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Abstract 

Protein phosphatase 2A (PP2A) is usually a heterotrimeric enzyme, consisting of a catalytic subunit (C) and a scaf‑
folding subunit (A) associated with a third, variable regulatory subunit (B). Fungi usually carry a single gene for A 
and C subunits, and three genes for the B subunit. In addition, fungi contain a conserved atypical C subunit named 
Ppg1, which is essential to the pathogenicity of the rice blast fungus Magnaporthe oryzae. However, it remains largely 
unknown how the B subunit combinatorically assembles with the A and C subunits or Ppg1 to regulate fungal 
growth, development and pathogenicity. Here we report and functionally characterize one regulatory subunit of 
PP2A, named MoB56, in M. oryzae. We generated a MoB56 deletion mutant Δmob56, which was severely defective in 
vegetative growth, conidiation and septum formation, and had lost pathogenicity. The defects of Δmob56 could be 
rescued by introducing MoB56 fused with GFP (MoB56-GFP) at its C terminus. Fluorescence microscopic observations 
revealed that the MoB56‑GFP signals were widely distributed in the cytoplasm and formed a dot‑like structure at the 
center of the septum in conidia, appressoria and infection hyphae, supporting its function in septation. Further, we 
performed co‑immunoprecipitation and pull‑down assays, indicating that MoB56 forms a protein complex with the A 
subunit and Ppg1 in mycelial cells. The yeast two‑hybrid assay showed that MoB56 could interact with the A subunit 
of PP2A but not with Ppg1, while Ppg1 could interact with the A subunit, suggesting that the A subunit ties MoB56 
with Ppg1 for the protein complex formation. In addition, we revealed that MoB56 has multiple isoforms, which are 
likely originated from alternative splicing and sumoylation. This is the first report revealing that the regulatory subunit 
B56 is associated with the PP2A‑like phosphatase Ppg1 in fungi. Importantly, this study showed that B56, like Ppg1, is 
essential to the pathogenicity of M. oryzae, offering a potential new lead to control this devastating fungal pathogen 
by targeting specific PP2A‑like phosphatase. Together, this study provides important information for understanding 
how the regulatory subunit B56 of PP2A regulates fungal pathogenicity and for the control of rice blast disease.
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Background
Dynamic phosphorylation of proteins reversibly con-
trolled by protein kinases and phosphatases is a fun-
damental process regulating cell division, growth and 
differentiation, and cellular responses to environmental 
signals (Hunter 1995). In eukaryotes, many genes encode 
protein kinases that catalyze protein phosphorylation 
on serine/threonine residues, but only a limited number 
of genes encode serine/threonine protein phosphatases 
for protein dephosphorylation. Protein phosphatase 2A 
(PP2A) is a major phosphatase family in eukaryotic cells 
and usually functions as a heterotrimeric complex con-
sisting of a catalytic subunit (C) and a scaffolding subunit 
(A) associated with a third, variable regulatory subunit 
(B) (Shi 2009; Cohen 2010; Ghosh et al. 2014). The com-
plex structure and regulation system of PP2A represents 
a highly conserved signal transduction system present 
in diverse organisms, from yeasts to humans. In mam-
malian cells, there exist two genes encoding each of the 
catalytic subunits and the scaffolding subunit, and more 
than fifteen genes for the B regulatory subunits that can 
be further classified into four subfamilies (B/B55, B’/
B56, B’’/B72 and B’’’/striatin) (Kiely and Kiely 2015). The 
variety and comprehensive functions of the B subunits, 
and their various temporal and spatial distribution make 
them a determinant factor for full activity and substrate 
specificity of PP2A (Virshup and Shenolikar 2009).

Fungi possess three to four regulatory subunits for 
PP2A that belong to the B55, B56 and Striatin subfami-
lies (Healy et  al. 1991; Jiang and Hallberg 2000; Kück 
et al. 2016; Shu et al. 1997), and lack the B72 subfamily. 
Compared to mammals and plants, fungi usually have 
only one member for each of the three B subfamilies 
(Booker and DeLong 2017). The three B subunits sub-
families in fungi display distinct roles even in the same 
biological process. In Saccharomyces cerevisiae, the cdc55 
mutant displays abnormally elongated buds, decreased 
growth rate and increased sensitivity to cold, while the 
rts1 mutant is sensitive to elevated temperatures and 
accumulates glycogen (Healy et al. 1991; Shu et al. 1997; 
Wilson et  al. 2002). In Aspergillus nidulans, parA (B56) 
or pabA (B55) deletion leads to a severe defect in mycelial 
growth. The ΔparA mutant had a hyperseptation pheno-
type, whereas the ΔpabA mutant had a delayed-septation 
defect, suggesting that parA and pabA counteract func-
tion for septum formation (Zhong et al. 2014). parA and 
pabA also differ in their subcellular localizations (Zhong 
et  al. 2014). In Neurospora crassa, the regulatory subu-
nits RGB1 and B56 are required for proper growth and 
development (Shomin-Levi and Yarden 2017), while Stri-
atin involved in the striatin-interacting phosphatase and 
kinase (STRIPAK) complex is important for fruiting body 
formation and hyphal fusion (Kück et  al. 2016). These 

lines of evidence further support the distinct functions 
and target specificities of regulatory subunits in model 
fungi.

The regulatory subunits have also been reported in 
some pathogenic fungi (Shin et al. 2013; Kück et al. 2016; 
Beier et al. 2016; Han et al. 2019; Qiu et al. 2021). In Can-
dida albicans, both Cdc55 and Rts1 are known to be 
important in growth, morphogenesis, and virulence, but 
they play distinct roles in the processes (Han et al. 2019). 
In the maize pathogen Fusarium verticillioides, deletion 
of the B56 subunit results in a severe defect in virulence 
(Shin et al. 2013). In Sordaria macrospora, the STRIPAK 
complex has been reported to govern fungal sexual devel-
opment (Beier et al. 2016). In addition, the B55 subunit is 
known to be important in the phytopathogenic oomycete 
Phytophthora sojae (Qiu et al. 2021). However, functional 
characterization of the regulatory subunits of PP2A 
phosphatases in plant pathogenic pathogens is limited. 
It remains largely unknown how each of the B subunits 
combines with the subunits A and C or Ppg1 to regulate 
pathogenicity, growth and development in plant patho-
genic fungi.

Magnaporthe oryzae is a filamentous ascomycete that 
causes the rice blast disease, the most devastating dis-
ease of cultivated rice worldwide (Dean et  al. 2012). It 
is also a model fungus to study plant–fungi interactions 
whose whole genome has been sequenced (Dean et  al. 
2005; Xue et al. 2012). From the whole genome sequence, 
it has been known that M. oryzae has a single gene each 
for the typical C and scaffold A subunits of PP2A, which 
are highly similar to the Pph21/Pph22 (Sneddon et  al. 
1990) and ScTpd3 (Vanzyl et  al. 1992) in S. cerevisiae, 
respectively. M. oryzae has three genes for the B regula-
tory subunits that belong to B55, B56 and Striatin sub-
family. In addition, the pathogen carries one PP2A-like 
catalytic subunit MoPpg1 that is orthologous to ScPpg1 
in S. cerevisiae (Posas et al. 1993). However, to date, only 
MoPpg1 has been functionally characterized (Du et  al. 
2013). Functions and regulatory mechanisms of PP2A in 
M. oryzae remain largely to be elucidated.

Here we report the functional characterization of the 
regulatory subunit MoB56 in M. oryzae. Our results 
indicate that MoB56 is important for septum forma-
tion, growth and conidia morphology and is essential 
for pathogenicity. We also showed that MoB56 is widely 
distributed in the cytoplasm but forms a dot-like struc-
ture at the center of the septum. Further, we revealed that 
MoB56 forms a complex with the A subunit and MoPpg1 
via direct interaction with the A subunit. This is the first 
report demonstrating the relationship of the B56 subunit 
with Ppg1 in fungi, and it will be informative to under-
stand how the Ppg1 PP2A-like phosphatase regulates 
fungal pathogenicity.
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Results
Deletion of the regulatory subunit encoding gene MoB56
Previous studies reported that the regulatory subunit 
B56 of PP2A is important for septation and cytokinesis, 
conidiation and virulence in yeast and some filamentous 
fungi (Dobbelaere et al. 2003; Vargas-Muñiz et al. 2016). 
These functions of B56 are similar to those regulated 
by the PP2A-like phosphatase C subunit MoPpg1 in M. 
oryzae (Du et  al. 2013), suggesting that B56 may work 
with MoPpg1 in M. oryzae. To identify the B56 subu-
nit in M. oryzae, we performed pBLAST against the M. 
oryzae 70-15 genome by using the amino acid sequences 
of regulatory subunit Rts1 in S. cerevisiae and B56 in 
Homo sapiens as queries, resulting in the identification 
of MGG_12130 as the B56 ortholog in M. oryzae, which 
was designated as MoB56. Sequence alignment of MoB56 
with its orthologs in yeasts, filamentous fungi, Arabi-
dopsis thaliana, Caenorhabditis elegans and H. sapiens 
showed that MoB56 contains the major characters of B56 
regulatory subunit that has 8 HEAT-like domains, with 
very divergent N- and C-termini (Fig. 1a and Additional 
file 1: Figure S1). To functionally characterize MoB56, we 

constructed a knockout vector for the gene based on the 
homologous replacement strategy (Fig. 1b) and success-
fully generated a knockout mutant Δmob56 in the P131 
strain background that was verified by PCR (Fig. 1c) and 
Southern blot assay (Fig. 1d).

MoB56 is important for growth and conidiation, 
and regulates conidium morphology and septation in M. 
oryzae.
To investigate the biological function of MoB56 in M. ory-
zae, we compared the vegetative growth and conidiation 
phenotypes of Δmob56 with that of the wild-type (WT) 
strain P131 and the complementary strain cMoB56. The 
results showed that Δmob56 displayed severe defects in 
vegetative growth and conidiation (Fig.  2). Compared 
to P131, Δmob56 formed much smaller and flatter colo-
nies (Fig. 2a–c), which had fewer aerial mycelia (Fig. 2b), 
and rarely generated conidia on conidiophores (Fig. 2d), 
resulting in the conidia production of Δmob56 account-
ing less than 1% of P131 (Fig.  2e). The complementary 
strain cMoB56 completely recovered all the mentioned 
defects.

Fig. 1 Deletion of MoB56 in Magnaporthe oryzae. a Comparison of conserved domain diagrams among the regulatory B56 ortholog protein 
sequences in selected species. NCBI accession numbers are as follows: Arabidopsis thaliana epsilon isoform of B56, AtB’ε, NP_001030770.1; 
Caenorhabditis elegans CeB56, NP_001122845.1; delta isoform of B56 from Homo sapiens, HsB’δ, KAI2542369.1; Schizosaccharomyces pombe SpPar1, 
NP_588206.1; S. pombe SpPar2, NP_593298.1; Saccharomyces cerevisiae ScRts1, NP_014657.1; Ustilago maydis UmB56, XP_011389548.1; M. oryzae 
MoB56, XP_003719828.1; Fusarium graminearum FgB56, XP_011324500.1; Sclerotinia sclerotiorum SsB56, XP_001591242.1; Neurospora crassa NcB56, 
XP_961132.2; Aspergillus nidulans ParA, XP_868849.1. b Gene deletion strategy of MoB56 in M. oryzae. Restriction enzymes used for constructing the 
pKOV‑MoB56 replacement vector are labeled by BamHI (B), SpeI (Sp), HindIII (H) and XhoI (X). c PCR amplification of MoB56 gene in the wild‑type 
(WT) and knockout strains. d Southern blot assay of Δmob56, genomic DNA of the wild‑type and mutant strains were digested with SacI (S) as 
shown in b 
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Fig. 2 MoB56 is required for mycelial growth and conidiation in Magnaporthe oryzae. a Colony morphologies of the wild‑type (WT) strain, the 
Δmob56 deletion mutant and the complementary strain cMoB56 grown on an OTA plate at 28°C for 5 days. b Colony diameters of the indicated 
strains. c Aerial hyphal growth of the indicated strains. d Conidiophore development of the indicated strains. e Statistical analysis of conidial 
numbers of the indicated strains grown on OTA plate at 28°C for 7 days. Error bars represent ± SD. **, P < 0.01

Fig. 3 MoB56 regulates conidium morphology and septation in Magnaporthe oryzae. a Conida of the Δmob56 deletion mutant and the 
complementary strain cMoB56 were stained with Calcofluor white (CFW) and examined by epifluorescence microscopy. Bars = 20 μm. b 
Percentage of different types of conidia generated by the indicated strains. Error bars represent ± SD. **, P < 0.01 c Hyphae of the indicated strains 
were stained with CFW and examined by epifluorescence microscopy. Bars = 20 μm. d Statistical analysis of the number of septa per 100 μm of 
hyphae in the indicated strains. Error bars represent ± SD. **, P < 0.01
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We further microscopically assessed the septation in 
the conidia and mycelia of Δmob56 with the Calcofluor 
white staining (CFW staining) assay. As shown in Fig. 3, 
conidia produced by Δmob56 were much smaller than 
those produced by P131 (Fig.  3a), and contained only 
one or two cells (Fig. 3b), whereas over than 90% of the 
P131 conidia carried three cells separated by two septa 
(Fig. 3b). In mycelia, Δmob56 produced more septa than 
P131 (Fig. 3c). The number of septa per 100 μm hyphae 
of Δmob56 was almost twice that of P131 (Fig. 3d). The 
results indicate that the B56 subunit plays critical roles in 
regulating septation and conidium morphology.

MoB56 is essential to the pathogenicity of M. oryzae.
We further performed spray- and wound-inoculation 
assays to test the role of MoB56 in pathogenicity. Com-
pared to the successful infection of P131 and comple-
mentary strains, Δmob56 failed to infect both the barley 
leaves (Fig. 4a, d) and the wounded rice seedling (Fig. 4b, 
e), indicating that the Δmob56 mutant lost pathogenic-
ity. We then investigated the infection-related develop-
ment of Δmob56 and found that although most conidia 
of Δmob56 were able to germinate, with 86.4% germi-
nation rate at 8 h post-inoculation (hpi) (Fig. 4c, f ), the 
germinated conidia rarely elaborated appressoria (Fig. 4c, 

Fig. 4 MoB56 is essential to the pathogenicity of Magnaporthe oryzae. a Pathogenicity test on unwounded barley leaves. One‑week‑old barley 
seedlings were inoculated with conidial suspensions of WT, the Δmob56 mutant and its complemented strain cMoB56. Photographs were taken at 5 
days post‑inoculation (dpi). b Pathogenicity test on wounded rice leaves. Detached rice leaves of four‑week‑old rice seedlings were inoculated with 
the mycelia of the indicated strains. Photographs were taken at 5 dpi. c The infection‑related development process observation of the indicated 
strains on hydrophobic coverslips at 8 h post‑inoculation (hpi) and on barley epidermal cells at 26 hpi. Bars = 20 μm. d Statistical analysis of each 
lesion area on barley leaves. Error bars represent ± SD. **, P < 0.01. e Statistical analysis of each lesion area on wounded rice seedling leaves. Error 
bars represent ± SD. **, P < 0.01. f Statistical analysis of germination rate of the indicated strains on hydrophobic coverslips after 8 hpi. Error bars 
represent ± SD. **, P < 0.01. g Statistical analysis of appressorium formation rate of the indicated strains on hydrophobic coverslips after 12 hpi. Error 
bars represent ± SD. **, P < 0.01
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g). The rarely produced appressoria of Δmob56 failed to 
penetrate the barley leaves even at 26 hpi (Fig. 4c). These 
results demonstrate that the B56 subunit of PP2A is 
essential to the pathogenicity of M. oryzae.

MoB56‑GFP signals form a dot‑like structure at the septum
To better understand how the B56 subunit functions in 
M. oryzae, we investigated the subcellular distribution 
of MoB56 at different growth and development stages 
by generating a construct in which GFP was fused to the 
C-terminus of MoB56 and transforming it into Δmob56. 
As expected, MoB56-GFP rescued all the phenotypic 
defects in Δmob56. We then picked up one of the trans-
formants for epifluorescence microscopic observation of 
MoB56-GFP. As shown in Fig.  5, the signals of MoB56-
GFP were widely distributed in the cytoplasm of conidia, 
germ tubes, appressoria, infection hyphae and mycelia. 
Interestingly, a dot-like structure with conspicuously 
stronger MoB56-GFP signals was observed at the center 
of the septum in conidia (Fig. 5a, b), appressoria (Fig. 5c), 
infection hyphae (Fig. 5d) and mycelia (Fig. 5e). The spe-
cific dot-like structure of MoB56-GFP observed at the 
septum in mycelia, conidia, appressoria and infection 

hyphae further supported that MoB56 functions in sep-
tum formation.

MoB56 has multiple variants and interacts with the scaffold 
subunit A in a protein complex containing Ppg1 in mycelial 
cells
Because the phenotypic defects of Δmob56 were simi-
lar to that of the Δmoppg1 mutant (Du et  al. 2013), we 
reasoned that MoB56 might interact with MoPpg1 that 
is a PP2A-like catalytic subunit. However, yeast two-
hybrid assay (Y2H) indicated that MoB56 could not 
directly interact with MoPpg1 in yeast cells (Fig. 6a). We 
then assumed that MoB56 may indirectly interact with 
MoPpg1 via a protein complex and performed tandem 
affinity purification and mass spectrometry (TAP-MS) 
analysis of the Ppg1-precipitated proteins. The analysis 
indicated that MoB56 and the scaffold subunit A (PP2Aa) 
were among the Ppg1-precipitated proteins (Fig. 6b). To 
confirm the result, we also performed a co-immunopre-
cipitation (Co-IP) assay, using a transformant of the P131 
strain expressing MoB56-3HA and MoPpg1-3Flag. The 
assay showed that MoB56-3HA could be co-immunopre-
cipitated with MoPpg1-3Flag (Fig.  6c). However, multi-
ple bands were detected in total protein extracts and the 

Fig. 5 Subcellular localization of MoB56‑GFP in Magnaporthe oryzae. MoB56‑GFP distributes into the cytoplasm and explicitly assembles as a 
dot‑like structure in the center of septa in mycelia, conidia, primary appressoria and infection hyphae. Assembly of MoB56‑GFP in conidia was 
observed at 1 h post‑inoculation (hpi). Bars = 20 μm
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Co-IP eluate by the HA antibody, including three major 
bands whose assessed molecular weights were about 86, 
75 and 71  kDa, respectively (Fig.  6c bottom). The three 
major bands were also detected in MoB56-GFP express-
ing complementary transformants but not in P131 and 
GFP-expressing transformants (Additional file  1: Figure 
S2c, d), suggesting that these bands are MoB56-specific. 
To understand how these bands of MoB56 with differ-
ing molecular sizes are produced, we performed the fol-
lowing two analyses. The first was to check whether they 
were due to phosphorylation modification since we pre-
viously reported that MoB56 has phosphorylation sites 
(Wang et al. 2017). Therefore, we added lambda protein 
phosphatase to the total protein extracts of a transfor-
mant expressing MoB56-3HA and MoPpg1-3Flag and 
the Ppg1-3Flag immunoprecipitate eluate to dephos-
phorylate MoB56. However, the dephosphorylation 
treatment of MoB56 did not change the banding pat-
tern of MoB56-HA (Additional file 1: Figure S2a, b). We 
also treated the total protein extracts of a MoB56-GFP 
expressing complementary transformants with lambda 
protein phosphatase, three bands without size change 
were again detected by GFP antibody (Additional file 1: 
Figure S2c). Together, these results suggest that the mul-
tiple sizes of MoB56 are not attributed to phosphoryla-
tion modification.

Since B56 in mammal cells is known to have multi-
ple variants originating from alternatively spliced tran-
scripts (Ota et al. 2004) and alternative translation (Jin 

et al. 2009), we then analyzed transcripts of MoB56 in 
the P131 mycelia (Li et al. 2021). The analysis revealed 
that there were at least five alternative transcripts of 
MoB56 in the mycelia (Fig.  7a). These distinct tran-
scripts can encode two MoB56 variants with 670 amino 
acids, two MoB56 variants with 647 amino acids and 
one MoB56 variant with 330 amino acids, and their 
theoretical molecular weights are 76.1, 73.7 and 38.8 
kD, respectively (Fig.  7b and Additional file  1: Figure 
S3). We thus suppose that the 75 and 71 kDa proteins of 
MoB56 may be originated from the 670 and 647 amino 
acid-encoding transcripts, respectively. For the 86 kDa 
MoB56 band, which is about 11  kDa bigger than the 
theoretical molecular weights of products encoded by 
the 670 and the 647 amino acid-encoding transcripts, 
we suppose that it may be due to sumoylation modifica-
tion of the proteins translated from the two transcripts 
or one of them. Further analysis with the GPS-SUMO 
program predicted two potential sumoylation sites with 
high confidence that lay at the positions of K6 and K405 
(Zhao et  al. 2014), suggesting that MoB56 is possibly 
modified by sumoylation.

To understand how MoB56 and Ppg1 are assembled 
into a protein complex, we further performed Y2H 
assays, showing that PP2Aa could interact with both 
MoB56 and MoPpg1 (Fig. 6a). This result indicates that 
the scaffold subunit PP2Aa ties MoB56 with MoPpg1 to 
generate a protein phosphatase complex.

Fig. 6 Interaction assay of MoB56 with the scaffold subunit A and catalytic subunit Ppg1. a Yeast two‑hybrid analysis of the interaction between 
regulatory subunit MoB56, catalytic subunit Ppg1 and scaffold subunit PP2Aa. MoB56, Ppg1 and PP2Aa were inserted into vector pGADT7 and/
or pGBKT7. BD‑MoB56 and AD‑Ppg1, BD‑Ppg1 and AD‑MoB56, BD‑Ppg1 and AD‑PP2Aa, BD‑MoB56 and AD‑PP2Aa were co‑introduced into yeast 
Y2HGold strain, respectively, and then incubated on SD‑Leu‑Trp (as control) and SD‑Leu‑Trp‑His (for selection) for 3–5 days. b Partial proteins 
precipitated with Ppg1‑3Flag and identified by LC‑MS/MS. c Co‑immunoprecipitation assay shows that MoB56‑3HA interacts with Ppg1‑3Flag. A 
nuclear protein (predicted 85 kDa) fused 3Flag tag protein construct was used as a control
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Fig. 7 Schematic diagrams showing alternatively spliced transcripts encoding distinct MoB56 variants in Magnaporthe oryzae. a Five transcripts 
of MoB56 identified in P131 mycelia. The RNA‑seq data previously reported by Li et al. (2021) were used to identify the transcripts originating from 
alternative splicing of MoB56. Intron retention events were found in transcript 1 and transcript 3. Curved lines indicate introns spliced from the 
transcripts, and exons are represented by color‑filed boxes with numbers that indicate start and end positions. The 5’ and 3’ untranslated regions 
are represented with blank boxes. b Deduced variants of MoB56 from transcripts in a. Colored boxes indicate the amino acid sequences different 
between the variants. Curved lines with numbers indicate the amino acid sequences absent from the variant as compared with others. Diamonds 
with numbers indicate potential sites of sumoylation
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Discussion
PP2A is a major serine/threonine protein phosphatase 
family in eukaryotes (Janssens and Goris 2001; Virshup 
and Shenolikar 2009; Offley and Schmidt 2019). How-
ever, the function and regulatory mechanism of the 
PP2A holoenzyme complex in the fungal pathogen M. 
oryzae are largely unknown. Previously, whole genome 
sequencing revealed that M. oryzae carries one scaffold 
subunit, three regulatory subunits and one typical cata-
lytic subunit PP2Ac, with one PP2A-like catalytic subunit 
MoPpg1 (Dean et al. 2005; Xue et al. 2012). Up to date, 
except for MoPpg1 (Du et  al. 2013), the other subunits 
have not been functionally characterized in M. oryzae. 
In the present study, we showed that deleting MoB56 in 
M. oryzae resulted in severe defects in vegetative growth, 
conidiation, septum formation and conidial morphology, 
indicating that MoB56 plays a crucial role in vegetative 
growth and asexual development. These defects of the 
Δmob56 mutant are similar to the phenotypes observed 
in the deletion mutants of the orthologous gene reported 
in yeast and other fungi. In Candida albicans, CaRts1 
regulates hyphal growth, morphogenesis and septin ring 
organization (Han et  al. 2019). In Aspergillus nidulans, 
the deletion mutant of the B56 regulatory subunit ΔparA 
displayed a shorter distance between two septa (Zhong 
et al. 2014). In addition, we showed that the conidia size 
of Δmob56 was smaller than the wild-type (Fig. 3a). In S. 
cerevisiae, ScRts1, the B56 regulatory subunit, is known 
to regulate the cell size via controlling TORC2 signal-
ing (Lucena et al. 2018). These lines of evidence indicate 
that the B56 subunits of PP2A phosphatases in fungi are 
functionally conserved for controlling vegetative growth, 
conidial morphology and septum formation.

To date, reports on the B56 regulatory subunits in plant 
pathogenic fungi are limited. Only in F. verticillioides, the 
B56 regulatory subunit is known to be important for viru-
lence (Shin et al. 2013). Our results showed that Δmob56 
failed to penetrate the barley and rice leaves and expand 
in the wounded leaves (Fig. 4a, b). Further, Δmob56 rarely 
forms appressorium (Fig.  4g), and no penetration was 
observed in the barley leaves (Fig. 4c). These results indi-
cate that the MoB56 regulatory subunit is essential to the 
pathogenicity of M. oryzae, providing a potential target 
for screening or designing agrochemicals to control this 
devastating fungal pathogen. Therefore, it will be inter-
esting to investigate why the B56 regulatory subunits in 
different fungi play distinct roles in their pathogenicity. 
Sequence alignment of B56 subunits from yeasts, mam-
malians and plants showed that B56 subunits are highly 
conserved at the HEAT-like domains but are diversified 
at both the N- and C-termini (Fig.  1a and Additional 
file  1: Figure S1). Further studies are therefore required 
to verify whether the N- and/or C-terminal divergency of 

the B56 subunits is critical to the difference in the patho-
genicity between different pathogenic fungi.

A major question of PP2A phosphatase in plant path-
ogenic fungi is how PP2A holoenzymes assemble and 
catalyze the diverse substrates with exquisite specificity. 
It has been known that the regulatory subunit Cdc55 and 
Rts1 in yeasts and some filamentous model fungi could 
associate with the scaffold subunit A and typical catalytic 
subunit to generate holoenzyme in vivo (Wei et al. 2001; 
Shomin-Levi and Yarden 2017; Han et  al. 2019). How-
ever, besides the typical catalytic subunit C, fungi contain 
a PP2A-like catalytic subunit named Ppg1 in S. cerevi-
siae (Posas et  al. 1993). The relationship between Ppg1 
and the regulatory subunits B55 and B56 has not been 
reported. In the present study, we found that MoB56 
interacts with the scaffold subunit A to generate a pro-
tein complex with Ppg1 in mycelial cells (Fig. 6). This is 
the first report for revealing the relationship of B56 sub-
unit and Ppg1 in fungi and deciphering how the Ppg1 
PP2A-like phosphatase regulates fungal pathogenicity. 
However, further investigation is required to identify 
substrates of the MoB56-Ppg1 complex, which are keys 
to understanding the mechanisms of how a Ppg1 PP2A-
like phosphatase regulates fungal pathogenicity.

In this study, we also detected multiple isoforms of 
MoB56 in the mycelia of M. oryzae. Through analyzing 
RNA-seq data, we revealed that some of the isoforms 
may be originated from alternative splicing of the tran-
scripts of MoB56 (Fig.  7). In addition, we found that 
sumoylation may contribute to the isoform production 
of MoB56. These findings provide important informa-
tion for further elucidating how MoB56 and its related 
phosphatases regulate mycelial growth, conidiation, sep-
tation and pathogenicity. However, further investigation 
is required to reveal how the individual isoforms regulate 
distinct phenotypes, verify whether MoB56 is sumoylated 
and identify which residue is sumoylated. It will be par-
ticularly interesting to investigate which of the isoforms 
and how the isoform regulates fungal pathogenicity and 
septum formation.

Conclusion
PP2A is usually heterotrimeric, consisting of a catalytic 
subunit C and a scaffolding subunit A associated with a 
third variable regulatory subunit B. The rice blast fungus 
M. oryzae has one scaffold subunit, three regulatory sub-
units and one typical catalytic subunit PP2Ac, with one 
PP2A-like catalytic subunit MoPpg1. However, except for 
MoPpg1, the other subunits have yet to be functionally 
characterized. In the present study, we found that MoB56 
is important for septum formation, growth and conidia 
morphology and is essential for fungal pathogenicity. 
MoB56 is widely distributed in the cytoplasm and forms 
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a dot-like structure at the center of the septum. Further, 
we revealed that MoB56 forms a complex with the A 
subunit and MoPpg1 via direct interaction with subunit 
A. This is the first report revealing the relationship of 
the B56 subunit with Ppg1 in fungi. Taken together, this 
study provides information for understanding how the 
regulatory subunit B56 of PP2A regulates fungal patho-
genicity and for the control of rice blast disease.

Methods
Fungal strains, growth conditions and DNA analysis
Storage, maintenance and growth of the M. oryzae 
strains, and nucleic acid extraction were carried out as 
described previously (Wang et al. 2017).

MoB56 gene replacement, mutant verification 
and complementation
To generate the MoB56 gene replacement construct 
pKOV-MoB56, a 1.3-kb upstream fragment (prim-
ers MoB56_LF and MoB56_LR) and a 1.5-kb down-
stream fragment (primers MoB56_RF1/MoB56_RR1 
and MoB56_RF2/MoB56_RR2) of the gene were inde-
pendently amplified and cloned into the SpeI-BamHI 
and HindIII-XhoI sites of pKOV21. After linearization 
with NotI, pKOV-MoB56 was transformed into the wild-
type strain P131 to generate MoB56 deletion mutants, 
which were first identified by PCR and then confirmed 
by Southern blot hybridization. Genomic DNAs of the 
MoB56 mutant and wild-type strain P131 were digested 
by SalI, and the 1.5-kb downstream fragment was used as 
a probe for detecting an expected 3.6 kb and an expected 
10.2  kb digested fragment in genomic DNAs of P131 
and the Δmob56 mutant, respectively. To generate the 
MoB56-GFP complementary construct pGTN-MoB56, 
the MoB56 with 1.4-kb upstream sequence was ampli-
fied and cloned into the pGTN vector that contained the 
eGFP-TrpC terminator. The complementary construct 
was then transferred into the Δmob56 to generate com-
plementary strains that were selected by neomycin resist-
ance. Primers used to contrive the vectors are listed in 
Additional file 2: Table S1.

Protoplasts were isolated and transformed as described 
(Yang et  al. 2010). Media were supplemented with 
250 µg/mL hygromycin B (Roche, NJ, USA) or 400 µg/mL 
neomycin (Ameresco, OH, USA) to select hygromycin- 
or neomycin-resistant transformants.

Growth rate and conidiation measurement
The diameters of colonies were measured from five-
day-old cultures grown on oatmeal tomato agar (OTA) 
as described previously (Yang et al. 2010). Conidia were 

harvested from the OTA plates after 7 days at 28°C to 
estimate conidiation.

Infection assay
Conidial suspension adjusted to 4 ×  104 conidia/mL in 
distilled water containing 0.025% Tween-20 was dropped 
on seven-day-old barley seedlings. Lesion formation was 
surveyed five days after inoculation on barley seedlings. 
For wound inoculation, the wounded rice leaves were 
inoculated with colony blocks and assessed for lesion for-
mation five days after inoculation.

Appressorium formation and penetration assay
The conidial suspension was spotted onto hydrophobic 
coverslips and followed different inoculation times at 
28°C for epifluorescence microscopy and calculated the 
appressorium formation rate (12 hpi), and dropped onto 
barley leaves following 24 hpi inoculation for penetration 
assay and subcellular localization observation.

Epifluorescence microscopy and CFW staining
M. oryzae cells, including hyphae, conidia and appres-
sorium expressing GFP fluorescent fusion proteins were 
incubated under appropriate conditions. The Nikon 90i 
microscope was used for epifluorescence microscopy. For 
CFW staining, mycelia were stained with 20  µg/mL for 
1 min in the dark, and conidia were stained for 30 min in 
the dark.

Yeast two‑hybrid (Y2H) assay
To generate bait and prey vectors for yeast two-hybrid 
assay, the coding sequence of MoPpg1 was amplified 
with the MoPpg1-BD_F and MoPpg1-BD_R primers and 
cloned into the EcoRI–PstI site of the pGBDK7 vector 
(Clontech, CA, USA). All the other bait and prey vec-
tors were constructed by cloning coding sequences into 
the NdeI–EcoRI site of the pGBDK7 vector and/or the 
pGADT7. Primers used to contrive the vectors are listed 
in Additional file 2: Table S1.

Constructs of BD-MoB56 and AD-Ppg1, BD-Ppg1 
and AD-MoB56, BD-Ppg1 and AD-PP2Aa, BD-MoB56 
and AD-PP2Aa were co-introduced into yeast Y2HGold 
strain (Clontech), respectively, and then incubated on 
SD-Leu-Trp plates (as control) and SD-Leu-Trp-His 
plates to test protein-protein interactions.

Co‑immunoprecipitation (Co‑IP) assay
To generate the MoPpg1-3Flag and MoB56-HA vec-
tors for Co-IP assay, MoB56 with 1.5-kb upstream 
sequence was amplified and cloned into the YIP105 
vector that contained the HA tag and TrpC terminator, 
and MoPpg1 with 1.4-kb upstream sequence was ampli-
fied and cloned into the YIP101 vector that contained 
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the 3Flag tag and TrpC terminator. The MoPpg1-3Flag 
and MoB56-HA constructs were co-transferred into 
the wild-type strain P131 to generate co-expression 
strains. Primers used to contrive the vectors are listed 
in Additional file 2: Table S1. The transformants resist-
ant to neomycin and glufosinate were isolated. Total 
proteins were extracted from the transformants using 
protein lysis buffer (50 mM Tris HCl pH 7.5, 150 mM 
NaCl, 1 mM EDTA, 1% Triton X-100, protease inhibi-
tor cocktail (Sigma, MO, USA)) and incubated with 
anti-Flag Magnetic beads (MedChemExpress, China) 
for 2  h, followed by washing the beads with a cold 
washing buffer (10 mM Tris HCl pH 7.5, 150 mM NaCl, 
0.5 mM EDTA) four times. The proteins bound to the 
beads were eluted and denatured by water boiling with 
a protein loading buffer. A strain from another study 
that expressed a nuclear protein fused 3Flag tag was 
used as a negative control. Total protein extracted from 
the strain and proteins extracted from the strain that 
contains YIP105-MoB56-HA construct alone were co-
incubated with anti-Flag Magnetic beads as mentioned 
above. The 3Flag fused control protein failed to pull 
MoB56-HA down. The eluted proteins that co-immu-
noprecipitated Ppg1-3Flag and control-3Flag were 
detected by anti-Flag antibody (Sigma, MO, USA) and 
anti-HA antibody (Roche, Mannheim, Germany).

Abbreviations
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