Markov models (HMM) based on 14 VASt homolog 
domains from yeast to humans. The HMM signature showed 
that the DNDNFxxxQR motif was strongly conserved from 
animals to fungi, suggesting that these residues may play an 
essential role in protein function (Fig. S1A). Next, we ana
lyzed the homolog of VASt domain proteins in different 
species including S. cerevisiae, Homo sapiens and M. oryzae. 
A multi-sequences alignment tree implied that the VASt 
domain of MoVast2 displayed more similarities to Sip3 and 
Lam1 of yeast (Fig. S1B, C).

To further characterize VASt domain proteins, we searched 
the full-length VASt domain proteins in S. cerevisiae, 
H. sapiens and M. oryzae using the Ensembl database. The 
results showed that different copies of VASt domain proteins 
exist in diverse species. There are six VASt domain proteins in 
S. cerevisiae, named Lam1, Ysp2, Sip3, Lam4, Lam5, and 
Lam6. Lam1 and Sip3 contain a BAR domain, a PH domain 
and a VASt domain. Ysp2, Lam4, Lam5, and Lam6 contain 
a GRAM domain and a VASt domain. However, Ysp2 and 
Lam4 contain two VASt domains. In H. sapiens, three VASt 
domain-containing proteins were identified and named 
GRAMD1A, GRAMD1B and GRAMD1C, all of which have 
a GRAM domain and a VASt domain. In contrast, only two 
VASt domain-containing proteins were found in M. oryzae. 
MoVast2 has an additional BAR structural domain and PH 
structural domain compared to MoVast1 (Fig. S1D). These 
results demonstrated that the VASt domain is conserved in 
many species and is frequently associated with lipid binding 
domains such as GRAM and PH, suggesting a functional link 
between VASt and lipid-binding domains.

MoVast2 interacts with MoVast1 and MoAtg8, and 
colocalized at the PAS

To explore the relationship between MoVast1 and MoVast2, 
we constructed the GFP-MoVast1 and MoVast2-Flag vectors 
and co-transferred them into the wild-type strain Guy11. The 
MoVast2-Flag bands were detected by immunoprecipitation 
in cells expressing GFP-MoVast1 but not those expressing 
only GFP, suggesting that MoVast1 interacts with MoVast2 

2 X.-M. ZHU ET AL.

http://fungi.ensembl.org/Magnaporthe_oryzae/Info/Index?db=core
http://fungi.ensembl.org/Magnaporthe_oryzae/Info/Index?db=core


in vivo (Figure 1A). The interaction of MoVast1 and MoVast2 
was also validated by bimolecular fluorescence complementa
tion (BiFC). Expression of chimeras containing MoVast2 
fused to the N terminus of Venus YFP and MoVast1 fused 
to the YFPC terminus resulted in a fluorescent signal indicat
ing that the split YFP halves were brought into proximity by 
the MoVast1-MoVast2 interaction (Figure 1B); neither 

construct expressed along with the MoPil1 vector resulted in 
a positive signal. Similarly, the DUAL split-ubiquitin system 
of yeast two-hybrid assays that was developed for the detec
tion of membrane protein interactions also revealed an inter
action between MoVast1 and MoVast2 based on growth on 
selective media plates (Figure 1C). Our previous studies found 
that MoVast1 can interact with MoAtg8. To examine the 

Figure 1. MoVast2 interacts with MoVast1 and MoAtg8. (A) The relationship between MoVast1 and MoVast2 was detected by co-immunoprecipitation (co-IP) assay. 
The MoVast2-Flag bands were detected following GFP-MoVast1 immunoprecipitation. (B) Bimolecular fluorescence complementation (BiFC) was employed to explore 
the interaction relationship between MoVast1 and MoVast2. The YFP signals can be observed in YFPN-MoVast2 and YFPC-MoVast2 co-transformed strains but not in 
YFPN-MoPil1 and YFPC-MoVast1, or YFPN-MoVast2 and YFPC-MoPil1 co-transformed stains. Bar: 10 μm. (C) The DUAL membrane system of yeast two-hybrid assay 
confirmed MoVast1-MoVast2 interactions. The yeast transformants with the indicated paired plasmids were diluted and cultured on the SD medium lacking leucine 
and tryptophan (SD-LW; selecting for transformants) and medium also lacking histidine and adenine (SD-LWHA; selecting for protein-protein interaction) for 4 days 
prior to imaging. pTSU2-APP with pNUBG-Fe65 was used as a positive control and Cub with Nubg-MoVast1, and Cub-MoVast2 with Nubg were used as negative 
controls. (D) The DUAL membrane system assay was adopted for testing the interaction between MoVast2 and MoAtg8. (E) A co-IP assay tested the interaction 
between MoVast2 and MoAtg8. (F) An affinity-isolation assay was adopted for examining the interaction between the VASt domains of MoVast2 (VASt2) and MoVast1 
(VASt1). GFP with VASt1-Flag was used as a negative control. (G) The affinity-isolation assay was used for verifying the interaction between the VASt domain of 
MoVast2 (VASt2) and MoAtg8.
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relationship between MoVast2 and MoAtg8, we also detected 
the interaction between MoVast2 and MoAtg8 using co- 
immunoprecipitation (co-IP) and yeast two-hybrid assay. 
Both co-IP and yeast two-hybrid assays confirmed the inter
action between MoVast2 and MoAtg8 (Figure 1D, E), indicat
ing that MoVast2 could interact with MoVast1 and MoAtg8.

As shown in Fig. S1C, MoVast1 contains a GRAM domain 
and a VASt domain whereas MoVast2 contains BAR, PH and 
VASt domains. To determine whether the VASt domain of 
MoVast2 is required for the interaction between MoVast1 and 
MoAtg8, we expressed the VASt domain of MoVast1and 
MoVast2, and full-length MoAtg8 using Escherichia coli DE3 
cells. The affinity-isolation assay showed that the VASt 
domain of MoVast2 interacted with both the VASt domain 
of MoVast1 and MoAtg8, indicating the VASt domain has 
a role in maintaining the relationship between MoVast1, 
MoVast2 and MoAtg8 (Figure 1F, G).

To explore the interaction sites of MoVast2 with MoVast1 
and MoAtg8, we used three markers, RFP-MoAtg17, RFP- 
MoAtg18 and RFP-MoPil1 to identify where MoVast2- 
MoVast1 and MoVast2-MoAtg8 interacted. The autophagy 
protein Atg17 has been reported to localize to the PAS, 
which is thought to be the organizing center for the formation 
of the sequestering vesicles, autophagosomes and Cvt vesicles 
that form during bulk and specific autophagy [34]. In 
humans, Atg18 was reported to deliver some phospholipids, 
such as phsophatidylinositol-3-phosphate to the PAS and 
functions as a novel PtdIns3P scaffold at the onset of auto
phagy. In addition, the Atg18 protein accumulates at the 
phagophore to form puncta structure, which is suitable to 
analyze levels of phagophore formation and thus assess mam
malian autophagy [35,36]. In yeast, Pil1 is a core eisosome 
protein, coordinates regulation of TORC2 signaling at MCC 
(membrane compartment occupied by Can1) domain [37]. In 
M. oryzae, we transferred the RFP-MoAtg17, RFP-MoAtg18, 
and RFP-MoPil1 to MoVast2-MoVast1 and MoVast2- 
MoAtg8 interaction strains, respectively. Interestingly, both 
the MoVast2-MoVast1 and MoVast2-MoAtg8 colocalized 
with MoAtg17 in M. oryzae (Figure 2A). In addition, the RFP- 
MoAtg18 formed puncta structures localized around the 
vacuole and partially colocalized with both the MoVast2- 
MoVast1 and MoVast2-MoAtg8 (Figure 2B). However, colo
calizations were not found in MoVast2-MoVast1 or MoVast2- 
MoAtg8 strains that co-expressed RFP-MoPil1 (Figure 2C). 
These results suggested that MoVast2 interacted with 
MoVast1 and MoAtg8 at the PAS, but not at the MCC 
domain.

Structure of the VASt2, VASt2-MoAtg8 and VASt2-VASt1 
complex in M. oryzae

To better understand the structure of VASt2 and the interac
tion surface between VASt2, VASt1 and MoAtg8, we con
structed the three-dimensional (3D) structures of VASt2, 
VASt1, VASt2-MoAtg8 and VASt2-VASt1 complexes using 
AlphaFold2, which is a recently developed protein predictive 
platform based on a machine learning method with high 
accuracy [38]. In the VASt2 model, there are six β sheets, 
three α helices and two Ω loops constructed by AlphaFold2 

with a pLDDT of 86.1. Following this, we also constructed the 
VASt1 model and found a pLDDT of 94.3 for VASt1, which 
has a similar structure to VASt2, although the sequence simi
larity in the secondary structure is not high (Figure 3A-C). 
Our previous studies found that VASt2 can interact with 
VASt1 and MoAtg8. To further confirm the interaction sur
face, we predicted the VASt2-VASt1 and VASt2-MoAtg8 
complexes using ColabFold based on AlphaFold2. The inter
action surface of VASt2-VASt1 and VASt2-MoAtg8 complex 
are displayed in Figure 3D and Figure 3E. In Figure 3D, the Ω 
loop areas of VASt2 had a contact surface with the α3 helix 
and the Ω loop areas of VASt1. In the VASt2-MoAtg8 com
plex, the β sheets of VASt2 were in contact with the Ω loop 
areas and the N terminus of MoAtg8. These results suggest 
that there is a difference in the interaction surface between 
VASt1 and MoAtg8.

MoVast2 is involved in the development and virulence of 
M. oryzae

To further confirm the function of MoVast2, we deleted the 
corresponding gene using a homologous recombination strat
egy and successfully obtained ΔMovast2, which was verified 
by southern blot (Fig. S2). A plasmid encoding GFP- 
MoVAST2 was transformed into the ΔMovast2 null mutant 
to generate the complemented wild-type control strain 
(∆Movast2-C). The ΔMovast2 strain showed slightly slower 
growth compared with the wild-type Guy11 strain at 25°C 
(Figure 4Ai). The ΔMovast2 mutant had reduced conidial 
production and altered conidial morphology, with most con
idia being short and curved (Figure 4Aii-iii, B-D).

The appressoria of M. oryzae plays a vital role in virulence 
by providing sufficient enough penetration turgor to infect 
their host [31]. To examine whether MoVast2regulates the 
development of appressoria in M. oryzae, we induced the 
appressoria on an artificial inductive surface and observed 
their morphology by microscopy. In the wild-type Guy11 
strain and the complemented ∆Movast2-C strain, nearly 80% 
of the appressoria were formed at 6 h post-inoculation (hpi), 
compared to 25% in ΔMovast2 (Figure 5A, B). Less than 50% 
of melanized appressoria could develop in the Movast2 
mutant at 12 h. In contrast, the Guy11 strain had melanized 
appressorium rates of over 80% at 12 h (Figure 5C). Next, we 
tested the pathogenicity of ΔMovast2 on rice leaves using 
conidia. As expected, the disease lesions were smaller in the 
ΔMovast2 mutant than in the wild-type Guy11 and comple
mented strains (Figure 5D-F). Finally, we studied the leaf 
sheath infection conditions at 24, 48 and 72 hpi to further 
explore the infection progression in the ΔMovast2 mutant. At 
24 hpi, the appressoria were formed and the invasive hyphae 
(IH) could infect the first cell of rice in the wild-type strain 
and the complemented strain, whereas almost no IH were 
found in ΔMovast2, although the appressoria had already 
formed. At 48 and 72 hpi, with the wild-type strains nearly 
80% of infection structures were formed and these had 
expanded to the neighboring cells. However, with ∆Movast2, 
only about 60% of the infected structures could be found, and 
this 40% was still limited to the initially infected cells at 
48 hpi. Even at 72 hpi, only 20% of the cells could be 
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expanded beyond two (Figure 5G, H). These results demon
strated that MoVast2 plays a role in appressoria development 
and virulence in M. oryzae.

MoVast2 responds to rapamycin and regulates 
autophagy

Our previous studies confirmed that MoVast1 negatively 
regulated TOR activity. In this study, we tested the role of 
MoVast2 in TOR regulation. When treated with rapamycin (a 
TOR kinase inhibitor) on CM medium at 25°C for 7 days, the 
ΔMovast2 mutant displayed stronger growth defects com
pared with the wild-type strains and the complemented 
ΔMovast2-C strain (Figure 6A, B). In yeast and animals, 
TORC1 acts as an upstream regulator that controls the auto
phagic process by phosphorylating the autophagic proteins 
Atg13 and Atg1, inhibiting their function [39]. To test 
whether MoVast2 affects TORC1 activity, we assayed the 
activity of TORC1 by the phosphorylation level of MoRps6, 

which is a reliable marker to measure TORC1 activity [40,41]. 
Immunoblotting assay found that the phosphorylation level of 
MoRps6 was significantly reduced when treated with rapamy
cin for 3 h and was restored at 6 hpi. However, in the 
ΔMovast2 mutant, the band of p-MoRps6 was weaker com
pared with the wild-type under CM conditions and drastically 
dropped after 3 h treatment with 100 ng/ml rapamycin and 
did not recover at 6 hpi (Figure 6C). These results indicated 
that the activity of TORC1 was impaired in the ΔMovast2 
mutant. To further explore the autophagy process, a plasmid 
expressing GFP-MoAtg8 was transformed into the wild-type 
and the ΔMovast2 mutant by in situ methods [42]. GFP 
puncta developed when the mycelium was cultivated in CM 
media for two days, and neither the wild-type nor the 
ΔMovast2 mutant strain showed any appreciable differences 
(Figure 6D, E). However, a part of GFP signaling was dis
covered in vacuoles in ΔMovast2 mutant, but not in the wild- 
type strain (Figure 6G). The GFP puncta were diminished in 
both strains following autophagy induction in SD-N medium 

Figure 2. Colocalization of MoVast2-MoVast1 and MoVast2-MoAtg8 in PAS. (Ai)The localization of MoVast2-MoVast1, MoVast2-MoAtg8, and RFP-MoAtg17 were 
observed by confocal microscopy. Bar: 10 μm. (Aii & Aiii) Fluorescence densities of MoVast2-MoVast1, MoVast2-MoAtg8, and RFP-MoAtg17 were analyzed using 
ImageJ software. (Bi) The localizations of MoVast2-MoVast1, MoVast2-MoAtg8, and RFP-MoAtg18 were observed by confocal microscopy. Bar: 10 μm. (Bii & Biii) 
Fluorescence densities of MoVast2-MoVast1, MoVast2-MoAtg8, and RFP-MoAtg18 were analyzed. (Ci) The localizations of MoVast2-MoVast1, MoVast2-MoAtg8, and 
RFP-MoPil1 were observed. Bar: 10 μm. (Cii & Ciii) Fluorescence densities of MoVast2-MoVast1, MoVast2-MoAtg8, and RFP-MoPil1 were analyzed.
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for 4 h; while fewer GFP puncta were found in the ΔMovast2 
mutant (Figure 6D).

To further confirm how MoVast2 regulates autophagy flux at 
the molecular level, we evaluated the content of GFP-MoAtg8 and 
free GFP using western blot. In this assay, a population of GFP- 
MoAtg8 is delivered to the vacuole inside autophagosomes; the 
MoAtg8 portion of the chimera is degraded, whereas GFP is 
relatively stable and can be monitored to reflect the level of 
autophagic flux. In the wild-type Guy11 strain, the basal level of 
autophagy was very low with almost no detectable free GFP at 

time zero. When induced for 4 h in SD-N medium, the free GFP 
band increased concomitant with a decrease in the full-length 
chimera. In contrast, there was a much higher level of free GFP 
starting at time zero in the ΔMovast2 mutant, indicating an 
elevated basal autophagy activity. In both strains there was an 
increase in GFP-MoAtg8 or free GFP following autophagy induc
tion, which corresponds to the increased expression of MoAtg8 
under these conditions; however, the increase in the ΔMovast2 
mutant was substantially greater than that seen with the wild-type 
strain (Figure 6F).

Figure 3. Structures of the VASt2, VASt2-MoAtg8 and VASt2-VASt1 complexes in M. oryzae. (A) 3D structure of the VASt domain of MoVast2. (Ai) The structure was 
constructed using ColabFold based on AlphaFold2. (Aii) Structure confidence of the VASt domain of MoVast2 by the colored polymers based on pLDDT (score = 86.1). 
(Bi) 3D structure of VASt domain of MoVast1. (Bii) structure confidence of the VASt domain of MoVast1 by the colored polymers based on pLDDT (score = 94.3). (C) 
The alignment structures of VASt1 in blue and VASt2 in red. (D) Predicted structure of the VASt2-VASt1 complex. (Di) Cartoon model of the VASt2-VASt1 complex. 
(Dii) Mesh model constructed by PyMOL software. (E) Predicted structure of the VASt2-MoAtg8 complex. (Ei) The cartoon model; (Eii) the mesh model.
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Conidial autophagy was recently discovered to be essential for 
M. oryzae’s pathogenicity [33]. To examine the role of MoVast2 in 
conidial autophagy progression, the autophagy flux in conidia was 
measured. In the ΔMovast2 mutant, the melanized appressorium 
formed after the conidia were induced for 12 h, during which time 
the majority of autophagosomes were destroyed in the conidium 
and new autophagosomes were produced in the appressorium. 
However, few green fluorescent dots were found in either conidia 
or appressoria at 12 h compared with the wild-type Guy11 strain 
(Figure 6H, I). These findings demonstrated that MoVAST2 dele
tion compromises the TOR activation and triggers an inappropri
ate autophagy pathway.

MoVast2 is involved in lipid homeostasis

Sip3, a protein that is homologous to MoVast2 in S. cerevisiae, 
is involved in the response to numerous environmental stres
ses and is sensitive to lipid synthesis inhibitors[26][]. To 
explore the roles of MoVast2 in M. oryzae, we exposed the 
ΔMovast2 strain to azoles and some lipid synthesis inhibitors. 
The ΔMovast2 strain showed resistance to these azoles when 
treated with 1 μg/ml triazolone, 0.25 μg/ml terbinafine, 
0.25 μg/ml tebuconazole, 0.5 μg/ml prochloraz, and 0.25 μg/ 
ml tebuconazole, which are broad-spectrum fungicides that 
suppress ergosterol production. Amphotericin B, which 

Figure 4. MoVast2 is involved in conidia development. (A) All strains were cultured on CM medium for 7 days at 25°C with a light-dark time of 16 h-8 h and were 
observed for (I) morphology, (ii) conidia and conidiophores, and (iii) morphology of conidia. Bar: 50 μm in Aii and 5 µm in Aiii. ∆Movast2-C, the complemented null 
strain. (B, C, D) The colony diameter, conidia and conidial diameter were calculated and analyzed using Prism 7.0 software. Asterisks represent statistically significant 
differences (** p < 0.01).
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disrupts the PM by attaching to ergosterols, however, reduced 
growth of the ΔMovast2 strain (Fig. S3A, B). These results 
indicated that sterols biosynthesis was disrupted. Then, we 

detected the content of sterols of the PM using filipin stain as 
described by Zhu et al [33]. In the ΔMovast2 strain, the filipin 
signal was significantly higher than the wild-type Guy11 and 

Figure 5. MoVast2 regulates appressoria development and virulence in M. oryzae. (A) Observation of appressorium morphology of Guy11, ΔMovast2, and the 
complemented strain. The conidia of the indicated strains were collected and diluted at 105 conidia/ml and dropped onto a hydrophobic plastic coverslip at 22°C for 
0 h, 6 h and 24 h, then observed using a microscope. Bar: 10 μm. (B) The appressorium formation rate was counted using Prism 7.0 and analyzed using a t-test; 
asterisks represent statistically significant differences (** p < 0.01). (C) The morphology statistics of appressoria in Guy11, ΔMovast2, and the complemented strain at 
12 hpi. Type 1 corresponds to the normal type with melanized appressorium; type 2 represents abnormal appressoria without melanization; and type 3 indicates no 
appressorium. Bar: 10 μm. (D) The disease lesions were tested in cut rice leaves using 1 × 105 spores/ml conidia of Guy11, ΔMovast2, and the complemented strain. 
(E) The conidia infection assay was used for testing the virulence in rice seedlings. (F) The lesion areas were counted and calculated using ImageJ and Prism 7.0 
software. (G) The sheaths incubation assay was employed for detecting the infection conditions of the indicated strains. Asterisks mark invasive hyphae. Bar: 50 μm. 
(H) The infection rate was quantified and statistically analyzed using Prism 7.0 software.
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the ΔMovast2-C strain, which indicated that the PM sterols 
were significantly higher in the ΔMovast2 strain than that in 
the Guy11 and ΔMovast2-C strains, implying that loss of 

MoVast2 led to accumulation of sterol content to increase 
the resistance to azoles (Fig. S3C, 3D). In addition, the cell 
membrane permeability was also increased in ΔMovast2 (Fig. 

Figure 6. MoVast2 responds to rapamycin and regulates autophagy. (A) The growth conditions of Guy11, ΔMovast2, and the complemented strain in CM medium 
and CM medium with 100 ng/ml rapamycin. (B) The relative growth rate was measured and analyzed with Prism 7.0. Asterisks represent statistically significant 
differences (** p < 0.01). (C) Western blot analysis of the phosphorylation of MoRps6 in the wild-type strain and ΔMovast2 mutant. The mycelia were cultured in CM 
medium for 2 days followed by induction with 100 ng/ml rapamycin for 3 and 6 h. Proteins were extracted with TCA-acetone-SDS and the phosphorylation of 
MoRps6 were measured using MoRps6 and p-MoRps6 antibody. (D) The autophagy level was evaluated using GFP-MoAtg8. The Guy11 and ΔMovast2 strains were 
marked with GFP-MoAtg8 and cultured in CM medium for 2 days and then transferred to SD-N medium for 4 h. Mycelia were stained with CMAC and observed by 
fluorescence microscopy with a GFP laser and UV laser. Bar: 10 μm. (E) Autophagosomes were counted in the Guy11 and ΔMovast2 strains. The data were calculated 
using Prism 7.0. (F) The autophagy flux was monitored with the GFP-MoAtg8 degradation processing assay. (G) Fluorescence densities of GFP-MoAtg8 and CMAC in 
Guy11 and ΔMovast2 mycelium vacuoles at CM condition were measured using ImageJ software. (H) The autophagy flux was observed in conidia and appressorium 
in cells expressing GFP-MoAtg8. Bar: 10 μm. (I) The autophagosomes of Guy11 and ΔMovast2 were counted in conidia. Data were calculated using Prism 7.0.
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S3E-G), indicating the content of sterols in the PM would 
affect cell membrane permeability.

Sterols and sphingolipids are two key factors to maintain 
PM homeostasis. We are interested in finding out if changing 
the sterol content can have an impact on sphingolipids. 
Accordingly, we further detected the changes of sphingolipids 
in the wild-type strain, the ΔMovast2 mutant, and the 
ΔMovast2-C strain. Surprisingly, the ΔMovast2 strain was 
highly sensitive to myriocin, which is a sphingolipid synthesis 
inhibitor that binds to serine palmitoyltransferase (Spt1) and 
inhibits its activity (Figure 7(A and B)). When the ΔMovast2 
strain was exposed to 2 μM myriocin, at which concentration 
appressoria could still develop; however, the mutant showed 
very little pathogenic potential compared to Guy11 and the 
ΔMovast2-C strains (Figure 7C). These results suggested that 
loss of MoVast2 leads to accumulation of sterol content on 
PM, thereby inhibiting sphingolipid synthesis. As shown in 
Figure3A, ΔMovast2 strain displayed higher resistance to ster
ols synthesis inhibitors. We wonder if inhibition of sterol 
synthesis would affect sphingolipid homeostasis. Therefore, 
we added both 1 μg/ml triazolone and 2 μM myriocin to 
CM medium and added the same concentration DMSO to 
CM medium as a control. After 7 days of culture, we were 
surprised to find that the ΔMovast2 strain was loss sensitive to 
myriocin when treated with 1 μg/ml triazolone compared with 
the wild type (Figure 7D, E), suggesting that a decrease in 
sterol content increases Spt1 activity. However, the reduction 
in the content of PM sterol by triazolone could not increase 
the activity of Spt1 in the wild-type strain (Figure 7D). These 
results indicated that activity of MoVast2 plays crucial roles in 
lipid homeostasis and deletion of MoVAST2 causes sterols 
reflux blockage, thereby decreasing the activity of Spt1.

To further confirm the role of MoVast2 in lipid homeostasis, 
we evaluated the lipids contents explored by lipidomic analyses. 
The list of lipids quantified in this experiment was shown in the 
Data Sheet S1, of which 768 lipids were quantified and 88 lipids 
showed a significant difference between wild-type and ΔMovast2 
(fold change > 1.5, BH adjusted p value < 0.05) (Figure 8A). 
Pathway enrichment analysis of KEGG showed that the dysre
gulated lipids such as PE, sterols, TAG, Cer and PI are involved 
in lipid metabolism, autophagy, fatty acid metabolism and ster
oid biosynthesis among other processes (Figure 8B). We mainly 
focused on the lipid classes of sphingolipids and sterols and 
found that sphingolipids Cer(d18:0/18:0), Cer(t18:0/22:0), Cer 
(d18:2/16:0), and Cer(d18:1/16:0) were significantly reduced in 
Δmovast2. However, the phospholipids PE(18:0/16:0), PE(14:0/ 
18:1), PE(18:1/16:1), PE(O-16:0/18:2), PE(O-16:0/18:3), and 
sterol lipids ergosterol, 4α-carboxy-zymosterol, 9(11)-DHEP, 
and strophasterol e/f were significantly elevated in ΔMovast2 
compared to the wild type (Figure 8C-E). These results further 
confirmed that the loss of MoVast2 dysreguated lipid home
ostasis and autophagy.

Both TORC1 and TORC2 are compromised in the 
ΔMovast2 strain

The TORC2 complex controls sphingolipid biosynthesis in 
yeast and mammalian cells. The AGC kinase Ypk1 is 

downstream of TORC2 and phosphorylates Orm1 and 
Orm2, and Lac1 and Lag1 to promote ceramide biosynthesis 
and thereby synthesize complex sphingolipids [43,44]. In 
yeast, the T662 site of Ypk1 was directly phosphorylated by 
TORC2, and thus the level of Ypk1 phosphorylation at T662 
was used to monitor TORC2 activity [45]. In M. oryzae, the 
S619 site of MoYpk1 was conserved with yeast T662 and 
confirmed to be phosphorylated by TORC2 [33]. Thus, we 
used a western blot to determine the degree of MoYpk1 
phosphorylation to corroborate the association between 
TORC2 and MoVast2. We found that the phosphorylation 
level of MoYpk1 was lower in the ΔMovast2 mutant than in 
the wild type. Then, we continued to monitor the activity of 
TORC2 after treating cells with 2 μM myriocin for 2 and 4 h 
in CM medium. However, the phosphorylation level of 
MoYpk1 was still decreased compared with the wild type 
(Figure 9A). We thus hypothesized that MoVast2 acts as an 
upstream regulator to modulate TORC2.

The ΔMovast2 strain was sensitive to rapamycin 
(Figure 6A), indicating the activity of TORC1 was disturbed. 
Therefore, we also detected TORC1 activity by the phosphor
ylation level of MoRps6. The phosphorylation level of 
MoRps6 was still lower when cells were treated with 2 μM 
myriocin for 2 and 4 h in the ΔMovast2 mutant (Figure 9B), 
indicating that MoVast2 regulates both TORC1 and TORC2. 
We examined the activity of TORC1 and TORC2 in response 
to rapamycin therapy to understand the connection between 
TORC1 and TORC2. Both in the ΔMovast2 strain and Guy11, 
the phosphorylated bands of p-MoRps6 significantly dimin
ished after 100 ng/ml rapamycin was administered for 2 and 
4 h. However, the phosphorylated bands of p-MoYpk1 had no 
significant change in the ΔMovast2 and Guy11 strains 
(Figure 9C, D), indicating that TORC2 acts as an upstream 
regulator of TORC1 and was independent of TORC1.

The high osmolarity glycerol (HOG) pathway constitutes 
an obvious candidate to couple osmotic stress to TORC2 in 
S. cerevisiae [45–47]. Our previous studies demonstrated that 
MoVast1 is involved in hyperosmotic stress [33]. In 
M. oryzae, MoOsm1 (a homolog to yeast Hog1) kinase gov
erns adaptive responses to host-derived ROS and is essential 
for the organism during hyperosmotic stress [48]. We cul
tured the wild-type, ∆Movast2, and the complemented strain 
∆Movast2-C strains on CM medium with 1 M sorbitol for 
7 days at 25°C to determine if ΔMovast2 responds to hyper
osmotic stress by controlling the phosphorylation of 
MoOsm1. The relative growth rate was significantly reduced 
compared with the complemented strain ΔMovast2-C 
(Figure 9E, F). In the wild-type Guy11 strain, the phosphor
ylation level of MoOsm1 (p-MoOsm1) was found by immu
noblotting to have rapidly elevated after 20 min of induction 
and progressively decreased after 120 min. However, the 
p-MoOsm1 was maintained at a high level from 20 min to 
120 min after hyperosmotic stress in the ΔMovast2 strain 
(Figure 9G). To understand the function of TORC2 in the 
reaction to hyperosmotic stress we examined the level of 
MoYpk1. MoYpk1 showed decreased phosphorylation after 
being exposed to 1 M sorbitol for 20, 40 and 60 min; with 
a partial restoration at 120 min in the Guy11 strain. However, 
the p-MoYpk1 bands were very weak in the ΔMovast2 mutant 
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(Figure 9H). These findings showed that the activity of 
TORC2 decreased both in wild-type Guy11 and ΔMovast2 
under hyperosmotic stress. However, the phosphorylation of 
MoOsm1 steadily increased in the ΔMovast2 strain, suggest
ing that the osmo-sensor(s) upstream of TORC2 may be 
regulated by MoVast2.

The localization of MoVast1 is disturbed in the ΔMovast2 
mutant

Both MoVast2 and MoVast1 contain the VASt domain and 
have a similar role in appressoria formation, lipid homeostasis 
and autophagy. Therefore, we were interested in learning if 

Figure 7. MoVast2 is involved in lipid homeostasis. (A) The wild-type Guy11, ΔMovast2, and complemented strains in CM medium and CM medium with 2 μM 
myriocin. (B) The relative growth rate of the indicated strains. Data were analyzed using Prism 7.0, Asterisks indicated statistically significant differences (** p < 0.01). 
(C) The disease lesions were tested on cut barley leaves with 2 μM myriocin. The sheath infection was observed using a microscope when treated with 2 μM myriocin. 
Bar: 50 μm. (D) The wild-type Guy11, ΔMovast2, and complemented strains in CM medium and CM medium with 1 μg/ml Triadimefon and 1 ug/ml Triadimefon 
mixed with 2 μM myriocin. (E) The relative growth rate of the indicated strains. Data were analyzed using Prism 7.0, and asterisks indicated statistically significant 
differences (** p < 0.01).
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MoVast2 and MoVast1 were redundant. To make this deter
mination, we knocked out the MoVAST1 gene in the 
ΔMovast2 mutant and successfully obtained ΔMovast1 
ΔMovast2 double mutants. However, the phenotype of 
ΔMovast1 ΔMovast2 was similar to ΔMovast1 and no more 
severe characteristic was found (Fig. S4). We suspect an inde
pendent role or potential relationship between MoVast1 and 

MoVast2. Next, we transformed plasmids expressing GFP- 
MoVast2 and RFP-MoVast1 into the Guy11 strain to observe 
the localization between MoVast1 and MoVast2. In conidia, 
the green dots and red dots appeared after 2 h on the artificial 
inductive surface and the two fluorescent signals coincided 
completely (Figure 10A). We also observed the localization of 
MoVast1 and MoVast2 in the appressoria. At 12 hpi, the 

Figure 8. Lipidomics evaluated the lipids contents in ΔMovast2. (A) Heatmap showing the significantly different features in lipid profiles of ΔMovast2 compared with 
the wild-type Guy11 strain (Red indicated higher and blue represented lower among these lipids). (B) KEGG enrichment analysis showed the significantly different 
lipids involved in autophagy, lipid metabolism, steroid biosynthesis and other lipid metabolism pathways. (C, D, E) The relative content of PE, Cer, and sterols was 
calculated using Prism 7.0.

12 X.-M. ZHU ET AL.



fluorescence gathered in the conidia and more punctate fluor
escence appeared in the appressoria. At 24 hpi, both GFP- 
MoVast2 and RFP-MoVast1 disappeared in the conidia and 
the punctate fluorescence gathered in the appressoria. This 
localization condition also appeared in hypha (Figure 10B). 
These results demonstrated that MoVast1 and MoVast2 may 
cooperate to regulate the pathogenicity of M. oryzae.

To examine whether MoVast1 and MoVast2 undergo cross- 
talk in M. oryzae, we transformed GFP-MoVast1 into the 
ΔMovast2 mutant and transformed GFP-MoVast2 into the 
ΔMovast1 mutant. We found that the GFP-MoVast1 punctate 
fluorescence significantly decreased in the ΔMovast2 mutant. 
However, neither the ΔMovast1 mutant nor the wild-type strain 
Guy11 showed any differences for GFP-MoVast2 (Figure 10C, D).

The C terminus of MoVast2 is essential for its function

Previous studies found that the GRAM and VASt domain of 
MoVast1 have functions in conidiation, pathogenicity and 
localization. To explore the detailed functions of MoVast2, 
we constructed GFP-MoVast2, GFP-MoVast2(1–924) and 
GFP-MoVast2(1–1095) plasmids and transformed them into 
the ΔMovast2 mutant. The GFP-MoVast2 strain completely 
restored the defects of ΔMovast2, whereas the GFP-MoVast2 
(1–924) and GFP-MoVast2(1–1095) could not restore these 
defects (Fig. S5A, B). Next, we also observed the localization 
of GFP-MoVast2 in these strains. As expected, the GFP- 
MoVast2 strain displayed punctate fluorescence in conidia, 
while few puncta could be found in MoVast2(1–924) and 

Figure 9. Both TORC1 and TORC2 are compromised in ΔMovast2. (A) Detection of TORC2 activity. The mycelia were cultured in CM medium for 2 days with the 
addition of 2 μM myriocin to induce for 2 and 4 h. The proteins were extracted by TCA-acetone-SDS and the phosphorylation of MoYpk1 was measured using 
MoYpk1 and p-MoYpk1 antibody. (B) The activity of TORC1 was detected when being treated with 2 μM myriocin for 2 and 4 h. (C) The phosphorylation level of 
MoYpk1 was assessed after treatment with 100 ng/ml rapamycin for 2 and 4 h. (D) The phosphorylation level of MoRps6 was measured after being treated with 
100 ng/ml rapamycin for 2 and 4 h. (E) Hyperosmotic stress was implemented. The wild-type Guy11, ΔMovast2, and the complemented strain on CM medium and CM 
medium containing 1 M sorbitol were cultured for 7 days. (F) The relative growth rate was analyzed. Asterisks represent significant differences (** p < 0.01). (G) The 
phosphorylation level of MoOsm1 was detected when being treated with 1 M sorbitol for 20, 40, 60, and 120 min. (H) The activity of TORC2 was detected under 
hyper-osmotic stress conditions.
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GFP-MoVast2(1–1095) (Fig. S5C). These results indicated 
that the C terminus of MoVast2 is essential for its function. 
As previous studies showed, the VASt domain of MoVast1 
plays essential roles in conidiation, pathogenicity and locali
zation. Thus, we further explored the C terminal functions of 
MoVast1. Unexpectedly, the deficiencies of ΔMovast1 were 
nevertheless restored when the C terminus of that protein was 

lost (Fig. S5D). These results suggested that MoVast2 and 
MoVast1 play distinct functions in M. oryzae.

Discussion

Autophagy is a crucial cellular signaling process that is con
served across all eukaryotes, including fungi, plants, and animals 

Figure 10. The localization of MoVast1 is disturbed in the ΔMovast2 mutant. (A) The localization of MoVast1 and MoVast2 were observed during the appressorium 
formation stages. (I) The GFP-MoVast2 and RFP-MoVast1 were co-transformed into the wild-type strain and the localization conditions were observed using confocal 
microscopy. Bar: 10 μm. (ii–iv) Fluorescence densities of GFP-MoVast2 and RFP-MoVast1 in conidia, and appressoria at 12 h and 24 h were analyzed using ImageJ 
software. (Bi) The localization of MoVast1 and MoVast2 was observed in the mycelium. Bar: 10 μm. (Bii) Fluorescence densities of GFP-MoVast2 and RFP-MoVast1 in 
mycelium were measured using ImageJ software. (C) The localization of GFP-MoVast2 in the wild-type and ∆Movast1 mutant. Bar: 10 μm. (D) The localization of GFP- 
MoVast1 in the wild-type and ∆moVast2 mutant. Bar: 10 μm.
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[49,50]. To ensure cell viability, the autophagy mechanism 
breaks down undesirable substances such as protein aggregates, 
damaged mitochondria, and even viruses [51–53]. In plant 
pathogenic fungi, autophagy proteins have been well studied in 
many species such as M. oryzae, Fusarium graminearum, 
Ustilago maydis and Botrytis cinerea [54–60]. In M. oryzae, the 
appressorium is a key infection structure that generates an 
enormous pressure of up to 8.0 Mpa in order to penetrate cell 
cuticles [31]. During the appressorium formation stage, the 
conidium is broken down by autophagy and the degraded mate
rials are delivered to the appressorium to generate enormous 
pressure. Disruption of core autophagy proteins results in 
appressorium formation defects and loss of pathogenicity in 
M. oryzae [56]. Despite lacking a typical infection structure, 
autophagy is nonetheless necessary for F. graminearum to 
achieve full virulence and is even involved in toxin biosynthesis 
[61]. In recent years, some new regulators of autophagy were 
identified, such as the carbon responsive regulator MoAbl1, the 
glutaminolysis regulator MoAsd4, the deacetylation protein 
MoSnt2, and the sterol binding protein MoVast1, which have 
helped us better understand the autophagy regulation mechan
ism in plant pathogenic fungi [33]. In this study, we identified 
another autophagy regulator, MoVast2, in M. oryzae. Our stu
dies showed that MoVast2 is involved in appressorium develop
ment and the activity of TORC1 and TORC2. MoVast2 is crucial 
for the functions of MoVast1 in cell localization and response to 
hyperosmotic stress.

TOR, as a highly conserved protein kinase, plays vital roles 
in many cell processes, such as cell growth, ribosome biogen
esis, cell mitosis and autophagy [39,62–66]. In most eukaryotes, 
only a single gene exists, while some fungi such as yeast contain 
two TOR genes [67]. TOR assembles into two distinct multi
protein complexes, TORC1 and TORC2, in both yeast and 
animals [4,68–71]. The major regulators directing the trans
mission of cellular growth signals and the advancement of 
autophagy have previously been identified as TORC1 and are 
well understood. The roles of TORC2, however, received rela
tively little attention. Recent research has identified TORC2 as 
a key regulator for preserving cell surface homeostasis [4]. In 
pathogenic fungi, TOR signaling was also studied in recent 
years and was shown to play key roles in cell growth, cell 
mitosis, autophagy and virulence [40,41,72–77]. It is yet 
unknown how TOR controls these developments and if 
TORC1 and TORC2 are present in plant pathogenic fungi. 
Our previous studies found a sterol binding protein, 
MoVast1, which regulates PM sterol homeostasis to control 
PM tension and thereby coordinate the activity of TOR and 
autophagy in rice blast fungus [33]. In this study, we identified 
another VASt domain-containing protein, MoVast2, in 
M. oryzae. We found that MoVast2 also regulates the home
ostasis of sterols and sphingolipid and contributes to fungal 
development and pathogenicity. When the content of sterols is 
excessively accumulated in the PM, MoVast1 will bind 
MoVast2 to transfer sterols from the PM to the ER. 
Meanwhile, the high level of sterols in the PM further promotes 
TORC2 activity to produce more sphingolipids and activate 

TORC1 to launch cell mitosis and cell growth. When the 
MoVast2 is disrupted, the sterol reflux is blocked, which results 
in a high concentration of sterol in the PM and causes huge 
intracellular stress, thereby downregulating TOR activity and 
activating autophagy (Figure 11). These findings first high
lighted the functions of TORC1 and TORC2 in plant patho
genic fungi and then provided insight into the intricate 
processes by which MoVast1 and MoVast2 regulate M. oryzae.

In summary, this study identified another VASt domain- 
containing protein and analyzed the functions of MoVast2 in 
cell growth, appressorium development and the regulation 
mechanism in M. oryzae. MoVast2 has crucial functions in 
preserving PM homeostasis, TOR activity, and autophagy, just 
like MoVast1. Furthermore, we uncovered a critical link 
between MoVast2 and MoVast1 and MoAtg8. In M. oryzae, 
both MoVast2 and MoVast1 can interact with MoAtg8 at the 
PAS and the function of MoVast1 is dependent on MoVast2. 
Disruption of MoVast2 leads to mislocalization of MoVast1. 
Our research has further verified the specific functions of 
VASt-containing proteins in M. oryzae, and future work will 
examine the two VASt domain structures to create novel 
treatment approaches to combat the rice blast fungus.

Materials and methods

Generation of the mutant and complemented strains

In this study, the gene deletion strategy was based on homo
logous recombination of Agrobacterium tumefaciens-mediated 
transformation (AtMT). The knockout vector was designed 
using PKO3A by Lu et al. as described previously [78]. Briefly, 
upstream and downstream fragments of MoVast2 of approxi
mately 1000 bp were obtained separately by PCR with specific 
primers. Then the upstream gene fragment, the resistance 
gene fragment (HPH/BAR/SUR) and the downstream gene 
fragment were fused with cleaved PKO3A plasmids using 
recombinase exnase (Vazyme Biotech Co., Ltd, C113-02). 
The recombination cassettes were imported into the wild- 
type strain Guy11 using Agrobacterium tumefaciens C58 strain 
(AGL1; Shanghai Weidi Biotechnology Co., Ltd, AC1020) and 
the positive transformants were selected on complete medium 
(CM [33];) with 200 μg/mL hygromycin B (Sangon Biotech, 
A100607) and 0.5 μM 5-fluoro-2’-deoxyuridine (Sigma- 
Aldrich, F0503). The single-copy mutant was further verified 
by PCR and southern blot as previously described [33].

For southern blot analysis, the transformants were cultured in 
CM medium for 3 days and the whole DNA was extracted using 
CTAB buffer (50 mM CTAB [Sango Biotech, A600108], 1.4 M 
NaCl [Sango Biotech, A610476], 0.1 M Tris-HCl [Sango Biotech, 
B548127], 20 mM EDTA [Sango Biotech, B540625]). The 
digested whole DNA was labeled using the DIG-High Prime 
DNA Labeling and Detection Starter Kit II (Roche, 
11,585,614,910) following the manufacturer’s instructions [79].

Complemented strains with the PKD5-GFP/PKD3-GFP 
plasmid vector with the sulfonylurea resistance gene (SUR) 
were used [42]. The positive transformants were verified by 
western blot and fluorescence microscopy.
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Strains, culture conditions, and phenotypic analyses

The wild-type strain of M. oryzae, Guy11, was cultured on 
CM at 25°C under a 16–18 light-dark cycle [80]. For pheno
typic analyses, the wild-type strain Guy11, the ΔMovast2 
mutant and the complemented strain ΔMovast2-C were cul
tured on CM for 7 days and then the colony diameter and 
conidia production were measured. For conidia germination 
and appressorium formation assays, the conidia were gathered 
and diluted to 1 × 105 conidia/mL and then dropped onto 
glass slides and artificial hydrophobic films, respectively. After 
incubation at 22°C for 4 h and 24 h, the germination and 
appressorium formation rate were observed and counted 
using a Nikon microscope Ti-80. For the virulence test, the 
mycelium plugs were incubated on cut leaves of barley and 
cultured for 4 days at 25°C. For rice incubation assay, the 
spore suspensions (1 × 105 conidia/mL) were sprayed on two- 
week-old rice seedlings (International Rice Research Institute/ 
IRRI, CO39) and cultured at 22°C for 2 days and then trans
ferred to 25°C for 3 days.

Growth stress assay

To test the response of mutants to rapamycin, myriocin and 
sorbitol inhibitors, 100 ng/ml rapamycin (APExBIO, A8167), 
2 μM myriocin (APExBIO, B6064) and 1 M D-Sorbitol 
(Sangon Biotech, A100691) were added to the CM medium 
and the same concentration of DMSO as a control was added. 
The wild-type strain Guy11, the ΔMovast2 mutant and the 
complemented strain ΔMovast2-C were incubated in the pre
sence of these inhibitors and cultured for 7 days at 28°C in 
dark conditions. Every sample was repeated 3 times and the 
relative growth rates were calculated using the formula: 

growth rate = (the diameter of the strain treated with chemi
cals)/(the diameter of the untreated strain) [42].

Autophagy flux detection

To monitor autophagic flux, the GFP-MoAtg8 fragment with 
1000 bp of upstream and downstream fragments were fused to 
the PKO3A vector and then introduced into the Guy11 and 
ΔMovast2 mutant strains using Agrobacterium tumefaciens. 
The in situ transformants were verified by PCR and fluores
cence microscopy. For the autophagy degradation assay, the 
wild-type strain Guy11 and the ΔMovast2 mutant with GFP- 
MoAtg8 were cultured on CM medium for 7 days, then 
transferred to CM liquid medium and incubated at 150 rpm 
for 48 h at 25°C and transferred to SD-N medium for 2 and 
4 h induction. Autophagosomes were observed by fluores
cence microscopy with a green laser at 488 nm.

Immunoblotting analysis

For GFP-MoAtg8 detection, the mycelium was ground using 
liquid nitrogen and the proteins were extracted with protein 
lysis buffer (50 mM Tris-HCl, pH 7.6, 150 mM NaCl, 1% 
Triton X-100 [Sangon Biotech, A110694], 0.5 mM EDTA). 
The GFP and GFP-MoAtg8 fusion bands were detected with 
GFP antibody (1:10,000; Abcam, ab32146) after resolution on 
4–12% gradient SDS-PAGE gels.

Phosphorylation level analysis

For phosphorylation level detection, the wild-type strain 
Guy11 and the ΔMovast2 mutant were cultured in CM liquid 

TORC2

Ypk1

Sphingolipids

MoVast1

TORC2

Sphingolipids

Ypk1

Low PM tension condition High PM tension condition

ER

P

Sterols

MoVast2

TORC1

Autophagy

MoVast2 MoVast1

TORC1

Autophagy

Figure 11. The regulation model of MoVast2 in M. oryzae. MoVast2 is another PM-binding protein, which interacts with MoVast1 to maintain PM homeostasis in 
M. oryzae. MoVast2 binds MoVast1 to respond to the PM tension and regulates the activity of both TORC1 and TORC2. When the content of sterols was excessively 
accumulated in the PM, MoVast1 will bind MoVast2 to transfer sterols from the PM to the ER. Meanwhile, the high level of sterols in the PM further promotes TORC2 
activity to produce more sphingolipids and activate TORC1 to launch cell mitosis and cell growth.
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medium for 48 h at 25°C and the proteins were extracted by 
the TCA-acetone-SDS method. The phosphorylation level of 
Rps6 was examined by p-Rps6 and Rps6 antibody (Prepared 
by Abclonal Biotechnology Co., Ltd) and the phosphoryla
tion level of MoYpk1 was examined by p-MoYpk1 and 
MoYpk1 antibody (Prepared by Abclonal Biotechnology 
Co., Ltd).

Wide-target lipidomic analysis

For lipidomic analysis, the wild-type and ΔMovast2 strains were 
cultured in CM liquid medium at 25°C for 2 days, collected and 
dried using a freeze dryer. Two hundred μL of aqueous metha
nol (3:1, v:v) was added per 50 mg weight of sample and mixed 
with 1 mL of MTBE (methyl tert-butyl ether) at 4°C and shock 
extracted for 60 min; 200 μL of H2O was then added and left at 
room temperature for 10 min; after centrifugation at 4°C and 
16,000 g for 20 min, the supernatant was taken and 200 μL of 
SDT was used to re-solubilize the precipitated protein for 
quantification. The relative content of each sample was calcu
lated based on the amount of protein in the sample. The same 
quantitative supernatant was extracted from each sample for 
vacuum drying. The dried extracts were redissolved in 100 μL 
dichloromethane/methanol solution (1:1, v:v), centrifuged at 
4°C at 20,000 g for 15 min, and the supernatant was taken for 
LC-MS/MS analysis. The wide-target lipidomics was performed 
by Bioprofile, and detailed instrument parameters are the same 
as in previous studies [81].

Cell membrane permeability analysis

The cell membrane permeability detection was performed 
using the method of Zhang et al. with slight modifications 
[82]. Briefly, the conidia of each sample were gathered and 
6,010 g for 10 min. The precipitated conidia were resuspended 
with 1 ml PBS (Sango Biotech, B548117) and diluted to 
1 × 107 conidia/ml. Then the cells were grown at 25°C for 
24 h. After incubation, the samples were centrifuged at 9,391 g 
for 10 min, and the absorbance of the supernatant was read at 
260/280 nm using a UV–vis spectrophotometer and the con
tent of DNA and proteins was calculated.

Statistical analyses

The intensity of fluorescence was quantified using ImageJ 
software in fluorescence and immunoblot analysis. The results 
are presented as the mean ± standard deviation of at least 
three independent measurements. Statistical significance was 
determined using a two-sample Student’s t-test, performed 
with GraphPad Prism version 7.0. The p-value was used to 
assess the statistical significance of the results.
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