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a b s t r a c t

Lasiodiplodia theobromae, a phytopathogenic fungus that causes peach gummosis, is considered one of
the major constraints to peach production worldwide. Here, we report the characteristics of toxic me-
tabolites and the proteomics investigation of the secreted proteins of L. theobromae from its in vitro
culture. The phytotoxins of L. theobromae from the culture filtrate of Richard’s liquid medium showed
high toxicity on peach current year shoots with large lesion diameter and high gum weight. The toxicity
measurement showed that 23.6 and 21.2 mg gumwere induced from peach shoots by solvent fractions of
ethyl acetate and dichloromethane, respectively, with significant differences from other organic solvents.
A total of 23 proteins were identified by liquid chromatographyemass spectrometry from the in vitro
secretome of L. theobromae. Sequence analysis indicated that 14 proteins were extracellular proteins
based on signal peptides and localization. The expression profiles of the analyzed fungal genes were
significantly upregulated from 1 day postinoculation (dpi) to 2 dpi, indicating that the early stage is an
important stage for the infection of L. theobromae. The present study has provided insights into the
extracellular phytotoxins and secreted proteins that are possibly associated with pathogenicity of the
peach gummosis.

© 2018 British Mycological Society. Published by Elsevier Ltd. All rights reserved.
1. Introduction

Botryosphaeria spp. are common plant pathogens and saprobes
detected in economically important woody species (Srivastava
et al., 2013), such as peach gummosis (Li et al., 2014), apple ring
rot (Tang et al., 2012), grape canker disease (Auger et al., 2004), and
mango dieback (Rodríguez-G�alvez et al., 2017). Peach gummosis is
one of the most important and damaging diseases of peach in
China, Japan, and the United States (Reilly and Okie, 1982; Wang
et al., 2011). Three species of Botryosphaeria, i.e., Lasiodiplodia the-
obromae, Botryosphaeria obtusa, and Botryosphaeria dothidea, have
been reported in cases of peach gummosis (Britton and Hendrix,
1982), the symptom of which is gum exudates from cracked
warts on the trunk and major branches of peach (Biggs and Britton,
1988). Among these three species, L. theobromae was the most
virulent (Wang et al., 2011). However, little is known about the
virulence factors of L. theobromae.
).

hed by Elsevier Ltd. All rights rese
Fungal metabolites are one of the important virulence factors
during infection of plant cells (Brock, 2009). Among the fungal
metabolites, phytotoxic metabolites of fungi play a key role in
infection and virulence, such as inhibiting the activity of enzymes,
altering the gene expression levels, disrupting the biosynthesis of
crucial metabolites, and undermining the membrane integrity of
host cells (M€obius and Hertweck, 2009). In recent years, a large
number of novel phytotoxins have been isolated and structurally
characterized in B. obtusa (anamorph Diplodia seriata) and
B. dothidea (anamorph Fusicoccum aesculi). Several phytotoxins,
namely, mullein, 4-hydroxymellein, 5-hydroxymellein, tyrosol, and
4-hydroxybenzaldehyde, were identified from the culture filtrate of
B. obtusa (Djoukeng et al., 2009; Venkatasubbaiah and Chilton,
1990). A total of 18 metabolites have been identified from the
culture filtrate of B. dothidea, and some metabolites exhibited
strong cytotoxicity against cancer cells (Xiao et al., 2014). Only one
phytotoxin of L. theobromae was identified, i.e., (3S,4R)-3-carboxy-
2-methylene-heptan-4-olide, which caused black spots on the peel
of bananas (He et al., 2004). However, different cultural conditions
corresponded to various methods for the culture filtrates. For
example, B. obtusa from grape was inoculated in CzapekeDox
rved.
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medium for 14 d (Martos et al., 2008), whereas B. obtusa from apple
was inoculated in potato dextrose broth (PDB) medium for 21 d
(Venkatasubbaiah et al., 1991). Phytotoxicity also showed various
virulence factors using different organic solvents for extraction
(Vikrant et al., 2006; Zheng et al., 2010). Our previous study showed
that the culture filtrate of L. theobromae can also cause obvious
symptoms of peach gummosis (Li et al., 2016). However, the char-
acteristics of toxic metabolites are still unknown.

Several extracellular proteins have also been identified as
virulence factors by secreting and translocating into host cells
(Petre and Kamoun, 2014). Identifying the secretome of phyto-
pathogenic fungi may provide evidence for the infection mecha-
nism and provide information for the development of disease
management strategies. Historically, the genome, transcriptome,
and proteomics of phytopathogenic fungi have been used to screen
the secreted proteins. For D. seriata, 75 secreted proteins were
identified from liquid cultures using two-dimensional gel electro-
phoresis, and some of these proteins have been identified as viru-
lence factors in other phytopathogenic fungi (Cobos et al., 2010).
Exposure of Vitis cells to secreted proteins of D. seriata produced
stilbene, reactive oxygen species (ROS), and defense responses
(Stempien et al., 2017). To date, no detailed secretome analysis has
been reported for L. theobromae.

The aim of our work is to explore the virulence factors of
L. theobromae by investigating the characteristics of toxic metabo-
lites and identifying secretory proteins of L. theobromae by mass
spectrometry (MS). These findings will extend our knowledge on
the pathogenic mechanism of L. theobromae in peach shoots.

2. Materials and methods

2.1. Fungal cultures and toxin production

Following the methods of Abdou et al. (2010), L. theobromae
strain JMB-122 was grown on potato dextrose agar (PDA) medium
at 26 �C for 3 d. For toxin production, six 4 mm-diameter mycelial
plugs from PDA cultures were transferred into 500 mL flask con-
taining 200 mL of Czapek's medium (Czapek), PDA liquid medium
(PDA), Fries' basic medium (Fries), potato sucrose agar liquid me-
dium (PSA), or Richard's liquid medium (Richard). The cultures
were then incubated at 26 �C on a water bath shaker (70 rpm) for
21 d. Culture filtrates were obtained through four layers of
cheesecloth and Whatman no. 1 filter paper and centrifuged at
4000�g for 15 min. The supernatant was filtered using 0.45 mm
sterile microfilters. Unless otherwise stated, Richard culture was
used for all subsequent tests.

2.2. Solvent extraction

Extraction assay was conducted according to the methods of
Zheng et al. (2010). Then, 800 mL of the culture filtrate was
extracted thrice with half volumes of chloroform, ethyl acetate,
tetrachloride, petroleum ether, diethyl ether, and dichloromethane
using a separatory funnel. The water and solvent fractions were
evaporated at 55 �C. The dry fraction was dissolved in sterile
distilled water and adjusted to a concentration of 300 mg/mL so-
lution. Each solvent extraction was repeated thrice. Their toxicity
was measured subsequently using the peach shoot inoculation
assay.

2.3. Effect of treatments on toxin activity

The solvent fraction (300 mg/mL) of ethyl acetate was used for
the treatment assays. For protease treatment, the final concentra-
tion with 50 mg/mL proteinase K (Aladdin, Shanghai, China) and
250 mg/mL trypsin (Aladdin) were used to treat 50 mL of the solvent
fractions for 1 h at 37 �C. Two nucleotidases, DNase I (5 U/mL;
Takara, Dalian, China) and RNase H (5 U/mL; Takara), were also used
to treat the solvent fractions for 30 min at 37 �C. For the thermo-
stability of toxins, each solvent extraction was subjected to 60 �C,
80 �C, 100 �C, and 121 �C for 30 min in a water bath or autoclave.
Each treatment was performed thrice. The biological activities of
the treatments were measured subsequently using the peach shoot
inoculation assay.

2.4. Shoot inoculation assay

Biological activity assay was performed according to themethod
of Zheng et al. (2010). Culture filtrates, water and organic solvent
extractions, and treated extractions were filtered with a 0.22 mm
filter. Biological activities were determined by peach current year
shoots (cv. Spring Snow) by a detached assay (Li et al., 2016). The
shoots were cut into 15 cm-long segments. The segments were
surface sterilized with 70 % alcohol for 10 s, rinsed thrice with
sterile water, and wounded at the middle point using a sterilized
needle. All of the solutions were adjusted to a concentration of
300 mg/mL. Then, 10 mL of each solution was inoculated in the
wound sites. The shoots were placed in a plastic box and covered
with a plastic film. Inoculated shoots were incubated in a chamber
at 26 �C under 12 h light/12 h dark photoperiod. The lesion diam-
eter and gumweight were measured at 4 d postinoculation (dpi). A
total of 10 shoots were used in each test, and the tests were
repeated thrice. Inoculated and uninoculated culture filtrates
served as the controls.

2.5. Protein preparation

Culture supernatants of L. theobromae were collected from
Richard 15 dpi by passage through four layers of cheesecloth and
centrifuged at 4000�g for 5 min (4 �C). The supernatant was
filtered using 0.45 mm sterile microfilters and concentrated using a
30 kDa centrifugal filter unit (Millipore, Germany) at 4000 rpm
(4 �C). Extracellular protein extraction was based on trichloroacetic
acid (TCA)eacetone as described by Cobos et al. (2010). The final
concentration with 25 % (w/v) TCA was added to the concentrated
protein solutions, incubated at �10 �C for 2 h, and centrifuged at
15000�g for 10 min (4 �C) to move the supernatant. Precipitated
proteins were washed thrice with 80 % (v/v) acetone, and residual
acetone was air-dried. Then, the protein pellet was resuspended in
300 mL 8 M urea (100 mM TriseHCl, pH 8.0) and stored at �80 �C
after determining the protein concentration using the 2-D Quant
Kit (Amersham, Piscataway, NJ, USA), according to the manufac-
turer's instructions.

2.6. MS and peptide identification

Proteins were diluted to 2 M urea, added to 1 mM CaCl2, and
digested with trypsin overnight at 37 �C (Fonslow et al., 2013). The
digested fractions were desalted using C18 spin columns (Varian,
Lake Forest, CA, USA), quantified with the Quantitative Colorimetric
Peptide Assay Kit (Pierce; Thermo Scientific), and redissolved with
0.1 % formic acid at a concentration of 0.2 mg. Liquid chromatog-
raphy (LC; EASY-nLC 1000; Thermo Scientific) and MS (Orbitrap
Fusion; Thermo Scientific) were used for the analysis of peptide
fractions. Acclaim PepMap C18 column (75 mm � 500 mm; Thermo
Scientific) was loaded and used to separate the peptides. The pa-
rameters for LC-MS were determined, as described previously
(Cooper et al., 2016). The acquired MS/MS spectra were searched
against Dothideomycetidae in the National Center for Biotech-
nology Information (NCBI) nonredundant protein database using
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the MaxQuant software (ver. 1.5.3.30; Max-Planck Ins., Germany).
The search parameters, i.e., parent ion mass tolerance (±10 ppm),
variable modifications (methionine, M), mass values (mono-
isotopic), and false discovery rate (<0.01), were fixed. At least two
unique peptides were required to assign a confident protein (Wang
et al., 2013). The peptide sequences and matching proteins are
provided (Supplementary Table 1; Supplementary List 1).

2.7. Sequence analysis

The identified proteins in this study were subjected to multiple
bioinformatics tools to predict secretory proteins. Signal peptides
were predicted using SignalP 4.1 (Petersen et al., 2011) and TargetP
1.1 (Emanuelsson et al., 2000). Extracellular proteins were deter-
mined using SecretomeP 1.0 (Bendtsen et al., 2004), TargetP 1.1, and
WoLF PSORT (https://www.genscript.com/wolf-psort.html).
Conserved functional domains were annotated using the PFAM
database and CD Search of NCBI (Finn et al., 2016; Marchler-Bauer
et al., 2016).

2.8. Gene expression profiling

The transcripts levels of the secreted proteins were determined
by qRT-PCR to investigate whether the identified secretory proteins
are expressed by L. theobromae during its infection in peach shoots.
The inoculation procedure was conducted according to the
methods used in a previous report (Li et al., 2014). Samples were
collected at 1, 2, 3, 4, and 5 dpi, and the total RNA was extracted
using an EASY Spin Plus RNA Kit (Aidlab, Beijing, China). mRNA
samples isolated from uninoculated peach shoots were included as
negative controls (C1), and mRNA samples isolated from 3-day-old
fungal mycelium on PDA were included as controls (C2). cDNA
synthesis and qRT-PCR were also performed as described by Li et al.
(2016). Primers were designed based on coding sequences from the
NCBI database (https://www.ncbi.nlm.nih.gov/) and listed in
Supplementary Table 2. Glyceraldehyde-3-phosphate dehydroge-
nase gene of L. theobromae (GenBank accession number GU251384)
was used as internal control for normalization. Relative gene
expression levels were calculated by the 2�DDCT method (Livak and
Schmittgen, 2001). qRT-PCR results were expressed as the
mean ± SD of three independent biological replicates.

2.9. Statistical analysis

Student's t tests were used for the statistical analysis of the
lesion diameter, gum weight, and gene relative expression level.
Statistically significant differences were assessed by testing for the
least significant difference (P < 0.05).

3. Results

3.1. Toxin production and characterization of L. theobromae

Five different liquid media were used to examine the toxicity on
peach current year shoots to obtain the optimal liquid media.
Culture filtrates of L. theobromae from 21-day-old PSA, PDA, Fries,
Czapek, and Richard resulted in lesion diameters of 3.1, 4.8, 8.1, 4.5,
and 5.0 mm, respectively (Fig. 1A and B). However, visible peach
gum was only induced by the culture filtrates of Richard and Cza-
pek, and symptoms similar to those of peach gummosis were
caused by the fungal organisms. Notably, the culture filtrates of
Richard significantly produced more gum than filtrates from Cza-
pek (Fig. 1C). Therefore, we selected Richard for the subsequent
tests.
Then, the filtrates of Richard were extracted by six organic sol-
vents, namely, petroleum ether, diethyl ether, dichloromethane,
chloroform, carbon tetrachloride, and ethyl acetate, and the toxins
were detected in water and solvent fractions (Supplementary
Table 3). Visible lesions were observed in the shoot inoculation
assay after treatment with most of the fractions, but the solvent
fraction of petroleum ether and carbon tetrachloride caused no
lesion. The toxicity measurement showed that 23.6 and 21.2 mg
gum were induced from peach shoots by solvent fractions of ethyl
acetate and dichloromethane, respectively (Fig. 2A), whereas their
water fraction caused no peach gum. Filtrates from uninoculated
Richard caused no lesions on peach shoots. Hence, all subsequent
tests were conducted with ethyl acetate extraction.

The toxicity of L. theobromae was not affected by proteinases
(proteinase K and trypsin) and nucleases (Fig. 2B). The thermal
stability presented in Fig. 2C showed that the toxicity of
L. theobromae did not change and was stable at 60 �C, 80 �C, and
100 �C but unstable at 121 �C.
3.2. Detection of extracellular secreted proteins of L. theobromae

The in vitro secretome of L. theobromae was obtained by the
culture filtrate proteins from liquid Richard inoculated with the
JMB-122 isolate at 15 d. A total of 23 proteins that were identified
by EASY-nLC-MS/MS analyses are numbered and listed in Table S1
and showed a sequence coverage of 2.4 %e24.7 % and scores be-
tween 11.5.3 and 323.3 by MS/MS peptide fragment fingerprinting.
The 23 proteins were matched to the annotated proteins of three
species of Botryosphaeria (Supplementary List 1), namely, D. seriata
(13), Macrophomina phaseolina (5), and Neofusicoccum parvum (5).
Fourteen of the proteins visualized in the secretomewere predicted
to be secreted as determined by the SignalP 4.1 and TargetP tools.
Those proteins were also predicted by SecretomeP, TargetP, and
WoLF PSORT and indicated in the extracellular location (Table 1).
The functional distribution of the secreted proteins of L. theobromae
(LtSP) is consonant to what was described for the best-matched
proteins of other filamentous fungi. Those proteins included car-
bohydrate metabolism (LtSP1, LtSP4, LtSP7, LtSP12, LtSP14, and
LtSP15), protein metabolism (LtSP11 and LtSP13), oxidoreductase
(LtSP3, LtSP6, and LtSP9), GPI-anchored cell wall organization
protein (LtSP2), FAD-linked oxidase (LtSP10), and putative F5/8
type C domain protein (LtSP8).
3.3. Secreted proteins of L. theobromae with homologies to proteins
known to be involved in plant pathogenesis

BLAST searches indicated that four LtSPs contain conserved
functional domains in fungal proteins known to be involved in
plant pathogenesis (Supplementary Table 4). The identified
secreted protein GMC oxidoreductase (LtSP9) contained a
conserved GMC-oxred-C domain with homologies to GGOX, which
generated H2O2 and encoded a glucose oxidase (GOX) of Aspergillus
niger (Wu et al., 1995). Aspartic proteinase (LtSP11) was determined
to be homologous to the eukaryotic aspartyl protease domain as
represented by secreted aspartic proteinase from Botrytis cinerea,
which caused extensive cell death in carrot tissue and carrot sus-
pension cells (Movahedi and Heale, 1990). Peptidase s8/s53 sub-
tilisin (LtSP13) contained a conserved peptidase S8 domain with
homologies to Mp1 ofMagnaporthiopsis poae known to be involved
in pathogenesis (Sreedhar et al., 1999). LtSP15 contained a
conserved lactonase domain with homologies to AltA, a fungal
protein from Penicillium oxalicum, which has been shown as an
efficient supplement of cellulolytic enzyme system for lignocellu-
lose biodegradation (Peng et al., 2017).



Fig. 1. Effect of different culture filtrates of L. theobromae on the pathogenicity of peach shoots. (A) The symptoms of peach shoots after inoculation with five culture filtrates of
L. theobromae at 4 d postinoculation (dpi). Bar ¼ 5 mm. (B) Lesion diameter on inoculated peach shoots after treatment with five culture filtrates of L. theobromae at 4 dpi. (C) Gum
weight harvested from diseased shoots at 4 dpi after inoculation with Czapek and Richard culture filtrates of L. theobromae. Different letters above the columns indicate statistically
significant differences. Significant differences (P < 0.05) were determined by Student's t test.

Fig. 2. Effect of different solvent extractions, enzyme treatments, and heat treatments on the toxin activity of L. theobromae. (A) Phytotoxicity on peach shoots of crude toxin
extracted with various organic solvents from the culture filtrates of L. theobromae at 4 dpi. (B) Toxin activity on peach shoots treated with protease and nucleotidase at 4 dpi. (C)
Toxin activity after treatment at 60 �C, 80 �C, 100 �C, and 121 �C for 30 min. Bar ¼ 5 mm.
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3.4. Expression patterns in peach shoots

The expression patterns of four secreted proteins of
L. theobromaewere analyzed in infected peach shoots from 1 dpi to
5 dpi using qRT-PCR to determine whether the in vitro secreted
proteins of L. theobromae are expressed during its dynamic inter-
action with peach (Fig. 3). The results of expression profiling
showed that GMC oxidoreductase (LtSP9) was significantly upre-
gulated at the early stages (1 and 2 dpi) (Fig. 3A). Aspartic pro-
teinase (LtSP11), peptidase s8/s53 subtilisin kexin sedolisin
(LtSP13), and hypothetical protein (LtSP14) were consistently
upregulated from 1 dpi to 5 dpi with a peak at 2 dpi, and the
expression gradually decreased after 3 dpi throughout the infection
stages (Fig. 3B, C, and D). The expression level of GPI-anchored cell
wall organization protein ecm33 (LtSP2) was upregulated at 1 dpi
but apparently downregulated at later stages (3 dpi to 5 dpi)
(Supplementary Fig 1). These results indicate that L. theobromae
might preferentially express and regulate the expression of these
secreted proteins, which appeared to correlate with the develop-
ment of peach gummosis.

4. Discussion

The production of fungal phytotoxin depended on the culture
conditions, such as the type of medium, days of culture, and
methods of extraction. For the Botryosphaeria species, the



Table 1
Prediction of signal peptides and localization of the identified in vitro secreted proteins of L. theobromae.

Protein Signal peptides Localization prediction Pfam domainf Protein description

SignalPa TargetP (SP)b SecretomePc TargetP (Loc)d WoLF PSORTe

LtSP1 0.906 0.948 Extr ¼ 0.833 S Extr ¼ 27 Glycosyl hydrolases family 35 (PF01301) Glycoside hydrolase family 35
LtSP2 0.533 0.459 Extr ¼ 0.935 S Extr ¼ 27 no Gpi-anchored cell wall organization protein ecm33
LtSP3 0.761 0.790 Extr ¼ 0.910 S Extr ¼ 25 Catalase (PF00199) Mycelial catalase cat1
LtSP4 0.738 0.717 Extr ¼ 0.942 S Extr ¼ 26 Glycosyl hydrolases family 17 (PF00332) Glycoside hydrolase family 17
LtSP6 0.680 0.803 Extr ¼ 0.810 S Extr ¼ 16 Glutathione S-transferase (PF13409) Ser/thr protein phosphatase
LtSP7 0.760 0.823 Extr ¼ 0.937 S Extr ¼ 26 no Cell wall protein
LtSP8 0.716 0.962 Extr ¼ 0.953 S Extr ¼ 26 F5/8 type C domain (PF00754) Putative f5/8 type c domain protein
LtSP9 0.820 0.938 Extr ¼ 0.949 S Extr ¼ 26 GMC_oxred superfamily (PF00732) GMC oxidoreductase
LtSP10 0.931 0.936 Extr ¼ 0.537 S Extr ¼ 23 FAD binding domain (PF01565) FAD linked oxidase
LtSP11 0.758 0.950 Extr ¼ 0.934 S Extr ¼ 26 no Aspartic proteinase
LtSP12 0.758 0.793 Extr ¼ 0.954 S Extr ¼ 25 Glycosyl hydrolases family 16 (PF00722) Putative cell wall
LtSP13 0.729 0.896 Extr ¼ 0.955 S Extr ¼ 24 Subtilase family (PF00082) Peptidase s8/s53 subtilisin kexin sedolisin
LtSP14 0.478 0.640 Extr ¼ 0.907 S Extr ¼ 24 Lactonase (PF10282) Extracellular aldonolactonase protein
LtSP15 0.741 0.877 Extr ¼ 0.902 S Extr ¼ 26 Cellulose-binding domain (PF00734) Cellulose-binding domain protein

a Signal peptide probability computed by SignalP 4.1.
b Signal peptide predicted with TargetP 1.1. The numbers represent probability of signal peptide.
c Predicting the secretome with programs of SecretomeP 2.0. Extr ¼ Extracellular.
d Subcellular location of eukaryotic proteins predicted with TargetP 1.1. S indicates secreted protein.
e Predicting the subcellular localization with WoLF PSORT. Extr ¼ Extracellular.
f PFAM domains were annotated using PFAM database (e-value <0.1).

Fig. 3. In planta expression patterns of four L. theobromae-secreted proteins (A, LtSP9; B, LtSP11; C, LtSP13; D, LtSP14) were determined using quantitative RT-PCR. The relative gene
expression levels of uninoculated peach shoots (C1) were considered the negative control and those of 3-day-old fungal mycelium on PDA (C2) were considered the control. Data
values are presented as the mean ± SD from three independent experiments. Asterisks indicate significant differences (P < 0.05, Student's t test).
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phytotoxicity of B. dothidea reached amaximum after 14 d, whereas
B. obtusa exhibited maximum phytotoxic damage after 21 d in
CzapekeDox broth (Martos et al., 2008). PDBmediumwas themost
common medium for liquid culture of B. dothidea and B. obtusa in
many reports (Djoukeng et al., 2009; Venkatasubbaiah and Chilton,
1990; Xiao et al., 2014). In this study, although all five kinds of
media caused necrosis in peach shoots, culture filtrates showed the
highest phytotoxicity after 21 d in liquid cultures of Richard. Our
results support previous reports that the ethyl acetate extract
showed significantly higher toxicity than other organic solvents
(Singh et al., 2010; Zheng et al., 2010). Dichloromethane also
exhibited high phytotoxicity in peach shoots as a candidate for
solvent extraction. Extracellular proteins and nucleic acids have
been reported as virulence factors (Ahn and Lee, 2001; B�enard-
Gellon et al., 2015). Proteases and nucleic acidases were used to
treat the phytotoxin of L. theobromae to exclude the potential ef-
fects of extracellular proteins and nucleic acids. The results showed
that the phytotoxin of L. theobromae was unchanged after the
treatments. Notably, the lesion diameter reached 2 cm after inoc-
ulationwith themycelium of L. theobromae in our previous work (Li
et al., 2014), but only 7.6 mm of lesion diameter was observed after
inoculationwith the phytotoxin of L. theobromae in this study. Thus,
in addition to the phytotoxin, other pathogenic factors, such as
secreted extracellular proteins of L. theobromae, may exist.

Fourteen extracellular proteins of L. theobromae were identified
in this study by secretome analysis (Table 1). Among the proteins
identified, three proteins involved in plant cell wall degradation
were identified, including glycosyl hydrolase family 35 (LtSP1),
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extracellular aldonolactonase protein (LtSP14), and cellulose-
binding domain protein (LtSP15). Two proteins were involved in
fungal cell wall modification: glycosyl hydrolase family 17 (LtSP 4)
and cell wall protein (LtSP7). Catalase (LtSP3) and GMC oxidore-
ductase (LtSP9) were involved in the detoxification and generation
of ROS. Aspartic proteinase (LtSP11) and peptidase s8/s53 subtilisin
kexin sedolisin were involved in degrading plant antimicrobial
proteins. In addition to those secreted proteins, we also identified
two pathogenicity-related proteins, GPI-anchored cell wall orga-
nization protein ecm33 (LtSP2) and Ser/Thr protein phosphatase
(LtSP6). For example, CaEcm33p, a GPI-anchored protein of Candida
albicans, has been reported to be required for virulence (Martinez-
Lopez et al., 2004). Ser/Thr protein phosphatase also played a role in
regulating the signaling pathways of the infected host cell
(Wehenkel et al., 2008). The functional distribution of the extra-
cellular proteins of L. theobromae is consonant to proteins that were
known to be involved in plant pathogenesis from other filamentous
fungi, such as cell wall degradation proteins, peptidases, and anti-
oxidative/detoxifying proteins and virulence-associated proteins.

Pathogens secreted numerous proteins to degrade the cell wall
of the host during the early infection processes and under nutrient
starvation. In this study, glycosyl hydrolase family 35 (LtSP1) was
detected through secretome analysis and involved in the degra-
dation of hemicellulose and pectin of plant cell wall (Zhao et al.,
2013). The identified LtSP15 also contained a cellulose-binding
domain, which was required for cellulosome complexes to
degrade the cellulose (Doi and Kosugi, 2004), indicating its role in
degrading plant cell wall. Although the biochemical function of the
lactonase domain protein is still unknown, a fungal protein AltA
from P. oxalicum has been shown to be an efficient supplement of
the cellulolytic enzyme system for lignocellulose biodegradation
(Peng et al., 2017). Our results indicated that the lactonase-domain-
containing LtSP14 is upregulated from 1 dpi to 4 dpi (Fig. 3B). This
protein may play an auxiliary role in the degradation of peach cell
wall. Interestingly, two fungal cell wall degradation proteins, LtSP4
and LtSP12, were also detected in our results based on the
conserved domain (Zhao et al., 2013) and seemed to protect the
fungus from other fungi. However, LsSP12 was determined to be
homologous to the glycosyl hydrolase family 16 as represented by
Crh1p and Crh2p proteins, which are required for the cross-linking
of chitin to b(1e6)glucan in the fungal cell wall of Saccharomyces
cerevisiae (Cabib et al., 2007). Our previous results showed that the
relative expression level of chitinase increased in the inoculated
peach shoots (Li et al., 2014). Thus, those proteins may play an
important role in repairing the cell wall of L. theobromae with
exposure to chitinase of peach.

Fungal pathogens secrete proteinases to degrade plant antimi-
crobial proteins and promote disease development. Two proteinase
proteins, aspartic proteinase (LtSP11) and peptidase s8/s53
Fig. 4. A predicted model of the phytotoxin and secreted proteins of L. theobromae involved i
peptide degradation, and reactive oxygen species (ROS) detoxification were highly accumu
subtilisin (LtSP13), were also identified from the L. theobromae
in vitro secretome and significantly expressed in peach shoots from
1 dpi to 5 dpi (Fig. 3C). Similarly, secreted aspartic proteinase was
reported as a virulence factor of C. albicans during its infections
(Hube et al., 1997). Another peptidase s8/s53 subtilisin (LtSP13)
contained a conserved subtilase family, which has been associated
with the pathogenicity of fungi to plant. For example, Mp1 protein
from M. poae is known to be involved in the pathogenesis of grass
(Sreedhar et al., 1999). Hence, it is possible that the secrete pro-
teinases identified in our study could be involved in infecting and
developing of L. theobromae both in the in vitro and in planta.

ROS is known to be required for the cross-linking of a hyper-
sensitive response that resulted in the death of cells against bio-
trophic pathogens, whereas ROS is beneficial to necrotrophic
pathogens (Heller and Tudzynski, 2011), such as L. theobromae. In
this study, the identified secreted protein LtSP9 (GMC oxidore-
ductase) contained a conserved GMC-oxred-C domain with ho-
mologies to GGOX, which generated H2O2 and encoded a GOX of
A. niger (Wu et al., 1995). GOX catalyzes the oxidation of b-D-glucose
to H2O2 and D-glucono-1,5-lactone, which hydrolyzes spontane-
ously to gluconic acid (Kiess et al., 1998). In addition to the gener-
ation of ROS, gluconic acid of Penicillium expansum exhibited
pathogenicity in apple (Hadas et al., 2007). In our results, the
expression profile of the secreted protein LtSP9 was significantly
increased from 1 dpi to 2 dpi. Similarly, induced expression of a
secretory glucose oxidase of Sporisorium scitamineumwas reported
in sugarcane at 1 dpi (Barnabas et al., 2017). This protein may play
important roles in the interactions of L. theobromae with peach.
Although the identified LtSP10 contained a FAD-binding domain
that is a sequence region of GMC oxidoreductase (Kiess et al., 1998),
no evidence showed that it is involved in virulence. A catalase
(LtSP3) was also detected in its secretome, indicating that fungal
catalase protects the fungus from the ROS of the host. A previous
report has shown that detoxification of hydrogen peroxide by the
catalase of Aspergillus fumigatus was proposed as a method to
overcome this host response (Paris et al., 2003). However, catalase
has also been shown to be a virulence factor during the process of
bacteriumehost interaction (Jittawuttipoka et al., 2009; Xu and
Pan, 2000). In this study, the identified secreted proteins are
perhaps involved in producing and detoxifying ROS to balance
redox for the infection process of L. theobromae.

The expression of selected secretory proteins in peach shoots
confirms the relevance of the approach for the identification of
fungal proteins involved in the interaction with peach. The
expression profiles of the analyzed fungal genes were significantly
increased from 1 dpi to 2 dpi (Fig. 3), indicating that the early stage
is an important stage for the infection of L. theobromae. By
combining the secreted phytotoxins with the functional classifica-
tion of secreted proteins and its expression profiles, the results have
n the infection strategies on peach shoots. Proteins of cell wall degradation, protein and
lated in vitro and in peach shoots.
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been brought together to develop a working model for the secre-
tome of L. theobromae (Fig. 4). L. theobromae secreted extracellular
proteins to degrade the cell wall of peach shoots and plant anti-
microbial proteins and generate ROS. Extracellular phytotoxins also
promote disease development.

In conclusion, the data presented in this study provide impor-
tant clues for the virulence factors of L. theobromae. The phytotoxin
and extracellular proteins of L. theobromae contributed to the
development of peach gummosis. We investigated the character-
ization of phytotoxin and identified 14 extracellular proteins, which
may play important roles in pathogenesis. Further studies are
necessary to isolate the keymycotoxins and confirm the function of
those pathogenesis-like proteins.
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