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5 mM H2O2. Moreover, ΔMoMBF1 showed reduced patho-
genicity with smaller infection lesions than wild type and 
the complementation strain, and decreased response to the 
accumulation of ROS (reactive oxygen species) in planta at 
the initial infection stage. Taken together, our data indicate 
that MoMBF1 is required for vegetative growth, patho-
genicity and stress response in M. oryzae.

Keywords  Magnaporthe oryzae · Multiprotein bridging 
factor1 (MBF1) · Gene knockout · Rice blast · Osimotic 
stress · Virulence

Introduction

Multiprotein bridging factor 1 (MBF1), also known as 
endothelial differentiation-related factor 1 (EDF1), is a 
common transcriptional co-activator in eukaryotic organ-
isms (De Benedictis et al. 2001; Leidi et al. 2010), linking 
specific leucine zipper-containing transcription factors and 
TATA-box binding proteins (TBP) in humans, yeast and 
Drosophila and enhancing gene transcription (Takemaru 
et al. 1998). As such, MBF1 plays a significant role in the 
regulation of eukaryotic gene transcription. The biological 
function of MBF1 has been studied extensively in eukary-
otes such as Arabidopsis thaliana, Saccharomyces cerevi-
siae, Drosophila melanogaster, and Homo sapiens, but few 
studies have addressed its function in filamentous fungi 
(Jindra et  al. 2004; Suzuki et  al. 2011; Takemaru et  al. 
1998; Ying et al. 2014). In this regard, Magnaporthe ory-
zae is an ideal model filamentous fungus that is the path-
ogen of a major rice disease (rice blast disease) (Li et  al. 
2014). Thus, the study of the biological function of MBF1 
gene in M. oryzae (MoMBF1) is significant in understand-
ing the mechanism of development and pathogenicity of 
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filamentous fungi (Dean et al. 2012; Li et al. 2015). MBF1 
is widespread in eukaryotes and archaea and is relatively 
conserved, but it is absent from Eubacteria (Jindra et  al. 
2004). It consists of two structural domains: a flexible N 
terminal region, which binds to various activators, and a 
C terminal Cro-like Helix Turn Helix (HTH) domain. The 
major difference in MBF1 between eukaryotes and archaea 
is the zinc-ribbon (Blombach et al. 2014; de Koning et al. 
2009). MBF1 was initially identified and purified from the 
posterior silk gland of Bombyx mori (Li et  al. 1994), and 
was later found in mammals, Arabidopsis, and yeast. In 
insects such as silkworms and Drosophila, MBF1 activated 
transcription of the fushi tarazu (ftz) gene by bridge-link-
ing the transcription activator FTZ-F1 (nuclear hormone 
receptor) to TBP (Ueda et al. 1992). The ftz gene of Dros-
ophila is specifically expressed during embryogenesis and 
metamorphosis and involved in body segmentation (Liu 
et al. 2003).

In plants, MBF1 is involved in plant development and 
tolerance to environmental stress, which may serve as 
the primary target gene for signal transduction pathways. 
There is only one MBF1 gene in most plant, but there are 
three MBF1 genes in Arabidopsis (At-MBF1a, At-MBF1b, 
and At-MBF1c) all of which affect growth and phenotype 
including germination, plant shape, and leaf size. Overex-
pression of AtMBF1c leads to more seeds and higher tol-
erance to high temperature, hypertonic stress, and fungal 
infection (Suzuki et  al. 2005, 2008; Tsuda and Yamazaki 
2004). Transient expression of MBF1 protein can be 
induced after treatment of potato fruit with ethylene in 
early maturity, and in tobacco in response to high tempera-
ture and drought stress (Rizhsky et  al. 2002). MBF1 pro-
tein expression can also be up-regulated after injury, fun-
gal infection, and salicylic acid treatment (Ho and Gasch 
2015). In summary, MBF1 is a special co-activator and can 
enhance transcription by bridge-linking other transcrip-
tion factors, TBP and specific activators of gene transcrip-
tion, to regulate various physiological processes within the 
organism, especially under stress conditions.

In Saccharomyces cerevisiae, Mbf1 and Gcn4 (tran-
scription factor of bZIP) interacted directly with TBP and 
regulated histidine synthesis by mediating Gcn4 dependent 
transcription and activation of HIS3 gene (Tian et al. 2007). 
Deletion of either MBF1 or Gcn4 can reduce the transcrip-
tion to basal levels imidazoleglycerol-phosphate dehy-
dratase (IGPD, HIS3p), leading to enhanced sensitivity to 
3-aminotriazole, an inhibitor of IGPD activity. Recently, 
Ying et  al. identified the MBF1 from the fungal insect 
pathogen Beauveria bassiana and showed that BbMBF1 
acts as a key regulatory cofactor controlling hyphal mor-
phogenesis, stress responses and virulence in B. bassiana 
(Ying et  al. 2014). Aside from S. cerevisiae and Beauve-
ria bassiana, few other fungal MBFs have been identified. 

Rice is the world’s most widely planted food crop, and its 
annual yield is severely affected by M. oryzae infection, 
which highlights economic significance in the study of 
growth and pathogenicity of M. oryzae, a model organism 
for study of filamentous fungi (Howard and Valent 1996; 
Ribot et al. 2008).

Here, we report the characterization of an MBF1 ortho-
logue (MoMBF1) in M. oryzae. Seven MoMBF1-knockout 
mutant strains have been generated by homologous recom-
bination. Our data indicate that ΔMoMBF1 mutants show 
reduced mycelial growth and pathogenicity as well as 
decreased tolerance to exogenous stresses, indicating that 
MoMBF1 play an important role in the regulation of veg-
etative growth, pathogenicity, and tolerance to environmen-
tal stresses.

Materials and methods

Tested strains and culture conditions

The M. oryzae strain KU80 preserved in the current lab 
was used as wild type for transformation. MoMBF1-
Com (MoMBF1 complementary strains) and ΔMoMBF1 
(MoMBF1 knockout mutant of M. oryzae) were generated 
in this test. All strains were cultured on SYM agar medium 
(10  g containing soluble starch, 3  g sucrose, 2  g yeast 
extract, and 18  g agar powder in 1  L medium) for vege-
tative growth. Liquid complete medium (CM: 6  g yeast 
extract, 6  g casein hydrolysate, and 10  g sucrose in 1  L 
medium) was used to prepare the vegetative mycelia for the 
extraction of DNA and RNA. TB3 medium (containing 3 g 
yeast extract, 3 g acid hydrolysis casein, 20 g sucrose, and 
15 g agar powder in 1 L medium) for regeneration of pro-
toplast. For conidiation, strain blocks were inoculated on 
Oatmeal agar medium (OMA: oatmeal 20 g, agar powder 
20 g in 1 L medium, pH 6.0–6.5) at 28 °C for 7 days in a 
dark room followed by 3 days of continuous illumination 
under fluorescent light.

Fungal transformation and disruption of MoMBF1 
gene

The gene deletion mutant were generated by the split-marker 
approach (Yu et al. 2004; Zheng et al. 2012). Sequences of 
a 716 and 779  bp for the upstream and downstream frag-
ments were amplified with specific primer Mbf1-AF/Mbf1-
AR and Mbf1-BF/Mbf1-BR. Primers HYG/F, HY/R, YG/F, 
and HYG/R were used for amplification of the partial frag-
ments of the hygromycin phosphotransferase (hph) gene 
as described (Mehrabi et al. 2008). For the transformation, 
protoplast preparation and transformation were described 
by Chen et al. (2008). Hygromycin- or neomycin-resistant 
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transformants were selected on media supplemented with 
250  g/mL hygromycin B (Roche Applied Science)  or 
200 g/mL G418 (Invitrogen). Fungal mycelium was col-
lected from SYM medium and lysed at 28 °C for 3 h using 
lywallzyme solution, after which the suspension was filtered 
with 2-layer gauze. The filtrate was collected and centri-
fuged. The supernatant was discarded and protoplast was re-
suspended using STC buffer (containing 10 mL, 0.1 M Tris–
HCl, 1.1 g anhydrous calcium chloride, and 40 g sucrose in 
every 200 mL buffer solution). The concentration of proto-
plast was adjusted to 1 × 107–1 × 108 cell/mL. Then 2 μg 
target DNA fragment was mixed with 200 μL protoplast 
for transformation. The mixture was kept on ice for 20 min 
followed by addition of 5 mL PTC (containing 40 % PEG-
modified STC). The mixture was kept at room temperature 
for 20 min. Then 5 mL TB3 liquid medium was added and 
it was allowed to regenerate overnight. The next day, this 
mixture was added to 40 ml dissolved (<50 °C) protoplast 
regeneration medium (containing 200  µg/mL hygromycin 
B) and gently stirred. The mixture was inoculated on 15 cm 
culture medium. After coagulation, upper-level TB3 culture 
medium containing hygromycin B (200 µg/ml) was added 
to screen the transformant. The generated transformant was 
picked and transferred to solid SYM medium to extract 
DNA for PCR testing. The gene deletion mutants were 

generated by the split-marker approach (Yu et  al. 2004; 
Zheng et al. 2012).

Screening and molecular validation of the 
transformants

DNA of the transformants were extracted for PCR vali-
dation according to a method described by Talbot et  al. 
(1993). Pairs of primers located within ORF of MoMBF1 
(Mbf1-OF/Mbf1-OR), interior primer of hygromycin 
phosphotransferase (HPt), and upstream primer MoMBF1 
(H853/Mbf1-UA) were used in PCR amplification to vali-
date the mutant. In addition, the RT-PCR method (using 
primer Mbf1-OF/Mbf1-OR) was used to confirm the trans-
formant from the transcriptional level. Primer sequences 
used in this article are listed in Table 1.

Complementation assay

A 3155 bp sequence covering the ORF of MoMBF1, pro-
moter sequences (1600 bp ahead of ORF) and its 3′ UTR 
region (noncoding region) (around 500 bp) was amplified 
by the primers Mbf1-CF/Mbf1-CR. The sequence was con-
nected to pKNTG vector (harboring geneticin-resistance 
marker) using endonuclease Xho I and Hind III to construct 

Table 1   Primers used in this 
study

Name Sequence (5′–3′)

Mbf1-AF GGCGGTTGATTGACCTCCTT

Mbf1-AR TTGACCTCCACTAGCTCCAGCCAAGCCGATTTCGTCGTTCGGTTTGC

Mbf1-BF GAATAGAGTAGATGCCGACCGCGGGTTCTGAGATTCAACTCGCTTCAC

Mbf1-BR GCTATCTTGACATCGGTGCT

Mbf1-OF GTACGGCACTGCCAACTCTG

Mbf1-OR TGCCCAATTCCTTATCACCA

Mbf1-CF CCGCTCGAGGACGGCATTCTGGTTCTT

Mbf1-CR CCCAAGCTTATCGGTGCTACGCATCTC

Mbf1-UA GGTAAGGGTTAATCAAGAAT

YG/F GATGTAGGAGGGCGTGGATATGTCCT

HY/R GTATTGACCGATTCCTTGCGGTCCGAA

HYG/F GGCTTGGCTGGAGCTAGTGGAGGTCAA

HYG/R AACCCGCGGTCGGCATCTACTCTATTC

H853 ACAGACGTCGCGGTGAGT

MoActin-F CCAGCCTTCAGTCCTGGGTC

MoActin-R AGGGCAGTGATCTCCTTCTG

OsPBZ1-QF CCCTGCCGAATACGCCTAA

OsPBZ1-QR CTCAAACGCCACGAGAATTTG

PR1a-QF CGTCTTCATCACCTGCAACTACTC

PR1a-QR CATGCATAAACACGTAGCATAGCA

OsActin-QF CTTCAACACCCCTGCTATG

OsActin-QR CCGTTGTGGTGAATGAGTAA

OsWRKY53-QF AACACGGCAATACACACATAC

OsWRKY53-QR TGACCTGTCTCTCAGCAGTTAC
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vector with complementary function. The constructs was 
co-transformed into protoplasts of the target mutant strain. 
Transformants were selected by growing on plates with 
geneticin and then screened by PCR (using primer Mbf1-
OF/Mbf1-OR) (Primer listed in Table 1).

Yeast complementation assay

The yeast wild-type strain AEY 3087 and mutant strain 
mbf1Δ were obtained from Dr. Siebers’s laboratory (Coto 
et  al. 2011). The whole open reading frame (ORF) of 
MoMBF1 was amplified by PCR from the cDNA of the 
wild-type strain KU80. Then the ORF fragment was cloned 
into pYES2 vector (Invitrogen). pYES2-MoMbf1 or empty 
vector pYES2 were transformed into yeast wild-type strain 
AEY 3087 or mutant strain Δmbf1 as described by the pre-
views report (Coto et  al. 2011). The transformants were 
transferred onto supplemented minimal medium plates with 
or without 3 mM aminotriazole. The plates were grown in 
the incubator for 3 days at 30 °C.

Vegetative growth and osmosensitivity test

Wild-type and mutant mycelial pellets of the same diam-
eter were collected with a hole puncher and planted at the 
center of SYM medium for inverted culture at 28 °C. For 
the osmosenitivity test, wild-type and mutant mycelial 
pellets of the same diameter were collected with a hole 
puncher and planted on SYM plates containing 1 M sorbi-
tol, 0.5 M NaCl, 3 mM, 5 mM H2O2 cultured in the dark 
at 28  °C to determine their effects on the fungal growth. 
Colony diameter was measured on day 9 after planting and 
images were photographed on day 9. The tests were per-
formed in triplicate with three replicates each time.

Conidial morphology, conidium germination, 
appressorium formation and penetration test

The fungus was cultured on oatmeal agar plates for 7 days 
then carefully scraped out the aerial hyphae on the surface 
with sterile slides and light cultured at 28 °C for 2 days. 
Then the conidia were collected by rinsing with sterile 
water and the volume was titrated to 1  mL, followed by 
calculation of the counts of conidia in each dish using a 
hemocytometer. Counting was performed three times per 
dish with three biological repeats. Conidia suspension 
with concentrated of 5 × 104/mL was used for spore ger-
mination and appressorium formation test on hydropho-
bic surfaces of Gelbond film (BMA Company) (Zhang 
et al. 2009a). Drops 15 µL in volume were generated with 
three drops on each surface and triplicate were set for 
each treatment. Spore drops were cultured within humid 
environments at 28  °C and the spore germination and 

appressorium formation were observed under microscope 
at 0.5, 1, 2, 4, 8, and 24 h. Three fields were selected for 
each observation with three biological repeats. Appres-
sorium penetration on onion epidermal cells was per-
formed as described (Odenbach et al. 2007). Each well of 
a 24-well culture plate was added to 2 mL distilled water. 
Three layers of onion inner epidermis of 5 × 5 mm in size 
were scratched and placed in distilled water. Then 10 µL 
of conidia suspension at a concentration of 5 ×  104/mL 
suspension was added dropwise to the surface of the onion 
epidermal cells with 0.4 μM or without diphenyleneiodo-
nium (DPI) dissolved in DMSO, and 10 duplicates were 
set. Spores were cultured in a humid environment and the 
infection condition was observed after 24 and 48  h. The 
experiment was performed three times with three biologi-
cal repeats.

Pathogenicity assays

The pathogenicity of rice was tested as in a previous report 
(Talbot et al. 1993). The conidial suspensions were sprayed 
with solution at a concentration of 2 ×  105/mL (contain-
ing 0.02 % Tween) on a susceptible rice cultivar Nihonbare 
at the three-leaf stage. The infected plants were incubated 
in a humid box for 12 h at 25 °C, then moved to a humid 
room for 7 days until the symptoms become apparent. The 
number of lesions on the leaves were counted as described 
previously (Dong et al. 2015). The pathogenicity test was 
conducted at least three times. The infected leaves were 
photographed at day 7.

ROS accumulation assay

Conidia suspensions of a concentration of 1  ×  105/mL 
were inoculated with 1 month old rice leaf sheath of rice 
cultivar Nihonbare and 6 day old barley plants. The sam-
ples were collected at 24  h post inoculation (hpi) and 
48 hpi. Diamino-benzidine (DAB) staining was performed 
following the protocol of Huang et al. (2011). For the rice 
leaf sheath, the leaf sheath were cut at the base by a razor 
blade and placed in a 1  mg/ml solution of DAB for 8  h 
under darkness at room temperature. For the barley leaves, 
first the leaves were placed in the DAB for 8 h under the 
same condition with rice leaf sheath, decolorized by boil-
ing the leave with 96  % ethanol for 10  min. Remove the 
96 % ethanol and add fresh 100 % ethanol and incubate the 
samples in room temperature overnight.

Quantitative real‑time RT‑PCR of pathogenesis‑related 
genes (PR genes)

The infected Rice (cultivar Nipponbare) tissues used 
for Quantitative real-time reverse transcription PCR 
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(real-time qRT-PCR) analysis were collected at 0, 24, 
48, 72  h post inoculation (hpi). qRT-PCR was carried 
out using primer pairs of the following genes: OsPR1α, 
OsPBZ1 and OsWRKY53. The actin gene OsActin 
(Os03g50885) was used as an endogenous control. Total 
RNA isolated from the frozen plant tissues with Eastep™ 
Total RNA extraction Kit (Promega (Beijing) Biotech Co., 
Ltd, LS1030) according to the manufacturer’s instruction. 
5 μg of total RNA was reverse transcribed into first-strand 
cDNA with oligo (dT) primer using GoScript™ Reverse 
Transcription System (Promega (Beijing) Biotech Co., 
Ltd Promega, A5001). PCR were performed using a 20 μl 
reaction of SYBR® Premix Ex Taq™ II (Tli RNaseH 
Plus) system: 2  ×  SYBR Premix 10  μl, dH2O 6  μl, 
Primer(10 μM) 0.8 μl, cDNA 3 μl (25 ng of input RNA). 
Real-time quantitative RT-PCR was run on the CFX96 
Real-Time PCR Detection System (Bio-Rad). Then PCT 
condition was as follows: 95 °C for 1 min (1 cycle); 95 °C 
for 25 s, 58 °C for 25 s (40 Cycles); 95 °C for 25 s, 60 °C 
for 15 s (melting curve). Relative abundance of transcripts 
was calculated by the 2−ΔΔCt method (Livak and Schmitt-
gen 2001). Quantitative RT-PCR was conducted at least 
twice with three replicates from independent biological 
experiments.

Yeast two‑hybrid assay

Yeast two-hybrid assay was performed following the 
manufacturer’s instructions (Matchmaker™ Gold Yeast 
Two-Hybrid System, Clontech Laboratories, Inc. Cat. 
No 630489). The whole ORF cDNAs for MoMBF1 and 
MoGcn4 were cloned into the pGBKT7 and pGADT7 
vector, respectively. The constructs were transformed into 
yeast AH109 strain. Single colonies of the transformants 
were selected by growing on SD/-Trp-Leu-His plates and 
SD/-Trp-Leu-His-Ade/X-α-GAL plates.

Results

Sequence alignment and phylogenetic analysis of Mbf1 
Proteins from different organisms

The MoMBF1 gene (MGG_08203) of M. oryzae contains 
567 bp, including an 81-bp intron and coding a region for 
161-amino acid protein. Based on M. oryzae genome data-
base, there is only one MBF1 gene in M.  oryzae. Online 
Pfam software (http://pfam.xfam.org/) analysis indicated 
that MoMBF1 contains an N-terminal MBF1 domain and 
a C terminal HTX domain like all other MBF1 proteins, 
suggesting the conservation of MBF1 gene in evolution 
(Fig.  1a). Sequence alignment and phylogenetic analysis 
were performed using MEGA5.0 software for M.  oryzae 

MoMBF1 (XP_003715182.1), At-MBF1a (NP_565981.1), 
At-MBF1b (NP_191427.1), and At-MBF1c (NP_189093.1) 
in A. thaliana, hMBF1α (NP_694880.1) and hMBF1β 
(NP_003783.1) in humans, MBF1 (NP_014942.4) of Sac-
charomyces cerevisiae, FgMBF1 (XP_011319121.1) in 
Fusarium graminearum, NcMBF1 (XP_960690.1) in 
Neurospora crassa, DmMBF1 (NP_524110.1) in D. mela-
nogaster, ZmMBF1 (NP_001151413.1) in maize, TbMBF1 
(ADT84285.1) in Thermococcus barophilus, and BmMBF1 
(NP_001036824.1) in silkworms. The results showed two 
branches of MBF1 genes evolved from ancient bacteria: 
one in fungi and another in plants and animals (Fig.  1b). 
Sequence alignment based on the NCBI database indicated 
homology between MoMBF1 protein and other fungal 
MBF1 proteins ranging from 40 to 43 % (F. graminearum 
42 %; Neurospora crassa 43 %; S. cerevisiae 40 %). The 
phylogenetic relationship shed light on the evolution and 
function of MBF1 proteins.

Complementation of yeast Δmbf1 by MoMBF1

Previous studies revealed that MBF1 is an evolutionar-
ily conserved transcriptional co-activator in other species. 
However, the function of co-activators from fungus has 
not been studied so for and the biological role of MBF1 
as multiprotein bridging factor has not been demonstrated. 
To address this issue, complementation study in yeast was 
performed to test whether MoMBF1 is functional for com-
plementation in yeast mbf1Δ mutant. The yeast mutant 
lacking MBF1 is viable to grow on galactose or sucrose 
media, but sensitive to 3-AT, an inhibitor of the His3 gene 
product. Here, we transformed the pYES2-MoMbf1 or the 
empty pYES2 vector into the yeast wild-type strain and the 
yeast mbf1Δ mutant. As expected, the mbf1Δ strain trans-
formed with pYES2-MoMbf1 strain was able to grow in 
3 mM 3-AT plate. The mbf1Δ strain with a empty pYES2 
vector was sensitive to 3-AT (Fig. 2). Therefore, the results 
indicated that MoMBF1 like the eukaryotic MBF1 from 
insects, human, or plants, was able to complement and 
restore the MBF1 function in yeast.

MoMBF1 deletion and complementation

To investigate the biological function of MoMBF1 in 
M.  oryzae, MoMBF1 knockout mutants were constructed 
by homologous recombination (Fig.  3a) (Zheng et  al. 
2012). Targeted deletion mutants were identified by PCR 
of genomic DNA of the transformants, with two pairs of 
primers, Mbf-OF/Mbf-OR and Mbf-UA/H853. The candi-
date knockout mutants were specifically amplified by the 
Mbf-UA/H853 primers but not by the Mbf-OF/Mbf-OR 
primers (Fig. 3b). The mutants were further confirmed by 
RT-RCR to amplify the transcripts of MoMBF1 gene. A 

http://pfam.xfam.org/
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total of seven knockout mutants were generated and two 
mutants, ΔMoMBF1-1 and ΔMoMBF2-2 were randomly 
selected for further analysis. As indicated in Fig.  3c, the 
RT-PCR tests did not detect any MoMBF1 transcription in 
the mutants. Functional complementation strain MoMBF1-
Com for one of the mutants was constructed and RT-PCR 
experiment showed that transcription of MoMBF1 was 
recovered in the complementation strain (Fig. 3b, c).

MoMBF1 is involved in vegetative growth

The ΔMoMBF1 mutants showed normal mycelial mor-
phology but a slower growth rate than wild-type or comple-
mentary strains (Fig. 4a). After cultivation under the same 
conditions for 9  days, the average diameters of the wild-
type and complementation strains were 5.36 and 5.28 cm, 
respectively. In contrast, the average diameter of the two 

Fig. 1   Sequence alignments and analysis of the phylogenetic rela-
tionships among MoMBF1 and its homologs. a Sequence alignment 
of MoMBF1 and its homologs. The black underlining shows the two 
typical structures: HTH_XRE superfamily and MBF1 superfam-
ily. b A neighbor-joining tree was constructed using the amino acid 
sequence of MBF1 proteins from different organisms. The tree was 

constructed using pairwise distance and MEGA5 software (Tamura 
et al. 2011). (Hs Homo sapiens; At Arabidopsis thaliana; Dm Dros-
ophila melanogaster; Bm Bombyx mori; Tb Thermococcus baro-
philus; Zm Zea mays; Fg Fusarium graminearum; Nc Neurospora 
crassa; Sc Saccharomyces cerevisiae; Mg Magnaporthe oryzea)
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mutants was only 4.81 and 4.86  cm (Fig.  4b), indicating 
that MoMBF1 is necessary for normal vegetative growth.

MoMBF1 is involved in osmotic adaptation 
and oxidative stress response

MBF1 proteins have been implicated in plant growth 
and a number of stress reactions. To determine whether 
MoMBF1 is also involved in stress response, the growth 
rate of mutants was assessed in different types of stress 
environments. The wild-type KU80, ΔMoMBF1, and com-
plemented strains were exposed to different conditions 
including osmotic stress (1  M sorbitol and 0.5  M NaCl) 
and oxidative stress (3 mM and 5 mM H2O2). Our results 
showed more sensitivity of the mutants to both osmotic 
and oxidative stresses. As indicated in Fig.  5a, b, the 
osmotic stresses inhibited the growth rate of the mutants 
ΔMoMBF1-1 and ΔMoMBF1-2 by 30–33  % while the 
inhibition for the wild-type was less than 20  %. Oxida-
tive stresses also inhibited the growth of the ΔMoMBF1 
mutants more strongly than the wild-type strain, which was 
more obvious with 5  mM H2O2 than 3  mM H2O2. These 
results indicated that ΔMoMBF1 was highly sensitive to 
exogenous stress and responsible for the H2O2 tolerance 
phenotype.

Since the MoMBF1 mutant was hypersensitive to 
osmotic and oxidative stresses, we speculated that it may 
result from defects in the cell wall composition and func-
tion. To investigate this possibility, we tested the integ-
rity of cell walls and membranes of ΔMoMBF1. Mycelial 
plugs were cultured on SYM agar supplement with 200 μg/
ml calcofluor white (CFW) and 200  μg/ml Congo red 
(CR), which affect the fungal cell wall assembly by binding 
chitin and β-1, 4-glucans, respectively (Zhang et al. 2010). 
The mycelial growth rates of ΔMoMBF1 were not severely 
changed compared with that of wild-type KU80 and com-
plemented strains (Data not showed). These results indicate 
that MoMBF1 was not involved in cell wall integrity.

MoMBF1 is dispensable in conidial germination 
and appressorium development

Next, we analyzed conidiation of ΔMoMBF1 and found 
normal conidiospores and conidia production (Table  2). 
The spore germination and appressorium formation rate on 
hydrophobic surface showed no differences between the 
wild type and mutants (Table  2). These results indicated 
that MoMBF1 is dispensable for spore germination and 
appressorium development.

MoMBF1 is required for virulence

To determine whether the virulence of ΔMoMBF1 was 
altered in comparison to wild-type and complementation 
strains, susceptible rice cultivar CO39 was inoculated at the 
three and half leaf stage. After 7 days, wide type and com-
plementary strains produced typical lesions on rice leaves 
while the ΔMoMBF1 mutant produced much smaller 
lesions (Fig.  6a), indicating reduced virulence. Statisti-
cal analysis showed average 29.67 lesions per 2.4  cm2 of 
rice leaves by ΔMoMBF1 infection, but the wild-type and 
complementation strains produced 70.33 and 74.00 lesions, 
respectively, on average (Fig. 6b). In addition, the wide type 
and complementation strains produced more pathologically 
severe lesions at levels 4 and 5 while the ΔMoMBF1 infec-
tion produced only lesions at levels 2 and 3 (Valent et al. 
1991). The results indicated that the virulence of M. oryzae 
was significantly reduced upon MoMBF1 disruption.

To determine the mechanism of reduced virulence in 
ΔMoMBF1, we investigated the appressorial penetration 
and invasive growth of the ΔMoMBF1 mutant on onion 
epidermal cells upon conidial suspension-mediated infec-
tion. As showen in Fig.  6c, the appressoria formed by 
the ΔMoMBF1 mutant appeared normal. However, the 
penetration rate on onion epidermal cell by ΔMoMBF1 
was significantly reduced at 24 h. Only 47.3 % of appres-
sorium of ΔMoMBF1 infected onion skins after 24  h of 

Fig. 2   MoMBF1 complements the S. cerevisiae mbf1Δ mutant. 3 AT 
sensitivity of yeast wild type (WT), the mbf1Δ mutant strain carrying 
pYES2-MBF1 (+),the mbf1Δ mutant strain carrying pYES2 empty 

vector (−). Serial dilutions of the respective strains were placed on 
minimal medium with or without 3  mM aminotriazole (AT). The 
plates were grown at 30 °C for 3 days
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inoculation, but 72.3 % of wild-type and 70.6 % of com-
plementary strain appressoria were infectious (Fig.  6d). 
The infection rates of all the strains were reached to 100 % 
after prolonged incubation time at 48  h post inoculation 

(Date not show). These results indicated that the appresso-
rial penetration of ΔMoMBF1 was delayed at early infec-
tious stage, which may contribute the reduction of the vir-
ulence in rice.

Fig. 3   Construction and confirmation of the MoMBF1 deletion 
mutants. a Knockout strategy for MoMBF1. Thick arrows indicate 
orientation of the MoMBF1 (white) and hygromycin phosphotrans-
ferase (hph) gene (gray). Short arrows indicate the primers used in 
this assay. A long fragment amplified by the SOE-PCR contained the 
homologous sequences flanking the hph gene will replace the ORF 
of MoMBF1. b DNA verification of the deletion mutant ΔMoMBF1 
and the complementary transformant MoMBF1-Com with the spe-

cific primers Mbf1-OF/Mbf1-OR and Mbf1-UA/H853. c Total RNA 
samples (approximately 1  mg per reaction) isolated from mycelia 
of WT, ΔMoMBF1 and MoMBF1-Com were subjected to RT-PCR 
using ΔMoMBF1 gene-specific primers Mbf1-OF and Mbf1-OR 
(Table  1). The RT-PCR product was a 194  bp fragment in WT and 
ΔMoMBF1-Com as predicted, but it is absent from the deletion 
mutant ΔMoMBF1
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MoMBF1 is essential for overcoming plant defense 
responses

Stronger host defense response may also contribute to the 
reduced pathogenicity by the ΔMoMBF1 mutant. Auto-
fluorescence was a hallmark of plant defense response 
in rice blast disease (Tanabe et  al. 2009). We compared 
the emission of autofluorescence at the primary rice cells 
infected by the wild-type and the ΔMoMBF1 mutant. A 
strong autofluorescence was detected in rice cells infected 
the ΔMoMBF1 mutant (Fig. 7a). In contrast, autofluores-
cence only appeared in the cell wall of wild-type-infected 
plants. Autofluorescence at the site of infection reflects 
the accumulation of phenolic compounds and cell wall 

strengthening (Shalaby and Horwitz 2015). These results 
indicated that the ΔMoMBF1 mutant triggers stronger 
host responses than the wild type at the initial infection 
stage.

Another major and early plant defense response is the 
accumulation of reactive oxygen species (ROS). The 
conidia of wild type and ΔMoMBF1 mutant were used to 
inoculate susceptible rice and barley cultivars. The accu-
mulation of hydrogen peroxide (H2O2) at the infection 
sites was detected by straining with 3,3′-diamino-benzidine 
(DAB) at 24 and 48 h after inoculation. The ΔMoMBF1-
infected samples showed ROS signal at 24  h post inocu-
lation (hpi) and reached maximal ROS signal at 48  hpi 
compared with the wild type-infected samples (Fig.  7a). 

Fig. 4   Colony morphology and growth rate of MoMBF1 deletion 
and complementation mutants. a The colonies were cultured on SYM 
medium for 9 days. b The diameter of the colonies were measured on 

days 3, 5, 7, and 9 after culture on SYM medium under 28 °C. Error 
bars represent the standard deviation and asterisks represent highly 
significant differences (P < 0.01)
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Fig. 5   Sensitivities of MoMBF1 deletion and complementation 
mutants to different exogenous stresses. a The colonies were cultured 
on SYM medium containing 1 M sorbitol, 0.5 M NaCl, 3 Mm H2O2 

and 5  Mm H2O2, respectively. b Growth inhibition rates under dif-
ferent exogenous stresses. Error bars represent the standard deviation 
and asterisks represent high significant differences (P < 0.01)
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The spot-like DAB signals in epidermal cells infected by 
ΔMoMBF1 were higher than the wild type-infected sam-
ples by measuring at 48 hpi (Fig. 7b). As a control, ROS 
signal was undetectable in non-inoculated leaves under 
the same conditions (data not shown). These results indi-
cate that the loss of the MoMBF1 gene may abrogate 
ROS reduction in the host plant cell during early stage of 
infecion.

To determine whether the inhibition of plant ROS gen-
eration can restore infectious hyphae (IH) development of 
the MoMBF1 mutant, we used 0.4  μM of diphenylenei-
odonium (DPI), an inhibitor of NADPH oxidases, to pre-
vent the generation of ROS in the rice cell (Chi et al. 2009). 
We tested the appressorial penetration and invasive growth 
of the ΔMoMBF1 mutant on onion epidermal cells with 
or without DPI (0.04 μM). The results showed that DPI 
treatment recovered the IH development of ΔMoMBF1 up 
to 69  % at 24 hpi (Fig.  6d), suggesting that MoMBF1 is 
involved in overcoming the defense response by degrading 
oxidases in the plant cell.

Given the fact that the increased ROS accumula-
tion happened in the early stage of infection stage of the 
ΔMoMBF1, we next determined whether the pathogen-
esis-related (PR) gene were simulated by the infection of 
ΔMoMBF1 infection. The expression patterns of three PR 
genes (PR1, WRKY53 and PBZ1) were examined by quan-
titative RT-PCR. The results showed the expression of PR1, 
WRKY53 and PBZ1 was highly induced by ΔMoMBF1 
at 24 hpi compared to wild type (Fig.  7b) indicating that 
the infection of ΔMoMBF1 induced the plant defense 
responses in planta.

Interaction studies of MoMbf1 and MoGcn4

In S. cerevisiae, a bZIP transcription factor GCN4 coop-
erate with MBF1 to recruit the TATA-box protein to bind 
to the promoter region of its target genes. To investigate 

if MoMBF1 can interact with GCN4 to mediate GCN4-
dependent transcriptional activation in M. oryzea, we con-
ducted yeast two-hybrid assay. In M. oryzea, the GCN4 
homologue MoGcn4 (MGG_00602) is annotated as a cross-
pathway control protein 1 with a ORF of 720-bp inter-
rupted by a 81-bp intron, encoding a 240-amino acid poly-
peptide that shares 62, 57, 53, 51, 44 % amino acid identity 
to the homologues in Fusarium fujikuroi (CAP20091.1), 
Fusarium graminearum PH-1 (XP_011328479.1), Neuro-
spora crassa (XP_957665.1), Saccharomyces cerevisiae 
(CAE52217.1) and Aspergillus nidulans (AAL09315.1), 
respectively.

The plasmids pBD-Mbf1 and pAD-Gcn4 were con-
structed and transformed into the yeast strain AH109, and 
their interaction was tested by the transcriptional activa-
tion of the reporter genes and LacZ. The results showed 
none of the AH109 Strains carrying both the pBD-Mbf1 
and pAD-Gcn4 could grow on a SD/-Trp-Leu-His plate 
or exhibit blue color on SD/-Trp-Leu-His/X-α-GAL plate 
(Fig.  8), indicated that no interaction between MoMBF1 
and MoGcn4. In addition, the AH109 strain carrying pBD-
MoMBF1 did not grow on the SD/-Trp-Leu medium, con-
firming that MoMBF1 is not a general transcription factor 
and cannot activate transcription by itself.

Discussion

MBF1 is a highly conserved transcriptional co-activator 
that is implicated in various physiological and biochemical 
processes in eukaryotes, including endothelial cell differen-
tiation, lipid metabolism, hormone regulation, development 
of the central nervous system and histidine metabolism by 
bridge linking the DNA binding region of transcription 
factor and TATA-box binding protein (Leidi et  al. 2009; 
Liu et al. 2007). MBF1 proteins in plants control multiple 
development processes and environmental stress tolerance, 

Table 2   The conidiation, 
conidial germination rate 
and appressorium formation 
rate MoMBF1 deletion and 
complementation mutants

a  Average numbers of conidial harvested from a 5 cm oatmeal agar plate on day 9 after incubation under 
28 °C. Data in all columns are the means of three independent experiments with standard deviations

* Asterisks represent highly significant differences (P < 0.01)

Strain Conidiation (*105)a Germination (%) Appressorium formation (%)

4 h 8 h 8 h 12 h 24 h

KU80 6.1 ± 6.66 90 ± 3.21 100 54 ± 9.86 86 ± 9.07 100

ΔMoMBF1-1 7.7 ± 6.81 97 ± 2.08 100 60 ± 6.50 90 ± 3.21 100

ΔMoMBF1-2 8.0 ± 11.14 96 ± 3.21 100 59 ± 3.61 89 ± 3.51 100

MoMBF1-Com 6.5 ± 9.60 92 ± 6.66 100 61 ± 9.71 87 ± 8.02 100
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and MBF1 deficiency can cause defects in growth and 
stress tolerance (Mariotti et al. 2000). In Drosophila, MBF1 
moves from the cytoplasm to nucleus after binding to the 
transcription factor D-Jun and the complex stabilizes D-Jun 
(Jindra et al. 2004). Human MBF1 plays significant role in 
the differentiation of endothelial cells. However, few stud-
ies have addressed MBF1 in fungi, especially filamentous 
fungi. One recent study showed that colony morphology 
can be affected by lack of BbMBF1 in the fungal pathogen 
B. bassiana, with increased sensitivity to osmotic pres-
sure and reduced pathogenicity (Ying et  al. 2014). In this 
study, we functionally characterized the MBF1 ortholog in 
M.  oryzae (MoMBF1). Based on bioinformatic analyses, 
Mbf1 is widely distributed and highly conserved in eukary-
otes and archaea. Previous studies reported that the MBF1 
homologs from Arabidopsis, potato, silk worm and human 
can complement the MBF1 function in the yeast deletion 
strains (mbf1Δ) (Coto et al. 2011; Suzuki et al. 2008; Zan-
etti et al. 2003). In this study, we found that MBF1 from M. 
oryzae was also able to complement the MBF1 function in 
yeast. Like the function of MBF1 in B. bassiana, MoMBF1 
is required for vegetative growth, pathogenicity as well as 
response to exogenous stresses in M. oryzae.

MBF1 genes have been implicated in exogenous stress 
and oxidative stress responses in different organisms 
(Arce et  al. 2010; Suzuki et  al. 2005). Consistently, our 
study has demonstrated the significance of MoMBF1 in 
response to the exogenous stresses. The MoMBF1 deletion 

mutants are defective in mycelial growth and more sensi-
tive to inhibition by osmotic and oxidative stresses than 
the wild-type. Indeed, this defect is due to MoMBF1 
deficiency because the MoMBF1 complementation trans-
formant can completely restore the wild-type phonotype. 
Thus, MoMBF1 plays an important role in mycelia growth 
and in the response to exogenous stresses. In eukaryotic 
cells, the mitogen-activated protein kinases (MAPK) are 
involved in transducing a variety of extracellular signals 
and regulating growth and differentiation processes (Xu 
2000). Previous report showed the HOG pathway related 
genes, Hog1, Pbs2, Ste11, Ssk2 and Ssk22, are essential 
for maintaining the osmotic gradient across the plasma 
membrane by accumulating glycerol in M. oryzae and 
other fungi (Thines et al. 2000; Zhang et al. 2009b; Zhao 
et  al. 2005). The two-component histidine kinases genes 
and the ABC transporter genes of blast fungus are involved 
in the osmotic stress response and pathogenicity (Kim 
et al. 2013; Motoyama et al. 2008; Zhang et al. 2010). It 
was reported, the ABC and major facilitator superfam-
ily (MFS) transporters, the histidine kinases genes, and 
MAPK pathway genes in B. bassiana were regulated by 
BbMBF1. Therefor, these genes may also be regulated by 
MoMBF1 in M. oryzae to respond osmotic and oxidative 
stresses.

We have also found that MoMBF1 contributes to the 
virulence of M. oryzae in rice by regulation of appresso-
rial penetration and invasive growth and by blocking ROS 
accumulation in planta. We speculate that MoMBF1 may 
control the expression of genes involved in degradation 
of ROS-producing enzymes. In support of this conten-
tion, we have detected robust induction of the PR genes 
(WRKY53, PBZ1, and PR1α) in ΔMoMBF1-challenged 
rice tissues. Taken together, our data indicate that 
MoMBF1 plays a crucial role in the virulence of the rice 
blast fungus.

In S. cerevisiae, the bZIP transcription factor Gcn4p is 
a key regulator in response to the amino acid starvation 
(Hinnebusch and Natarajan 2002; Natarajan et  al. 2001). 
In yeast, a GST pull-down assays showed Mbf1 interacts 

Fig. 6   The pathogenicity of MoMBF1 deletion and complementa-
tion mutants on rice cultivar CO39. a Lesions caused by MoMBF1 
deletion and complementation mutants at 7  dpi (days post inocula-
tion). b Bar chart of mean lesion density on rice leaves infected with 
MoMBF1 deletion and complementation mutants per unit area. Error 
bars represent the standard deviation and asterisks represent highly 
significant differences (P < 0.01). c Invasive growth of MoMBF1 and 
complementation mutants in onion epidermal cells at 24  hpi (hours 
post inoculation). Bar 20  μm. d The percentage of appressorium-
mediated penetration and infectious hyphae development of Wild 
type, MoMBF1 mutant and complementation strains with DPI and 
without DPI treated onion epidermis. The level of IH development 
were scored at 24 hpi

◂
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with Gcn4 and a TATA-box binding protein (TBP) directly, 
mediating the Gcn4-dependent transcriptional activation 
of the HIS3 gene, which encodes imidazole-3-phosphate 
dehydratase. However, in our research, a yeast two-hybrid 
experiment showed Mbf1 and Gcn4 proteins do not interact 
with each other in M. oryzea. Similar results was reported 

in F. fujikuroi, no interaction was detected between 
Cpc1(GCN4 ortholog) and Mbf1 using two different yeast 
two-hybrid system (Schonig et al. 2009). The pull-down or 
co-immunoprecipitation assays may need to be performed 
to determine the interaction between MBF1 and GCN4 in 
M. oryzae.

Fig. 7   a Fluorescence and DIC microscopy of infected rice sheaths 
48  hpi for the autofluorescence at the site of infection. Scale bars 
20 μm. b Proportion of DAB stained epidermal cells of the MoMBF1 
deletion mutant at 48  hpi. Asterisks indicate significant differ-
ences. c The MoMBF1 deletion mutant induced strong plant defense 
responses in planta. DAB staining was performed on wild type 

and ΔMoMBF1 conidia 24 and 48  hpi. Compared with wild type, 
ΔMoMBF1 showed a strong ROS accumulation on plant cell. The 
experiment were repeated for three times. Images were taken with 
a microscope. Scale bars 20 μm. d The relative expression of rice 
pathogenesis-related (PR) genes at early infectious stage by wild type 
strain and ΔMoMBF1. Samples were collected at 0, 24, 48 and 72 hpi
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Transcription factor are key regulators of gene expres-
sion and play an important role in diverse processes, 
including developmental control and initiation of stress and 
defense responses (Liu et  al. 2014). Our study indicates 
that the transcription co-activator MBF1 regulates vegeta-
tive growth, pathogenicity, and stress response in the rice 
blast fungus M. oryzae.
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