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Systemic screening of Fusarium oxysporum 
candidate effectors reveals FoSSP17 
that suppresses plant immunity and contributes 
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Abstract 

Fusarium oxysporum f. sp. cubense (Foc) causes Fusarium wilt of banana (Musa spp.), a notorious soil-borne vascular 
fungal disease threatening the global banana industry. Phytopathogens secrete effectors to suppress plant immu-
nity. However, little is known about the effectors of Foc race 4 (Foc4). In this study, we built a streamlined screening 
system (candidate effector prediction, RNA-seq-based expression level analysis, and cell death manipulative activity 
assessment based on transient expression in Nicotiana benthamiana) to identify candidate virulence-related effec-
tors. In total, 80 candidate effector genes (CEGs) differentially expressed during plant colonization were predicted; 
12 out of 15 characterized CEGs, including FoSSP17, could suppress BAX-triggered programmed cell death (PCD) 
in N. benthamiana and were induced during the infection of plants. FoSSP17 encodes a novel protein conserved 
in the Fusarium genus. FoSSP17 gene deletion mutants were not affected in vegetative growth and conidiation 
but showed reduced virulence. Furthermore, the deletion mutants triggered higher expression levels of host defense-
related genes including PR1, PR3, PR5, and PR10. Signal peptide activity assay and subcellular localization assay sug-
gested that FoSSP17 is a conventional secretory protein that exerts cell-death-suppressive activity inside plant cells. 
In addition, FoSSP17 suppressed pattern-triggered immunity in plants by inhibiting reactive oxygen species (ROS) 
accumulation, reducing callose deposition, and suppressing the expression of NbLOX and NbERF1 genes related 
to jasmonic acid (JA)-pathway and ethylene (ET)-pathway, respectively. Overall, a systemic screening of Foc4 candi-
date effectors reveals that FoSSP17 contributes to the virulence of Foc4 and suppresses pattern-triggered immunity 
in plants.
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Background
In nature, plants evolve an immune system with common 
features of vertebrates’ innate immunity to defend against 
potential microbial attacks (Ausubel 2005; Chisholm 
et al. 2006). The plant immune system contains two over-
lapping layers, summarized as a ‘Zigzag’ model (Jones 
and Dangl 2006). In the first layer of immunity, patho-
gen-associated or microbe-associated molecular patterns 
(PAMPs or MAMPs) are recognized by pattern recogni-
tion receptors (PRRs) on the plant cell surface, and the 
triggered immune response is called PAMP-triggered 
immunity (PTI) (Dubery et al. 2012). Adapted pathogens 
secrete effectors that interfere with immunity triggered 
by PRRs, resulting in effector-triggered susceptibility 
(ETS). In the second layer of immunity, some pathogen-
secreted effectors are directly or indirectly recognized 
by the resistance (R) proteins, including the nucleotide-
binding leucine-rich repeat (NLR) proteins, thereby 
activating the effector-triggered immunity (ETI) (Jones 
et al. 2016). ETI is generally an accelerated and amplified 
PTI response that typically leads to localized cell death, 
known as the hypersensitive response (HR) (Newman 
et al. 2013).

Plant pathogens, such as Fusarium oxysporum f. sp. 
cubense (Foc), the causal agent of Fusarium wilt of banana 
(Musa spp.), damage global banana production. Fusar-
ium wilt of banana was first reported in Australia in 1874. 
Foc can be divided into four physiological races (Foc1, 
2, 3, and 4) based on their virulence variation toward 
host cultivars, and Foc4 is further separated into tropi-
cal race 4 (TR4) and subtropical race 4 (STR4) (Ploetz 
2015a). Foc1 and Foc4 are economically important. Foc1 
is pathogenic to Gros Michel varieties and attacks banana 
triploid Musa AAA and Musa AAB (Ploetz , 2006). Com-
pared with STR4, Foc TR4 is more virulent, which affects 
important banana cultivars in the Cavendish subgroup 
(Ploetz 2015b).

Foc is a soil-borne fungus with a hemibiotrophic life-
style during the infection of plants. The conidia and 
hyphae of Foc invade host roots, and then the infectious 
hyphae penetrate the xylem tissue and reach pseudostem 
before switching to a necrotrophic stage, resulting in 
leaf yellowing and even plant death (Dita et  al. 2018). 
Identifying virulence genes in Foc is essential in under-
standing pathogenic mechanisms and engineering host 
resistance. Effectors are fundamental to the virulence 
of Foc (Meldrum et al. 2012). Still, only a few virulence-
related effectors have been identified in Foc so far, includ-
ing homologs of SIX (secreted-in-xylem) proteins, first 
identified in Fusarium oxysporum f. sp. lycopersici (Fol) 
(Rep et  al. 2004). Among them, Focub-SIX1a and SIX8 
contribute to the virulence of Foc TR4 (Widinugraheni 
et  al. 2018; An et  al. 2019). FocSge1, a gene conserved 

in race 1 and race 4, regulates the expression of effec-
tor genes (Gurdaswani et  al. 2020). Since high-quality 
genomic data are available for Foc (Guo et  al. 2014), a 
large number of candidate effector genes (CEGs) have 
been predicted in Foc TR4 using genome sequencing and 
bioinformatics (data not published) (Zhang et  al. 2021). 
However, the virulence functions of many of these CEGs 
are unrecognized. Therefore, the screening and virulence 
analysis of CEGs is critical for studying the host–patho-
gen interaction.

Transient expression of candidate effectors (CEs) in 
Nicotiana benthamiana is widely used to characterize 
the function of CEs of various pathogens (Wang et  al. 
2011). BAX, a death-promoting protein of the Bcl-2 fam-
ily, is usually used as a positive control for assessing the 
PCD-manipulative activity of CEs (Lacomme and Santa 
1999; Jamir et  al. 2004). This strategy has uncovered 
various virulence effectors such as CfEC92, INF1, and 
PvRXLR159 (Kamoun et al. 1998; Lei et al. 2019; Shang 
et  al. 2020), and 17 PvRxLR CEs strongly suppressing 
BAX- and INF1-triggered PCDs have been identified 
from Plasmopara viticola (Xiang et al. 2016).

This study combined bioinformatic prediction, tran-
scriptomic analysis, transient expression in N. bentha-
miana, and loss-of-function assay to identify the Foc4 
virulence effectors. Based on this system, we identi-
fied a candidate effector gene FoSSP17 encoding a novel 
small secreted protein, which could suppress BAX-trig-
gered PCD when over-expressed in N. benthamiana. 
We showed that FoSSP17 is conserved in the Fusarium 
genus, and its expression was up-regulated during plant 
infection. Additionally, we showed that FoSSP17 could 
suppress pattern-triggered immunity in N. benthamiana 
by reducing ROS accumulation and callose deposition. 
Moreover, we demonstrated the role of FoSSP17 in viru-
lence by gene deletion and complementation assay. Col-
lectively, our study identifies a novel protein, FoSSP17, 
which could suppress pattern-triggered immunity in 
plants to promote the Foc4 infection.

Results
Multiple screening revealed 12 CEGs in Foc4 with cell death 
manipulative activity
Candidate effectors were predicted from the annotated 
proteome of Foc4 (14,932 proteins) based on an analysis 
pipeline encompassing SignalP5.0, TMHMM, and Effec-
torP3.0 predictions (Additional file 1: Figure S1). In total, 
428 candidate effectors were obtained. To investigate the 
expression dynamics of these candidate effectors during 
the infection process, we conducted RNA-seq analysis 
with five sample types (three replicates each) represent-
ing conidia (CON), vegetative hyphae (HYP), and banana 
root infected by Foc4 for 24 h (IR24), 48 h (IR48), and 
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72 h (IR72). Samples were sequenced with the Illumina 
sequencing platform, and 791.1 million raw reads and 
118.7 Gb raw data were generated. The 15 RNA-seq 
libraries formed sample type-defined clusters in the hier-
archical heatmap, indicating that gene expression levels 
had low biological variability within the same treatment 
conditions (Additional file 1: Figure S2a). A total of 4,157 
differentially expressed genes (DEGs) were identified 
with a combination of DESeq2 and edgeR programs, and 
these DEGs showed at least a 4-fold expression difference 
in at least one of the ten pairwise comparisons. Hierar-
chical clustering of DEGs based on FPKM profiles was 
presented as a heatmap (Additional file  1: Figure S2b). 
Among the 428 effector repertoire, 80 genes were defined 
as CEGs for showing significantly up-regulated expres-
sion during infection (Additional file 2: Table S1).

Next, we used the transient expression system of N. 
benthamiana to dissect the function of CEGs. We ran-
domly selected 20 CEGs to test the PCD-suppressive 
activity, and 15 genes were successfully cloned into the 
potato virus X (PVX) vector pGR107. We observed that 
only one clone, FoSSP1, triggered PCD at 5 d post-inoc-
ulation (Wang et al. 2022), 2 had no activity, and 12 sup-
pressed BAX triggered-PCD when injected 24 h before 
BAX (Table 1 and Additional file 1: Figure S3). To deter-
mine the expression dynamics of the 12 candidate effec-
tors, the relative expression levels of these genes were 
quantified by qRT-PCR. Compared with 0 h post-inocu-
lation (hpi), all 12 genes showed significant up-regulation 
at 12, 24, 48, or 72 hpi (Additional file 1: Figure S4), which 

is in accordance with the transcriptome analysis results. 
These results suggested that the 12 candidate effectors 
may function during the plant infection stage.

FoSSP17 is conserved in the Fusarium genus
We randomly selected 3 (FoSSP17, FoSSP20, and 
FoSSP48) cell-death-suppressing CEGs for further char-
acterization. FoSSP17 (FOIG_10239; Gene ID: 42035414; 
NCBI Reference Protein Sequence: XP_031060038.1) 
encodes a hypothetical protein with 172 amino acids. 
The protein was predicted to contain an N-terminal sig-
nal peptide (SP) and no transmembrane domain (TMD). 
To determine the phylogenetic distribution of FoSSP17 
homologs, BlastP searches against the National Center 
for Biotechnology Information (NCBI) non-redundant 
(NR) database and the Ensemble Fungi database were 
conducted. A large number of homologs from various 
Fusarium strains were identified with amino acid identity 
over 57.31% (Fig.  1a). Interestingly, homologs were also 
found in other Ascomycetes, and all belong to the Hypo-
creomycetidae subclass. Sequence analysis using Clustal 
W revealed homologs of FoSSP17 with high identity 
(Fig.  1b). These results indicate that FoSSP17 homologs 
distribute widely in the Hypocreomycetidae subclass 
while are more conserved in the Fusarium genus.

FoSSP17 is a conventional secretory effector that exerts 
cell‑death‑suppressive activity inside plant cells
Bioinformatics analysis suggested that FoSSP17 contains 
an N-terminal SP. We used the yeast secretion system 

Table 1  Characteristics of 15 candidate effectors from Foc4 

Induce: CEs could induce PCD in N. benthamiana; Suppress: CEs could suppress BAX-triggered PCD in N. benthamiana; No effect: CEs can neither suppress BAX-
triggered PCD nor induce PCD in N. benthamiana

Candidate effector Gene ID Length Description Induce PCD or 
suppress BAX-
triggered PCD

FoSSP1 FOIG_06406 145 Uncharacterized protein Induce

FoSSP16 FOIG_10132 185 Uncharacterized protein Suppress

FoSSP17 FOIG_10239 172 Uncharacterized protein Suppress

FoSSP20 FOIG_10940 82 Uncharacterized protein Suppress

FoSSP25 FOIG_11731 186 Uncharacterized protein Suppress

FoSSP31 FOIG_13546 232 Uncharacterized protein Suppress

FoSSP40 FOIG_14677 310 Uncharacterized protein Suppress

FoSSP45 FOIG_14845 166 Uncharacterized protein Suppress

FoSSP48 FOIG_15139 111 Uncharacterized protein Suppress

FoSSP49 FOIG_15140 152 Uncharacterized protein No effect

FoSSP54 FOIG_15739 260 Uncharacterized protein Suppress

FoSSP55 FOIG_16626 128 Uncharacterized protein Suppress

FoSSP69 FOIG_03936 375 Uncharacterized protein No effect

FoSSP71 FOIG_04289 239 Uncharacterized protein Suppress

FoSSP80 FOIG_06254 339 Uncharacterized protein Suppress
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to verify the secretory function of the predicted SP (Yin 
et al. 2018). The full length of SP (N-terminal 17 amino 
acids) was successfully cloned in the pSUC2 vector and 
then transferred into the yeast Saccharomyces cerevisiae 

YTK12 strain. The predicted SP of FoSSP17 was suffi-
cient to mediate the secretion of invertase enzyme in the 
YTK12 strain (Fig. 2a), supporting that FoSSP17 is a con-
ventional secretory protein. We further tested whether 

Fig. 1  FoSSP17 homologs are widely distributed in the Hypocreomycetidae subclass. a The phylogeny of FoSSP17 and its homologous sequences 
from selected species. The tree was constructed by MEGA11 using the maximum-likelihood method. Bootstrap percentage support for each branch 
is indicated (1000 replication). The scale bar corresponds to a genetic distance of 0.01. Sequences from Fusarium and other Hypocreomycetidae 
species are marked with a light blue and green background, respectively. b Amino acid alignment of FoSSP17 and its homologous proteins. 
Clustal W was used to align all protein sequences, and the alignment was edited by GeneDoc. Conservative amino acids are shaded with a blue 
background, and the shading intensity indicates the level of amino acid identity
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Fig. 2  Functional validation of SP of FoSSP17 and subcellular localization of FoSSP17 and FoSSP17ΔSP. a Verifying the SP function of FoSSP17 
by yeast secretion system.Yeast Saccharomyces cerevisiae YTK12 strain and strains bearing the empty pSUC2 vector and the pSUC2 vector 
with the SP of Mg87 protein from Magnaporthe oryzae were used as negative controls; the strain harboring the pSUC2 vector with the SP of Avr1b 
protein from Phytophthora sojae was used as the positive control. b Subcellular localization of FoSSP17 and FoSSP17ΔSP. Leaves of N. benthamiana 
transiently expressing FoSSP17:eGFP and FoSSP17ΔSP:eGFP fusion proteins were examined by confocal microscopy. GFP was used as a control. The 
accumulated FoSSP17:eGFP is indicated with red arrows. Bars = 50 μm. c Western blot analysis of protein from N. benthamiana leaves expressing GFP, 
FoSSP17:eGFP, and FoSSP17ΔSP:eGFP. The same results were obtained with at least three biological replicates
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the SP is important for FoSSP17’s cell-death suppressive 
activity. FoSSP17 and FoSSP17 lacking SP (FoSSP17ΔSP) 
were cloned into the pGR107-GFP vector. The C-termi-
nal GFP fusion proteins of FoSSP17 and FoSSP17ΔSP were 
transiently expressed in N. benthamiana. Then, the BAX 
protein was transiently expressed at the same location 24 
h later. Results showed that BAX strongly induced PCD 
at 5 d post inoculation (dpi), whereas both FoSSP17 and 
FoSSP17ΔSP could fully suppress BAX-triggered PCD 
(Fig.  3a, b). The expression of FoSSP17 and FoSSP17ΔSP 
GFP fusion proteins in the tobacco leaves was confirmed 
by western blot (Fig. 3c).

To overcome the host’s PTI, pathogens secrete effectors 
that could target plant apoplast or cytoplasm, termed 

apoplastic and cytoplasmic effectors, respectively (Asai 
and Shirasu 2015). To validate the subcellular localization 
of FoSSP17 in plants, we infiltrated agro strains bearing 
pBin-FoSSP17-eGFP or pBin-FoSSP17ΔSP-eGFP vectors 
into N. benthamiana leaves and pBin-eGFP empty vector 
was used as a control. Confocal microscopy observation 
revealed that both FoSSP17:eGFP and FoSSP17ΔSP:eGFP 
localized in the nucleus and plasma membranes in N. 
benthamiana cells (Fig.  2b). Interestingly, transiently 
expressed FoSSP17:eGFP could aggregate as spots in the 
cytoplasm (Fig.  2b). Western blot analysis detected the 
expression of FoSSP17:eGFP and FoSSP17ΔSP:eGFP pro-
teins (Fig. 2c). As a control, to clarify that FoSSP17 could 
be secreted in the plant, we used a functional SP from 

Fig. 3  Transient expression of FoSSP17 and FoSSP17ΔSP in N. benthamiana. a FoSSP17 and FoSSP17ΔSP suppressed BAX-induced cell death in N. 
benthamiana. Agrobacterium strains carrying pGR107-FoSSP17-GFP, pGR107-FoSSP17ΔSP-GFP, and pGR107-GFP (as negative control) were infiltrated 
separately in leaves 24 h before infiltration of the Agrobacterium expressing BAX at the same location. Dashed circles indicate the agroinfiltrated 
regions. Photos were taken 5 d after BAX treatment. Ultraviolet (UV) light was used to indicate the HR response. b Electrolyte leakage assay of N. 
benthamiana leaves co-expressing BAX with indicated proteins. Samples were collected 5 d after BAX treatment. Data shown are means ± SD 
calculated from three independent experiments. Statistical analyses were performed with One-way analysis of variance (ANOVA) and Tukey’s 
multiple comparisons test. Different letters indicate significant differences (P < 0.05). c Western blot analysis of the protein expression of FoSSP17 
and FoSSP17ΔSP with GFP tag. Similar results were obtained from at least three biological replicates
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pathogenesis-related protein 1 (PR1) to replace the origi-
nal SP of FoSSP17, and constructed pBin-FoSSP17SP(PR1)-
eGFP vector (Zhang et al. 2021). In N. benthamiana cells 
transiently expressing FoSSP17SP(PR1):eGFP, the GFP sig-
nals of FoSSP17SP(PR1) accumulated mainly in the nucleus 
and plasma membranes (Additional file  1: Figure S5a), 
indicating that the SP of FoSSP17 is functional in N. 
benthamiana. Overall, these results indicate that the 
activity of FoSSP17 to suppress cell death in N. benthami-
ana does not depend on its SP, and FoSSP17 is targeted 
to the nucleus and plasma membrane of plants.

FoSSP17 suppressed pattern‑triggered immunity in plants
Since FoSSP17 could suppress BAX triggered-PCD, we 
speculated that FoSSP17 is an effector which could sup-
press the plant immune responses. Plant cell-surface 
localized receptors could recognize MAMPs including 
bacterial flagellin (flg22) to induce a series of immune 
responses, such as ROS accumulation and callose depo-
sition (Boller and Felix 2009). To verify our hypothesis, 
A. tumefaciens carrying pBin-FoSSP17-eGFP or pBin-
eGFP were infiltrated in N. benthamiana leaves, and 20 
μM flg22 was injected at the same location after 48 h. 
After 12 h with flg22 infiltration, the ROS accumulation 
was detected by staining with Diaminobenzidine (DAB), 
and the callose deposition was detected by aniline blue 
staining. The results showed that flg22 induced much 
lower levels of ROS accumulation and callose deposition 
in leaves expressing FoSSP17:GFP compared with those 
expressing only GFP (Fig.  4a–d). Similar results were 
observed when chitin elicitor (Hexa-N-acetylchitohex-
aose) was applied to trigger plant immunity (data not 
shown).

After cell-surface receptors perceive signals and acti-
vate defenses, the plant immune response is potenti-
ated by hormone signaling pathways (Zhou and Zhang 
2020). To further clarify potential mechanisms through 
which FoSSP17 suppresses plant immune responses, we 
used qRT-PCR to detect the expression levels of PR1, 
PR5, PR3, LOX, and ERF1 genes in N. benthamiana 
after flg22 infiltration. NbPR1 and NbPR5 are associ-
ated with salicylic acid (SA) signaling pathway; NbPR3 
and NbLOX are associated with jasmonic acid (JA) 
signaling pathway; NbERF1 is associated with ethylene 
(ET) signaling pathway (Asai and Yoshioka 2009; Ali 
et al. 2017, 2018). As a result, there is no significant dif-
ference in the expression levels of NbPR1 and NbPR5 
between the tobacco leaves expressing FoSSP17:GFP 
and GFP. However, the expression levels of NbPR3, 
NbLOX, and NbERF1 were significantly reduced in the 
samples expressing FoSSP17:GFP, compared with the 
control plants (Fig.  4e). Taken together, these results 
suggested that FoSSP17 manipulates pattern-triggered 

immunity in plants by suppressing the expression of 
genes involved in JA and ET signaling pathways.

FoSSP17 contributes to fungal virulence
We used the split-marker approach and protoplast 
transformation methods to generate the deletion 
mutant of FoSSP17 (FOIG_10239) (Additional file  1: 
Figure S6a). Two mutants of FoSSP17 (ΔFoSSP17-4 and 
ΔFoSSP17-5) harboring hygromycin resistance marker 
were successfully developed in Foc4 and further con-
firmed by PCR (Additional file 1: Figure S6b). To com-
plement the FoSSP17 deletion mutant, we cloned the 
native promoter and coding region of FoSSP17 into the 
pFL2 vector and transformed the resulting plasmid into 
ΔFoSSP17 by polyethylene glycol (PEG)-mediated pro-
toplast transformation. The genetically complemented 
strain (ΔFoSSP17-C8) was also validated by PCR 
(Additional file  1: Figure S6b). To investigate whether 
FoSSP17 influences the vegetative growth of Foc4, we 
compared the growth rates of the wild-type (WT), 
deletion mutants, and the complemented strains. The 
results showed that mutants exhibited normal colony 
morphology and radial growth (Fig. 5a, b). In addition, 
FoSSP17 gene deletion had no significant influence on 
conidiation (Fig.  5c). These results suggested that the 
deletion of FoSSP17 did not affect the vegetative growth 
of Foc4.

To further investigate the role of FoSSP17 in vir-
ulence, conidia suspension of WT, ΔFoSSP17-4, 
ΔFoSSP17-5, and ΔFoSSP17-C8 were inoculated into 
roots of banana plantlets separately. At 30 dpi, all inoc-
ulated plants displayed symptoms of Fusarium wilt 
compared with mock treatment (water-inoculated). 
However, the leaves, rhizomes, and corms of banana 
plants infected by ΔFoSSP17-4 and ΔFoSSP17-5 were 
healthier and had fewer necrotic lesions compared with 
those infected with WT and complemented strains 
(Fig. 6a). The disease indexes of both ΔFoSSP17-4 and 
ΔFoSSP17-5 decreased by approximately 20% com-
pared with WT and the complemented strains (Fig. 6b). 
The reduced virulence of ΔFoSSP17 led us to perform 
a qRT-PCR assay to determine the expression lev-
els of the banana defense-related genes. Banana roots 
infected by WT and deletion mutants were sampled 
at 3 dpi for qPCR analysis of the transcript levels of 
the pathogenesis-related (PR) genes, including PR1, 
PR3, PR5, and PR10. Compared with WT infection, 
the expression levels of all PR genes were significantly 
up-regulated during ΔFoSSP17 infection (Fig.  6c). 
Overall, these results support that FoSSP17 plays an 
essential role in the virulence of Foc4 by suppressing 
host defense reactions.
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Fig. 4  FoSSP17 suppressed flg22-triggered PTI in N. benthamiana. a, b Flg22-induced ROS accumulation was suppressed in N. benthamiana 
leaves expressing FoSSP17:GFP. Samples were collected 12 h after infiltration with flg22. Photographs were taken after DAB staining (Bars = 200 
μm). The relative area of DAB-stained leaf tissues was analyzed with ImageJ software. c, d FoSSP17:GFP suppressed flg22-induced callose 
deposition in tobacco leaves. Samples were collected 12 h after flg22 treatment. Photographs were taken after aniline blue staining (Bars = 200 
μm). The number of callose spots per 1 mm2 was analyzed with ImageJ software. e Relative transcript levels of 5 defense-related genes. Total 
RNA was extracted from samples collected 12 h after flg22 treatment. NbActin gene was used as the reference gene for normalization. Relative 
transcript levels of genes in leaves expressing GFP are arbitrarily set to 1. For b, d, and e, data shown are means ± SD calculated from three biological 
replicates. Statistical analyses were performed with Student’s t-test. *P < 0.05; **P < 0.01
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Discussion
Foc4 is a soil-borne fungus that can infect banana roots 
and damage the banana industry (Pegg et  al. 2019). 
Foc4 secretes virulence factors to promote the infec-
tion process, including cell wall degrading enzymes 
(CWDEs), fusaric acids (FAs), and effectors (Roncero 
et  al. 2000; López-Díaz et  al. 2018). The Foc4 secretes 
a large number of effectors into the host plant and 
manipulates plant immunity. Thus, effective screen-
ing of the Foc4 candidate effectors is essential to clarify 
the pathogenic mechanisms of Foc4. Previous studies 
have used different methods to identify CEs, including 

yeast signal sequence trap (YSST) and bioinformatic 
analysis (Krijger et al. 2008; Saunders et al. 2012). Tran-
sient expression of candidate effectors in N. benthami-
ana is a powerful method to characterize CEs such as 
Phytophthora sojae RXLR effectors (Wang et al. 2011). 
Agro-infiltrated N. benthamiana leaves expressing the 
Phytophthora sojae Avr1d protein suppress BAX-trig-
gered PCD and enhance P. capsici infection (Yin et  al. 
2013). Furthermore, transcriptome analysis of tomato 
plants infected by Fol identified 27 novel CEGs that 
were significantly up-regulated during the infection 
stage, 22 of which could suppress or induce cell death 

Fig. 5  FoSSP17 gene deletion mutants are normal in colony morphology, growth rate, and conidiation. a, b Colony morphology and colony 
diameter of WT, deletion mutants (ΔFoSSP17-4 and ΔFoSSP17-5) and the complemented strain (ΔFoSSP17-C8) grown on potato dextrose agar (PDA) 
plates at 28°C for 6 d. c Conidiation of the indicated strains grown in potato dextrose broth (PDB) for 2 d. Data shown are means ± SD calculated 
from three biological replicates. The statistical analyses were performed with Student’s t-test; no significant difference was found among the tested 
strains
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in N. benthamiana leaves (Sun et  al. 2022). We com-
bined these methods in this study and set up a screen-
ing system to identify the CEs in Foc4. We identified 12 
CEs capable of suppressing BAX-triggered PCD and 
being up-regulated during infection of banana plants. 
Further functional characterization of FoSSP17 demon-
strates its virulence importance. Our work established 

an efficient effector-screening method and identified 
FoSSP17 as a novel virulence factor in Foc4.

Foc4 is a vascular pathogen belonging to Fusarium 
oxysporum (Fo), which could secrete small effectors 
called SIX proteins in the xylem. Fusarium oxysporum 
f. sp. lycopersici (Fol) secretes many SIX proteins to 
promote infection, and 14 SIX proteins were identified 

Fig. 6  The deletion of FoSSP17 reduced the virulence of Foc4 on banana and triggered host immune responses. a The ‘Cavendish’ bananas were 
inoculated with the conidia suspensions of different strains. Disease symptoms of plants, rhizomes, and corms infected with wild-type (WT), 
FoSSP17 mutant (ΔFoSSP17-4 and ΔFoSSP17-5), and complemented (ΔFoSSP17-C8) stains are shown. Photographs were taken 30 dpi. b The disease 
index was calculated from banana plants infected with indicated Foc strains (30 dpi). c qRT-PCR assay of transcript levels of PR genes (PR1, PR3, 
PR5 and PR 10). Total RNA was extracted 3 dpi from banana roots infected by WT and FoSSP17 deletion mutants. The banana Actin gene was used 
as the internal reference gene. Relative expression of PR genes in WT calibrated to the levels of Actin was arbitrarily set to 1. For b, c, data shown 
are means ± SD calculated from three biological replicates. Statistical analyses were performed with One-way analysis of variance (ANOVA), Tukey’s 
multiple comparisons test and Student’s t-test. Different letters indicate significant differences (P < 0.05). *P < 0.05; **P < 0.01
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(SIX1-14). Among all SIX proteins, the SIX1 homolog 
gene deletion mutants in Foc4 reduced the virulence, 
which is necessary for I-3-mediated resistance (Rep 
et  al. 2004; Widinugraheni et  al. 2018). SIX3 is an 
avirulence protein (Avr2) recognized by the I-2 resist-
ance gene (Houterman et  al. 2009). However, many 
other effectors’ functions are still unknown in Foc. In 
this study, we identified a novel protein FoSSP17 with a 
functional SP, and transient expression of FoSSP17 (with 
or without SP) in tobacco leaves suppressed BAX-trig-
gered PCD (Fig. 3a). In addition, the virulence function 
of FoSSP17 was determined by banana root infection 
assay with targeted gene deletion and complementation 
in Foc4. Through subcellular localization experiment, 
we found that FoSSP17 localized in the nucleus and 
plasma membrane in N. benthamiana cells (Fig.  2b). 
To further ascertain the localization of FoSSP17, we 
used a functional SP from PR1 to drive the secretion of 
FoSSP17 and found that FoSSP17SP(PR1):eGFP localized 
in the nucleus and plasma membrane. Therefore, we 
speculate that the SP of PR1 might drive the secretion 
of FoSSP17:eGFP, which re-entered plant cells after-
ward. Interestingly, FoSSP17:eGFP, when transiently 
expressed, could aggregate as spots in the cytoplasm. 
However, the mechanism behind this phenomenon is 
still unclear and needs further investigation. In conclu-
sion, these results indicate that FoSSP17 could func-
tion as a virulence factor of Foc4 and might translocate 
inside host cells to exert its function.

Fo has a broad host range, but each formae speciale has 
a specialized host range (Edel-Hermann and Lecomte 
2019). In other strains of Fusarium oxysporum, SIX genes 
have been proven to be related to host specificity (Wil-
liams et al. 2016). Recent studies show that the variation 
of host specificity is associated with some SIX genes. 
When non-pathogenic strains gain SIX genes, they will 
successfully infect the host and become a new pathogenic 
strain. Thus, SIX genes could be a marker gene to iden-
tify different host specialized forms (Jangir et al. 2021). In 
this study, we found that FoSSP17 is conserved across the 
Fusarium genus by phylogenetic analysis, and the amino 
acid identity in the Fusarium genus is higher than 57.31% 
(Fig. 1a). The homologs of FoSSP17 are similar between 
formae speciales, but obvious differences exist among dif-
ferent species, especially at N-terminus (Fig. 1b). In addi-
tion, previous studies demonstrated that SIX proteins are 
unique to Fo, except for SIX6, and the homologs of SIX6 
have been found in Colletotrichum genus (Gawehns et al. 
2014). Interestingly, akin to SIX proteins, most homologs 
of FoSSP17 distribute in the Fusarium genus, but some 
exist in other genus belonging to Hypocreomycetidae 
subclass including Colletotrichum genus. In the future, 
additional FoSSP17 homologs from other species will be 

tested to determine whether they have similar functions 
and are required for the virulence of pathogens.

PRRs at the cell surface recognize PAMPs or MAMPs 
when plants are infected by pathogens. The defense 
signaling pathways, including SA, JA, and ET, are sub-
sequently activated, leading to the accumulation of PR 
proteins, which efficiently defend against the pathogen 
infection. For example, PR3 can function as a chitinase 
which degrades chitin, the main component of the fun-
gal cell wall, and it had an inhibitory effect on Tobacco 
mosaic virus (TMV) infection (Šindelářová and Šindelář 
2005). In this study, we found that infection of the 
FoSSP17-gene-deletion mutants led to an up-regulated 
expression of PR genes including PR1, PR3, PR5, and PR 
10 in banana plants (Fig. 6c). We speculate that FoSSP17 
could suppress pattern-triggered immunity in plants. We 
transiently expressed FoSSP17 proteins in N. bentha-
miana leaves and found that FoSSP17 suppressed ROS 
accumulation and callose deposition elicited by flg22 
(Fig.  4a–d). Moreover, FoSSP17 reduced the expression 
of PR3, LOX, and ERF1 genes (Fig. 4e). The results sug-
gested that FoSSP17 manipulates plant innate immunity 
by suppressing JA and ET-mediate signaling pathways. In 
the future, we will focus on finding the receptors or sign-
aling targets of FoSSP17 in banana roots to investigate 
how FoSSP17 manipulates plant immunity and elucidate 
the underlying molecular mechanisms.

Conclusions
In this study, we set up a multi-step screening system 
(candidate effector prediction, RNA-seq-based expres-
sion level analysis, and cell death manipulative activity 
assessment based on transient expression in N. benthami-
ana) to identify candidate virulence-related effectors. We 
identified 12 CEs that suppressed BAX-triggered PCD 
and were up-regulated during banana infection. In addi-
tion, we revealed a novel conserved protein, FoSSP17, 
which is required for full virulence of Foc and suppresses 
pattern-triggered immunity in plants by decreasing ROS 
and callose accumulations. This study provides not only 
an efficient way to screen CEs but also insights into the 
pathogenic mechanisms of banana Fusarium wilt.

Methods
Fungal and bacterial strains and the growth of plants
The WT Fusarium oxysporum f. sp. cubense race 4 (Foc4) 
strain II5 (NRRL#54006) was grown on PDA medium at 
25°C in the dark. The gene deletion mutants and comple-
mented strains were cultured on PDA medium with 60 
μg/mL hygromycin B or G418, respectively. N. bentha-
miana was grown in a growth room at 24°C (16 h/8 h, 
day/night). ‘Cavendish’ banana (AAA, Brazilian) plantlets 
with 5–6 leaves were grown in a greenhouse at 28 ± 2°C 
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(16  h/18  h, day/night). Escherichia coli (DH5a) and A. 
tumefaciens (GV3101) were stored at −80°C and cultured 
on lysogeny broth (LB) at 37°C and 28°C, respectively. 
The yeast strain YTK12 was cultured on yeast extract 
peptone dextrose (YEPD) medium at 30°C.

Bioinformatic analysis
The genome sequence of Foc4 strain II5 (NRRL#54,006) 
was downloaded from NCBI (https://​www.​ncbi.​nlm.​nih.​
gov/​Traces/​wgs/?​val=​AGND0​00000​00.1). The CEGs of 
Foc4 were predicted based on a streamed pipeline (Addi-
tional file  1: Figure S1) with the following criteria: (1) 
having an SP sequence; (2) no transmembrane domain 
sequence; (3) the value of EffectorP over 0.59. The SP of 
protein was identified by SignalP 5.0 (https://​servi​ces.​
healt​htech.​dtu.​dk/​servi​ce.​php?​Signa​lP-5.0) (Almagro 
Armenteros et  al. 2019). The transmembrane domain 
of protein was identified using TMHMM 2.0 (https://​
servi​ces.​healt​htech.​dtu.​dk/​servi​ce.​php?​TMHMM-2.0) 
(Krogh et  al. 2001). The effector values of protein were 
determined by EffectorP 3.0 (https://​effec​torp.​csiro.​au/) 
(Sperschneider and Dodds 2022). The DNA sequence 
of FoSSP17 (FOIG_10239) was downloaded from NCBI 
(Genomic Sequence: NW_022158703.1). The sequences 
of FoSSP17 homologs were identified from NCBI NR and 
Ensemble Fungi database by BlastP search programs. The 
phylogenetic tree was constructed by MEGA11 using 
the maximum-likelihood method (Tamura et  al. 2021). 
Clustal W was used for amino acid alignments, and 
GeneDoc was used for editing alignment results (Larkin 
et al. 2007).

RNA sequencing and transcriptome analysis
For RNA extraction and sequencing analysis, 15 samples 
(three independent samples for each sample type) were 
collected, including conidia (CON), hyphae (HYP), and 
the inoculated root (IR) of banana at different time points 
(24, 48, and 72 hpi). Total RNA was extracted, enriched, 
and reverse-transcribed into cDNA. Paired-end sequenc-
ing was performed using Illumina Novaseq6000 by Gene 
Denovo Biotechnology Co. (Guangzhou, China).

All paired-end clean reads were aligned against the 
reference genome (Fusarium oxysporum NRRL 54006, 
GCF_000260195.1) using HISAT2.2.4 (Kim et  al. 2015). 
The value of fragment per kilobase of transcript per mil-
lion mapped reads (FPKM) was calculated to quantify 
the transcript levels of the 15 samples by RSEM software 
(Li and Dewey 2011). The correlation analysis was per-
formed by R. The correlation coefficient between two 
replicas was calculated to evaluate repeatability between 
samples. The closer the correlation coefficient gets to 1, 
the better the repeatability between two parallel experi-
ments. Differential expression analysis was performed by 

DESeq2 and edgeR software. The genes with the false dis-
covery rate (FDR) parameter below 0.05 and a fourfold-
change threshold were considered DEGs.

RNA extraction and qRT‑PCR assay
Total RNAs of infected banana roots or treated tobacco 
leaves were extracted using the Eastep R Super Total 
RNA Extraction Kit (Promega Biotech) following the 
manufacturer’s instructions. First-strand complementary 
DNA (cDNA) was synthesized using the RevertAid First 
Stand cDNA Synthesis Kit (Thermo Fisher Scientific) 
following the manufacturer’s protocol. Quantitative RT-
PCR was performed using QuantStudioTM5 Real-Time 
PCR Instrument with SuperReal PreMix Plus (TianGen 
Biotech) according to the manufacturer’s protocol. The 
Actin (EMT65107.1) and NbActin (AFD62804.1) genes 
were used as reference genes for normalization. The 
gene transcript levels were analyzed with the compara-
tive threshold cycle (Ct) method using QuantStudio™ 
Design&Analysis Software v1.5.2. At least three biologi-
cal replicates were performed.

Plasmid construction
The full-length coding sequences of 15 CEGs (the His-
tag is fused at their N-termini) were amplified from 
the cDNA of Foc4 and cloned into the pGR107 vector 
digested with specific enzymes (ClaI and SalI) using T4 
DNA Ligase (Takara Biotech). The coding sequence of 
FoSSP17 with or without the SP was cloned into both 
pGR107-GFP and pBin-eGFP vectors digested with 
specific enzymes (ClaI for pGR107-GFP vector, KpnI 
for pBin-eGFP vectors) using ClonExpress II One Step 
Cloning Kit (Vazyme Biotech). The coding sequence of 
FoSSP17ΔSP with the SP of PR1 was cloned into the pBin-
eGFP vectors digested with KpnI using ClonExpress II 
One Step Cloning Kit (Vazyme Biotech). The coding 
sequence of SP from FoSSP17 was cloned into pSUC2 
vectors digested with EcoRI and XhoI using ClonExpress 
II One Step Cloning Kit (Vazyme Biotech). To construct 
vector (pFL2-FoSSP17-C) for the complementation test, 
the encoding region and native promoter of FoSSP17 
were cloned into the XhoI site of the pFL2 vector con-
taining the G418 resistance gene (Chen et  al. 2014). All 
fragments were amplified using Phusion Plus DNA poly-
merase (Thermo Fisher Scientific). All constructs were 
validated by sequencing in Sangon (Sangon Biotech). All 
primers used in this study are listed in Additional file 2: 
Table S2.

Transient expression of proteins
N.  benthamiana  plants grown for 4–6 weeks were used 
for transient expression assays. For the cell death sup-
pression assays, pGR107 or pGR107-GFP vectors 

https://www.ncbi.nlm.nih.gov/Traces/wgs/?val=AGND00000000.1
https://www.ncbi.nlm.nih.gov/Traces/wgs/?val=AGND00000000.1
https://services.healthtech.dtu.dk/service.php?SignalP-5.0
https://services.healthtech.dtu.dk/service.php?SignalP-5.0
https://services.healthtech.dtu.dk/service.php?TMHMM-2.0
https://services.healthtech.dtu.dk/service.php?TMHMM-2.0
https://effectorp.csiro.au/
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carrying the tested genes were transformed into A. tume-
faciens GV3101. The resulting transformants were cul-
tured in LB medium containing 50 μg/mg kanamycin 
and 25 μg/mg rifampicin at 28°C. The bacterial pellets 
were resuspended in infiltration buffer containing 10 
mM MgCl2, 5 mM 2-(N-morpholino) ethanesulfonic acid 
(MES, pH 5.6), and 150 μM acetosyringone (AS), and the 
concentration was adjusted to the OD600 of 0.6. After 2 h 
of incubation, the bacterial suspensions were infiltrated 
into tobacco leaves 24 h before infiltrating GV3101 bear-
ing the BAX-expressing construct. The cell death results 
were photographed at 6 dpi. For subcellular localization 
assays, the GV3101 carrying pBin-FoSSP17-eGFP, pBin-
FoSSP17ΔSP-eGFP or pBin-FoSSP17SP(PR1)-eGFP vectors 
were resuspended in infiltration buffer at an OD600 of 
0.01 and injected into plant leaves. The GFP fluorescence 
was observed at 36 hpi by confocal microscopy.

Measurement of electrolyte leakage
The electrolyte leakage of agroinfiltrated leaf zones was 
measured to quantify cell death as previously described 
(Yu et  al. 2012), with slight modifications. Eight 9-mm 
leaf discs for each treatment from agroinfiltrated areas 
were taken at 5 dpi, and washed in distilled water. The 
clean leaf discs were pooled and transferred to a tube 
with 5 mL distilled water and incubated at room tem-
perature for 6 h. The solutions were measured using a 
conductometer (DDB-12H, Zhejiang, China) to obtain 
the conductivity value A. Then, the leaf discs were boiled 
for 5 min and cooled to room temperature before meas-
uring the conductivity again to get the value B. The rela-
tive electrolyte leakage is calculated as A/B × 100%. The 
experiments were repeated three times.

Signal peptide activity tests
The recombinant pSUC2-FoSSP17SP vector was trans-
formed into the yeast strain YTK12 and screened on 
CMD-W (a screening medium lacking tryptophan) 
medium. The positive colonies were successively replica-
plated on YPRAA medium plates for verifying invertase 
secretion activity. The TTC was used to test further the 
secretion activity because TTC can be reduced by TPF 
(Yin et  al. 2018). The yeast strains containing pSUC2-
Avr1b, pSUC2-Mg87, and empty pSUC2 vector were 
used as positive, negative, and blank control, respectively.

Confocal microscopy
For subcellar localization assays, the GFP fluorescence 
of protein fusions was observed at 36 h after transient 
expression in five-week-old N.  benthamiana  plants 
and imaged using a confocal laser scanning micro-
scope (Olympus microscope FV1000, Tokyo, Japan). 

An excitation wavelength of 488 nm and an emission 
wavelength of 505–530 nm were used to capture GFP 
fluorescence.

ROS accumulation and callose deposition assays
ROS accumulation and callose deposition were elicited 
with 20 μM flg22 (GenScript Inc, USA) in N. benthami-
ana leaves. To detect the ROS accumulation, tobacco 
leaves 48 h post agroinfiltration were stained with DAB 
staining solution containing 0.01% DAB and 0.01M phos-
phate buffer saline (PBS) for 12 h in the dark (Dong and 
Chen 2013). The tissues were cleared with 95% etha-
nol until the samples became transparent. For callose 
deposition assays, N.  benthamiana leaves were rinsed 
in 95% ethanol until translucent and then immersed in 
aniline blue solution containing 0.05% aniline blue and 
50 mM potassium phosphate buffer for 3 h in the dark 
(Herburger and Holzinger 2016), with slight modifica-
tions. All samples were imaged by microscopy (Olympus 
microscope TH4-200, Tokyo, Japan).

Protein extraction and western blot
Total N.  benthamiana proteins were extracted with a 
Plant Total Protein Lysis Buffer (Sangon Biotech) accord-
ing to the manufacturer’s protocol. Denatured proteins 
were resolved on 12.5% sodium dodecyl sulfate–poly-
acrylamide gel electrophoresis (SDS-PAGE) and then 
transferred to 0.22 μm polyvinylidene difluoride (PVDF) 
membrane. Rabbit anti-GFP pAb and HRP Goat anti-
rabbit IgG (Abclonal, Biotech) were used to detect the 
proteins on the PVDF membrane.

Gene deletion and complementation
We used a Split-marker approach to generate the 
FoSSP17 gene deletion mutants in Foc4; the upstream 
and downstream sequences of FoSSP17 were fused with 
a partial fragment of HYG by overlapping PCR (Addi-
tional file 1: Figure S6a) (Goswami 2012). The fused frag-
ments were purified using Gel Extraction Kit (Omega, 
Biotech) and transformed into the protoplasts of Foc4 
by PEG-mediated protoplast transformation. To gener-
ate genetically complemented strains, the purified pFL2-
FoSSP17-C vectors were introduced into the protoplasts 
of the ΔFoSSP17-4 mutant strain using PEG-mediated 
transformation. All the mutations were verified by PCR 
and RT-PCR.

Morphology and virulence tests
For fungal growth assay, mycelial plugs 0.5 cm in diam-
eter were inoculated on PDA plates and grown at 28°C. 
After 6 d, the colony diameter was measured, and pho-
tos were taken to examine the colony morphology. For 
each strain, 12 PDA plates were inoculated, and the 
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experiments were repeated three times. For fungal conid-
iation assay, five 9-mm mycelial plugs were cultured in 
100 mL PDB medium and grown for 3 d in a shaker with 
150 rpm under 28°C. The conidiation of different strains 
was calculated using a hemocytometer, and the experi-
ments were performed three times.

For virulence assay, spores were collected from differ-
ent strains cultured in PDB for 4–5 d. The conidia sus-
pensions were adjusted to 107 conidia/mL and used to 
inoculate the clean roots of ‘Cavendish’ banana (Wang 
et al. 2022). These plantlets were transplanted into flow-
erpots and cultured in the same condition. The dis-
ease index of infected banana was evaluated at 30 dpi 
as described previously with some modifications: Dis-
ease index = ∑ (disease level × the number of associated 
banana plantlets)/(total banana plant number × highest 
disease level) × 100% (Zhang et  al. 2019). Assays were 
repeated at least three times, and at least ten plants were 
inoculated with each strain in each assay.
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Additional file 1: Figure S1. Pipeline for Foc4 candidate effector predic-
tion. Figure S2. Identification of differently expressed genes. a Heatmap 
showing the relationships of the 15 RNA-seq datasets. Banana roots 
infected with Foc4 24, 48, and 72 h post-inoculation (IR24, 48, and 72). b 
Hierarchical clustering heatmap of differently expressed genes. Figure 
S3. Assay for suppression of BAX-triggered PCD in N. benthamiana by 12 
CEs (FoSSP16, FoSSP17, FoSSP20, FoSSP25, FoSSP31, FoSSP40, FoSSP45, 
FoSSP48, FoSSP54, FoSSP55, FoSSP71, and FoSSP80). N. benthamiana 
leaves were co-infiltrated with Agrobacterium tumefaciens carrying each 
effector gene and A. tumefaciens carrying the BAX gene. Photos were 
taken 5 d after co-infiltration. The same results were obtained in three 
different assays of at least three biological replicates. Figure S4. qRT-PCR 
expressional profiles of 12 CEs during infection of banana roots. Total 
RNA of banana roots infected by Foc4 was extracted. The sample of 0 h 
was collected from the strain grown on media, while those of 12, 24, 
48, and 72 h were collected from inoculated banana roots at indicated 
time points after inoculation. The Actin gene of banana was used as the 
internal reference gene. Relative expression of CEs in 0 h was calibrated 
to the levels of Actin (set as 1). Data shown are means ± SD calculated 
from three biological replicates. The statistical analyses were performed 
with Student’s t-test. *, P < 0.05; **, P < 0.01. Figure S5. Subcellular 
localization of FoSSP17SP(PR1):eGFP in N. benthamiana cells. a Confo-
cal microscopy imaging of tobacco leaves with transiently expressing 
FoSSP17SP(PR1):eGFP fusion proteins. GFP was used as a control (Bars = 
50 μm). b Western blot analysis of protein from tobacco leaves transiently 
expressing GFP and FoSSP17SP(PR1):eGFP. The same results were obtained 
in at least three biological replicates. Figure S6. Construction and identifi-
cation of ΔFoSSP17 and complementation mutants. a Schematic diagram 
of targeted gene replacement strategy. Small black arrows indicate primer 
binding sites, and large blue and red arrows indicate the target gene and 
HYG, respectively. b PCR validation of the deletion and complemented 
strains. HYG fragment was amplified with primers HYGF/HYGR (Lanes 1, 5, 
9, 13); the upstream region of FoSSP17 was amplified with 7F/HYR (Lanes 
2, 6, 10, 14); the downstream region of FoSSP17 was amplified with YGF/8R 
(Lanes 3, 7, 11, 15); the partial region of FoSSP17 was amplified with 5F/
FoSSP17CR (Lanes 4, 8, 12, 16). Lane M, DL4500 marker; Lane 17, water 
control.

Additional file 2: Table S1. Eighty candidate effector proteins of Foc4 
screened in this study. Table S2. Primers used in this study.
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