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ABSTRACT

Fatty acid p-oxidation is critical for fatty acid degradation and cellular development. In the rice blast fungus
Magnaporthe oryzae, fatty acid pB-oxidation is reported to be important mainly for turgor generation in the
appressorium. However, the role of fatty acid B-oxidation during invasive hyphal growth is rarely
documented. We demonstrated that blocking peroxisomal fatty acid p-oxidation impaired lipid droplet
(LD) degradation and infectious growth of M. oryzae. We found that the key regulator of pathogenesis,
MoMsn2, which we identified previously, is involved in fatty acid p-oxidation by targeting MoDCI1 (encoding
dienoyl-coenzyme A [CoA] isomerase), which is also important for LD degradation and infectious growth.
Cytological observations revealed that MoMsn2 accumulated from the cytosol to the nucleus during early
infection or upon treatment with oleate. We determined that the low-density lipoprotein receptor-related
protein MoLrp1, which is also involved in fatty acid B-oxidation and infectious growth, plays a critical
role in the accumulation of MoMsn2 from the cytosol to the nucleus by activating the cyclic AMP signaling
pathway. Our results provide new insights into the importance of fatty acid oxidation during invasive hyphal
growth, which is modulated by MoMsn2 and its related signaling pathways in M. oryzae.
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INTRODUCTION maintenance of cellular fatty acid homeostasis, excess free

fatty acids are toxic to cells (Rajvanshi et al., 2017; Olzmann
Fatty acids and their coenzyme A (CoA) esters play multipleroles 54 Carvalho, 2019). B-Oxidation is the principal means
in cellular processes as components of cellular lipids, carbon 1,y \which fatty acids are metabolized in cells. The mechanism
storage compounds in triacylglycerols, regulators of enzymes ¢ g-oxidation involves a set of four consecutive reactions
and membrane channels, ligands for nuclear receptors, and catalyzed by four major enzymes of fatty acid oxidation, along

signaling molecules (Poirier et al., 2006; Aliyu et al., 2019). with several other enzymes involved in degradation of
During an energy shortage, fatty acids released from lipid

droplets (LDs) through lipolysis or lipophagy are used by
mitochondria or peroxisomes for energy production via ] o o o
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p-oxidation and the citric. acid CYCIG. (Olz‘ma.nn and Carvalho, association with Cell Press, an imprint of Elsevier Inc., on behalf of CSPB and
2019). Although fatty acid B-oxidation is important for the CEMPS, CAS.
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unsaturated fatty acids (Wang et al., 2007). In yeasts and plants,
the peroxisome is the sole site of fatty acid metabolism; by
contrast, in other eukaryotes, including filamentous fungi, fatty
acid metabolism also occurs in mitochondria (Hiltunen et al.,
2003). Magnaporthe oryzae, the causative agent of the most
destructive disease of cultivated rice worldwide, is a typical
hemibiotrophic fungal pathogen (Ren and Schulz, 2003; Fatima
and Senthil-Kumar, 2015; Abdul et al., 2018; Aliyu et al., 2019).
Studies in M. oryzae have addressed the role of B-oxidation by
focusing on peroxisome or mitochondrion biogenesis, the
functions of multi-functional enzymes, and the contribution of
B-oxidation to intracellular fatty acid metabolism (Wang et al.,
2007; Patkar et al., 2012; Abdul et al., 2018; Aliyu et al., 2019).
Strains defective in B-oxidation and peroxisome or
mitochondrion biogenesis are impaired in appressorium
development and infection (Hiltunen et al., 20083; Poirier et al.,
2006; Goh et al.,, 2011; Fernandez et al.,, 2012; Wang et al.,
2015; Deng et al., 2016; Abdul et al., 2018; Aliyu et al., 2019).

LDs, as cellular storage organelles, are highly dynamic and play a
central role in lipid and energy homeostasis; they are composed
of triacylglycerols (TAGs) and steryl esters in fungi (Graef, 2018;
Jarc and Petan, 2019; Olzmann and Carvalho, 2019). LDs are
thought to serve multiple functions within the cell: as a fuel
involved in metabolic processes and membrane biosynthesis,
as protein modifiers and signaling molecules, and as
scavengers that protect against lipotoxicity by sequestering
fatty acids (Kohlwein et al., 2013; Olzmann and Carvalho,
2019; Monson et al., 2021). Lipotoxicity is a pathophysiological
process triggered by lipid overload that leads to organ
dysfunction and cell death and is intimately linked to lipid-
associated diseases such as cardiac dysfunction, cancer, and
metabolic syndrome (Chang et al., 2015; Rockenfeller et al.,
2018; Rockenfeller and Gourlay, 2018). Importantly, LD
biogenesis and degradation are tightly coupled to cellular
metabolism and are critical for buffering the levels of toxic lipid
species (Olzmann and Carvalho, 2019). Inhibition of target of
rapamycin in the Fusarium head blight fungus by rapamycin
induces LD biogenesis through the FgPpg1/Sit4 signaling
branch, leading to serious defects in vegetative growth, sexual
development, and virulence (Liu et al., 2019). On the other
hand, blocking autophagy inhibits LD degradation and causes
an abnormal accumulation of LDs (Zienkiewicz and
Zienkiewicz, 2020; Fu et al., 2021). Likewise, blocking fatty
acid pB-oxidation also causes abnormal LD accumulation
(Rockenfeller and Gourlay, 2018; Jarc and Petan, 2019;
Olzmann and Carvalho, 2019). Knockdown of the key
peroxisomal fatty acid B-oxidation enzyme acyl-CoA oxidase
1 as well as treatment with the peroxisomal fatty acid f-oxidation
inhibitor thioridazine specifically suppresses the oxidative respi-
ration of persister cells and significantly impairs the hydrolysis of
LDs (Shen et al., 2020). In mammalian cells, cyclic AMP (cAMP)
signaling also regulates lipid metabolism, and inhibition of
adenylate cyclase activity hinders cAMP synthesis and
decreases lipolysis (Choi et al., 2006; Ravnskjaer et al., 2016).
In response to elevated cAMP levels, several key regulators of
lipolysis are activated, such as adipocyte-specific triglyceride
lipase and the LD-associated protein perilipin (Brasaemle
et al., 2009; Pagnon et al., 2012; Ravnskjaer et al., 2016). In
summary, dysregulation of LD formation and/or degradation
has been implicated in a wide variety of human and plant
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diseases (Greenberg et al., 2011; Liu et al., 2019; Shen et al.,
2020; Wu et al., 2020).

LDs are dynamically synthesized and broken down in response to
cellular and environmental signals (Petan et al., 2018; Jarc and
Petan, 2019). Their accumulation is induced in cells exposed to
excess amounts of lipids, nutrient stress, and various other
conditions characterized by energetic and redox imbalances
(Walther and Farese, 2012; Jarc and Petan, 2019). Response to
environmental signals or stress requires a complex network of
sensing and signal transduction mechanisms that include
transcriptional regulation of genes (Rajvanshi et al., 2017). We
found previously that the transcription factor (TF) MoMsn2
regulates the expression of a series of downstream genes and
controls vegetative growth, conidiogenesis, cell wall integrity,
stress response, mitochondrial morphology, and pathogenicity.
Chromatin immunoprecipitation sequencing data revealed that
MoMsn2 targets several genes involved in the B-oxidation
pathway and likely plays a role in fatty acid metabolism (Zhang
et al., 2014; Xiao et al., 2021). In this study, we demonstrate that
MoMsn2 is involved in fatty acid B-oxidation by directly
regulating its target gene MoDCI1, which encodes a dienoyl-
CoA isomerase, and that MoMsn2 accumulates from the cytosol
to the nucleus to promote fatty acid degradation, thereby facili-
tating invasive hyphal growth during the early infection stage.
Further investigation revealed that the cAMP signaling pathway
activated by MoLrp1 is required for accumulation of cytosolic
MoMsn2 in the nucleus. Deletion of MoLRP1, MoMSN2, or
MoDCI1 or treatment with the peroxisomal fatty acid B-oxidation
inhibitor thioridazine eventually leads to excessive accumulation
of LDs and restricted infectious growth in rice. Our findings pro-
vide novel insights into the metabolic network that underlies fatty
acid B-oxidation in M. oryzae during infection.

RESULTS

Impairment of peroxisomal fatty acid -oxidation
restricts infectious growth of M. oryzae

To investigate the relationship between fatty acid p-oxidation and
pathogenicity of M. oryzae, we first evaluated the pathogenicity of
the wild type Guy11 after treatment with the peroxisomal fatty
acid B-oxidation inhibitor thioridazine (Thi) and found that it was un-
able to induce the defense response of rice (Supplemental
Figure 1). Conidia treated with Thi caused fewer and smaller
lesions with restricted invasive hyphal growth on rice compared
with the untreated control (Figure 1A-1C). Because blocking fatty
acid p-oxidation also causes abnormal LD accumulation
(Rockenfeller and Gourlay, 2018; Jarc and Petan, 2019; Olzmann
and Carvalho, 2019), we then asked whether such decreased
virulence was associated with dysregulation of LD degradation
by examining the quantity of LDs in the invasive hyphae. The
number of LDs was significantly higher in the Thi treatment
compared with the control (Figure 1D and 1E). We next analyzed
the content of free fatty acids and the quantity of LDs using
BODIPY 493/503, which is often used as a dye for lipid staining
(Liu et al., 2019). We found that the content of free fatty acids and
the number of LDs were clearly higher under Thi treatment
(Figure 1F—1H). These findings suggest that peroxisomal fatty
acid B-oxidation is critical for LD degradation and infectious
growth of M. oryzae.
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Figure 1. Impairment of peroxisomal fatty acid B-oxidation restricts infectious growth of M. oryzae.

(A) Pathogenicity assay. Conidial suspensions of wild-type Guy11 treated with or without thioridazine (Thi) were sprayed onto susceptible rice seedlings,
which were photographed 5 days after incubation (dai). The final concentration of Thi was 0.001 mg/ml.

(B) Quantification of lesion types at 5 dai (1, pinhead-sized brown specks; 2, 1.5-mm brown spots; 3, 2- to 3-mm gray spots with brown margins; 4, many
elliptical gray spots longer than 3 mm; 5, coalesced lesions). The number of lesions was counted within an area of 4 cm? on rice leaves. Error bars are SDs
of three biological replicates, and asterisks indicate significant differences by two-tailed Student’s t-test at *p < 0.05 and *p < 0.01.

(C) Conidial suspensions treated with or without Thi were injected into detached rice sheaths, and we statistically analyzed the percentage of invasive
hypha (IH) types (type 1, no penetration; type 2, with penetration peg; type 3, with a single invasive hypha; type 4, with extensive hyphal growth) at 32 h
post inoculation (hpi). Error bars are SDs of three biological replicates. Statistical analysis was performed by two-tailed Student’s t-test. Scale bar, 20 um.
(D) LDs were examined in Guy11 treated with or without Thi in IHs stained with BODIPY 493/5083. Scale bar, 20 um.

(E) Quantitative analysis of LDs in IHs of Guy11 treated with or without Thi. Fluorescence images were taken in 1 x 10* um? from 50 fields of view in each
strain using ImageJ, and the number of LDs is represented by a box-dot plot. Statistical analysis was performed by two-tailed Student’s t-test using
GraphPad Prism 8.0.1, and asterisks represent significant differences at **p < 0.01.

(F) Quantification of free fatty acids in Guy11 treated with or without Thi. Error bars are SDs of three biological replicates, and asterisks represent sig-
nificant differences by two-tailed Student’s t-test at *p < 0.01.

(G) LDs were examined in Guy11 treated with or without Thi in vegetative hyphae stained with BODIPY 493/503. Fluorescence images were obtained
using the 3D reconstructed confocal z stack method with 20 photos. Scale bar, 100 um.

(H) Quantitative analysis of LDs in Guy11 treated with or without Thi. Fluorescence images were taken in 1 x 10* um? from 25 fields of view in each strain
using ImageJ, and the number of LDs is represented by a box-dot plot. Statistical analysis was performed by two-tailed Student’s t-test using GraphPad
Prism 8.0.1, and asterisks represent significant differences at *p < 0.01.

MoMsn2 is involved in fatty acid oxidation

Our previous study demonstrated that the TF MoMsn2 plays pleio-
tropic roles in M. oryzae by modulating the expression of a series of
genes (Zhang et al., 2014; Xiao et al., 2021). Our most recent
chromatin immunoprecipitation sequencing data revealed that
MoMsn2 likely plays a role in fatty acid metabolism by targeting
several fatty acid p-oxidation-related genes, including
MGG_07019 (4-coumaryl-CoA ligase), MoPOX1, and MoDCI1

(Xiao et al., 2021). Therefore, we first investigated whether
MoMsn2 is involved in fatty acid oxidation. The wild type Guy11,
the AMomsn2 mutant, and the complemented transformant
MoMSN2-C were inoculated onto minimal medium (MM) plates
containing fatty acids with various chain lengths, including short-
chain (butyrate), medium-chain (laurate), and long-chain (oleate
[Ole] and olive oil [Oli]) fatty acids. After 7 days of incubation, the
growth rate of the AMomsn2 mutant was much lower than those
of the wild type and the complemented transformant on Ole and
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Figure 2. MoMsn2 is involved in fatty acid
oxidation.
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was performed by two-tailed Student’s t-test
using GraphPad Prism 8.0.1, and asterisks

represent significant differences at **p < 0.01. LDM, lipid droplet morphology. Black scale bar, 100 um; white scale bar, 1 pm.

(G) High-performance liquid chromatography (HPLC)-mass spectrometry analysis of the lipid profiles of Guy11 and AMomsn2. DAG, diacylglycerol; PA,
phosphatidic acid; PC, phosphatidylcholine; PE, phosphatidylethanolamine; PG, phosphatidylglycerol; Pl, phosphatidylinositol; PS, phosphatidylserine;
TAG, triacylglycerol. Means and SDs were calculated from four independent replicates. Asterisks indicate significant differences by two-tailed Student’s

t-test at *p < 0.05 and “*p < 0.01.

(H) Quantification of free fatty acids in Guy11, AMomsn2, and MoMSNZ2-C. Error bars are SDs of three biological replicates, and asterisks represent

significant differences by two-tailed Student’s t-test at *p < 0.05.

Oli plates but showed no apparent difference on butyrate and lau-
rate plates (Figure 2A and 2B), suggesting that MoMsn2 plays arole
in the oxidation of long-chain fatty acids.

The peroxisome is one of the main organelles in which fatty acid
B-oxidation occurs in filamentous fungi (Wang et al., 2007).
Therefore, we examined the morphology and quantity of
peroxisomes in Guy11, AMomsn2, and MoMSN2-C expressing a
red fluorescent protein (RFP)-Pts1 protein (RFP fused with peroxi-
somal targeting signal 1) (Zhong et al., 2016). Peroxisome
morphology was not markedly altered in the mutant, but
peroxisome number was significantly reduced (Figure 2C and
2D). LDs must be broken down into fatty acids, which are
subsequently metabolized via B-oxidation during infection-related
morphogenesis development of M. oryzae (Wang et al., 2007).

Therefore, the morphology and quantity of LDs were also
examined in hyphae of the mutant. The morphology of LDs was
apparently unchanged, but their numbers were significantly
higher in the mutant (Figure 2E and 2F). We next detected the
lipid profile and the content of free fatty acids in the AMomsn2
mutant. The lipidomic results showed that levels of phosphatidic
acid, phosphatidylinositol (Pl), diacylglycerol (DAG), and TAG (the
main component of LDs) were much higher in the AMomsn2
mutant than in the wild type Guy11, as was the content of free
fatty acids (Figure 2G and 2H). These results suggest that
MoMsn2 is important for fatty acid oxidation in M. oryzae.

MoMsn2 targets genes related to fatty acid B-oxidation

To explore the regulatory mechanism of MoMsn2 in fatty acid
oxidation, we first validated the relationship between MoMsn2

4 Plant Communications 4, 100561, July 10 2023 © 2023 The Author(s).
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Figure 3. MoMsn2 targets fatty acid
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and its potential target genes MGG_07019, MoPOX1, and
MoDCI1 using an electrophoretic mobility shift assay (EMSA).
The MoMsn2 protein and protein expressed by an empty vector
were confirmed by Coomassie brilliant blue staining before
use in this assay (Supplemental Figure 2). The results showed
that MoMsn2 binds to a putative promoter region 1500 bp
upstream of the start codons of these three genes. MoMsn2-
DNA complexes migrate more slowly than the DNA fragments
alone in an agarose gel without proteinase K treatment
(Figure 3A and 3B). We further confirmed the binding with a
luciferase activity assay by transient expression in Nicotiana
benthamiana. Strong luciferase activity was detected at the
infiltration sites co-expressing p35S-MoMSN2-GFP/p07019-
LUC, p35S-MoMSN2-GFP/pPOX1-LUC, and p35S-MoMSN2-
GFP/pDCI1-LUC. High luciferase activity was detected when ex-
pressing single p35S-LUC or co-expressing p35S-MoMSN2-
GFP/p35S-LUC or p35S-GFP/p35S-LUC. No luciferase activity
was detected when expressing single p35S-GFP, p35S-
MoMSN2-GFP, p07019-LUC, pPOX1-LUC, or pDCI1-LUC or
co-expressing p35S-GFP/p07019-LUC, p35S-GFP/pPOX1-
LUC, or p35S-GFP/pDCI1-LUC (Figure 3C). These results
indicate that MoMsn2 targets genes related to fatty acid
B-oxidation .

The target gene MoDCI1 is involved in fatty acid
oxidation and pathogenicity

To clarify the role of MGG_07019, MoPOX1, and MoDCI1 in fatty
acid oxidation and pathogenicity, we generated gene deletion
mutants using a gene replacement strategy and Southern blot
analysis (Supplemental Figure 3A-3C). In infection assays with

2] 35S NI
P6 R LUC D

was detected after 48 hpi. P1, negative control;
P3, positive control.

the resulting mutants, only the AModci1
mutant, but not A070719 or AMopox1,
showed reduced virulence (Supplemental
Figure 3D-3F). We therefore focused on
further studies with the AModci1 mutant.
Phenotypic analysis revealed that the
AModci1 mutant had vegetative growth,
conidium production, and appressorium
formation characteristics similar to those of the wild
type Guy11 and the complemented transformant MoDCI1-C
(Supplemental Table 1), but it showed defects in Ole and Oli
oxidation (Figure 4A). The expression level of MoDCI1
increased markedly in Guy11, but not in AMomsn2, under Ole
and Oli treatment (Figure 4B), suggesting that induction of
MoDCI1 expression by long-chain fatty acids requires the up-
stream regulator MoMsn2. Deletion of MoDCI1 resulted in fewer
peroxisomes, more LDs, and higher levels of phosphatidylgly-
cerol, Pl, DAG, TAG, and free fatty acids compared with Guy11
and MoDCI1-C, mimicking the AMomsn2 mutant (Figure 4C-
4F). Pathogenicity analysis revealed that AModci1 generally
caused smaller lesions with restricted growth of infectious
hyphae (IHs), whereas Guy11 and MoDCI1-C caused typical
coalescent lesions with extensive |Hs. Similar results were ob-
tained in infection assays with barley seedlings. The AModci1
mutant caused fewer blast lesions and green islands on barley
leaves (Figure 4G-4l). We also overexpressed MoDCI1 in the
AMomsn2 mutant and obtained the transformant AMomsn2/
DCI1, which had an MoDCI1 expression level 140-fold higher
than that of the wild type, Guy11. Phenotypic analysis
revealed that the growth rate on Ole plates, number of peroxi-
somes, and pathogenicity were partially restored in the
AMomsn2/DCI1 transformant (Supplemental Figure 4A-4F).
Further examination of cellular localization revealed that
MoDci1 was mainly distributed in the cytosol in vegetative
hyphae and conidia but localized in peroxisomes in
appressoria and IHs (Supplemental Figure 5A-5D). These
results suggest that MoDCI1 is a target of MoMsn2 in the
regulation of fatty acid oxidation and infectious growth in
M. oryzae.
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onto susceptible rice (r) and barley (b) seedlings
and photographed at 5 and 4 dai, respectively.

(H) Quantification of lesion types at 5 dai. The
number of lesions was counted within an area of
4 cm? on rice leaves. Error bars are SDs of three
biological replicates, and asterisks indicate sig-
nificant differences by two-tailed Student’s t-test
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the percentages of IH types (refer to Figure 1C) at 32 hpi. Error bars are SDs of three biological replicates, and statistical analysis was performed by two-

tailed Student’s t-test.

Cytosolic MoMsn2 accumulates from the cytosol to the
nucleus after treatment with long-chain fatty acids

The results above indicate that MoMsn2 functions in fatty
acid oxidation by targeting MoDCI1 in response to fatty acids.
To determine how MoMsn2 is involved in this process, we exam-
ined the localization pattern of MoMsn2 under various fatty
acid treatments. A strain co-expressing MoMsn2-GFP and H1-
RFP (histone H1 protein with RFP) in the wild type Guy11 was
generated. Fluorescence observations revealed that MoMsn2-
GFP was localized in the cytosol and nucleus under normal con-
ditions (MM-glucose) and accumulated from the cytosol to the
nucleus under NaCl treatment, consistent with our previous find-
ings (Zhang et al., 2014). MoMsn2-GFP also localized to the

6

cytosol and nucleus upon treatment with butyrate or laurate,
but it localized mainly in the nucleus in hyphae (65.4% + 5.3%)
and conidia (61.6% 8.5%) upon treatment with Ole
(Figure 5A and Supplemental Figure 6A). To confirm these
findings, we statistically analyzed the fluorescence signals of
MoMsn2-GFP after normalizing with H1-RFP signals in each
treatment and found that the ratios of the treatments with NaCl
and Ole were much higher than those of the treatments with
glucose, butyrate, and laurate in conidia (Supplemental
Figure 6B). Western blot analysis revealed that the abundance
of MoMsn2-GFP in the nucleus was higher in the NaCl and Ole
treatments than in the glucose, butyrate, and laurate treatments
(Supplemental Figure 6C). These results suggest that cytosolic

+
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Figure 5. Endocytosis mediated by MoLrp1
is important for MoMsn2 accumulation
from the cytosol to the nucleus under Ole
treatment.

(A and B) Hyphae of wild-type Guy11 and the
AMolrp1 mutant co-expressing MoMsn2-GFP
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(C) Hyphae of Guy11, AMolrp1, and the com-
plemented transformant MoLRP71-C with or
without chlorpromazine (Chl) treatment were
stained with FM4-64 and examined under a
confocal microscope. Insets highlight areas
analyzed by line scan. Scale bar, 10 um.
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(D) Hyphae of Guy11 and AMolrp1 co-expressing
MoMsn2-GFP and H1-RFP proteins were co-
treated with Chl and Ole for 10 min and
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(Boucher and Herz, 2011). To investigate
whether the translocation of MoMsn2
H induced by fatty acids is involved in an
i LRP1-dependent signaling pathway, we
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identified MoLrp1 (MGG_04076), the M.
oryzae homolog of mammalian LRP1,
and generated the AMolrp7 mutant
(Supplemental Figure 7A and 7B). We
obtained another strain by co-expressing
MoMsn2-GFP and H1-RFP proteins in
the AMolrp17 mutant and examined the
localization pattern of MoMsn2-GFP after
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MoMsn2 accumulates in the nucleus in response to long-chain
fatty acids.

The cytosol-to-nucleus accumulation of MoMsn2 upon
Ole treatment is defective in the AMolrp1 mutant

The low-density lipoprotein receptor (LDLR) family is a group
of endocytic receptors on the cell surface that bind and inter-
nalize extracellular ligands such as lipoproteins, exotoxins, and

Plant Communications 4, 100561, July 10 2023 © 2023 The Author(s).

treatment with glucose (as a control) or
Ole. In the glucose treatment, the AMolrp1
mutant showed no apparent differences in
the localization pattern of MoMsn2-GFP,
indicating that MoLrp1 does not regulate
the localization of MoMsn2 under normal
conditions. After treatment with Ole,
cytosolic MoMsn2-GFP showed a defect in translocation
from the cytosol to the nucleus and instead remained in the
cytosol and nucleus of the mutant. By contrast, MoMsn2-
GFP accumulated from the cytosol to the nucleus in hyphae
and conidia of the wild-type strain upon treatment with
Ole (Figure 5B and Supplemental Figure 8A). The statistical
analysis of MoMsn2-GFP fluorescence signals after normaliza-
tion with H1-RFP and the results of western blotting further
supported our findings (Supplemental Figure 8B and 8C).
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These results suggest that accumulation of cytosolic MoMsn2
in the nucleus in the presence of long-chain fatty acids is
dependent on MoLrp1.

The role of MoLrp1 in endocytosis is important for
MoMsn2 accumulation

MoLrp1 is essential for translocation of MoMsn2 in the presence
of fatty acids, but the underlying mechanism remains unknown.
Because mammalian LRP1 plays a role in endocytosis, we first
evaluated endocytosis in the AMolrp1 mutant by FM4-64 stain-
ing. The ability to take up N-(3-triethylammoniumpropyl)-4-(p-di-
ethylamino-phenyl-hexatrienyl) pyridinium dibromide (FM4-64)
was greatly reduced in vegetative hyphae of the mutant
compared with those of the wild type Guy11 and the comple-
mented transformant MoLRP71-C, even after incubation for
15 min (Figure 5C). We then examined the localization pattern
of MoLrp1 in conidia and found that MoLrp1 was distributed
mainly in the endoplasmic reticulum, Golgi complex, and
endosomes on the basis of co-localization with MoLhs1 (an
endoplasmic reticulum marker protein), MoSft2 (a Golgi marker
protein), or FM4-64 stain (Supplemental Figure 9), respectively.
These results were consistent with the function of LRP1 in
mammalian cells (Bu et al., 1994). Mammalian LRP1 is a
membrane protein confined to clathrin-coated pits (Bu et al.,
1994; Lin et al., 2017), indicating that endocytosis mediated by
MolLrp1 is likely to be clathrin dependent. We therefore
examined endocytosis of wild-type Guy11 treated with
chlorpromazine (Chl; an inhibitor of clathrin-mediated endocy-
tosis; Rejman et al., 2005) and found that its ability to take up
FM4-64 was similar to that of the AMolrp1 mutant (Figure 5C).
We further examined the dynamics of MoMsn2-GFP in AMolrp1
and in Guy11 treated with Chl and found that MoMsn2-GFP
showed a defect in accumulation from the cytosol to the nucleus
in AMolrp1 and Guy11+Chl under Ole treatment (Figure 5D).
These results suggest that the role of MoLrp1 in endocytosis is
important for MoMsn2 accumulation from the cytosol to the
nucleus under Ole conditions.

MolLrp1 is important for fatty acid oxidation and
pathogenicity

The results described above demonstrate that MolLrp1 is
important for endocytosis and translocation of MoMsn2 in
the presence of fatty acids, but whether it is involved in fatty
acid oxidation or pathogenicity remains unclear. Therefore,
we explored the biological role of MoLrp1 in M. oryzae. Pheno-
typic analysis revealed that vegetative growth, conidium pro-
duction, appressorium formation, and appressorium turgor of
AMolrp1 showed no obvious differences from those of
Guy11 and MoLRP1-C (Supplemental Table 2). Further
analysis revealed that AMolrp71 had a decreased growth rate
on Ole and Oli plates, fewer peroxisomes, more LDs, and
higher levels of Pl, TAG, and free fatty acids compared with
Guy11l and MoLRP1-C (Supplemental Figure 10A-10E).
Pathogenicity analysis revealed that AMolrp1 caused smaller
lesions, whereas Guy11 and MoLRP71-C caused numerous
coalescent lesions (Supplemental Figure 10F and 10G).
Further examination revealed that over 70% of cells infected
with AMolrp1 showed type 1-3 IH growth compared with
35%-40% of cells infected with Guy11 or MoLRP1-C. By
contrast, less than 30% of cells infected with AMolrp1 showed

Role of MoMsn2 in fatty acid oxidation

type 4 IH growth compared with over 60% with Guy11
and MoLRP1-C (Supplemental Figure 10H). These results
suggest that MoLrp1 functions in fatty acid oxidation and
pathogenicity.

Intracellular cAMP level mediated by MoLrp1 is crucial
for accumulation of MoMsn2 from the cytosol to the
nucleus

Several studies have reported an important role of cAMP in lipol-
ysis (Shepherd et al., 1981; Duncan et al., 2007; Ravnskjaer et al.,
2016). Lipolysis in mature adipocytes induced by lactoferrin is
regulated by controlling the activity of cAMP signaling
pathways via LRP1 (lkoma-Seki et al., 2015). To determine
whether such MoLrp1-dependent lipid metabolism is associated
with the cAMP pathway, we first measured the cAMP levels in
Guy11 and AMolrp1 with or without Ole treatment. The cAMP
level was significantly lower in the AMolrp1 mutant under normal
conditions but much higher in wild-type Guy11 than in the control
and mutant under Ole treatment (Figure 6A), indicating that
MoLrp1 plays an important role in activating the cAMP
signaling pathway in response to exogenous Ole. We next
investigated the pathogenicity of the AMolrp7 mutant with
cAMP treatment and found that the pathogenicity defect of the
mutant was greatly rescued (Figure 6B and 6C). We then
investigated whether the cAMP signaling mediated by MoLrp1
is related to accumulation of MoMsn2. MoMsn2-GFP dynamics
were examined in the wild-type strain and AMolrp1 mutant
treated with or without cAMP. Fluorescence observations re-
vealed that MoMsn2-GFP accumulated from the cytosol to the
nucleus upon treatment with cAMP or Ole in the wild-type strain,
but this accumulation was compromised upon co-treatment with
N-(cis-2-phenylcyclopentyl) azacyclotridecan-2-imine hydro-
chloride (MDL-12330A) (a type of adenylate cyclase inhibitor)
and Ole. MoMsn2-GFP was localized in the cytosol and nucleus
under normal conditions and under treatment with Ole in the
AMolrp1 mutant but accumulated from the cytosol to the nucleus
upon treatment with cAMP (Figure 6D). These results suggest
that the intracellular cAMP level mediated by MoLrp1 is crucial
for accumulation of MoMsn2 from the cytosol to the nucleus.

MoMsn2 accumulates from the cytosol to the nucleus
during the early infectious stage, relying on MoLrp1

To investigate whether MoMsn2 is involved in oxidation of fatty
acids during infection, we first examined the localization pattern
of MoMsn2 in early IHs. Accumulation of MoMsn2-GFP in the nu-
cleus was observed in 84.7% of IHs in wild-type Guy11
compared with 41.3% of IHs in the AMolrp1 mutant (Figure 6E
and 6F). These results indicated that MoLrp1 is important for
translocation of MoMsn2 to the nucleus during early infection.
We further evaluated the expression of MoLRP1 during
infection and under Ole treatment and found that MoLRP1 was
highly expressed in IHs at 24 h post inoculation (hpi) and under
Ole treatment. We also examined the expression of MoDCI1
during infection and in the AMolrp1 mutant under Ole
treatment and found that MoDCI1 expression was strongly
induced in IHs at 24 hpi compared with vegetative hyphae.
However, MoDCI1 expression was much lower in the AMolrp1
mutant than in the wild type when treated with Ole (Figure 6G
and 6H). These results indicate that MoMsn2 accumulates from
the cytosol to the nucleus, dependent on strong induction of
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MoLrp1 in the early infectious stage, thus activating expression of
MoDCI1 to promote fatty acid oxidation.

MoLrp1 and MoDci1 contribute to LD degradation
during infectious growth of M. oryzae

Because MoLrp1, MoMsn2, and MoDci1 are important for degra-
dation of LDs and infectious growth, we hypothesized that
their proper degradation of LDs is necessary for the full virulence
of M. oryzae. Because the AMomsn2 mutant was unable to pro-
duce enough conidia for an infection assay, we examined
LD accumulationin IHs of the AMolrp 7 and AModci1 mutantsinde-
tached rice sheaths. After 24 hpi, only a small number of LDs were
observed in the wild-type Guy11, MoLRP1-C, and MoDCI1-C
strains. By contrast, a large number of LDs were observed in the
AMolrp1 and AModci1 mutants under the same conditions. Similar
results were observed in rice cells at 30 and 36 hpi (Supplemental
Figure 11). These findings suggest that deletion of MoLRP1 and
MoDCI1 impairs LD degradation in IHs of M. oryzae.

DISCUSSION

We previously reported that the TF MoMsn2 has a broad array of
functions in development and pathogenicity through direct or in-

Plant Communications 4, 100561, July 10 2023 © 2023 The Author(s).

direct regulation of a series of genes in M. oryzae (Zhang et al.,
2014; Xiao et al., 2021). Here, we demonstrated a role of
MoMsn2 in fatty acid oxidation and unraveled the mechanism
by which MoMsn2 accumulates from the cytosol to the nucleus
upon exogenous fatty acid treatment or infection to target the
fatty-acid-oxidation-related gene MoDCI1, thus promoting LD
degradation and infectious growth of the pathogen. We further
demonstrated that involvement of MoLrp1 in the regulation of
the cAMP signaling pathway is important for this regulatory
process. Our findings provide a link between fatty acid
oxidation, cAMP signaling, and infectious growth mediated by
MoMsn2 in the rice blast fungus.

Degradation of LDs contributes to energy homeostasis and
cellular development in plants and yeast (Olzmann and
Carvalho, 2019; Zienkiewicz and Zienkiewicz, 2020). Blocking
fatty acid B-oxidation causes an abnormal accumulation of LDs
(Rockenfeller and Gourlay, 2018; Jarc and Petan, 2019;
Olzmann and Carvalho, 2019). Many studies have reported that
strains with defects in B-oxidation and peroxisome biogenesis
also showed defects in oxidation of fatty acids (Hiltunen et al.,
2003; Poirier et al., 2006; Fernandez and Wilson, 2014; Aliyu
et al., 2019). We demonstrated that the peroxisomal fatty acid
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B-oxidation inhibitor Thi was able to inhibit oxidation of free fatty
acids, degradation of LDs, and fungal invasive growth.
Consistent with the role of Thi, our data showed that mutations
of MoMsn2, MoLrp1, and MoDci1 produced defects in
oxidation of free fatty acids, degradation of LDs, and fungal
invasive growth. These results suggested that fatty acid
B-oxidation was necessary for proper LD degradation and
robust infection by M. oryzae. The physiological contribution of
Dci1 to degradation of unsaturated fatty acids in yeast remains
unclear (Gurvitz et al.,, 1999). However, overexpression of
AtDCI1, a peroxisomal enzyme that participates in the
B-oxidation cycle of unsaturated fatty acids in Arabidopsis
thaliana, has been shown to complement the yeast AScdci1
mutant (Goepfert et al., 2005). We found that the AModci1
mutant did not grow well on Ole-supplemented medium, in
contrast to results from yeast (Gurvitz et al.,, 1999). The
AModci1 mutant also exhibited defects in peroxisome
biogenesis and degradation of LDs and an altered lipid profile,
implying that MoDci1 was involved in fatty acid oxidation in M.
oryzae. In addition, we found that MoMsn2 played crucial roles
in fatty acid oxidation by regulating the induction of genes
involved in fatty acid B-oxidation under Ole treatment. Similar
results and regulatory mechanisms have been reported in yeast
(Rajvanshi et al., 2017). In contrast to the yeast TFs Msn2/
Msn4, which accumulated from the cytosol to the nucleus in
the presence of Ole, glycerol, and galactose, MoMsn2 appears
to be involved in the response to long-chain fatty acids, but not
to glycerol and galactose, in M. oryzae. This difference may be
related to the distinct localization patterns of Msn2/Msn4 in these
two organisms: yeast Msn2/Msn4 was distributed in the cytosol,
whereas MoMsn2 was present in the cytosol and nucleus under
normal conditions. Cytosolic MoMsn2 accumulated in the nu-
cleus in the presence of Ole, indicating that cytosolic MoMsn2
is involved in the response to long-chain fatty acids. Because
expression of MoDCI1 did not differ markedly between Guy11
and AMomsn2 under normal conditions and MoMsn2 bound to
the promoter of MoDCI1, we speculate that although it binds to
the MoDCI1 promoter, steady-state nuclear MoMsn2 has no
transcriptional activity on MoDCI1. Upon treatment with fatty
acids, cytosolic MoMsn2 accumulates in the nucleus and acti-
vates transcription of MoDCI1. These cytosolic MoMsn2 proteins
may undergo post-translational modification or other unknown
changes that cause them to be activated during the translocation
process, a possibility that remains to be studied. Overexpression
of MoDCI1 only partially restored the defects of the AMomsn2
mutant, indicating that MoDCI1 is not the only target of MoMsn2
involved in fatty acid oxidation or that only overexpression of
MoDCI1 is not sufficient for its function. Other targets of MoMsn2
must exist in M. oryzae to regulate fatty acid oxidation and/or
other processes.

LRP1 is a multifunctional cell surface receptor that belongs to the
LDLR family and has prominent functions in endocytosis, lipid
metabolism, energy homeostasis, peroxisome biogenesis,
cholesterol homeostasis, and signal transduction (Terrand
et al., 2009; Boucher and Herz, 2011; Lin et al., 2017). Previous
studies have shown that LRP1 mutation is the primary cause of
hepatic insulin resistance and aortic aneurysm formation and
greatly increases susceptibility to atherosclerotic lesion
development (Etique et al., 2013; Ding et al., 2016; Rauch et al.,
2020). In our study, MoLrp1 was found to play roles in

Role of MoMsn2 in fatty acid oxidation

peroxisome biogenesis, degradation of LDs, building of the lipid
profile, and pathogenicity, and it was important for endocytic
transport in M. oryzae. The localization pattern of MoLrp1 in M.
oryzae was similar to that in mammals (Bu et al., 1994). Based
on these findings, we conclude that LRP1 proteins have
conserved functions, mediating endocytic transport in multiple
organisms. LRP1 is required for lipolysis and stimulates fatty
acid synthesis, and LRP1-deficient fibroblasts accumulate high
levels of intracellular cholesterol and cholesteryl ester when stim-
ulated for adipocyte differentiation (Terrand et al., 2009). In our
study, more LDs, more free fatty acids, and more TAG were
observed in the AMolrp1 mutant. Lactoferrin induces lipolysis in
mature adipocytes by regulating the expression levels of
proteins involved in lipolysis through control of cAMP signaling
pathways via LRP1 (lkoma-Seki et al., 2015). In humans and
mice, inhibition of the cAMP signaling pathway hinders cAMP
synthesis and decreases lipolysis (Choi et al., 2006; Ravnskjaer
et al.,, 2016). In our study, the cAMP level was lower in the
AMolrp1 mutant than in the wild type, with or without Ole.
Exogenous Ole induced cAMP levels in the wild type,
suggesting that Ole was able to activate intracellular cAMP
levels mediated by MoLrp1. Consistent with these results,
cytosolic MoMsn2 accumulated in the nucleus in the wild type
upon Ole and cAMP treatment and in the AMolrp1 mutant with
cAMP treatment. In addition, MoLRP1 was highly expressed
during early infection and under Ole treatment, and the cytosol-
to-nucleus translocation of MoMsn2 was defective in the
AMolrp1 mutant during the early infectious stage, indicating
that MoLrp1 plays a role in regulating the function of MoMsn2
during infection. MoDCI1 was also highly expressed during the
early infectious stage and exhibited similar expression patterns
in AMolrp1 and AMomsn2 mutants, with or without Ole treat-
ment, indicating a regulatory relationship between MoLrp1 and
MoMsn2 during fatty acid B-oxidation processes.

In conclusion, we revealed a regulatory mechanism mediated by
MoMsn2 that is important for fatty acid B-oxidation in M. oryzae.
In response to an exogenous fatty acid signal, MoMsn2 translo-
cates from the cytosol to the nucleus, regulating expression of
the fatty acid oxidation-related gene MoDCI1 by targeting its pro-
moter. The nuclear accumulation of MoMsn2 was induced by the
cAMP signaling pathway, which was activated by the fatty acid
signal. MoLrp1 likely acts as the receptor for sensing this fatty
acid signal and activates the intracellular cAMP signaling
pathway to induce nuclear accumulation of MoMsn2. Blocking
the MoMsn2-related regulatory pathway impaired fatty acid
B-oxidation, eventually resulting in accumulation of LDs and
restricted infectious growth of M. oryzae (Figure 7). Our study
provides new findings on the regulatory mechanisms of
MoMsn2 during fatty acid oxidation and infectious growth of
the rice blast fungus.

METHODS

Fungal strains and culture conditions

The M. oryzae Guy11 (ATCC201236) strain was used as the wild
type throughout the study. The AMomsn2 mutant and the
AMomsn2-C complemented strains were generated in our previ-
ous study (Zhang et al., 2014; Xiao et al., 2021). Other strains were
generated in this study. All strains were cultured on complete
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medium (CM) agar plates at 28°C (Zhang et al., 2010). Liquid CM
medium was used to prepare the mycelia for DNA and RNA
extraction as described previously (Talbot et al., 1993; Zhang
et al., 2014). For the vegetative growth assay, 3 x 3-mm agar
blocks were placed into CM, MM, and straw decoction and
corn agar media (SDC) plates prior to incubation at 28°C (Liu
et al., 2016). The colony diameter was measured 7 days after
inoculation (dai). MM was supplemented with 1% (w/v) glucose,
2% (v/v) Oli, 1 mM sodium butyrate, 1 mM sodium laurate, or
1 mM sodium Ole as a sole carbon source. Because sodium
Ole was dissolved in 0.03% Tween 80 (Twe; v/v), it was added
to MM as a control of sodium Ole to maintain uniformity in the
experiment. The relative growth rate (%) = colony diameter on
fatty acid plate / colony diameter on MM plates x 100%.

Targeted gene deletion and complementation

To generate gene deletion constructs, approximately 1 kb up-
stream and downstream of target genes were amplified with
primers (Supplemental Table 3) and ligated to the hygromycin
cassette (HPH) released from pCX62. The resulting fragments
were amplified by PCR and transformed into protoplasts of wild-
type Guy11 as described previously (Zhong et al., 2016; Liu et al.,
2018). To generate the complemented transformants, fragments
containing the entire gene and its putative native promoter were
amplified and inserted into pYF11 (bleomycin resistance)
using the yeast gap repair approach (Bruno et al., 2004). The
resulting constructs were sequenced and transformed into the
corresponding mutants. The complemented transformants were
screened by GFP signal under a fluorescence microscope.

EMSA and luciferase activity assays

The cDNA of MoMSN2 was cloned into the pET-32a vector to
heterologously  express hexahistidine-tagged =~ MoMSN2.
MoMsn2 protein expressed in Escherichia coli BL21-CodonPlus
(DEQ) cells (Sigma-Aldrich, CMC0014) was separated and puri-
fied using Ni-nitrilotriacetic acid (Ni-NTA) agarose (QIAGEN, cat-
alog number 30 230, Germany) according to the manufacturer’s
instructions. The DNA fragment of the putative gene promoter
was amplified by PCR using the primers in Supplemental
Table 3, mixed with the purified MoMsn2 protein, incubated for
20 min at 25°C, and then separated by agarose gel

Plant Communications 4, 100561, July 10 2023 © 2023 The Author(s).

electrophoresis. Gels were visualized directly using a LI-COR
Odyssey scanner (Lincoln, NE, USA) with excitation at 700 nm.
For luciferase activity assays, GFP, MoMSN2-GFP, and LUC
were inserted into the pICH86988 vector, and the promoter
sequence upstream of the start codon of MoDCI17 (1.5 kb) fused
with the LUC gene was cloned into the pICH86900 vector.
pICH86988-LUC containing a 35S promoter was used as a pos-
itive control, and pICH86988-GFP was used as a negative con-
trol. The resulting constructs were transformed into Agrobacte-
rium GV3101 cells and then co-expressed or separately
expressed in 5-week-old N. benthamiana. The inoculated plants
were incubated for 48 h at 25°C to allow expression of trans-
genes. Firefly luciferase activity was analyzed using commercial
dual-LUC reaction reagents (Promega, USA) according to the
manufacturer’s instructions and detected using a Promega
GloMax Navigator microplate luminometer (Xiao et al., 2021).
The luciferase chromogenic reaction assays were carried out as
described previously (Huang et al., 2019).

Quantification of gene expression by qRT-PCR

Total RNA samples were extracted from mycelia, conidia, and in-
fected rice leaves using the PureLink RNA Mini Kit (Invitrogen)
according to the manufacturer’s protocol. cDNA was prepared
using reverse transcriptase HiScript Ill RT SuperMix for gPCR
(Vazyme Biotech, Nanjing, China). gqRT-PCR was run on an
Applied Biosystems 7500 real-time PCR system (Foster City,
CA, USA) with SYBR Premix ExTaq (Vazyme Biotech, Nanijing,
China). The relative quantification of each transcript was calcu-
lated by the 2722t method (Livak and Schmittgen, 2001) with
the M. oryzae ACTIN gene as the internal control. For each
gene, the qRT-PCR assay was repeated three times with three
biological replicates. The primers used in this section are listed
in Supplemental Table 3.

Conidiation, conidial germination, appressorium
formation, and turgor assays

For conidiation, strains were inoculated on SDC medium, and
sporulation was induced and analyzed as described previously
(Zhang et al., 2010; Liu et al., 2016). Conidial germination and
appressorium formation were examined on a hydrophobic
surface as described previously (Zhang et al., 2011). Turgor
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measurement was performed as described previously (Talbot
et al., 1993; Zhang et al., 2011).

Pathogenicity assay

Rice (Oryza sativa cv. CO39) and barley seedlings were grown in a
greenhouse at 25°C under a 12-h light/12-h dark photoperiod.
Conidia were collected from 7-day-old SDC agar cultures and
adjusted to 1 x 10° spores/ml with 0.2% (w/v) gelatin solution.
Pathogenicity assays were performed as described previously
(Zhang et al., 2014; Zhong et al., 2016). Diseased leaves were
photographed at 5 dai (rice) or 4 dai (barley). Infectious growth
was observed as described previously (Qian et al., 2021). The
final concentration of Thi was 0.001 mg/ml (Sigma, T9025).

Subcellular localization, peroxisome and LD
observation, and endocytosis assays

To observe the localization of MoDci1 and MoLrp1, the pYF11-
MoDCI1-GFP construct was co-transformed into the AModci1
mutant with a type | peroxisomal targeting signal (Zhong et al.,
2016). The pYF11-MoLRP1-GFP construct (driven by the RP27
promoter) was co-transformed into the AMolrp1 mutant with
MoSft2-RFP (a Golgi marker protein) or MoLhs1-RFP (an endo-
plasmic reticulum marker protein) (Zhang et al., 2017, 2019).
The resulting transformants were observed under a confocal
fluorescence microscope (LSM 710, 63x oil, Carl Zeiss). To
examine the translocation of MoMsn2 in the presence of various
fatty acids or NaCl, conidia’hyphae from the strain co-
expressing MoMsn2-GFP and H1-RFP were pre-treated with
different fatty acids or NaCl for 30 min (conidia) or 10 min (hyphae)
and observed. Fluorescence signals of MoMsn2-GFP were quan-
tified with ImagedJ and normalized with H1-RFP signals as
described previously (Liu et al., 2012; McCloy et al., 2014).
MDL-12330A (Sigma, M182-25MG) is a type of adenylate cyclase
inhibitor (Yang et al., 2018). The final concentration of MDL-
12330A (100 pM) was added to CM for vegetative growth
assays. An equal concentration of DMSO was added as a
control. For LD staining, vegetative hyphae cultured in liquid CM
for 16 h were stained with BODIPY 493/503 (final concentration
of 1 pg/ml) and incubated in the dark at 25°C for 3 min
(Rajvanshi et al., 2017). Fluorescence images of peroxisomes
and LDs were taken under a confocal fluorescence microscope
using the 3D reconstructed confocal z stack method with 20
photos. For the endocytosis assay, conidia were stained with
FM4-64 (Molecular Probes, Eugene, OR, USA) as described
previously (Zhong et al., 2016; Li et al., 2017).

Intracellular cAMP and free fatty acid measurement and
lipid analysis

The cAMP levels were quantified by high-performance liquid
chromatography (HPLC). Intracellular cAMP extraction was per-
formed following procedures established previously (Liu et al.,
2016). For detection of free fatty acids, all of the strains were
cut into 2 X 2-mm squares and cultured in liquid CM at 28°C
for 36 h. The culture was then filtered to collect the mycelium
and quickly ground into powder. The reaction assays were
performed using the Free Fatty Acid Detection Kit (Solarbio,
Beijing, China). Lipid analysis was performed as described
previously (Zhao et al., 2022).

Role of MoMsn2 in fatty acid oxidation

Western blot assays

Separation of nuclear and cytoplasmic proteins was performed as
described previously (Lu et al., 2008; Liu et al., 2018). Conidial
suspensions (20 ml) were adjusted to 5 x 10° spores/ml,
concentrated to 1 ml by centrifugation, and then ground into
powder in liquid nitrogen. For total proteins, the powder was
transferred to a 2-ml tube and mixed with 1 ml lysis buffer
(50 mM Tris-Cl [pH7.4], 150 mM NaCl, 2 mM EDTA, and Triton
X-100). After agitating three times, supernatants were collected
as total proteins by centrifugation at 10 000 g for 10 min at 4°C.
To prepare the cytoplasmic and nuclear fractions, the powder
was lysed using the Nuclear and Cytoplasmic Protein Extraction
Kit (P0027, Beyotime). Protein concentration was quantified using
the bicinchoninic acid (BCA) Protein Assay Kit (PC0020, Solarbio).
Approximately 0.2 mg/ml of protein samples were added to West-
ern (WES) ProteinSimple for protein analysis according to the man-
ufacturer’s instructions (Wang et al., 2017). MoMsn2-GFP and H1-
RFP were detected using anti-GFP and anti-RFP, respectively.
Anti-actin was used as a control. Relative GFP intensity was
analyzed with ImageJ (Media Cybernetics, Shanghai, China).

Statistical analysis

For statistical analysis, mean and SD were estimated from at least
three independent replicates. The significance of differences be-
tween samples was statistically evaluated using SD and
ANOVA in SPSS 2.0 or GraphPad Prism 8.0.1.
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