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Abstract
The hemibiotrophic pathogen Bipolaris sorokiniana causes root rot, leaf blotching, and 
black embryos in wheat and barley worldwide, resulting in significant yield and qual-
ity reductions. However, the mechanism underlying the host–pathogen interactions 
between B.  sorokiniana and wheat or barley remains unknown. The B.  sorokiniana 
genome encodes a large number of uncharacterized putative effector proteins. In 
this study, we identified a putative secreted protein, CsSp1, with a classic N-terminal 
signal peptide, that is induced during early infection. A split-marker approach was 
used to knock out CsSP1 in the Lankao 9-3 strain. Compared with the wild type, the 
deletion mutant ∆Cssp1 displayed less radial growth on potato dextrose agar plates 
and produced fewer spores, and complementary transformation completely restored 
the phenotype of the deletion mutant to that of the wild type. The pathogenicity 
of the deletion mutant in wheat was attenuated even though appressoria still pen-
etrated the host. Additionally, the infectious hyphae in the deletion mutant became 
swollen and exhibited reduced growth in plant cells. The signal peptide of CsSp1 was 
functionally verified through a yeast YTK12 secretion system. Transient expression 
of CsSp1 in Nicotiana benthamiana inhibited lesion formation caused by Phytophthora 
capsici. Moreover, CsSp1 localized in the nucleus and cytoplasm of plant cells. In 
B. sorokiniana-infected wheat leaves, the salicylic acid-regulated genes TaPAL, TaPR1, 
and TaPR2 were down-regulated in the ∆Cssp1 strain compared with the wild-type 
strain under the same conditions. Therefore, CsSp1 is a virulence effector and is in-
volved in triggering host immunity.
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1  | INTRODUC TION

Bipolaris sorokiniana (teleomorph: Cochliobolus sativus) is one of the 
main pathogens responsible for wheat root rot, crown rot, leaf spot, 
and black points of wheat, barley, and many other grass species 
(Acharya et al., 2011; Karov et al., 2009; Kumar et al., 2002, 2020; 
Yan et al., 2012). Diseases caused by B. sorokiniana have been shown 
to result in yield losses ranging from 10% to 20% under favourable 
conditions in Canada, the UK, Brazil, Mexico, Gambia, and south-
ern Asia (Ghazvini & Tekauz, 2012; Kang et al., 2020; Karov et al., 
2009; Murray et al., 1998; Sharma & Duveiller, 2010). On the north-
ern plains of China, B.  sorokiniana was determined to be the most 
abundant pathogen present in infected wheat roots and stems (Xu 
et al., 2018). B. sorokiniana accounts for 0.3%–66.7% of black point 
disease cases in China, based on screening of wheat cultivars and 
isolation of the pathogen from grains (Dai et al., 2011; Li et al., 2014; 
Luan et al., 2011; Zhang et al., 1990). In recent years, with changing 
climate conditions and returning straw to the field, wheat root rot 
has become more prevalent in different regions of China. In particu-
lar, in the Huanghuai wheat-growing region of China, wheat root rot 
has become one of the major diseases (Guo, Yao, et al., 2019; Li et al., 
2011; Wu et al., 2006; Zhang et al., 2007).

B. sorokiniana is a hemibiotrophic parasitic fungus, and its infection 
process is similar to that of Magnaporthe oryzae (Gupta et al., 2018). 
The conidia secrete mucus, adhere to the surface of host plants, 
and then germinate to form buds and germ tubes, which extend and 
produce multiple branches. Appressoria differentiate at the tops of 
branches, producing penetration pegs that directly penetrate the cu-
ticle on the surface of host cells, and invasive mycelia extend inside or 
between host cells (Han et al., 2010; Kumar et al., 2002; Verma et al., 
2020). It is rare for hyphae to infect through natural openings such as 
stomata. Due to heterokaryotic conditions, the morphology of iso-
lates from the field widely vary. In a natural population of B. sorokin-
iana, the frequency of the greenish-grey colony colour was 31.25%, 
followed by black (25%) and grey or white (18.75%), whereas brown 
was the least frequent colour (6.25%) (Verma et al., 2020).

It is well known that salicylic acid (SA) is involved in the plant 
immune response against biotrophic and hemibiotrophic pathogens, 
and is associated with the induction of plant systemic acquired re-
sistance (SAR) (Alvarez, 2000; Meenakshi & Singh, 2013; Vlot et al., 
2009). SA accumulates during both incompatible and compatible in-
teractions between B. sorokiniana pathogens and host plants to facil-
itate resistance to spot blotches (Al-Daoude, 2019; Al-Daoude et al., 
2018; Sahu et al., 2016). Lesion development is associated with the 
accumulation of host-encoded pathogenesis-related (PR) proteins 
and reactive oxygen species (ROS) (Ajith et al., 2003). Among the PR 
genes, PR1, PR2, and PR5 are commonly used as markers for the ac-
tivation of SAR (Zhang et al., 2010). On the other hand, pathogen ef-
fectors that suppress SA signalling without affecting SA biosynthesis 
are also known to exist (Kazan & Lyons, 2014). For example, when 
expressed in Arabidopsis, two effectors, Hyaloperonospora arabidop-
sidis effector HaRxL96 and Phytophthora sojae effector PsAvh163, 
suppress the pathogen-mediated induction of marker genes such 

as PR1 (Anderson et al., 2012). Many studies have shown that plant 
pathogens can manipulate SA signalling and that many effectors are 
involved in this process.

To overcome host detection and defence, most pathogens pro-
duce a range of secreted effectors and metabolites (Stergiopoulos & 
de Wit, 2009; Wit et al., 2010). Two kinds of effectors are found in 
the cytosol in host cells or the apoplastic space (Giraldo et al., 2013; 
Koeck et al., 2011; Zhang & Xu, 2014). A number of studies have 
revealed the function of intracellular effectors in filamentous plant 
pathogens (Bozkurt & Kamoun, 2020; Pramod et al., 2019). In oomy-
cetes, the movement of effectors to host cells occurs via common 
amino acid sequence motifs, such as RxLR (Arg-x-Leu-Arg), LxLFAK 
or the Crinkler motif (CRN), and ChxC (Jiang et al., 2008). In fungi, 
a small group of effectors from barley powdery mildew, wheat stem 
rust, and wheat leaf rust share a conserved motif, Y/F/WxC, that 
follows the secreted signal peptide (Godfrey et al., 2010). However, 
most fungal effectors lack conserved domains (Caillaud et al., 2012; 
Selin et al., 2016). In M. oryzae, effectors are delivered to the cytosol 
through a specific structure called the biotrophic interfacial com-
plex (BIC) (Khang et al., 2010). Most of the effectors from pathogens 
contribute quantitatively to pathogen aggressiveness, but some 
of them, such as Cmu1 and Scc1 in Ustilago maydis (Djamei et al., 
2011; Redkar et al., 2015), BAS107 in M. oryzae (Giraldo et al., 2013), 
MiSSP7 in Laccaria bicolor, which functions as a negative regulator 
of jasmonic acid (JA)-induced gene regulation in the nucleus (Plett 
et al., 2011), PcCRN4 in Phytophthora capsici, which suppresses 
host defence and induces cell death in the plant nucleus (Mafurah 
et al., 2015), SsSSVP1 in Sclerotinia sclerotiorum (Lyu et al., 2016), 
VdSCP7 in Verticillium dahliae (Zhang et al., 2017), and SCRE1 in 
Ustilaginoidea virens, which inhibits host immunity and suppresses 
the immunity-associated hypersensitive response (HR) via the plant 
nucleus (Zhang, Yang, et al., 2020), have been identified as poten-
tial nuclear-localized regulators of the host cell targeting process 
(Diaz-Granados et al., 2020). The conserved targeting mechanism of 
a common host protein network for convergent effectors from the 
eubacteria Pseudomonas syringae, the oomycete Hyaloperonospora 
arabidopsidis, and the ascomycete Golovinomyces orontii has been 
explored in the model plant species Arabidopsis thaliana (Weßling 
et al., 2014). The wheat blue dwarf phytoplasma effector SWP11 
induces three PR genes, PR1, PR2, and PR3, to trigger plant immunity 
(Wang et al., 2018). In general, effectors suppress or induce plant cell 
death mostly through manipulation of the host immune system (Knig 
et al., 2020; Sharpee & Dean, 2016; Shen et al., 2018; Wang et al., 
2011). Some effectors are recognized by the plant immune system 
through specific resistance proteins and are termed avirulence pro-
teins (Boller & Felix, 2009; Malik et al., 2020). AvrPrm3 in Blumeria 
graminis is recognized by the Pm3 resistance gene in wheat (Bourras 
et al., 2015), while Avr2 and Avr3 in Fusarium oxysporum f. sp. lycoper-
sici interact with I-2 and I-3 resistance genes in tomato, respectively 
(Houterman et al., 2008, 2010; Rep et al., 2005).

There are few reports on the mechanism underlying the molec-
ular regulation of the pathogenicity of B. sorokiniana in wheat root 
rot. A comparative analysis of candidate effector-coding genes in 
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the genomes of five Bipolaris species revealed 289 putative small-
molecular-weight secreted proteins in B. sorokiniana, 167 of which 
were unique. There were significantly more secreted proteins than 
other pathogens of the same genus, and the functions of these se-
creted proteins have not been reported (Condon et al., 2013). Pathak 
et al. (2020) investigated the secretome of 196 proteins predicted to 
be present in B. sorokiniana in silico. The ToxA gene encodes a host-
selective toxin (HST) that functions as an effector, and B. sorokiniana 
has been shown to carry this gene (Sudhir et al., 2020). However, 
no experimental evidence has been shown for secreted proteins in 
B. sorokiniana. In this study, we identified a gene, CsSP1, encoding a 
small-molecular-weight secreted protein in B.  sorokiniana that was 
highly expressed in the infection stage. This protein is involved in 
pathogenicity and acts as a novel elicitor triggering the host immune 
system, and this protein might be a candidate for the control of plant 
disease.

2  | RESULTS

2.1 | CsSp1 is highly expressed during infection

To evaluate gene expression during interactions with wheat, RNA 
sequencing (RNA-Seq)-based transcriptome analysis was performed 
using roots and basal stems of Aikang 58 wheat seedlings grown 
in pots at 5 days and 15 days after soil inoculation with B. sorokini-
ana (Figure S1a–d). Analysis of transcriptome data revealed very 
few B. sorokiniana sequence reads. A gene encoding a small protein 
(9.7 kDa) with a predicted N-terminal signal peptide was highly ex-
pressed during the B.  sorokiniana infection stage (Figure  1a). We 
designated this protein as B. sorokiniana-secreted protein 1 (CsSp1). 
To verify the expression pattern of CsSp1 during wheat leaf infec-
tion, reverse transcription quantitative (RT-qPCR) was conducted. 
The results showed that the expression level of CsSP1 increased 
more than 40-fold at 12 h postinoculation (hpi), decreased at 48 hpi 
and remained higher than that of hyphae grown in vitro (Figure 1b). 
BLASTP analysis of the CsSp1 protein indicated that the amino acid 
identity ranged from 71.58% to 73.03% with that from Bipolaris 
maydis, Bipolaris victoriae, and Bipolaris zeicola. Amino acid sequence 
alignment was performed via DNAMAN (Figure  1c), and a phylo-
genetic tree was constructed based on the amino acid alignment 
(Figure S2c). The results showed that CsSp1 is a protein specific to 
plant-pathogenic fungi and is found only in the Bipolaris genus.

2.2 | Generation of CsSP1 deletion mutants and 
functional complementation of ∆Cssp1

To characterize the biological function of CsSP1, a split-marker ap-
proach was applied to knock out CsSP1 in the wild-type (WT) strain 
Lankao 9-3 (Figure 2a). Through polyethylene glycol (PEG)-mediated 
protoplast transformation, we successfully obtained CsSP1 deletion 
mutants ∆Cssp1-3 and ∆Cssp1-4, in which the CsSP1 gene had been 

successfully replaced with the hygromycin gene cassette (Figure 2b). 
Compared with the WT strain, the deletion strain ∆Cssp1 grew more 
slowly on potato dextrose agar (PDA) (Figure 2c,d). Compared with 
that of the WT hyphae, the tips of the ∆Cssp1 hyphae were enlarged 
on the PDA plates (Figure 2e). To demonstrate that these changes 
were caused by the deletion of the target gene CsSP1, we gener-
ated a complementary expression construct. The CsSP1 open read-
ing frame (ORF) with the 1.8 kb promoter and without a stop codon 
was amplified via PCR from the WT strain, cloned, and ligated into 
a pYIP-102 expression vector via fusion to a FLAG/S tag. The re-
sulting construct was sequenced and transformed into the ∆Cssp1-4 
deletion mutant to create cCssp1. The growth phenotypes of the 
positive complementary transformants with G418 resistance were 
identical to those of the WT (Figure 2c–e). Therefore, CsSP1 is an 
essential growth-related gene.

2.3 | CsSp1 is involved in B. sorokiniana 
conidial regulation

To determine other biological functions of CsSp1, we counted the 
number of spores present on PDA plates. Compared with the WT, 
∆Cssp1 exhibited less sporulation (Figure 3a,b) and, in terms of mor-
phology, the spores were smaller than those of the WT (Figure 3d). 
To explain the decrease in spore production, we measured the 
expression levels of the orthologous genes CsBrlA, CsMedA, and 
CsStuA (Wang et al., 2015), which are essential for the positive 
regulation of sporulation in both mutant and WT B. sorokiniana. The 
results showed that the expression levels of these candidate genes 
significantly decreased after 24 h of cultivation (Figure 3c). Taken to-
gether, these results confirmed the previous results in which CsSp1 
is involved in the regulation of spore formation in B. sorokiniana.

2.4 | CsSp1 is a virulence factor needed for full 
virulence of B. sorokiniana

To evaluate the role of ∆Cssp1 in pathogenesis, we subjected wheat 
seedlings to a soil inoculation assay involving the application of 5-mm 
diameter fungal agar plugs to the stem bases. The pathogenicity test 
indicated that the virulence to wheat rot of ∆Cssp1 was nearly com-
pletely lost (Figure S3a). The leaves were inoculated with spore sus-
pensions (3 × 104 spores/ml), and the results showed that the ∆Cssp1 
mutants caused only tiny black spots on the leaves, while the WT pro-
duced larger spots (Figure 4a,b; Figure S3b). To observe the details 
of the hyphae, we inoculated barley leaves with a fungal agar block, 
and the infection progress was monitored and recorded (Figure 4c). 
After decolourization, the inoculated leaves were stained with solo-
phenyl flavine 7GFE fluorescent dye (Figure 4c). Limited extension 
of invasive hyphae in the leaves was observed in the ∆Cssp1 mutant 
compared with the WT, and infectious hyphae extended throughout 
the barley leaves. The infectious hyphal extension of ∆Cssp1 was 
slower than that of the WT. To further characterize infection events 
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of the CsSP1 deletion mutant, the inner epidermis of onion bulbs 
was inoculated with a spore suspension (Figure 4d). The spores ger-
minated normally; however, the morphology of the hyphal tips was 
altered, and the tips changed direction. ∆Cssp1 displayed abnormal 
curving or swelling that seemed to initiate appressorium differentia-
tion that had failed. The proportion of normal appressoria in ∆Cssp1 
was significantly lower than that in the WT (Figure S3d). Compared 
with the WT hyphae, the invasive ∆Cssp1 hyphae were swollen and 
stunted, and extended more slowly (Figure 4h). Therefore, the CsSP1 

gene encodes a virulence factor involved in vegetative development 
and infection structure.

2.5 | CsSp1 is a secreted effector that localizes 
to the nucleus and cytoplasm of host cells

Further bioinformatics analysis indicated that the protein encoded 
by CsSP1 was smaller than 10 kDa and lacked similarity to proteins 

F I G U R E  1   Differentially expressed genes (DEGs) in the transcriptome and CsSP1 feature analysis. (a) Cluster analysis of DEGs from the 
wheat Aikang 58 cultivar infected with Bipolaris sorokiniana. (b) Reverse transcription quantitative PCR (RT-qPCR) confirmation of the expression 
pattern of CsSP1 in planta. Aikang 58 leaves were inoculated with 105 spores/ml of B. sorokiniana Lankao 9-3. The inoculated leaves were placed 
in a moist chamber in the dark for 24 h and then kept in a greenhouse at 25°C (47% humidity) with a 16 h light/8 h dark photoperiod. The leaves 
were sampled at 12, 24, 36, and 48 h for total RNA extraction, while mycelia cultured for 2 days in YEPD were used for fungal RNA extraction. 
The experiments were repeated three times. The expression levels were calculated using the 2−∆∆Ct. Significant differences calculated by Tukey's 
LSD, p < 0.05. (c) Alignment of CsSp1 orthologues from Bipolaris spp. was performed using DNAMAN. BSC: B. sorokiniana mycelia from liquid 
medium served as controls. BST_5 and BST_15: assays of Aikang 58 root and stem base samples from plants growing in pots at 5 and 15 days 
after B. sorokiniana infection. Signal peptides were predicted by SignalP v. 4.0 software (http://www.cbs.dtu.dk/servi​ces/Signa​lP/)

http://www.cbs.dtu.dk/services/SignalP/
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of known function. The protein has a 17 amino acid N-terminal 
signal peptide sequence (Figure 5a), six predicted O-glycosylation 
sites, and one serine phosphorylation site (Figure S5a,b and 
Table 1).

To verify the function of the predicted signal peptide of CsSP1, 
the DNA fragment encoding the signal peptide was introduced 
into a pSUC2 vector (yielding a pSUC2-CsSP1-SP construct), which 
was subsequently transformed into yeast strain YTK12 to examine 

F I G U R E  2   CsSP1 knockout and characterization. (a) Diagram of the gene deletion strategy for CsSP1. The primers used for gene 
replacement and mutant screening are indicated by the arrows and are listed in Table 2. (b) Agarose gel electrophoresis of PCR products 
from genomic DNA templates. Lane H, primers HYG-F/HYG-R for hygromycin resistance gene; lane F and lane R, CsSP1-PF/H855R and 
H856F/CsSP1-PR, respectively, for positive screening; lane G, CsSP1-NF/CsSP1-NR for negative screening. ∆Cssp1-3 and ∆Cssp1-4 are two 
candidates: wild-type (WT) strain Lankao 9-7; M, molecular markers; H, hygromycin resistance gene; F, upstream; R, downstream; G, CsSP1 
gene. (c, d) The colony morphology and growth rate calculated for 90 mm potato dextrose agar (PDA) plates after 7 days. The bars indicate 
the standard errors. The experiments were repeated three times. Significant differences calculated by Tukey's LSD, p < 0.05. (e) Morphology 
of hyphal tips on PDA plate. Bars, 50 μm
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secreted invertase activity. Avr1b-SP was used as a positive control. 
Growth tests on synthetic tryptophan (Trp) dropout agar medium 
plates showed that CsSP1-SP and Avr1b-SP restored the secre-
tion of invertase and resulted in yeast growth on sucrose medium 
(Figure  5b). The activity of secreted invertase was also measured 
by the reduction of 2,3,5-triphenyltetrazolium chloride (TTC), and 
the secreted invertase of the transformant containing Avr1b-SP and 
CsSP1-SP was measured by TTC assays (Figure  5b). CsSP1-SP re-
stored invertase such that TTC became red insoluble triphenylfor-
mazan (TTF) (Figure 5b). Thus, the CsSp1 signal peptide is functional.

To determine the subcellular localization of CsSp1, a C-terminal 
green fluorescent protein (GFP) fused to CsSP1 was used. CsSP1 
was cloned and ligated into a PVX-GFP-3HA plant expression vec-
tor, which was then transiently expressed through agro-infiltration 
in Nicotiana benthamiana leaves (Figure 5c). The signals from recom-
binant CsSp1-GFP in N.  benthamiana accumulated strongly in the 
nucleus with a cytosolic background (Figures 5c and S4a). Similarly, 

we constructed PVX-CsSP1-NS-GFP (CsSp1 with no signal peptide, 
with GFP at fused at the C-terminus) and PVX-GFP expression vec-
tors. In contrast to CsSp1-GFP, PVX-CsSP1-NS-GFP showed no flu-
orescence. Western blot analysis with anti-HA antibodies confirmed 
the expression of these proteins in vivo, with the exception of PVX-
CsSP1-NS-GFP (Figure 5d). Similarly, the inner epidermis of onions 
was infected through agro-infiltration to observe the subcellular lo-
calization of the gene product, and the results showed that CsSp1 
was located in the nucleus and cytoplasm of onion cells (Figure 5e).

2.6 | In planta expression of CsSp1 suppresses 
pathogen extension

CsSP1 was amplified via PCR and cloned into a vector PB-3HA 
plant expression. Agro-infiltration of PB-CsSP1 did not induce 
cell death (Figure  5f). Because B.  sorokiniana itself does not infect 

F I G U R E  3   ∆Cssp1 spore morphology, conidiation, and potential regulation in the wild type (WT) and complemented (cCssp1) strains. 
(a) Conidial production was examined via microscopy. Bars, 200 μm. (b) The number of conidia were calculated. Significant differences 
calculated by Tukey's LSD, p < 0.05. (c) Reverse transcription quantitative PCR (RT-qPCR)-based measurement of the expression of genes 
involved in the regulation of sporulation from the total RNA extracted from mycelia. (d) Spore morphology. Bars, 10 μm. (e) Length of spores. 
The experiment was repeated three times, and 100 spores were counted each time. **p < 0.01, *p < 0.05 (t test)
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N. benthamiana, Phytophthora capsici was selected to simulate path-
ogen infection on N.  benthamiana. Two days after agro-infiltration, 
we inoculated P. capsici onto N. benthamiana leaves (Figures 5g and 
S4b). Forty-eight hours after inoculation with PB-GFP control and 
PB-CsSP1 constructs, all the N.  benthamiana leaves exhibited dis-
ease symptoms of P. capsici (Figure 5h). The control PB-GFP plants 
exhibited typical and severe disease symptoms, while most lesions 
observed on the PB-CsSP1 plants were small and constrained 
(Figures 5h and S4b). These results demonstrated that CsSp1 could 
trigger immunity in N.  benthamiana. To investigate whether CsSp1 

triggers plant immunity via the nucleus or cytoplasm, a nuclear lo-
calization signal (NLS) or a nuclear export signal (NES) sequence was 
added. At the same time, we added a mutated nuclear export signal 
(mNES) as a control. We constructed three protein fusions, namely 
CsSP1-NLS-GFP, CsSP1-NES-GFP, and CsSP1-mNES-GFP. As pre-
dicted, the GFP fluorescence signal was concentrated mainly in the 
nucleus with expression of CsSP1-NLS-GFP in N. benthamiana, while 
CsSP1-NES-GFP fluorescent signals were not concentrated in the 
nucleus but were localized in the cytoplasm (Figure 6a). Like CsSP1-
GFP, CsSP1-mNES-GFP was localized in both the nucleus and the 

F I G U R E  4   Pathogenicity tests. (a) Detached leaves from Aikang 58 seedlings in a tray were inoculated with drops of a spore suspension 
(3 × 104/ml) of wild type (WT), deletion mutant ΔCssp1, complemented strain cCssp1, or double deionized water as a mock control. The tray 
was kept in a moist chamber under darkness for 1 day and then moved to a greenhouse under a 16 h light/8 h dark photoperiod for 2 days. 
(b) Lesion lengths on wheat leaves were measured at 3 days postinoculation. Different letters indicate significant differences calculated 
by Tukey's LSD, p < 0.05. The experiments were repeated three times. (c) Mycelial expansion in barley leaves at 24 h after inoculation with 
fungal agar blocks. Fluorescent 7-GFE staining was performed as described in Experimental Procedures. Bars, 100 μm. (d) Inner epidermis of 
onion bulbs 24 h after being inoculated with drops of spore suspensions (5 × 104 cells/ml). Ap, appresorium; If, invasive hypha. Bars, 20 μm
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cytoplasm (Figure 6a). All three mutant constructs were expressed 
normally in N. benthamiana (Figure 6b). We then inoculated P. capsici 
onto the leaves of N. benthamiana plants expressing the above three 
mutant constructs, and PB-GFP was used as a control (Figure 6c). The 
control GFP plants exhibited typical and severe disease symptoms, 
while most lesions observed on CsSP1-NLS-GFP, CsSP1-NES-GFP, 
and CsSP1-mNES-GFP plants were small and constrained (Figure 6d). 
Taken together, these data suggest that CsSp1 triggers plant immu-
nity in both the nucleus and the cytoplasm of N. benthamiana cells.

2.7 | CsSp1 increased the expression levels of genes 
involved in the SA pathway

RNA-Seq analysis of wheat cultivar Aikang 58 infected with  
B. sorokiniana showed that the expression levels of 36 phenylalanine 
ammonia-lyase (PAL) genes were significantly up-regulated in wheat 
infected with B.  sorokiniana for 5  days compared with uninfected 
wheat (Figure 7a). Similarly, the expression levels of 12 PAL genes 
were significantly up-regulated in wheat infected with B. sorokiniana 
for 15 days compared with uninfected wheat (Figure 7b). Moreover, 
we verified the expression of the TaPAL gene, which is involved in 
the PAL synthesis pathway in wheat. After the wheat leaves were in-
fected with a 105/ml spore suspension, the expression level of TaPAL 
in plants inoculated with the ∆Cssp1 strain was significantly lower 
than that with the WT strain (Figure 7c). To determine if the differ-
ences observed in Figure 7c are significantly different, we measured 
the expression of a constitutive gene. The expression level of EF1α 
in plants did not show significant differences (Figure 7d). PAL is the 
key enzyme in the SA synthesis pathway. After wheat leaves were 
infected with a 105/ml spore suspension, the expression of PR genes 
TaPR1 and TaPR2 during ∆Cssp1 infection was down-regulated com-
pared with that in the WT (Figure 7e,f). These findings suggest that 
CsSp1 interferes with the SA pathway in wheat and triggers an im-
mune response.

3  | DISCUSSION

Secreted effector proteins play indispensable roles in interactions 
between plants and phytopathogenic fungi (Giraldo & Valent, 2013). 
By investigating the B.  sorokiniana transcriptome during different 
stages of infection (0, 5, and 15 days after inoculation) in wheat, we 
identified four candidates encoding putative secreted proteins. We 
identified one of them, CsSp1, which encodes an effector and is an 
essential factor for B. sorokiniana interactions with wheat and bar-
ley. CsSp1 predominantly targets the host nucleus and cytoplasm. 
Transient expression of CsSp1 in the leaves of the model plant spe-
cies N. benthamiana did not induce cell death but limited the devel-
opment of P. capsici. CsSp1 was the first effector protein reported 
in B.  sorokiniana to contribute an enhanced immune response and 
vegetative growth, sporulation, and invasive growth.

There are highly homologous CsSp1 genes in other Bipolaris spe-
cies, such as Bipolaris zeicola, B.  victoriae, and B.  maydis. However, 

the function of CsSp1 has not been studied in other Bipolaris fungi. 
Orthologous genes of CsSp1 may play important roles in Bipolaris 
species. The pathogenicity-related effector protein in S.  sclerotio-
rum, SsCP1, was also expressed at the highest level at 12  hpi and 
remained at a high level for at least 48  hpi. S.  sclerotiorum SsCP1 
induces cell death via the host immune response, while CsSp1 does 
not cause cell death (Yang et al., 2018).

In Metarhizium acridum, deletion of MaPMT1 does not affect ap-
pressorium formation but significantly decreases appressorium tur-
gor pressure to weaken virulence (Wen et al., 2020). In M. oryzae, 
mutant strains lacking the spermine synthase-encoding gene SPS1 
progress through all stages of appressorial development, including 
penetration peg formation, but cuticle penetration is unsuccessful 
due to reduced appressorial adhesion, which leads to solute leak-
age (Rocha et al., 2020). ∆Cssp1 formed an abnormal appressorium, 
and infectious hyphal swelling indicated restricted extension in plant 
cells. Branching vegetative hyphae also exhibited swelling on PDA 
plates, and bent tip hyphae occurred on onion epidermal cells. On 
PDA, B. sorokiniana usually easily produces abundant spores (Guo, 
2016). We observed a decrease in spore production by ∆Cssp1. 
Despite the decreased size of the ∆Cssp1 spores, they could still ger-
minate. The profile of sporulation is highly regulated, and most of the 
key regulators are conserved throughout filamentous fungi (Chung 
et al., 2011; Park & Yu, 2012; Zhao et al., 2015). We identified three 
key regulators, the orthologous genes CsBrlA, CsMedA, and CsStuA, 
in B. sorokiniana, and their expression levels significantly decreased 
at 24 h after cultivation. Therefore, CsSp1 is essential for vegetative 
development and asexual reproduction.

In hemibiotrophic fungi and oomycetes, in the early biotrophic stage, 
suppression of the host immune response, including the HR of pro-
grammed cell death (PCD), is suppressed. The reduced pathogenicity of 
∆Cssp1 with pleotropic defects indicates that CsSp1 is a virulence factor. 
In planta, the expression of CsSp1 limited the development of P. cap-
sici. We concluded that this gene may enhance the immune response 
of plants and thus inhibit P. capsici infection. This elimination of plant 
immune responses from CsSp1 did not activate the HR of N. benthami-
ana. Wang et al. (2011) screened 169 RXLR effectors from the oomycete 
P. sojae in N. benthamiana. Among them, 107 effectors suppressed PCD 
and/or pathogen-associated molecular pattern (PAMP)-associated INF1 
triggered by BAX. Most early effectors suppressed INF1-triggered cell 
death. Similar phenomena of suppressing plant cell death by the effec-
tors of the hemibiotrophic and necrotrophic fungal pathogens M. ory-
zae (Dong et al., 2015), Colletotrichum orbiculare (Yoshino et al., 2012), 
Fusarium oxysporum (Gawehns et al., 2014), and Valsa mali (Li et al., 2015) 
have also been reported. Nonetheless, the mechanism by which B. soro-
kiniana suppresses the plant immune response needs to be determined.

CsSp1 is a secreted protein with a functional signal peptide, as 
confirmed in a YTK12 yeast system. CsSP1-GFP accumulated strongly 
in the nucleus in the presence of an additional cytoplasmic location. 
CsSp1 is a translocated effector that functions in the nucleus and cy-
toplasm of plants. There are no NLSs or other organelle localization 
signals in CsSp1, so the localization of CsSp1 may be influenced by 
the target protein. It is possible that CsSp1 target proteins are present 
in both the nucleus and the cytoplasm of plants. This is similar to the 
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PSTG_23616 and UfRTP1 effector proteins and AvrM effectors of 
the wheat stripe rust causal agents Uromyces fabae and Melampsora 
lini. PSTG_23616 is distributed throughout the cell, including the 
nucleus, cytoplasm, and cell membrane (Kemen et al., 2005; Rafiqi 
et al., 2010; Song et al., 2016). Unexpectedly, there was no fluores-
cence in the leaves expressing CsSP1-NS-GFP. The presence of signal 
peptides may protect the proteins from being easily degraded. We 
used PSORT (https://www.gensc​ript.com/psort.html) to predict that 

CsSp1 has a cleavable signal peptide (1–15 amino acids). The results 
were not the same as the predicted ones shown in Figure  5a. We 
used YinOYang 1.2 Server (http://www.cbs.dtu.dk/servi​ces/yinoy​
ang/) to predict O-glycosylation sites, six of which were identified in 
CsSp1. N16 was predicted to be a glycosylation site by YinOYang 1.2 
Server (Table 1). In our study, N16 was deleted as part of the signal 
peptide. Removing two additional amino acid residues (in which one 
is a potential glycosylation site) might cause the mature protein to 

https://www.genscript.com/psort.html
http://www.cbs.dtu.dk/services/yinoyang/
http://www.cbs.dtu.dk/services/yinoyang/
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be unstable. N-glycosylation shields the P. sojae apoplastic effector 
PsXEG1, which is sensitive to a specific host aspartic protease (Xia 
et al., 2020), so we hypothesize that glycosylation of CsSp1 may also 
affect protein degradation by some proteases. This did not affect the 
localization of CsSP1-NS-GFP in the inner epidermis of onions, and 
the stability of protein expression might be different in different plant 
species. Further research on the subcellular localization of CsSp1 and 
signal peptide function is needed. Through Agrobacterium-mediated 
transient expression analysis, CsSp1 was shown to stimulate an im-
munoreaction in N. benthamiana to suppress P. capsici colonization. In 
contrast, the expression of the U. virens effector UVSix1-1 in N. benth-
amiana could inhibit cell death and promote the colonization of P. cap-
sici (Li et al., 2019). Many effectors that function in the nucleus to 
regulate plant immunity have been reported. The Verticillium-specific 
protein VdSCP7 localizes to the nucleus of plant cells and modulates 
immunity to fungal infection (Zhang et al., 2017).

Plant hormones, including the classic ones SA, JA, and ethylene 
(ET), regulate the defence response to various pathogens (Kazan & 
Lyons, 2014). SA is essential for modulating the regulatory response 
to biotrophic and hemibiotrophic pathogens (Han & Kahmann, 2019). 
It is widely known that B. sorokiniana mainly triggers the SA signalling 
pathway, but the underlying mechanism remains unknown (Aldaoude, 
2019). In our study, compared with uninoculated leaves, B. sorokiniana-
inoculated leaves (at the early stage) presented a substantial amount 
of PAL activity (Mali et al., 2017; Singh et al., 2019). This is consistent 
with our findings that the expression of TaPAL was up-regulated in 
the infection stage and that the expression of TaPAL in ∆Cssp1 cells 
was lower than that in WT cells. In S. sclerotiorum, the virulence factor 

SsCP1 indeed interacts directly with the PR protein PR1 in planta (Yang 
et al., 2018). Moreover, SA-dependent genes including PR1, PR2, and 
PR5 were found to be up-regulated in 35S:Sscp1 transgenic A. thaliana 
lines (Yang et al., 2018). In addition, RNA interference assays showed 
that infection with the BxSapB1-silenced nematode Bursaphelenchus 
xylophilus resulted in significantly decreased expression of the PR 
genes PtPR-1b, PtPR-3, and PtPR-5, and delayed the onset of symp-
toms in pine seedlings (Hu et al., 2019). These findings were verified 
by our results in which CsSp1 was shown to trigger the SA pathway 
of B. sorokiniana–wheat interactions. Triggering of the SA pathway by 
CsSp1 without inducing host cell death improves our understanding of 
wheat challenged with B. sorokiniana and/or Bipolaris spp.

Collectively, this study provides information on some functional 
features of CsSp1, paving the way for an improved understanding of 
the molecular mechanism through which pathogen effectors manip-
ulate the plant immune system.

4  | E XPERIMENTAL PROCEDURES

4.1 | Plant materials and fungal strains

The susceptible wheat variety Aikang 58 was used for bioas-
says. B. sorokiniana Lankao 9-3 and pYIP-102-3FLAG and pKOV21 
vectors were maintained in our laboratory. N.  benthamiana 
and the PB-HA and PVX-3HA vectors were kindly provided by  
Dr Yuanchao Wang from Nanjing Agricultural University. The yeast 
strain YTK12 and the pSUC-Avr1b and pSUC vectors were gener-
ously provided by Dr Xiaojie Chen from Northwest Agriculture & 
Forestry University.

4.2 | Gene knockout

The split-marker gene knockout strategy was used in this study ac-
cording to the description of Wang et al. (2017), with slight modifica-
tions. Briefly, for homologous recombination fragments, upstream 
and downstream fragments of the target gene (approximately 1 kb) 
were amplified from the genomic DNA of B.  sorokiniana Lankao 

F I G U R E  5   Functional identification of CsSp1 secretion, translocation, and elicitor characteristics. (a) The signal peptide of CsSp1 
between 17 and 18 amino acid residues was predicted by SignalP. (b) Validation of signal peptides in a yeast system. If SUC2 invertase is 
secreted extracellularly in yeast, TTC can be reduced to red TTF. CsSp1, CsSp1 signal peptide with the expression vector pSUC2-CsSP1-
SP in yeast; YTK12, empty yeast; Avr1b, avirulence gene b signal peptide, which served as a positive control. (c) Subcellular localization 
of CsSP1-GFP in Nicotiana benthamiana. (d) Western blot analysis confirming protein expression with the PVX-HA vector with an HA tag 
using protein from N. benthamiana leaves 48 h after Agrobacterium tumefaciens injection and leaves treated at 95°C for 5 min before protein 
extraction. CsSP1-GFP and PVX-CsSP1-GFP include signal peptides. Mouse anti-HA antibodies (M20003) and goat anti-mouse secondary 
antibodies (IgG horseradish peroxidase conjugate; M21001) with working concentration of 1:5000 from Abmart were used (http://www.
ab-mart.com/). CsSP1-NS, PVX-CsSP1-NS-GFP lacking a signal peptide. GFP, PVX-GFP. (e) Subcellular localization of CsSP1-GFP in onion 
epidermis cells. The constructs used were the same as those in (d). The onion epidermis was treated with the corresponding Agrobacterium. 
Mock, MMA buffer treatment. Bars, 50 μm. (f) Characteristics of N. benthamiana at 6 days after being injected with A. tumefaciens. PB-CsSP1 
did not elicit a hypersensitive response (HR). PB-GFP was used as a control. (g) Phytophthora capsici infection of N. benthamiana leaves 
injected with A. tumefaciens. (h) Diseased lesion areas were measured and calculated for the CsSp1 and GFP controls. *p < 0.05 (t test). The 
experiments were repeated three times. (i) PB-HA detected via N. benthamiana anti-HA antibodies from leaves 48 h after injection

TA B L E  1   The predictions for O-glycosylation sites

Seq name Residue GlcNAc Potential

N16 S + 0.4481

N22 S + 0.4431

N26 T +++ 0.5447

N29 S ++ 0.4863

N45 T + 0.3650

N89 T +++ 0.4250

http://www.ab-mart.com/
http://www.ab-mart.com/
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TA B L E  2   The primers used in the experiment

Primer Sequence 5′–3′ Purpose

CsSP1-F1 GAGGTCGTGGGACTATCTTATAGCCAG Amplification of upstream fragment 
of CsSP1CsSP1-R1 TTGACCTCCACTAGCTCCAGCCAAGCCTTGAAGTCCGGTACGCTGTGAATGAA

CsSP1-F2 ATAGAGTAGATGCCGACCGCGGGTTCCTAGCAATACCAGATGTAAC Amplification of downstream 
fragments of CsSP1CsSP1-R2 GATCCCATGGCCTGCTCTAAGA

CsSP1-NF GTGGCTTCCGCACCTGCTACA Amplification of internal fragment 
of CsSP1CsSP1-NR CTTCTCCGACCCTGGATATTG

CsSP1-PF TTAGCCGCAGATGACCTTG Generation of knockout mutant

CsSP1-PR CCGCAAGTGCATGGGTGTAAG

HYG-F GGCTTGGCTGGAGCTAGTGGAGGTCAA Amplification of hygromycin 
resistance geneHY-R GTATTGACCGATTCCTTGCGGTCCGAA

YG-F GATGTAGGAGGGCGTGGATATGTCCT

HYG-R GAACCCGCGGTCGGCATCTACTCTAT

H855R GCTGATCTGACCAGTTGC

H856F GTCGATGCGACGCAATCGT

PVX-CsSP1-F CACCAGCTAGCATCGATTCCCGGG ATGCGTTTCATCATCTCC Construction of PVX carrier

PVX-CsSP1-NS-F CACCAGCTAGCATCGATTCCCGGGATGGAGGTGGCTTCCGCA

CsSP1-GFP-R CTCGCCCTTGCTCACCATGGTCCCGCGGTTTGGC

GFP-CsSP1-F GCCAAACCGCGGGACCATGGTGAGCAAGGGCGAG

PVX-GFP-F CACCAGCTAGCATCGATTCCCGGGATGGTGAGCAAGGGCGAG

PVX-GFP-R CGCAATCTCTAGAGGATCCTTGTACAGCTCGTCCAT

CsSP1-PYIP-F GCTTGATATCGAATTCCTGCAGGATCATTTCCATCATCGCGCT Construction of PYIP carrier

CsSP1-PYIP-R GAAAATAAAGATTCTCGGTCCCGCGGTTTGGCTGTTC

PB-CsSP1-F CATTTACGAACGATAGGGTACCATGCGTTTCATCATCTCCATATTC Construction of PB carrier

PB-CsSP1-R GGTAAGGCCTACTAGTGGATCCGGTCCCGCGGTTTGGCTGTTC

pSUC-CsSP1-F AAGCTCGGAATTTTAATTAAATGCGTTTCATCATCTCCATA Construction of pSUC carrier

pSUC-CsSP1-R CGACTCACTATAGGGAGAACGGTCCCGCGGTTTGGCTGTTC

CsSP1-QRT2-F CAGCTCTTGCATCTGCTA Expression of CsSP1

CsSP1-QRT2-R TCTTCTCCGACCTTGAG

RT-Actin-F GTATGGGCCAAAAGGACTCA Internal reference primers of 
B. sorokinianaRT-Actin-R CACGCAGCTCGTTGTAGAAG

TaPR1-F CTGGAGCACGAAGCTGCAG Expression of PR gene in wheat

TaPR1-R CGAGTGCTGGAGCTTGCAGT

TaPR2-F CTCGACATCGGTAACGACCAG

TaPR2-R GCGGCGATGTACTTGATGTTC

Actin-PR-F GGAAAAGTGCAGAGAGACACG Internal reference primers from 
TaBs109G1 clone of wheatActin-PR-R TACAGTGTCTGGATCGGTGGT

TaPAL-F TTCGATTTGCCACCAAGTC Expression of PAL gene in wheat

TaPAL-R GTGCCTTGGAAGTTGCCAC

CsBrlA-F TCCCGAAGCTATGGTGGATC Expression of conidiation-related 
genesCsBrlA-R CTGGCTGGAGGTTGATGGTA

CsMedA-F TGGTGGGAAGAAAAGGACGA

CsMedA-R TCGCTGTCTTGCTTTGCTTT

CsStuA-F ACCCAAAGACAGAGATGGCA

CsStuA-R ACTCATTGCCGTGATCATGC
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9-3 via primer pairs CsSP1-F1/CsSP1-R1 and CsSP1-F2/CsSP1-R2. 
Split hygromycin B resistance gene fragments were generated from 
pKOV21 plasmid DNA. The three fragments were fused together via 
PCR homologous recombination. Next, using the fusion fragment as 
the template, the upstream region of the target gene and the front 
two-thirds of the hygromycin resistance gene sequence were ampli-
fied, after which the back two-thirds of the hygromycin resistance 
gene sequence and the downstream region of the target gene were 
amplified. Two fragments were prepared for protoplast transforma-
tion. The amplified fragments were purified using B518141-0100 
(SanPrep Column PCR Product Purification Kit) from Sangon Biotech.

The protoplast preparation methods were based on those for 
Fusarium graminearum (Wang et al., 2012).

4.3 | Fungal growth and sporulation

The spores of the original WT strain Lankao 9-3 in glycerol were 
kept in a freezer at −80°C. Cultures for fungal growth, sporulation, 
and pathogenicity tests started from this stock. A 5-mm fungal 
block was shredded with a blender and then placed on 15  ml of 
PDA (200  g peeled potato, 20  g dextrose, 20  g agar, 1 L water), 
which was placed in an incubator at 25°C under darkness for 
7 days. The diameter of colony growth was measured after 7 days. 
The hyphae were then removed and cultured under light for 5 days, 
and the spores were washed with 5 ml of double deionized water 
and counted. The experiment involved three replicates. Before the 
spores were inoculated onto barley and wheat, we first cultured 
them in darkness for 24 h and then in light for 2–3 days. The my-
celial preparation was performed in YEPD (1% yeast extract, 2% 
Bacto peptone, 2% dextrose) broth.

For solophenyl flavine 7GFE fluorescent dye staining, barley 
seedlings of the Kenpimai 7 cultivar were prepared as described 
by Zhang, Wang, et al. (2020), with slight modifications. Briefly, a 
5-mm diameter fungal culture plug from a PDA plate (cultured for 
3–4  days) was placed on the barley leaves. The tray was sealed 
with plastic wrap and kept in a moist box at 25°C for 24 h in the 
dark, after which time it was moved to a greenhouse at 25°C (47% 
humidity) with a 16  h light/8  h dark photoperiod. After 3  days, 

the barley leaves were collected, placed in 95% ethanol for 48 h 
and then immersed in boiling water for 15 min for discolouration. 
Before being cleared in 50 mM NaOH twice for 15 min each, the 
leaves were rinsed with 50% ethanol for 15 min. After washing with 
water three times for 10 min each, the samples were transferred to 
0.1 M Tris-HCl (pH 8.5) for 30 min, after which point the samples 
were ready for staining or kept in the solution. A stock solution of 
solophenyl flavine 7GFE (0.1% wt/vol) was diluted 50 times with 
Tris-HCl buffer (pH 8.5) to prepare a working solution. The cleared 
barley leaves were stained for 5 min in the working solution and 
washed twice with double deionized water. The stained leaf tissues 
were subsequently cut into small pieces and placed on glass micro-
slides with coverslips for microscopy.

For infection of onion inner epidermis, the third to fifth layers 
of the onion inner epidermis were removed with a sharp blade, and 
the concave surface of the onion inner epidermis was spread up-
side down in the orifice of a 24-well plate containing sterile water. 
A spore solution (20 μl, 5 × 104/ml) was dropped onto the onion 
epidermis. The cells were placed in a 25°C illuminated humid cham-
ber, and the structure of the appressoria was observed via micros-
copy after inoculation.

For data analysis, the standard deviation was used for all errors 
throughout the experiments. Significant differences were calculated 
by Tukey's LSD, p < 0.05 and t test.

4.4 | RNA-Seq and data analysis

The details of Aikang 58 wheat seedlings infected with or without 
B. sorokiniana WT strain Lankao 9-3 in pots were described by Kang 
et al. (2020). Seedling samples were carefully collected at 5 and 
15  days after inoculation and rinsed with tap water to assess dis-
ease development. The same method was used to harvest samples 
from the field. The collected clean stem bases and roots were sub-
sequently frozen in liquid nitrogen and kept at −80°C until use. We 
harvested spores growing on PDA plates for 7  days, filtered them 
through a layer of sterile Miracloth (Millipore Corp.), collected them 
via centrifugation at 1000 × g for 5 min and then washed them twice 
with sterile distilled water. Afterwards, 250-ml flasks were inoculated 

Primer Sequence 5′–3′ Purpose

CsSP1-NLS-F GCCAAACCGCGGGACCCAGCCTAAGAAGAAGAGAAAGGTTGGAGGAATGGTGA  
GCAAGGGCG

Construction of CsSP1 location-
based signal mutants

CsSP1-NES-F GCCAAACCGCGGGACCAACGAGCTTGCTCTTAAGTTGGCTGGACTTGATATTAAC  
AAGATGGTGAGCAAGGGCG

CsSP1-mNES-F GCCAAACCGCGGGACCATGCTTCAAGCTCCTCCTGCTGAAAGAGCTACTCTTAT  
GGTGAGCAAGGGCG

PB-GFP-R GGTAAGGCCTACTAGTGGATCCCTTGTACAGC TCGTCCATGC

TaEF-1α-F CAAGGGTGTGGAGAAGAAGG Expression of a constitutive gene 
of wheatTaEF-1α-R AGCAGACATAGATGGATTCAGG

TA B L E  2   (Continued)
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with solutions (106 spores/ml) containing 100 ml YEPD broth. After 
3 days of shaking at 150 rpm at 25°C, mycelia were collected through 
sterile Miracloth filters into a funnel and washed twice with sterile 
distilled water. Extra water on the absorbent paper was removed, 
after which the mycelia were frozen in liquid nitrogen and stored at 
−80°C. The wheat and mycelial samples (two replicates each) were 
subsequently sent to Novogene (Tianjin Novogene Bioinformatic 
Technology Co., Ltd). RNA and library qualities were assessed via a 

Bioanalyzer 2100 system (Agilent Technologies). Principal compo-
nent analysis was used to analyse the similarity of RNA-Seq samples 
(Figure S2a,b). The library was sequenced on an Illumina NovaSeq 
platform (HiSeq 2500), and 150  bp paired-end reads were gener-
ated. The clean paired-end reads were then aligned to the B.  soro-
kiniana genome (https://mycoc​osm.jgi.doe.gov) using HISAT v. 2.0.5. 
Differential expression analysis with an adjusted p value of <0.05 
between treatments was performed using the DESeq2 R package v. 

F I G U R E  6   (a) Subcellular localization of CsSp1 mutants in Nicotiana benthamiana. NLS, CsSP1-NLS-GFP. NES, CsSP1-NES-GFP. mNES, 
CsSP1-NES-GFP. Bars, 20 μm. (b) Western blot analysis confirming protein expression with an anti-HA tag antibody using protein from 
N. benthamiana leaves. (c) Phytophthora capsici infection of N. benthamiana leaves injected with Agrobacterium tumefaciens. (d) Diseased 
lesion areas were measured and calculated for CsSp1 mutants and the GFP controls. **p < 0.01, *p < 0.05 (t test). The experiments were 
repeated three times

https://mycocosm.jgi.doe.gov
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1.20.0. The fragments per kilobase of transcript per million mapped 
reads (FPKM) of each gene was calculated based on the length of the 
gene and reads count mapped to that gene. The cluster Profiler R 
package was used for Gene Ontology (GO) and Kyoto Encyclopedia 
of Genes and Genomes (KEGG) enrichment analysis of differentially 
expressed genes (DEGs).

4.5 | Construction of expression vectors

For complementation of the knockout mutant, the target gene CsSP1 
ORF with a 1.8 kb promoter region and without the stop codon was 
amplified from B. sorokiniana strain Lankao 9-3 genomic DNA. The 
primer pair pYIP-CsSP1-F/pYIP-CsSP1-R was designed to introduce 

F I G U R E  7   Wheat transcriptome analysis after Bipolaris sorokiniana infection. (a) Heatmap of differentially expressed TaPAL-related genes 
in wheat. TAC, uninfected wheat; TAB-5, wheat infected for 5 days. (b) Heatmap of TaPAL gene expression profiles. TAC, uninfected wheat; 
TAB-15, wheat infected for 15 days. (c) Reverse transcription quantitative PCR (RT-qPCR) analysis of TaPAL in wheat leaves infected with 
spores. The experiments were repeated three times. (d) Relative expression levels of constitutive EF1α gene during infection time course. 
The same letters indicate the no significant difference at p < 0.05 level. (e, f) RT-qPCR for TaPR1 and TaPR2, respectively, of wheat leaves 
infected with spores. Significant differences of samples with the same spore infection calculated by Tukey's LSD, p < 0.05. The lower case 
letters refer to a significant difference between the wild-type (WT) samples and upper case letter refers to a significant difference between 
the ∆Cssp1 samples. The significance between samples of the same infection period was tested by t test. **p < 0.01, *p < 0.05 (t test). The 
experiments were repeated three times. The expression levels were calculated using the 2−∆∆Ct method
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PstⅠ sites at the 5ʹ and 3ʹ ends. The fragment amplicons were subse-
quently cloned and ligated into a pYIP-102 expression vector at the 
PstⅠ cleavage site. The positive clone confirmed by sequencing was 
then transformed into protoplasts of the ∆Cssp1 deletion mutant.

For expression in Agrobacterium tumefaciens, the target gene CsSP1 
ORF without a stop codon was amplified from B.  sorokiniana strain 
Lankao 9-3 complementary DNA. The primer pair PB-CsSP1-F/PB-
CsSP1-R was designed to introduce a BamHI site and a KpnI site at the 5ʹ 
and 3ʹ ends, respectively. The synthesized foreign gene expression cas-
sette was inserted into a PB-HA Agrobacterium expression vector and 
then cloned into Escherichia coli Top10 cells by the heat shock method. 
First, the fragment and the linear vector were fused with a one-step 
cloning kit (Vazyme Biotech). Briefly, the product was added to 50 µl of 
E. coli cells. PVX and pSUC2 vectors were constructed in a similar way.

For GFP fusion, the target gene CsSP1 ORF without a stop codon 
was amplified from B. sorokiniana strain Lankao 9-3 complementary 
DNA. Primer pairs were designed to introduce homologous seg-
ments of GFP, and then the GFP fragment was fused by homologous 
recombination. For construction without a signal peptide, primer 
pairs were designed for amplification without the signal peptide.

4.6 | Polyacrylamide gel electrophoresis and 
western blotting

For protein extraction, mycelial or plant samples were ground to a fine 
powder in liquid nitrogen. The fine powder was then treated with pro-
tein extraction buffer (20 mM Tris-HCl pH 7.5, 150 mM NaCl, 1 mM 
EDTA, 20% glycerol, 1 mM phenylmethylsulfonyl fluoride [PMSF], and 
a suitable concentration of protease inhibitor). After swirling and mix-
ing, the proteins were released after 10 min in an ice bath. After cen-
trifugation at 13,000 × g for 15 min, the supernatant, which contained 
the desired protein, was transferred to a new centrifuge tube. The 
mixture was brought to 5 ml with double deionized water and mixed 
well, with β-mercaptoethanol added just before use. After immersion 
in boiling water for 10 min, the sample was used for protein extraction.

For western blotting, the methods were performed according to 
those of Li et al. (2018), and anti-HA antibodies (M20003) were used 
(http://www.ab-mart.com/).

4.7 | Agro-infiltration assays

The PB-based (or PVX-based) CsSP1 gene constructs were transformed 
into A. tumefaciens GV3101 through heat shock transformation. The 
A. tumefaciens clones containing CsSP1 constructs were cultured in liq-
uid LB medium (10 g tryptone, 10 g NaCl, 5 g yeast extract, and 950 ml 
double deionized water) supplemented with rifampicin (50 μg/ml) and 
kanamycin (50 μg/ml). The A. tumefaciens cultures were collected by 
centrifugation, washed with MMA buffer (10  mM 2-[N-morpholino] 
ethanesulfonic acid ([MES; pH 5.7], 10  mM MgCl2, 150  μM aceto-
syringone), and then resuspended in agro-infiltration MMA buffer 
at an OD600 of 0.5 at room temperature for 2  h. Agro-infiltration 

experiments were carried out on the leaves of 4-week-old N. bentha-
miana plants using needleless syringes. The inner epidermis of the third 
to fifth layers of onion was treated with the same concentration of 
Agrobacterium for 20 min and then placed on solid MA medium (10 mM 
MgCl2, 150 μM acetosyringone) at 25°C under 16 h of light and 8 h of 
darkness. Fluorescence was observed after treatment for 24 h. The 
inoculation method for the inner epidermis of onions was the same 
as that reported by Liu et al. (2009), and the inoculation method for 
P. capsici was the same as that of Li et al. (2019).

4.8 | Yeast secretion assays

A pSUC2 vector containing a tryptophan synthesis-related gene but 
lacking a signal peptide, as well as the invertase gene (SUC2) without the 
start codon (ATG), was used. The product of the invertase gene (SUC2) 
converts polysaccharides to monosaccharides. Therefore, only when 
the secreted gene is inserted can the missing SUC2 gene be activated 
and secreted into the culture medium for the conversion of sucrose to 
glucose needed for yeast growth. The methods used refer mainly to the 
protocols described previously (Gu et al., 2011; Li et al., 2016, 2019). 
We integrated these approaches and made several modifications. First, 
10% dimethyl sulphoxide (DMSO) was added to the yeast competent 
cells. In addition, sucrose selective medium (SD−Trp−sucrose medium, 
0.8 g yeast synthetic drop-out medium without Trp, 2% sucrose, 2% 
agar) was used for the final screening (Guo, Zhong, et al., 2019).

4.9 | Gene expression analysis

Total RNA for measuring CsSP1 expression was extracted from 
B. sorokiniana mycelia grown for 2 days in YEPD medium and wheat 
leaves inoculated with 105 spores/ml. To measure gene expression 
during sporulation, total RNA was extracted from B. sorokiniana my-
celia in PDB medium, and to measure the expression of PAL, PR1, 
and PR2, total RNA was extracted from wheat leaf samples with or 
without inoculation of 105 spores/ml.

An RN38-EASY Spin Plus Plant RNA Kit (Aidlab Biotechnologies 
Co., Ltd) was used to extract total RNA from B. sorokiniana mycelia 
or wheat leaves. One microgram of total RNA was used for reverse 
transcription using a PrimeScript RT Reagent Kit with gDNA Eraser 
(Perfect Real Time). The transcript levels of CsSP1 were measured 
via RT-qPCR under standard conditions with the gene-specific 
primers CsSP1-QRT2-F/CsSP1-QRT2-R. The expression level of  
β-actin, as an internal reference gene, in B. sorokiniana in conjunction 
with the primer pair RT-actin-F/RT-actin-R was measured (Wang 
et al., 2015). The expression of candidate genes CsBrlA, CsMedA, and 
CsStuA of Aspergillus nidulans, which are BrlA, MedA, and StuA ortho-
logs in B. sorokiniana, in conjunction with the primer pairs CsBrlA-F/
CsBrlA-R, CsMedA-F/CsMedA-R, and CsStuA-F/CsStuA-R, respec-
tively, was measured (Wang et al., 2015).

All the internal reference primers used to express the wheat 
genes were Actin-PR-F/Actin-PR-R (Naz et al., 2018). The primers 

http://www.ab-mart.com/
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used to detect TaPAL were TaTAL-F/TaPAL-R, while those used 
to detect TaPR1 and TaPR2 were TaPR1-F/TaPR1-R and TaPR2-F/
TaPR2-R (Niu et al., 2007). All the primers used are listed in Table 2. 
The relative transcript levels of test genes were determined accord-
ing to the function ∆Ct = Ct (test gene) − Ct (reference gene). Briefly, 
the threshold cycles (Ct) of the PCR results for each gene were first 
obtained and then averaged for use of quantification of the tran-
scripts in the next step. The ∆Ct value was determined by subtract-
ing the average Ct value of the endogenous reference genes, Actin or 
EF1α in this study, from the average Ct value of the candidate gene. 
The ∆∆Ct value was calculated by subtracting the ∆Ct value of the 
B. sorokiniana mycelia control from the ∆Ct of the inoculated sample. 
The 2−∆∆Ct value was used to evaluate the fold change of gene ex-
pression. The relative expression under different conditions was cal-
culated according to the 2−ΔΔCt method (Livak & Schmittgen, 2001). 
Each experiment had three replicates to give the main value and the 
standard deviations were generated.
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