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1 | INTRODUCTION

Abstract

Fusarium oxysporum is an important soilborne fungal pathogen with many different
formae speciales that can colonize the plant vascular system and cause serious crop
wilt disease worldwide. We found a glycoside hydrolase family 12 protein FoEG1,
secreted by F. oxysporum, that acted as a pathogen-associated molecular pattern
(PAMP) targeting the apoplast of plants to induce cell death. Purified FOEG1 protein
triggered cell death in different plants and induced the plant defence response to
enhance the disease resistance of plants. The ability of FOEG1 to induce cell death
was mediated by leucine-rich repeat (LRR) receptor-like kinases BAK1 and SOBIR1,
and this ability was independent of its hydrolase activity. The mutants of cysteine
residues did not affect the ability of FOEG1 to induce cell death, and an 86 amino acid
fragment from amino acid positions 144 to 229 of FoEG1 was sufficient to induce
cell death in Nicotiana benthamiana. In addition, the expression of FOEG1 was strongly
induced in the early stage of F. oxysporum infection of host plants, and FOEG1 dele-
tion or loss of enzyme activity reduced the virulence of F. oxysporum. Therefore, our
results suggest that FOEG1 can contribute to the virulence of F. oxysporum depending

on its enzyme activity and can also act as a PAMP to induce plant defence responses.
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immunity (ETI). PTl is a plant defence response triggered by highly
conserved pathogen-associated molecular patterns (PAMPs), and

Plants' growth and development are often confronted with a vari-
ety of pathogenic microorganisms. With the interaction between
plants and pathogens, disease resistance of plants and the patho-
genicity of pathogens are in a dynamic balance of coevolution. The
defence response of plants to pathogens is mainly expressed in
two ways: PAMP-triggered immunity (PTI) and effector-triggered

represents the innate immune system and the basic defence re-
sponse of plants. This process is accomplished by plants recognizing
PAMPs using pattern recognition receptors (PRRs) on the cell mem-
brane. The best known or classical PAMPs are flagellin flg22 (Felix
et al., 1999), EF-Tu (Kunze et al., 2004), ethylene-inducing xylanase
(EIX) (Jurg et al., 1999), glucans (Fliegmann et al., 2004), and chitin
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(Shinya et al., 2015) in bacteria, oomycetes, or fungi. After recogniz-
ing PAMPs, plants activate a series of downstream defence-related
responses, including cell death, reactive oxygen species (ROS)
bursts, callose deposition, calcium ion (Caz+) level elevation, and
induced expression of defence-related genes (Boller & Felix, 2009;
Zipfel, 2009).

The plant cell wall is the first barrier encountered when patho-
gens infect plants and it is mainly composed of polysaccharide com-
ponents such as pectins, hemicelluloses, celluloses, and -1,3-glucans
(Lai & Liou, 2018). Pathogens secrete numerous cell-wall-degrading
enzymes (CWDEs), such as pectinases, cellulases, hemicellulases,
and ligninases, to overcome the plant cell wall (Kubicek et al., 2014).
Previous studies have shown that many CWDEs are virulence fac-
tors and are involved in pathogen infection processes (Quoc &
Chau, 2017). For example, the endoxylanase gene xynB has been
demonstrated to affect the virulence of Xanthomonas oryzae pv.
oryzae on rice (Rajeshwari et al., 2005), and Xyn11, a xylanase of
glycoside hydrolase family 11 from Botrytis cinerea, can induce
cell death in plant leaves and is required for virulence in B. cinerea
(Brito et al., 2006). Endo-p-1,4-xylanase SsXyll deletion strains of
Sclerotinia sclerotiorum produce aberrant sclerotia that cannot ger-
minate to form apothecia and also lose virulence to the hosts (Yu
et al., 2016). The deletion of VmXyll, an endo-p-1,4-xylanase of
glycoside hydrolase family 10, from Valsa mali significantly reduces
pycnidia formation and reduces virulence to apple leaves and twigs
although it does not affect mycelial growth (Yu et al., 2018). In the
plant pathogenic oomycete Phytophthora parasitica, two GH10 xy-
lanases, ppxyn1 and ppxyn2, were found to be essential for virulence
towards Nicotiana benthamiana and tomato plants (Lai & Liou, 2018).

Some CWDEs act as PAMPs, in addition to the virulence effect
mentioned above, which can induce the immune response of plants.
For instance, PsXEG1 is a glycoside hydrolase family 12 (GH12) pro-
tein with xyloglucanase activity, that contributes to the virulence of
Phytophthora sojae (Ma et al., 2015). However, soybean recognizes
PsXEG1 to induce an immune response, which is then inhibited by
pathogen RXLR effectors. BcXYG1 is a xyloglucanase of the GH12
family from B. cinerea that can induce strong necrosis and resistance
responses in dicot plants (Zhu et al., 2017). VdEG1 and VdEG3, two
GH12 proteins with cellulase activity from Verticillium dahliae, were
also found to have the function of PAMPs and can trigger cell death
and an immune response independent of their enzymatic activity
in N. benthamiana (Gui et al., 2017). Moreover, the pectate lyase
VdPEL1 and the cutinase VdCUT11 from V. dahliae, and the xylanase
BcXyll from B. cinerea can also contribute to virulence and simul-
taneously trigger plant immunity as PAMPs (Gui et al., 2018; Yang,
Yang, et al., 2018; Yang, Zhang, et al., 2018). However, the way in
which these CWDEs induce the plant immune response may be dif-
ferent. Some CWDEs can be directly recognized as PAMPs by plant
receptors (Nurnberger et al., 2004). For example, fungal endopo-
lygalacturonases can be recognized as PAMPs by the Arabidopsis
thaliana leucine-rich repeat receptor-like protein (LRR-RLP) AtRLP42
(Zhang et al., 2014). Another hydrolytic enzyme, ethylene-inducing
xylanase (EIX), can be recognized as a PAMP by the tomato LRR-RLPs
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LeEIX1 and LeEIX2, although only LeEIX2 could transmit the signal
that induced the hypersensitive response (HR) (Ron & Avni, 2004).
Recently, a novel EIX-like protein VAEIX3, identified from V. dahliae,
was found to be recognized by N. benthamiana NbEIX2 resulting in
immunity induction in N. benthamiana (Yin et al., 2020). Moreover,
there are some CWDEs that induce plant immune responses indi-
rectly. These CWDEs are not directly recognized by plants, but
plants perceive the cell wall fragments produced by the action of
CWODEs and elicit the plant defence response. For example, pectin
in the plant cell wall can be degraded to produce oligogalacturon-
ides under the action of polygalacturonase, which can trigger the
plant immune response (D’Ovidio et al., 2004; Prade et al., 1999).
The plant immunity induced by the extracellular cutinase VdCUT11
from V. dahliae may be mediated by the degradation of plant cell
wall polymers that leads to the release of plant cell wall fragments
(damage-associated molecular patterns, DAMPs), which trigger the
plant defence response (Gui et al., 2018). Most of these identified
CWDEs belong to families of protein with the glycoside hydrolase
domain, which indicates that there may be many protein hydrolases
in the glycoside hydrolase families that are related to pathogen in-
fection or plant immunity induction.

The genus Fusarium contains many important plant pathogens
that can cause severe plant diseases in many important crops
worldwide, resulting in major yield and quality losses (Kazan &
Gardiner, 2018). For example, Fusarium head blight, Fusarium wilt,
Fusarium crown rot, and Fusarium root rot are important plant dis-
eases caused by Fusarium pathogens. Among these Fusarium patho-
gens, Fusarium oxysporum is a typical soilborne fungus that can
colonize the plant vascular system and cause serious crop wilt dis-
ease (de Sain & Rep, 2015). The species affects more than 120 plant
species, including some important crops such as banana, cotton,
tomato, melon, and soybean (de Sain & Rep, 2015; Edel-Hermann
& Lecomte, 2019; Xu et al., 2020). However, strains usually only se-
lectively infect one or a few host species (de Sain & Rep, 2015); these
strains are classified as different formae speciales (ff. sp.) based on
this host specificity (Edel-Hermann & Lecomte, 2019). Fusarium wilt
caused by F. oxysporum has been reported in many countries world-
wide. However, it is very difficult to control this pathogen due to
its soilborne nature and ability to advance to the parenchymatous
cells (Abro et al., 2019; Vethavalli & Sudha, 2012). Moreover, another
reason for the difficulty in controlling F. oxysporum is its persistence
as thick-walled chlamydospores in the soil. This feature enables it
to withstand adverse environmental conditions such as high tem-
perature and drying. No effective control method has so far been
found in agricultural production to completely control this disease
(Abro et al., 2019), which caused large yield losses that could rise
up to 45% in severe cases (McGovern, 2015). Therefore, it is nec-
essary to develop new control strategies to control it. The secreted
proteins with GH12 domains mentioned above are widely present
in oomycetes, fungi, and bacteria (Ma et al., 2015) such as P. sojae,
V. dahliae, and B. cinerea, and play important roles in plant immu-
nity induction and pathogenicity of pathogens. Especially in view of

its important function in plant immunity induction, GH12 proteins
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may have the potential to enhance plant disease resistance. There
are, however, no reported studies on glycoside hydrolase 12 family
proteins of Fusarium spp. and their involvement in the interaction
between pathogens and plants.

In this study, we identified a GH12 family protein, FOEG1, se-
creted by F. oxysporum that can trigger plant cell death and analysed
the function of FOEG1 in plant immunity induction, functional do-
main, and pathogenicity. In addition, our study also found that FOEG1
has some characteristics differing from the homologous proteins of
other pathogenic fungi. Overall, the results of this study provide an
experimental basis for studies on the interaction between F. oxyspo-
rum and plants, and the pathogenic mechanism of the fungus.

2 | RESULTS

2.1 | FoEG1], a glycoside hydrolase family 12 protein
from F. oxysporum, induces cell death and targets the
apoplast of plants

A total of five proteins containing the GH12 domain were identified
in F. oxysporum f. sp. vasinfectum by searching the genome sequence.
These five proteins (FOTG_02663, FOTG_11380, FOTG_10947,
FOTG_12529, and FOTG_17138) were categorized as secreted pro-
teins that contain a signal peptide but lack transmembrane domains.
To determine the ability of inducing plant cell death, the transient ex-
pression of these proteins was carried outin N. benthamiana. The full-
length coding sequences of these proteins were cloned into pGR107,
followed by agroinfiltration in N. benthamiana with green fluorescent
protein (GFP) and INF1 used as negative and positive controls, re-
spectively. Among these proteins, only FOTG_02663 (named FOEG1)
showed strong cell death-inducing activity in N. benthamiana similar
to the positive control INF1, while the negative control GFP and the
other four proteins, FOTG_11380, FOTG_10947, FOTG_12529, and
FOTG_17138, did not induce plant cell death (Figure 1a,b), indicating
that cell death was specifically caused by FOEG1.

FoEG1 contains 249 amino acids, including three cysteine res-
idues, and is a secreted protein with a predicted N-terminal signal
peptide (amino acids 1-16, SP). The secretory function of FoEG1
was tested based on the yeast signal trap assay system (Jacobs
et al., 1997) and the signal peptide of FOEG1 was shown to be suf-
ficient for the secretion of invertase in yeast (Figure 1c). This result
demonstrated that FOEG1 was indeed a secreted protein. To deter-
mine whether FOEG1 targets the apoplast to induce plant cell death,
the N-terminal signal peptide of FOEG1 was deleted to produce
FOEG1*%P, and the original signal peptide of FOEG1 was replaced
with the signal peptide from plant pathogenesis-related protein 1
(PR1) to produce PR1°F + FOEG12%P (Figure 1d). Transient expression
of the above proteins was carried out in N. benthamiana by the po-
tato virus X (PVX) expression system, and the results showing that
FOEG12" could not induce cell death in N. benthamiana, whereas
PR15F + FoEG1*%P could induce cell death like FOEG1 (Figure 1e).

Immunoblot analysis confirmed that all proteins were expressed in

N. benthamiana following A. tumefaciens-mediated transient expres-
sion (Figure 1f). To determine that the cell death-inducing ability of
FoEG1 was not attributed to its signal peptide, we fused the signal
peptide of FOEG1 with GFP and transiently expressed it in N. benth-
amiana. The results showed that GFP fused with the signal peptide
of FOEG1 could not cause cell death in N. benthamiana (Figure S2), in-
dicating that the ability of FOEG1 to induce cell death was not driven
by its signal peptide. To further ascertain whether FOEG1 targets the
apoplast of a plant to induce cell death, we agroinfiltrated pBinGFP4-
FoEG1, pBinGFP-FoEG12%?, and pBinGFP4-PR1° + FoEG1*%P vectors
in N. benthamiana. The results of confocal microscopy showed that
FOEG1 and PR1%" + FOEG1*%P, but not FOEG12%", can be observed
in the apoplast of N. benthamiana cells after plasmolysis (Figure
S3a,b). This further confirmed the apoplastic location of FoEGI.
These results indicate that the ability of FOEG1 to induce cell death
of N. benthamiana depends on its signal peptide and is targeted to
the apoplast of plants. Moreover, based on a BLAST search on the
genome of F. oxysporum, we found that FOEG1 was highly conserved
in various formae speciales (Figure S4).

2.2 | FoEG1 induces cell death in different plants

To further verify the ability of FOEG1 to induce plant cell death,
FoEG1 was expressed in Escherichia coli (Figure S5a) and the purified
protein with varying concentrations ranging from 0.1 to 10 pM was
infiltrated into the leaves of N. benthamiana using a syringe without
aneedle. The results showed that the recombinant protein of FOEG1
can induce cell death in the tested concentration range of 0.3-10 pM
(Figure 2a). To test whether FOEG1 could induce cell death in other
plants, the purified protein of FOEG1 was injected into the leaves of
tobacco (Nicotiana tabacum), tomato (Solanum lycopersicum), cotton
(Gossypium hirsutum), soybean (Glycine max), and maize (Zea mays).
The results showed that FOEG1 could cause cell death in tobacco,

tomato, and cotton, but not in soybean and maize (Figure 2b).

2.3 | The cell death-inducing activity of FOEG1 is
independent of its glycoside hydrolase activity

FoEG1, which is a typical GH12 family protein, showed significant
sequence conservation by multiple sequences alignment and phy-
logenetic analysis (Figure S6). The proteins of the GH12 family have
two known conserved enzyme active sites that affect their hydrolase
activity (Sandgren et al., 2001); the corresponding catalytic residues
in FOEG1 were E**3 and E?°° (Figure Séa). According to previous stud-
ies on GH12 family proteins (Gui et al., 2017; Ma et al., 2015; Zhu
et al., 2017), we determined the enzyme activity of FOEG1 and found
that it has cellulase activity, while site-directed mutagenesis of the
two conserved catalytic residues in FOEG1 resulted in almost com-
plete loss of cellulase activity (Figure S5c). To determine whether
the hydrolase activity of FOEG1 affects its ability to induce plant

cell death, site-directed mutations of the two conserved catalytic
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FIGURE 1 FoEG1 (FOTG_02663) can induce cell death in Nicotiana benthamiana and the signal peptide (SP) is required for FOEG1-
induced cell death. (a) The cell death-inducing ability of glycoside hydrolase 12 proteins of Fusarium oxysporum was determined in

N. benthamiana. The leaves of 4-week-old N. benthamiana were infiltrated with Agrobacterium tumefaciens carrying the indicated genes.
INF1 and green fluorescent protein (GFP) were used as positive and negative controls, respectively. Photographs were taken 5 days
postagroinfiltration (dpa). (b) Immunoblot analysis of transiently expressed glycoside hydrolase 12 proteins fused to the FLAG-tag in

N. benthamiana leaves 48 hr after infiltration. (c) Functional validation of the SP of FOEG1 by yeast signal trap assay. The yeast strain YTK12
could not grow on CMD-W medium (lacking tryptophan). The strain containing the pSUC2 vector can grow due to the function of the Trp
operon. Fusion of the functional SP of FOEG1 in-frame with mature yeast invertase enabled secretion of invertase, resulting in growth on
YPRAA medium. The known functional SP of Avrlb was used as a positive control. (d) The determination of the cell death-inducing ability
of FOEG1 with or without SP. (e) Cell death induction was detected in N. benthamiana leaves 5 dpa with the A. tumefaciens carrying the
indicated proteins. (f) Immunoblot of proteins from N. benthamiana leaves transiently expressing the indicated proteins

residues of FOEG1 were carried out (Figure 3a). The mutant proteins
were then expressed in N. benthamiana following Agrobacterium
tumefaciens-mediated transient expression. The results revealed
that, irrespective of the simultaneous or individual mutagenesis of
the two catalytic residues of FOEG1, the mutant proteins could still
strongly trigger cell death (Figure 3b,d,f,h). The presence of all mutant
proteins in N. benthamiana was confirmed using immunoblot analysis

(Figure 3c,e,g,i). The same results were obtained in the activity test

of the recombinant protein of each of the mutants in N. benthamiana
(Figure S5b,d). Moreover, to eliminate the effect of the types of amino
acids used in site-directed mutations on the results, we replaced the
two conserved catalytic residues with different amino acids (Gly, Ala,
Ser, or Asp) during site-directed mutations, and still obtained the
same results (Figure 3b,d,f,h). This was an indication that the ability
of FOEG1 to induce cell death was independent of the glycoside hy-

drolase activity.
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FIGURE 2 FoEGI1 caninduce cell death in various plant species. (a) Nicotiana benthamiana leaves were infiltrated with purified FOEG1
protein. Buffer was used as control. Treated N. benthamiana leaves were photographed 48 hr postinfiltration and stained with trypan blue.
(b) Treatment of tobacco, tomato, cotton, soybean, and maize leaves with purified FOEG1 and buffer control. Treated leaves of different

plants were photographed 48 hr postinfiltration

2.4 | FoEG1 induces plant immunity responses

The HR is a type of programmed cell death that is generally consid-
ered to be closely related to the plant defence response (Camagna
& Takemoto, 2018). To determine whether FOEG1-induced cell death
was associated with plant defence responses, the accumulation of
ROS and the deposition of callose in N. benthamiana after infiltration
of purified FOEG1 protein were measured. The results showed that
the leaves of N. benthamiana produced significant accumulation of
ROS and callose deposition 24 hr after infiltration (Figure 4a).

The relative expressions of NbHIN1 and NbHSR203J, the HR
marker genes, were significantly increased after infiltration by FOEG1
(Figure 4b), which indicates that FOEG1 can trigger HR-associated
immunity of N. benthamiana. Moreover, the relative expressions of
some genes related to the defence response or hormone signalling
pathways, such as NbPR1a, NbPR2, NbPR4, NbLOX, and NbERF1,
were significantly increased compared with the control in N. ben-
thamiana after infiltration by FOEG1 (Figure 4b). NbPR1a, NbPR2,
NbPR4, NbLOX, and NbERF1 are the marker genes of salicylic acid
(SA)-, jasmonic acid (JA)-, or ethylene-dependent immunity; thus,
FoEG1 may induce the plant immune response by activating the SA-,

JA- or ethylene-mediated defence pathways.

Due to the conservation of FOEG1 in fungi and its ability to induce
cell death and the plant immune response, we speculate that FOEG1
may function as a PAMP. To ascertain the veracity of FOEG1 acting
as a PAMP, the relative expressions of some PTI marker genes were
measured. The results showed that the relative expression of the
PTI marker genes NbCYP71D20, NbPTI5, NbACRE31, NbWRKY?7, and
NbWRKY8 increased significantly in N. benthamiana after infiltration
by FOEG1 (Figure 4c), suggesting that FOEG1 may function as a PAMP
and its involvement in induced immune response in plants may be a

PTI process.

2.5 | BAK1/SERK3 and SOBIR1 are required for
FoEG1-induced cell death in N. benthamiana

Plants can perceive PAMPs through PRRs such as receptor-like ki-
nases (RLKs) or receptor-like proteins (RLPs), and this process then
activates the plant immune response (Gui et al., 2017). The receptor-
associated kinases BAK1/SERK3 and SOBIR1 are important com-
ponents in the regulation of PRRs, which can promote intracellular
signalling after perception of pathogens PAMPs (Heese et al., 2007,
Liebrand et al., 2013, 2014; Nie et al., 2019). To further test whether
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FIGURE 3 Cell death-inducing activity of FOEG1 is independent of its hydrolase activity in Nicotiana benthamiana. (a) Schematic
presentation of FOEG1 mutants. E143G/A/S/D and E230G/A/S/D represent the replacement of Glu at position 143 or 230 of FOEG1 with
Gly, Ala, Ser, or Asp, respectively. SM-x represents the replacement of Glu at both positions 143 and 230 of FoEG1 with x amino acid,
simultaneously. (b), (d), (f), and (h) Cell death-inducing activity of the indicated mutant proteins was assessed 5 days after agroinfiltration
by transient expression in 4-week-old N. benthamiana leaves; INF1 and green fluorescent protein (GFP) were used as positive and negative
controls, respectively. (c), (e), (g), and (i) Immunoblot analysis of proteins from N. benthamiana leaves transiently expressing the indicated
mutant proteins
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was extracted and transcript levels were analysed by quantitative reverse transcription PCR. NbActin and NbEF-1a were used as the internal
reference genes. The leaves of N. benthamiana were infiltrated with 0.1 pM purified FOEG1 protein or buffer control for 24 hr. Asterisks at
the top of the bars indicate statistical significance (**p < .01; ***p <.001)
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FoEG1 functions as a PAMP to participate in the induction of plant
cell death, virus-induced gene silencing (VIGS) constructs targeting
NbBAK1 or NbSOBIR1 expression in N. benthamiana were generated
using a tobacco rattle virus (TRV) vector. The leaves of N. benthami-
ana were agroinfiltrated with FOEG1 or INF1 3 weeks after agroin-
filtration with the VIGS constructs. The results showed that FOEG1
failed to induce cell death in both BAK1- and SOBIR1-silenced plants
similar to the positive control INF1 (Figure 5a,d). FOEG1 and INF1
could, however, still cause cell death in N. benthamiana treated
with TRV2:GFP (Figure 5a,d). Immunoblot analysis confirmed that
all proteins were successfully expressed in silenced N. benthamiana
(Figure 5b,e). The expression of BAK1 and SOBIR1 was confirmed
to be significantly reduced in corresponding plants by quantita-
tive reverse transcription PCR (RT-gPCR) analysis (Figure 5c,f).
For further understanding of the signalling components involved
in FoOEG1-induced cell death, EDS1-, NDR1-, and RXEG1-silenced
N. benthamiana plants were generated, as these may also be involved
in PTI responses or the recognition of the GH12 protein XEG1 (Nie
et al., 2019; Wang et al., 2018). The leaves of N. benthamiana were
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agroinfiltrated with FOEG1 or INF1. The results, however, showed
that the silencing of EDS1, NDR1, and RXEG1 did not significantly
affect FOEG1-induced cell death (Figure S7), indicating that FOEG1
requires BAK1 and SOBIR1 but not EDS1, NDR1, or RXEG1 for cell
death activation in N. benthamiana.

2.6 | An 86 amino acid fragment of FOEG1 is
sufficient for its cell death-inducing activity

A disulphide bond can be formed between two cysteine residues,
which is essential for the maintenance of protein structure stability
as spatial structure of a protein has a great influence on its function
(Sevier & Kaiser, 2002). In this study, the FOEG1 protein contained
249 amino acids, including three cysteine residues, C®3,C%?, and C*7.
The first two (C3° and C%?) are conserved in all the FOEG1 homologs
(Figure Séa). According to previous studies on the structure of fun-
gal GH12 proteins, all the GH12 proteins have these two conserved

cysteine residues that can form a disulphide bond between them
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FIGURE 5 Cell death-inducing activity of FOEG1 in Nicotiana benthamiana was mediated by the receptor-like kinases BAK1 and SOBIR1.
(a) and (d) BAK1 and SOBIR1 were required for FOEG1-induced cell death in N. benthamiana. N. benthamiana plants were subjected to virus-
induced gene silencing (VIGS) by inoculation with tobacco rattle virus (TRV) constructs for 3 weeks to obtain BAK1- or SOBIR1-silenced
plants. FOEG1 was transiently expressed in the gene-silenced leaves. Photographs were taken 4 days after agroinfiltration. (b) and (e)
Immunoblot analysis of FOEG1 protein fused with FLAG tag transiently expressed in BAK1- or SOBIR1-silenced N. benthamiana leaves. The
total protein loading control is shown by Ponceau S-stained RuBisCO protein. (c) and (f) The silencing efficiencies of BAK1 and SOBIR1 were
determined by quantitative reverse transcription PCR. NbActin was used as the internal reference gene. Means and standard errors were
calculated from three biological replicates. Asterisks at the top of the bars indicate statistical significance (***p <.001)
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FIGURE 6 An 86 amino acid fragment of FOEG1 was sufficient to induce cell death in Nicotiana benthamiana. (a) Schematic presentation
of FOEG1 mutants (replaced €33, c%2, and C%7 with Ala). (b) Cell death-inducing activity of the indicated mutant proteins was determined

5 days after agroinfiltration by transient expression in 4-week-old N. benthamiana leaves, and INF1 and green fluorescent protein (GFP) were
used as positive and negative controls, respectively. (c) Immunoblot analysis of proteins from N. benthamiana leaves transiently expressing
the indicated mutant proteins. (d) Various truncated mutants of FOEG1 were constructed and transiently expressed by agroinfiltration in
4-week-old N. benthamiana leaves. Photographs were taken 5 days after agroinfiltration. Transient expression of FOEG1 mutants that could
not cause cell death was confirmed by immunoblot analysis, with anti-FLAG antibody labelled “F” and Ponceau S-stained RuBisCO protein
labelled “R”
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(Sandgren et al., 2001, 2005; Zhu et al., 2017). A disulphide bond was
also predicted between the two conserved cysteine residues C*3 and
C%2 of FOEG1 by bioinformatics analysis. To determine whether these
cysteine residues affect the ability of FOEG1 to induce cell death, site-
directed mutations of all three cysteine residues in FOEG1 were car-
ried out (Figure 6a) and the mutant proteins were then expressed in
N. benthamiana by A. tumefaciens-mediated transient expression. The
results showed that no matter whether the three cysteine residues

of FOEG1 were mutated individually or simultaneously, the mutant
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proteins could still strongly induce cell death (Figure 6b). Immunoblot
analysis confirmed that all mutant proteins were successfully ex-
pressed in N. benthamiana (Figure 6c). The destruction of cysteine
residues did not affect the ability of FOEG1 to induce cell death, so
we speculated that there may be an important fragment in the FOEG1
protein that was the core component of its ability to regulate the in-
duction of cell death. To test this hypothesis, truncated mutants of
the N-terminal or C-terminal of the FOEG1 protein were generated

and examined for their ability to induce cell death by agroinfiltration
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FIGURE 7 Determination of the virulence function of FOEG1 in pathogenicity of Fusarium oxysporum to cotton. (a) Phenotypes of cotton
seedlings inoculated with FOEG1 deletion and complementation mutants (com). The disease symptoms 4 weeks after inoculation are shown
at the top, and the discolouration of the inoculation shoot longitudinal sections is shown at the bottom. The order of the bottom pictures
is the same as that of the top pictures. The white arrows indicate the location for discolouration in vascular tissues. (b) The relative fungal
biomasses of the gene deletion and complementation mutants on cotton were determined by quantitative PCR. The relative fungal biomass

of wild-type (WT) strain was set as 1 as the control (*p < .05)
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in the leaves of N. benthamiana. The results showed that truncated
proteins FOEG1-C1 and FoEG1-C2 still maintained the ability to in-
duce cell death in N. benthamiana, whereas FOEG1-C3 did not trigger
cell death (Figure 6d). The truncated mutant FOEG1-N1 was observed
to induce cell death while FOEG1-N2 resulted in the loss of cell death-
inducing activity. Furthermore, the truncated protein FOEG1-C4
could still induce the same cell death as the full-length FOEG1 protein
(Figure 6d). The protein fragment with 86 residues spanning amino
acids 144 to 229 was identified as a fragment of FOEG1 for triggering
cell death in N. benthamiana. Moreover, this 86 amino acid fragment
could also induce active HR and accumulation of ROS in N. bentha-
miana like FOEG1. These results indicate that the 86 amino acid frag-

ment is the core part of FOEG1-induced cell death.

2.7 | FoEG1 contributes to the pathogenicity of
F. oxysporum

To determine the biological function of FOEG1 in the growth, de-
velopment, and pathogenicity of F. oxysporum, the expression pro-

file of FOEG1 in the infection stage of F. oxysporum to host plants

(@) Mock

Control

(c) Mock

FoEG1

was first analysed by RT-qPCR. The results showed that the ex-
pression of FOEG1 was significantly induced in the early stage of
infection from 24 to 48 hr (Figure S8), indicating that FOEG1 may
be related to the infection of F. oxysporum to the host. Further
investigation into the biological role of FOEG1 was carried out. We
generated gene deletion and complementation mutants (Figure
S9). It was found that all mutants had no significant influence on
colony growth, mycelial and conidial morphology, as well as co-
nidial production and germination ability (Figure S9). To determine
the potential role of FOEG1 in the pathogenicity of F. oxysporum,
the wild-type strains and mutant strains were inoculated onto cot-
ton. Disease symptom observations showed that the virulence of
deletion mutants to cotton was significantly reduced compared
with that of the wild-type strains (Figure 7). The complementation
mutants produced by reintroducing the FOEG1 gene into the dele-
tion mutant recovered their virulence to the host plants in a similar
fashion as the strain of the wild type. However, the reintroduc-
tion of the catalytic site-directed mutagenized gene (FOEG1®M) to
the FOEG1 deletion mutants of F. oxysporum could not restore the
virulence, which indicates that the enzymatic activity of FOEG1 is

required for the full virulence of F. oxysporum in cotton.
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FIGURE 8 FoEG1 enhances the resistance of cotton and tomato to Fusarium oxysporum infection. (a) and (c) Phenotypes of pretreated
cotton or tomato seedlings inoculated with F. oxysporum, respectively. Cotton or tomato plants were pretreated with 0.3 pM purified FOEG1
and then inoculated with the conidial suspension of F. oxysporum at 5 x 10° conidia/ml 24 hr after treatment. Phenotypes were observed and
photographed at 4 weeks postinoculation. (b) and (d) The relative fungal biomasses on cotton and tomato, respectively, were determined by
quantitative PCR. Asterisks at the top of the bars indicate statistical significance (**p < .01)
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2.8 | FoEG1 enhances plant resistance to
fungal pathogens

After detecting the ROS, callose deposition, and the expression
of disease resistance-related genes, we found that FOEG1 can in-
duce the immune response of plants. To investigate FOEG1 ability
in modulating plant resistance against fungal pathogens, N. bentha-
miana leaves were infiltrated with purified FOEG1 protein and then
inoculated with B. cinerea 24 hr after infiltration. We found that
the development of lesions on the treated leaves was significantly
restricted (Figure S10). Different formae speciales of F. oxysporum
were used to inoculate cotton and tomato after these host plants
were infiltrated with purified FOEG1 protein for 24 hr. Disease
symptom observation showed that FoEG1-treated plants exhib-
ited greatly enhanced resistance to F. oxysporum compared to the
control-treated plants (Figure 8). The treatment with FOEG1 sig-
nificantly delayed the development of disease symptoms. These
results suggest that FOEG1 can increase plant resistance to fungal
pathogens to some extent.

3 | DISCUSSION

F. oxysporum is a soilborne pathogenic fungus that usually invades
from root wounds of the host plant, or directly through the root
epidermis and root hairs to gain entrance to the host plant to colo-
nize the xylem vessels of roots and stems (Enkerli et al., 1999; Gui
etal.,2017; Ma et al., 2015; Pietro et al., 2003; Poinssot et al., 2003;
Zhang et al., 2014; Zhu et al., 2017). According to genomic annota-
tions, the genome of F. oxysporum encodes numerous CWDEs such
as glycoside hydrolases (de Sain & Rep, 2015), but many of them
have not been verified for their biological functions in the interac-
tion between F. oxysporum and hosts. Previous studies have found
that GH12 family proteins are secreted proteins with CWDE activity
that play important roles in the interaction between pathogens and
host. However, there is no related report of GH12 family proteins
in Fusarium pathogens, especially in F. oxysporum. In this study, we
explored the functions of the proteins with a glycoside hydrolase
family 12 domain secreted by F. oxysporum. We found five secreted
proteins containing the GH12 domain by analysing the genome of
F. oxysporum f. sp. vasinfectum, but only one protein among the five
proteins, designated FOEG1, had the ability to trigger cell death and
plant immunity by targeting plant apoplast. This protein can also play
acritical role in fungal pathogenicity as a virulence factor during host
infection and colonization.

The apoplastic space between plant cells is a complex battle-
field where many important interactions characterizing the re-
lationship between plants and pathogens are played out in the
intercellular apoplastic space (Doehlemann & Hemetsberger, 2013;
Mott et al., 2014). A PAMP VmEO2 from V. mali and a cerato-platanin
(CP) protein SsCP1 from S. sclerotiorum can cause cell death with or
without signal peptide (Nie et al., 2019; Yang, Tang, et al., 2018). The
full-length FOEG1, which was different from VmEO2 and SsCP1, was
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found to induce strong cell death in this study, but lost this ability
after the signal peptide was truncated. In addition, the subcellular
localization showed that FOEG1 was localized in the plant apoplast.
These results indicate that apoplastic space is very important for the
function of FOEG1. This is similar to the protein PAMP RcCDI1 identi-
fied from ascomycete fungus Rhynchosporium commune that can also
induce cell death in solanaceous plants and requires the presence of
a signal peptide (Franco-Orozco et al., 2017). The action of FOEG1
on the apoplast induced plant defence responses, including ROS,
callose deposition, and up-regulation of a series of resistance genes
involved in SA- or JA-signalling pathways. FOEG1 also significantly
activated the up-regulation of PTl-related marker genes. These re-
sults suggest that FOEG1 is an extracellular cell death-inducing pro-
tein that functions in the plant apoplast.

PAMPs can be recognized by PRRs on the surface of the plant cell
membrane and plants rely on two kinds of PRRs to detect PAMPs,
namely RLKs and RLPs (Liebrand et al., 2014), which can trigger im-
mune signalling to promote plant resistance against pathogens (van
der Burgh et al., 2019). There is a large number of receptor proteins
in the cell membrane of plants, but due to the lack of intracellular
kinase regions, these receptor proteins need to bind to specific re-
ceptor kinases in order to transmit signals to the cell to activate a
downstream immune response (van der Burgh et al., 2019). Previous
studies have found that plant-derived cell surface receptors such
as RLP23, ELR, and RXEG1 can specifically recognize apoplastic
cell death-inducing proteins (Albert et al., 2015; Du et al., 2015;
Wang et al., 2018). For example, RXEG1, an LRR-RLP identified
from N. benthamiana through a high-throughput VIGS screen, can
specifically recognize the GH12 family cell death-inducing protein
PsXEG1 (Wang et al., 2018). However, some cell surface receptors,
such as RLP23, ELR, and RXEG1, have extracellular LRRs but lack a
cytoplasmic signalling domain (Li et al., 2020). The LRR receptor-like
kinases (LRR-RLKs) BAK1 and SOBIR1 were shown to be essential
for RLP23, ELR, or RXEG1-induced cell death and immune responses
that act as coreceptors to transduce signals to downstream compo-
nents (Li et al., 2020). Moreover, BAK1 was required for the attenua-
tion of EIX-induced defence responses by the decoy receptor LeEIX1
(Bar et al., 2010), and SOBIR1 can interact with tomato RLPs SIEIX2,
which was involved in plant immunity (Liebrand et al., 2013). Fungal
endopolygalacturonases can be recognized by Arabidopsis thali-
ana LRR-RLP AtRLP42, and Arabidopsis SOBIR1 can interact with
AtRLP42 and was essential for AtRLP42-mediated responsiveness to
endopolygalacturonases (Zhang et al., 2014). Therefore, BAK1 and
SOBIR1 are the central hubs of defence signal transmission, which
can combine with most of the PRRs to form a complex and trans-
mit the PAMP signals perceived by the receptors to the cell inte-
rior (Heese et al., 2007; Liebrand et al., 2013). In this study, it was
found that BAK1 and SOBIR1 were required for FOEG1 to induce cell
death in N. benthamiana; when BAK1 or SOBIR1 was silenced, FOEG1
could not induce cell death. Thus, FOEG1 is an apoplastic cell death-
inducing protein similar to VAEG1 (Gui et al., 2017) and VdCUT11
(Guietal., 2018) from V. dahliae, RcCDI1 (Franco-Orozco et al., 2017)
from ascomycete fungi R. commune, and BcXYG1 (Zhu et al., 2017)
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from B. cinerea, which are also mediated by BAK1 and SOBIR1 to
induce cell death. We speculate that the putative FOEG1 receptor
in plants will form a LRR-RLPs/SOBIR1/BAK1 complex with BAK1
and SOBIR1 after perceiving FOEG1 to complete the signal transduc-
tion in cells and then activate the downstream immune response to
trigger cell death. Unlike FOEG1, VJEGS is only mediated by BAK1
and not SOBIR1 (Gui et al., 2017), indicating that although they all
function as PAMP proteins with the GH12 domain, they induce plant
immunity in different ways.

Many cell death-inducing proteins contained nonfull-length
functional regions or peptides, which play a critical role in cell death
induction or plant immune response activation. For example, a 26
amino acid peptide of BcXyll in B. cinerea or a 63 amino acid small
peptide (EG3-MF) from the GH12 domain in VdEG3 from V. dahliae
is sufficient to induce cell death in N. benthamiana (Gui et al., 2017;
Yang, Yang, et al., 2018). The plant cell death-inducing potential of
elicitor EIX has been attributed to an essential five amino acid re-
gion (Rotblat et al., 2002). In this study, it was found that the 86
amino acid residues region from amino acid positions 144 to 229
produced by truncating the FOEG1 protein was sufficient to induce
cell death in N. benthamiana. This characteristic is different from
PsXEG1 or VAEG1. The ability of PsXEG1 and VdEG1 to cause cell
death requires the integrity of their proteins, and any deletion at the
C- or N-terminal would render them incapable of inducing cell death
(Gui et al., 2017; Ma et al., 2015). In addition, although fragments
of both FOEG1 and VdEG3 can cause cell death, these segments
being located between the two enzyme active sites, the sizes of
these fragments are different: the small peptide of VAEGS3 is shorter
than that of FOEG1. It was found that the homologous fragment
(FOEG1%*%?7) of VAEG3 in FOEG1 could not induce cell death in this
study. Therefore, we speculate that although these proteins are all
GH12 family proteins, their mechanism of inducing cell death may
be different or the plants might have different recognition epitopes
for these proteins.

Fungal pathogenicity is reliant on many secreted proteins, includ-
ing CWDEs, during infection and colonization (de Sain & Rep, 2015;
Jonkers et al., 2009; Tzima et al., 2011). The genome of F. oxysporum
f. sp. lycopersici encodes eight different polygalacturonases, and the
single deletion mutants lacking either pg1 or pgx6 show reduced po-
lygalacturonase activity and the Apg1Apgx6 double mutant is signifi-
cantly reduced in virulence (Bravo et al., 2016). In addition, some of
the CWDEs mentioned above, such as PsXEG1, VAdEG1, VAEGS, and
VdPEL1, can act as virulence factors (Gui et al., 2017; Ma et al., 2015;
Yang, Zhang, et al., 2018; Zhu et al., 2017). In this study, the absence
of FOEG1 reduced the virulence of F. oxysporum to cotton, in a sim-
ilar fashion to PsXEG1, VAPEL1, VdEG1, and VdEG3, suggesting that
FoEG1 contributes to the virulence of F. oxysporum. However, not
all fungal CWDEs have been conclusively shown to be involved in
pathogenicity and virulence. For example, the deletion mutant strain
of a pectate lyase gene PelA from Fusarium graminearum does not
show attenuated virulence during the infection of wheat coleop-
tiles (Blum, 2017). CWDEs secreted by plant-pathogenic fungi are

important for host infection and colonization. Whilst some CWDEs

such as FOEG1 appear to be critical, others may be less import-
ant or redundant because several genes serve the same function.
Moreover, although FOEG1 was highly conserved between different
formae speciales of F. oxysporum and other pathogenic fungi, its role
in pathogenicity of other formae speciales of F. oxysporum remains
to be further investigated.

In conclusion, our results indicate that FOEG1 has the ability to
induce plant cell death and can also act as a PAMP to trigger plant
immune responses and significantly enhance the disease resistance
of plants. Moreover, FOEG1 plays a critical role in the pathogenicity
of F. oxysporum f. sp. vasinfectum. Although FOEG1 may be capable
of triggering plant immune responses in isolation as a transgene or
a recombinant protein, the pathogen has evolved mechanisms to
suppress this outcome and allow FoEG1 to function as a critically

important effector during host infection and colonization.

4 | EXPERIMENTAL PROCEDURES
4.1 | Fungal strains and plants growth conditions

F. oxysporum f. sp. vasinfectum and F. oxysporum f. sp. lycopersici
wild-type or mutant strains were cultured and maintained on po-
tato dextrose agar (PDA) at 25 °C in the dark. E. coli DH5a and
BL21(DE3) cultured in lysogeny broth (LB) at 37 °C were used
for plasmid construction and expression of recombinant pro-
tein. A. tumefaciens GV3101, cultured in LB at 28 °C, was used for
A. tumefaciens-mediated transient expression of proteins in plant
leaves. N. benthamiana, N. tabacum, G. hirsutum, S. lycopersicum,
G. max, and Z. mays seedlings were grown in a greenhouse at 25 °C
and a 16 hr photoperiod supplemented with fluorescent lighting and
60% relative humidity.

4.2 | Plasmid construction

The tested genes were amplified from F. oxysporum cDNA using
the indicated primers (Table S1), including FOEG1, FOTG_11380,
FOTG_10947,FOTG_12529,FOTG_17138,FoEG1 gene without signal
peptide (FOEG1*%P), site-directed mutagenesis sequences of cata-
lytic residues of FOEG1 (FOEG15'43, FOEG15%%°, and FoEG1F14%/E230),
truncated FoEG1, SP(FoEG1)-GFP (sequence encoding the fusion
protein of FOEG1 signal peptide and GFP), and PR1°" + FoEG14SP
(sequence encoding a PR1 signal peptide + FoEG12P fusion pro-
tein). For transient expression in N. benthamiana, all sequences
of the above genes or fragments were cloned separately into the
PVX vector pGR107. The INF1 and GFP genes were also cloned
into pGR107 and used as positive and negative controls, respec-
tively. For functional assays of signal peptides in yeast, the pre-
dicted signal peptide-encoding sequences of FOEG1 were fused
in frame to the secretion-defective invertase gene in the vector
pSUC2 (Jacobs et al., 1997) to form the recombinant construct
pSUC2-FoEG1%P. To study the subcellular localization of FoEG1
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in planta, the full-length FOEG1, FOEG1*%", and PR1%P + FoEG14%P
were cloned into pBinGFP4 vector to generate the recombinant
expression vectors pBinGFP4-FoEG1, pBinGFP4-FoEG1*%P, and
pBinGFP4—PR1SP + FOEG1*%P. For generation of FOEG1 gene ex-
pression construct, the FOEG1 sequence without the signal pep-
tide was cloned into pET-32a vector. Constructs used for VIGS in
N. benthamiana were generated in the pTRV2 vector as described
by Liu et al. (2002) using N. benthamiana cDNA as template for
gene fragment amplification. To create constructs for gene com-
plementation, the entire coding region of FOEG1 with its native
promoter and terminator was cloned into pKOV21 vector. All con-

structs were validated by sequencing at Sangon (Sangon Biotech).

4.3 | Expression and purification of recombinant
protein and enzymatic activity assays

For protein expression and purification, the expression vec-
tor pET-32a-FoEG1 was transformed into E. coli BL21(DE3) cells.
Recombinant protein expression was induced by adding IPTG to
a final concentration of 0.2 mM for 20 hr at 16 °C. Cells were
collected by centrifugation at 5,000 x g for 10 min and resus-
pended in lysis buffer (50 mM Tris-HCI, 200 mM NacCl, pH 8.0), fol-
lowed by sonication and centrifugation at 10,000 x g for 10 min.
Recombinant protein was purified by affinity chromatography
using Ni-NTA resin (GE Healthcare Life Sciences) as described in
the manufacturer's instructions. Enzyme activities were measured
as described previously using carboxymethylcellulose (Sigma) as
the substrate (Ma et al., 2015).

4.4 | Transient expression in N. benthamiana and
protein infiltration assays

All transient expression vectors were transformed into A. tumefa-
ciens GV3101 and these strains were subsequently cultured in LB
at 28 °C in a shaking incubator at 200 rpm for 24 hr. The bacteria
cells were harvested by centrifugation at 5,000 x g for 5 min, resus-
pended in MES buffer (10 mM MgCl,, 10 mM MES, 150 uM acetosy-
ringone, pH 5.7), adjusted to a final OD,, of 1.0, and left in darkness
for 3 hr at room temperature before infiltration. The A. tumefaciens
cell suspension was infiltrated into 5-6-week-old N. benthamiana
leaves using a 1-ml syringe without a needle. Symptom development
was monitored at 3-5 days after agroinfiltration for N. benthamiana.
Transient protein expression in N. benthamiana was verified by west-
ern blot using anti-FLAG antibodies.

To test the ability of recombinant proteins to induce plant cell
death, different concentrations of purified protein were infiltrated
into the leaves of N. benthamiana. The recombinant protein was also
tested to determine its ability to induce cell death in other plants.
Purified protein was infiltrated into the leaves of tobacco, cotton, to-
mato, soybean, and maize. Leaves were monitored and photographed

at 1-5 days after infiltration. To further investigate cell death, trypan
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blue staining was performed as described by Qi et al. (2016). All ex-
periments were repeated at least three times.

4.5 | Yeast signal sequence trap system

The functional validation of the predicted signal peptide of FOEG1
was performed by the yeast signal sequence trap system as previ-
ously described (Jacobs et al., 1997). The pSUCZ-FoEGlSP plasmid
construct was transformed into the Saccharomyces cerevisiae strain
YTK12 and the transformants were grown on CMD-W (lacking tryp-
tophan) medium (0.67% yeast N base without amino acids, 0.075%
tryptophan dropout supplement, 2% sucrose, 0.1% glucose, and 2%
agar). Clones were identified by PCR using vector-specific primers
(Table S1). The positive clones were incubated on YPRAA medium
(1% yeast extract, 2% peptone, 2% raffinose, and 2 ug/ml antimycin
A) for invertase secretion. YTK12 transformed with pSUC2-Avr1b°P
and the empty vector pSUC2 were used as positive and negative
controls, respectively (Wang et al., 2020).

4.6 | Subcellular localization assay

To examine the subcellular localization of FoEG1, the con-
structs pBinGFP4-FoEG1, pBinGFP4-FoEG1*%F, and pBinGFP4-
PR1°P + FOEG1*%P were transformed into A. tumefaciens GV3101 and
agroinfiltrated into 4-week-old N. benthamiana leaves. The empty
pBinGFP4 vector was used as control. At 2 days postinfiltration,
the N. benthamiana leaves were harvested and imaged under a laser
scanning confocal microscope (LSM 980; Zeiss) with excitation at
488 nm and emission at 510 nm for GFP. For fluorescence detection
after plasmolysis, N. benthamiana leaves were treated with 1 M NaCl

to induce plasmolysis before observation.

4.7 | ROS activity, callose deposition, and disease
resistance induction assays

To detect the ROS activity and callose deposition, the recombinant
protein was infiltrated into the leaves of N. benthamiana. The accu-
mulation of ROS in the plant leaves of N. benthamiana was detected
using 3,3'-diaminobenzidine (DAB) solution as described previously
(Bindschedler et al., 2006). To detect the deposition of callose, the
N. benthamiana leaves were stained with aniline blue 24 hr after in-
filtration as described previously (Chen et al., 2012).

To test the induction of resistance by recombinant proteins in
plants, the whole leaves of 5-week-old N. benthamiana were in-
filtrated with the purified FOEG1 protein. Fungal agar plugs from
5-7-day-old plates of B. cinerea were inoculated into the leaves of
N. benthamiana 24 hr after infiltration. The inoculated plants were
then moved into a greenhouse at 25 °C with 14 hr of supplemental
fluorescent light. The lesion development on the N. benthamiana

leaves was evaluated by measuring the average lesion area 72 hr
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after inoculation. Induced systemic resistance responses in plants
were also assessed in 2-week-old tomato and cotton seedlings.
These plants were treated with 0.3 pM purified protein and then in-
oculated with the conidial suspension of different formae speciales
of F. oxysporum at 5 x 10° conidia/ml by the root-dip method 24 hr
after treatment. The resulting disease symptoms were evaluated
4 weeks postinoculation and the discolouration in vascular tissues
was observed. All the experiments were repeated three times.

4.8 | RNA extraction and RT-qPCR analysis

The leaf samples of N. benthamiana were collected 24 hr after in-
filtration with 0.1 pM recombinant protein. Total RNA was then
extracted using an EasyPure Plant RNA Kit (TransGen Biotech) ac-
cording to the manufacturer's instructions. First-strand cDNA was
synthesized from 1 pg of total RNA using the TransScript All-in-One
First-Strand cDNA Synthesis SuperMix (TransGen Biotech), fol-
lowed by gPCR using the RealStar Green Fast Mixture (GenStar). The
genes NbActin and NbEF-1a in N. benthamiana were used as endog-
enous controls (Gui et al., 2017; Sainsbury & Lomonossoff, 2008).
Relative expression levels were determined using the 2724 method

with three independent biological replicates.

4.9 | Virus-induced gene silencing in N. benthamiana

For VIGS assays in N. benthamiana, the plasmid vectors pTRV1 and
pTRV2 with target genes were transformed into A. tumefaciens
GV3101. The bacterial cells were harvested and resuspended in MES
buffer (10 mM MgCl,, 10 mM MES, 200 uM acetosyringone, pH 5.7),
adjusted to a final OD,, of 1.0, and left in darkness for 3 hr at room
temperature. A. tumefaciens cell suspension carrying TRV2 vectors
was mixed with A. tumefaciens cell suspension carrying TRV1ina 1:1
ratio before infiltration. The mixed cell suspensions were then infil-
trated into two or three primary leaves of N. benthamiana seedlings
at the four-leaf stage. The vectors pTRV2:PDS and pTRV2:GFP were
used as controls. The silencing efficiency of the gene was validated
by RT-gPCR analysis 3 weeks after agroinfiltration. The experiments

were repeated three times using at least six plants at each assay.

4.10 | Generation of gene deletion and
complementation mutants and virulence tests

For generation of FOEG1 deletion mutants in F. oxysporum, transfor-
mants of F. oxysporum were obtained using the polyethylene glycol
(PEG)-mediated protoplast transformation method as described pre-
viously (Zhang et al., 2017) (Figure S1). All positive transformants
were identified using PCR with the corresponding primers (Table S1).
To obtain FOEG1 complementation mutants, the linearized pKOV21
vector with FOEG1 and its native promoter and terminator was intro-

duced into the FOEG1 deletion mutant using the same PEG-mediated

protoplast transformation method. To test the role of FOEG1 in the
pathogenicity of F. oxysporum, cotton seedlings were inoculated with
strains of the wild-type, deletion, and complementation mutants by
the root-dip method. The disease symptoms were observed 4 weeks
postinoculation and the discolouration in vascular tissues was ob-

served. All the experiments were repeated at least three times.

4.11 | Bioinformatics analysis

The identified glycoside hydrolase family 12 proteins containing a
signal peptide but lacking transmembrane domains were analysed
as secreted proteins by the SignalP-5.0 Server (http://www.cbs.dtu.
dk/services/SignalP/), TMHMM Server 2.0 (http://www.cbs.dtu.
dk/services/TMHMM/), and SMART MODE (http://smart.embl-
heidelberg.de/smart/change_mode.pl). Identification of disulphide
bonds in FOEG1 was performed using DIANNA (http://clavius.bc.
edu/~clotelab/DiANNA/). Homologous sequences of FOEG1 in dif-
ferent formae speciales of F. oxysporum or the known GH12 domain-
containing proteins from other pathogens were obtained by querying
the FOEG1 protein sequence against the NCBI database using BLAST
search programs (Bailey et al., 2009). The multiple sequence align-
ment of FOEG1 and its homologues in different formae speciales of
F. oxysporum or other pathogens was generated using the ClustalX
v. 2.0 program (Larkin et al., 2007). Phylogenetic dendrograms were
constructed using MEGA 6.0 software with neighbour-joining tree
method (Tamura et al., 2013).
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