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Abstract Phomopsis vexans is a phytopathogenic
fungus that causes Phomopsis blight of eggplant.
Because spore germination is required for infection,
preventing it may be a viable approach to disease
management. The proteome during the conversion of
spores to mycelium was analyzed in the current study
to gain more insight into this process. A total of 3337
proteins were discovered and functionally classified.
There were 929 proteins with significant fold changes
(P value <0.05, Fold change>?2) among them. which
were grouped into 6 clusters based on their relative
expression similarities. Sphingolipid metabolism, Gly-
cosylphosphatidylinositol (GPI)-anchor biosynthesis,
Riboflavin metabolism, and Glutathione metabolism
were found to be significantly upregulated during
the germ tube emerging stage, according to Kyoto
Encyclopedia of Genes and Genomes (KEGG) path-
way enrichment. Proteins in these pathways may be

Supplementary Information The online version
contains supplementary material available at https://doi.
org/10.1007/s10658-023-02643-w.

Z.Heng - Q. You - B. Sun - Z. Li - X. Sun - J. Huang -

Y. Li-H. Wang - X. Xu - Z. Li - C. Gong - T. Li (’X)
Guangdong Key Laboratory for New Technology Research
of Vegetables, Vegetable Research Institute, Guangdong
Academy of Agricultural Sciences, Guangzhou 510640,
China

e-mail: tianxing84 @ 163.com

T.Li
Guangzhou City, China

important in spore germination and may be antifungal
targets. In addition, eight potential effectors were dis-
covered. This is the first report on proteomic analysis
of Phomopsis vexans spore germination. It can aid in
understanding the mechanisms of host invasion and
shed light on Phomopsis vexans control.

Keywords Phomopsis blight of eggplant -
Phomopsis vexans - Proteomics - Spore germination -
Effector

Introduction

Eggplant (Solanum melongena) is a vegetable crop
known for its taste and nutritional benefits. Pho-
mopsis blight of eggplant is one of the most serious
diseases caused by Phomopsis vexans. It was first
reported in the United States and has since spread
globally (Akhtar & Chaube, 2006; Halsted, 1891;
Harter, 1914). Leaf spots, branch-brown spots, with-
ered leaves, and fruit rot are all symptoms of Pho-
mopsis blight (Mahadevakumar & Janardhana,
2016; Rohini et al., 2016). It is one of the most dev-
astating diseases of eggplant diseases, causing sig-
nificant yield and quality losses (Bhanushree et al.,
2022). Outbreaks pose a serious threat to growers’
and breeders’ because it can reduce outputs by 20%
to 30%. (Thesiya et al., 2019). Growers are currently
controlling it primarily through chemical and disease
resistance resources (Bhat et al., 2019; Jannat et al.,
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2018). Finding the right control target is the corner-
stone of effective management, regardless of the con-
trol technique used.

Spore germination is a critical step in pathogenic
infection (Baltussen et al., 2020). Therefore, under-
standing the molecular basis of spore germination is
important for developing control strategies. Under
the right conditions, resting spores will initiate iso-
tropic growth. Following spore swelling, a germ tube
emerges, forming fungal hyphae and resulting in
filamentous growth (Sephton-Clark & Voelz, 2018).
Several structural and metabolic changes occur in
fungal spores during this process. As an example,
translation of mRNA stored in spores is initiated. The
spore’s lipids and carbohydrates begin to degrade.
The spore’s cell wall and membrane structure begin
to change to accommodate swelling and pola growth.
Changes begin to occur in the lipids and gylan metab-
olite pathways, which are two important components
of cell walls and membranes (Baltussen et al., 2020).
Proteins involved in these processes are potential tar-
gets for pathogen control.

Proteomics is a reliable method for examining the
protein abundance of fungi. This technique has been
widely used to study the spore germination process
and identify key proteins and pathways. Proteomic
analysis of Aspergillus nidulans reveals that energy
metabolism, protein synthesis, and protein folding
are major physiological functions of proteins that
vary quantitatively during the early stages of conidia
germination (Oh et al., 2010). Proteins in biological
processes such as cellular energy production, oxida-
tive metabolism, stress, fatty acid synthesis, protein
synthesis, and protein folding changed expression dur-
ing Colletotrichum acutatum germination (El-Akhal
et al., 2013). Proteomic analysis identified and vali-
dated four enzymes in Fusarium oxysporum’s ergos-
terol biosynthesis pathway. They hold promise as new
targets for combating Fusarium wilt in bananas (Deng
et al., 2015). Only four hours after spore germination
of Moniliophthora perniciosa proteins associated with
fungal filamentation, such as septin and kinesin, can
be detected (hag). A transcription factor capable of
forming polyketides hybrids was induced 2 hag, and
polyketide synthase was detected 4 hag (Mares et al.,
2017). Alicyclobacillus acidoterrestris spore ger-
mination was linked to proteins involved in cell wall
hydrolysis, intracellular substance synthesis, and sig-
nal transduction (Xu et al., 2019). The transcription
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and translation factors, elongation factor Tu, histones
(H2A and HIS5), proteasome, and DJ-1_Pfpl were
found to be upregulated during the germination of
Spongospora subterranean resting spores (Balotf
et al., 2021). These finding form the foundation for the
search for disease-resistant target proteins. However,
no study of the Phomopsis vexans proteome exists.

The Tandem mass tag (TMT) approach was used
in this study to investigate the proteomic profile of
Phomopsis vexans at three germination stages. This
study represents the first report of a comprehensive
proteomic analysis of Phomopsis vexans spore germi-
nation. The findings presented here can be used as a
baseline for understanding global protein expressions
in this fungus’s early life cycle and for developing
new effective fungicides.

Methods and materials
Stains, media, and cultural conditions

A strain of Phomopsis vexans was isolated from an
infected branch of an eggplant (Solanum melongena)
(Figure S5) grown in Guangzhou, Guangdong Prov-
ince, China (23°23 ‘24.5"N 113°26 ‘19.4"E). The
strain was brought to sporulate after inoculating it
into PDB medium and cultivating it for four days at
24 °C and 150 rpm. Spores were collected by filtering
the sporulation medium through four layers of gauze.
Based on our previous findings, spores were cultured
in PDB medium for 4 and 8 h at 28 °C and 150 rpm,
representing the hyphal development and mycelium
stages, respectively. (Unpublished data).

Spore germination observation

At each stage, a total of 200ul of sporulation medium
filtrate was transferred to a clean glass slide and cov-
ered with a coverslip. Then samples were then exam-
ined under an optical microscope (Leica DM2500).

Total protein extraction

Individual samples were crushed in liquid nitro-
gen before being lysed in a lysis buffer containing
100 mM NH4HCO3 (pH 8), 6 M Urea, and 0.2%
SDS for 5 min on ice. After centrifuging the lysate
at 12,000 g for 15 min at 4 °C, the supernatant was
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transferred to a clean tube. The extracts from each
sample were first reduced with 10 mM DTT for 1 h
at 56 °C, then alkylated for 1 h in the dark at room
temperature with enough iodoacetamide.

The samples were then thoroughly mixed with four
times the amount of precooled acetone using a vortex-
ing technique before being incubated at —20 °C for at
least two hours. The precipitate from the samples was
collected after centrifugation. After being washed
twice with cold acetone, the pellet was dissolved in a
dissolving buffer containing 0.1 M triethylammonium
bicarbonate (TEAB, pH 8.5) and 6 M urea.

Protein quality test

The instructions for the bradford protein quantifica-
tion kit were followed to create the BSA standard pro-
tein solution, which had gradient concentrations rang-
ing from 0 to 0.5 g/L. A 96-well plate with a capacity
of 20pL was filled with BSA standard protein solu-
tions and sample solutions with various dilution mul-
tiples. Each gradient was repeated three times. The
plate’s absorbance at 595 nm was measured after
immediately adding 180 pL of G250 dye solution to
it and allowing it to stand at room temperature for
5 min. The absorbance of a standard protein solu-
tion was used to construct the standard curve, and the
protein content of the sample was estimated. 20 pg
of protein sample were electrophoresed on a 12%
SDS-PAGE gel with the concentration gel at 80 V for
20 min and the separation gel at 120 V for 90 min.
The gel was stained with Coomassie Brilliant Blue
R-250 and then lightened so that the bands could be
seen clearly.

TMT labeling of peptides

Each protein sample weighed 120 pg, and was filled
to a volume of 100 pL with lysis buffer. The sample
was then mixed and digested overnight at 37 °C with
1 pg/pL trypsin and 500 pL of 50 mM TEAB buffer.
The digested sample was mixed with an equal amount
of 1% formic acid before centrifugation at 12,000 g
for 5 min at room temperature. The supernatant was
slowly loaded onto the C18 desalting column, washed
three times with 1 mL of washing solution (0.1%
formic acid, 4% acetonitrile), and eluted twice with
0.4 mL of elution buffer (0.1% formic acid, 75% ace-
tonitrile). The eluents from each sample were mixed

and then lyophilized. The sample was reconstituted
with 100 pL of 0.1 M TEAB buffer, 41 pL of ace-
tonitrile-dissolved TMT labeling reagent, and shaken
for 2 h at room temperature. The process was then
halted by the addition of 8% ammonia. Desalted, lyo-
philized, and combined in the same volume were all
labeled sample mixtures.

Separation of fractions

Mobile phases A (2% acetonitrile, pH adjusted to
10.0 using ammonium hydroxide) and B (98% ace-
tonitrile, pH adjusted to 10.0 using ammonium
hydroxide) were used to create a gradient. The lyophi-
lized powder was centrifuged at 12,000 g for 10 min
at room temperature after being dissolved in solution.
The material was fractionated using a C18 column
(Waters BEH C184.6x250 mm, 5 pm) on a Rigol
L3000 HPLC system with the column oven set to
50 °C. The elution gradient was depicted in detail in
Table S6. The eluates were collected at a rate of one
tube per minute while being observed at UV 214 nm,
and then merged into ten parts. All fractions were
vacuum-dried before being reconstituted in water
containing 0.1% (v/v) formic acid.

LC-MS/MS analysis

Shotgun proteomics studies for the creation of transi-
tion libraries were carried out in the data-dependent
acquisition mode using a Q Exactive HF-X mass
spectrometer and an EASY-nLCTM 1200 UHPLC
system from Thermo Fisher. For the injection of
1 pg of sample, PepMap RSLC C18 analytical col-
umn (50 cm X 75 pm) was used, with a linear gradient
elution as detailed in Table S7. The isolated peptides
were examined using a Thermo Fisher’s Q Exactive
HF-X mass spectrometer and an ion source called
Nanospray FlexTM (ESI). The Automatic Gain Con-
trol (AGC) target value was 3 X 106, the maximum
ion injection duration was 20 ms, and the overall
scan range was m/z 350 to 1800 with a resolution of
120,000 (at m/z 200). In MS/MS, the resolution was
15,000 (at m/z 200) for 6 plex (45,000 for 10 plex,
m/z 200), and the automated gain control (AGC)
target value was 1x105. The top 20 most abundant
precursors in the entire scan were chosen, fragmented
by higher energy collisional dissociation, and evalu-
ated. The maximum ion injection time was 50 ms, the
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intensity threshold was 4 x 104, the normalized colli-
sion energy was 32%, and the dynamic exclusion time
was 30 s. The raw data from MS detection was given
the extension “.raw.”

The identification and quantitation of protein

Proteome Discoverer 2.2. (PD 2.2, Thermo) was
used to compare the resulting spectra from each
fraction with the Phomopsis vexans genome data-
base (unpublished data). The following search crite-
ria were established: the tolerance for precursor ion
mass was 10 ppm, and the tolerance for manufactur-
ing mass was 0.02 Da. Carbamidomethyl was listed
as a fixed alteration in PD 2.2. The terms ‘“variable
modifications” in PD 2.2 were defined as “oxidation
of methionine (M),” “acetylation of the N-terminus,”
and “TMT 10-plex of tyrosine and lysine.” The dis-
covered protein has an FDR of no more than 1.0%
and at least one distinct peptide. Proteins with com-
parable peptide compositions that could not be dif-
ferentiated by MS/MS analysis were assigned to the
same protein group. The TMT was quantified using
Reporter Quantification (TMT 10-plex). Proteins with
significantly different quantitation between the exper-
imental and control groups (p <0.05 and [log2FCI> 1)
were classified as differentially expressed proteins
(DEP). The Mann—Whitney Test was used to analyze
the protein quantitation results.

Annotation of protein and DEP

The non-redundant protein database (including Pfam,
PRINTS, ProDom, SMART, ProSiteProfiles, and
PANTHER) was analyzed using the InterPro (IPR)
analysis using the interproscan-5 program, and the
Clusters of Orthologous Groups and KEGG (Kyoto

Encyclopedia of Genes and Genomes) databases were
used to analyze the protein family and pathway. The
enrichment pipeline was used to perform the GO,
IPR, and KEGG enrichment analyses.

Total RNA extraction and quantitative RT-PCR

Total RNAs were extracted and purified from three
biological replicates at each of the three germination
stages using the QIAGEN RNeasy Plant Mini Kit
and RNase-free DNase kit (QIAGEN, Germany). To
generate cDNA, the PrimeScriptTM RT reagent Kit
with gDNA Eraser was used (Takara, Dalian, China).
The PCR reactions were carried out in a total vol-
ume of 20 pL on a Roche LightCycler 480 Q-PCR
equipment, containing 1pL of primer (10pL M),
1pL of cDNA, 8pL PCR-grade water, and 10pL of
AceQqPCR SYBR Green Master Mix (Vazyme, Nan-
jing, China) (Roche, Basel, Switzerland). The PCR
protocol began with a 5-min prep step at 95 °C, fol-
lowed by 45 cycles of 10 s at 95 °C and 30 s at 60 °C.
To ensure the purity of the amplified products, a
melting curve was created for each sample at the end
of each cycle. Table S5 contained data on the qPCR
primers and reference genes.

Results

Overview of experimental design and spore
visualization by microscopy

Figure 1 depicts an overview of the experimental
design in biological replicate. Three stages were cho-
sen: spore (A, 0 h), germination tube emerging and
elongation (B, 4 h), and mature mycelia (C, 8 h).
The lipid droplet in the spore vanished during spore
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germination, according to microscopy observations.
At stage B, germination tubes appear. Samples were
combined and analyzed with LC-MS/MS after pro-
tein isolation, digestion and labeling. Finally, the data
was analyzed.

A: Micrograph for Phomopsis vexans at spore
stage, B: Micrograph for Phomopsis vexans at germi-
nation tube emerging and elongation stage, C: Micro-
graph for Phomopsis vexans at mature mycelia stage.

Overview of the P.vexans proteome and functional
annotation of the identified proteins

The results of principal component analysis (PCA)
revealed that the sample scan was properly replicated
(Fig. 2). Interestingly, samples at stages A and C were
quite similar on PC2, whereas B stage could be dis-
tinguished from A and C on both PC1 and PC2, indi-
cating some germination stage differences.

3337 proteins were identified and quantified in
total (Table S1). gene ontology (GO), Kyoto Ency-
clopedia of Genes and Genomes (KEGG) and IPR
databases have annotated 2228, 3328 and 3013 pro-
teins, respectively (Figure S1). Proteins are classified
into different classes based on gene ontology analy-
sis (Fig. 3). More than 500 proteins can be divided
into two major molecular function categories: ATP
binding and protein binding. The remainder is pri-
marily rich in binding, catalytic, and oxidoreductase
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20 PC1(55.36%) L

Fig. 2 PCA plot of the protein sample. A: Spore stage, B: ger-
mination tube emerging and elongationstage, C: mature myce-
lia stage

activity. Proteins are primarily annotated into the
functional categories of biological process of oxida-
tion—reduction, metabolic, and translation. These
findings indicate that the proteins identified in the
proteome mostly perform binding, and catalysis tasks
related to metabolism, redox, and translation.

According to Kyoto Encyclopedia of Genes and
Genomes (KEGG) annotation results, proteins are
primarily enriched in primary metabolic pathways
such as carbohydrate metabolism, lipid metabolism,
energy metabolism, and amino acid metabolism.
Proteins are primarily enriched in folding sorting
and degradation pathways and translation pathways
among genetic information processing pathways. Pro-
teins in the cellular processes category are primarily
enriched in transport and catalytic pathways. The sig-
nal transduction pathway is a major enriched pathway
in the environmental information processing category.

According to the InterPro (IPR) annotation results,
proteins are mostly annotated with WD40 repeat, pro-
tein kinase, and ATPase domains (Fig. 4). The major-
ity of proteins are found in the nucleus, cytoplasm,
and mitochondria, according to subcellular localiza-
tion analysis (Fig. 5).

Differentially abundant proteins in P.vexans during
spore germination

There was a significant difference in relative expres-
sion of 929 proteins during spore germination (P
value <0.05, Fold change>2)(Table S2). 410(up,
211; down, 199), 586 (up, 225; down, 361), and
443 (up,124; down, 319) proteins with a significant
change in B vs A, C vs A and C vs B were discovered
among them. (See Fig. 6 and Table S3).

Proteins with significant fold changes were clas-
sified into six clusters based on their relative expres-
sion similarities (Fig. 6). Proteins in clusters 1 and
4 had higher expression at the B stage, whereas pro-
teins in clusters 2 and 5 had the opposite trend. Pro-
teins that showed consistent up- or down-regulation
were classified as cluster 3 or cluster 6, respectively.
Table S3 displays the KEGG enrichment results
for these proteins. Proteins in clusters 1 and 4 may
be important in spore germination because they
are upregulated at the B stage. Various types of
N-glycan biosynthesis pathways are significantly
enriched in cluster 1, as are Sphingolipid metabolism,
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Fig. 3 Distribution of
identified proteins from
the proteome of P.vexans
into gene ontology (GO)
categories

eukaryotic translation initiation factor 3 complex
proteasome core complex

integral component of membrane

structural constituent of ribosome

Glycosylphosphatidylinositol (GPI)-anchor biosynthe-
sis, Riboflavin metabolism, and Glutathione metabo-
lism pathways in cluster 4.

The annotated proteins in the Sphingolipid
metabolism pathway form a complete pathway for
Ceramide synthesis. Among these, 3-dehydrosphin-
ganine reductase (KDSR; EC:1.1.1.102), sphinga-
nine C4-monooxygenase (SUR2; EC:1.14.18.5), and
sphingolipid 4-desaturase (DEGS; EC:1.14.19.17)
expression was significantly increased during ger-
mination tube formation (Figure S2). Furthermore,
the expression profile of sphinganine-1-phosphate
aldolase (SGPL1; EC:4.1.2.27), which synthesizes
phosphoethnolamine in the same pathway as SGPL1,
was consistent with the above three findings (Fig-
ure S2). GPI ethanolamine phosphate transferase 1
(PIG-N, EC:2.7.-.-) and GPI-anchor transamidase
subunit T (PIG-T) are upregulated at the B stage of
the GPI-anchor biosynthesis pathways (Figure S3).
They could aid in the accumulation of GPI-anchors.
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Identified proteins form an integral pathway from
Ribulose 5-phosphate to flavin adenine dinucleotide
(FAD) in the Riboflavin metabolism. At stage B,
riboflavin kinase (RFK; EC:2.7.1.26) and 3,4-dihy-
droxy 2-butanone 4-phosphate synthase (RIB3;
EC:4.1.99.12) were significantly upregulated (Fig-
ure S4). All of the proteins mentioned above may be
important in spore germination and are potential anti-
microbial targets.

Eight potential effectors were identified based on
Nanopore sequencing (data not shown) and proteomic
data from Phomopsis vexans. Among them, Effector
4 demonstrated the most intense signal and the most
consistent increasing trend during spore germination
(Table S4). None of the eight effectors had previously
been reported.

The abundance transcripts may have a signifi-
cant impact on the expression of any gene encod-
ing proteins. Changes in a protein’s expression may
be caused by changes in its transcript. To investigate
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the relationship between transcripts and the quantita-
tive proteome data, we performed RT-qPCR analysis
on ten differentially expressed proteins. Most genes’
relative expression levels match the expression trends
of their encoded proteins, such as HP2, HP3, SER,
and GLY. Furthermore, other proteins, such as HP1,
ISWI, and others, have gene expression patterns that
are diametrically opposed in the B and C stages.
This could be due to a post-transcriptional regulatory
mechanism (Fig. 7).
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Discussion

The germination of spores is a critical step in phy-
topathogenic fungal invasion of crops. An in-depth
understanding of the molecular mechanism canhelpto
identify biological and chemical control targets. P.
vexans was studied using quantitative proteomics at
three stages (spore, germination tube emergence and
elongation, and mature mycelia). We discovered that
highly expressed proteins during the germination

@ Springer



72

Eur J Plant Pathol (2023) 166:65-75

Fig. 6 Venn plot of all
Siaificantly t or down A Bvsa upmg vs AUP B Lo| Cluster1 Cluster 4
regulated proteins between 47 68 Cvs BUP § 0.5
each development stage ( L 43 ﬁ 0.0
(A) and Cluster map of dif- 18 £ _0'5
ferential protein expression 0 Bvs ADOWN & 1' 0
2 e
pattern (B) 81 oG 48 Cluster 2 Cluster 5
Jlo, « 1.0
> L2 05
105114 0 7 05
C vs B DOWN 5 05
Cvs ADOWN & 10
1. Cluster 3 Cluster 6
Size of each list S 0 (5)
360/ 1319 2 o
| 211 225 199 g 00
o : 05
0 o & 4
BvsA? CvsBf CvsA| -1.0
CvsA? BvsA| CvsB| A B C A B C
membership
i
0 05 1
CStage A = Stage B m Stage C
£” HPL_® HP2_ " HP3 " HP4 " ISWI
§ 15
£2 10 . 5
g » 4 4
210 5
& o = , lo ! : 0 0 0 ‘
£ SER " GLY g° HP7 | ' DRA . ' ZIN
§ 2 20 4 ¢ 3
=N )
% 4 2
B J 10 2 5 ; -
2 . ’ , —m R, [} o | [l 0“.
Pro QPCR Pro QPCR Pro QPCR | Pro QPCR | Pro QPCR

Fig. 7 Relative expression of selected proteins and genes
encoding them. (Pro, Proteome; HP1, hypothetical protein
GGTG_04657; HP2, hypothetical protein S7711_01809; HP3,
hypothetical protein W97_08647; ISWI, putative iswi chroma-
tin-remodeling complex atpase isw2 protein; HP4, hypothetical

tube emergence and elongation stage were primarily
enriched in five pathways: Sphingolipid metabolism,
Glycosylphosphatidylinositol (GPI)-anchor biosyn-
thesis, Riboflavin metabolism, Glutathione metabo-
lism, and Various types of N-glycan biosynthesis.
Sphingolipids are required for the structure of fungal
cell membranes (Rollin-Pinheiro et al., 2016). The two
main fungal sphingolipids are Inositol phosphoryl-cer-
amides (IPCs) and glucosylceramide (GlcCer) and they
are both important for a variety of biological activities,
including fungal virulence control (McEvoy et al.,
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protein GLRG_01695; SER, potential serine carboxypeptidase;
GLY, glycosyl hydrolase family 3 N terminal domain-contain-
ing protein; HP7, hypothetical protein SMAC_01828; DRA,
DRAP deaminase; ZIN, putative zinc finger protein.)

2020). As a reult, sphingolipid biosynthesis enzymes
have recently been studied as potential new targets
for the development of antifungal drugs (Gao et al.,
2018; Lazzarini et al., 2018; Zhen et al., 2022). Ser-
ine palmitoyltransferase (SPT, EC:2.3.1.50), sphingoid
base N-stearoyltransferase (CERS, EC: 2.3.1.299),
and inositol phosphorylceramide synthase (IPC, EC:
2.7.1.227) are the main target proteins for inhibiting
sphingolipid synthesis (Zhen et al., 2022). In this study,
the differential proteins sphinganine-1-phosphate
aldolase (SPL, EC:4.1.2.27), 3-dehydrosphinganine
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reductase (KDHR, EC:1.1.1.102), sphinganine
C4-monooxygenase (SUR2, EC:1.14.18.5) and sphin-
golipid 4-desaturase (DES, EC:1.14.19.17) enriched in
this pathway were highly expressed at the germination
tube emerging and elongation stage. Unfortunately,
these four proteins have orthologous genes in mam-
mals with high sequence similarity. As a result, they
may not be suitable antifungal targets.

GPI is critical for the integrity of the fungal cell
wall because it is responsible for anchoring proteins
to the plasma (Fu et al., 2020). The reported inhibi-
tors’ main antifungal targets are glucosaminylphos-
phatidylinositol acyltransferase (PIG-W, EC:2.3.-.-)
(Wiederhold et al., 2019) and PIG-N (Mann et al.,
2015). PIG-N and GPI-anchor transamidase subunit T
(PIG-T) were found to be differentially expressed pro-
teins in GPI-anchor biosynthesis in this study. This
finding suggests that PIG-N inhibitors may be useful
in the control of P. vexans. PIG-T may also be an anti-
fungal target. Furthermore, the N-glycan biosynthesis
pathway comes before the GPI-anchor biosynthesis
pathway. The former pathway is also enriched in pro-
teins that are highly expressed during germination
tube elongation in this study, suggesting that it could
be a potential antifungal target.

Riboflavin, also known as vitamin B2, is a water-
soluble compound that plays an important role in
cell metabolism (Dietl et al., 2018). Its active forms,
flavin adenine dinucleotide (FAD) and flavin mono-
nucleotide (FMN), act as cofactors in a number of
flavocoenzyme-catalyzed processes such as electron
transport and fatty acid oxidation (Meir & Osherov,
2018). Because humans cannot synthesize vitamin
B2, fungal inhibitors that target this pathway are less
dangerous(Meir & Osherov, 2018). It has recently
been reported in Candida albicans (Becker et al.,
2010) and Aspergillus fumigatus (Dietl et al., 2018)
that GTP cyclohydrolase II (RIB1, EC:3.5.4.25)
and  5-amino-6-(5-phosphoribosylamino)  uracil
reductase (RIB2, EC:1.1.1.193) are important for
virulence development, and there are inhibitors
developed against 6,7-dimethyl-8-ribityllumazine
synthase (RIB4, EC:2.5.1.78) (Chen et al., 2005).
The enzymes, 3,4-dihydroxy 2-butanone 4-phos-
phate synthase (RIB3, EC:4.1.99.12) and riboflavin
kinase (RFK, EC:2.1.7.26) were found to be highly
expressed during the germination tube elongation

stage and may be potential antifungal targets in this
study. Glutathione metabolism is an important amino
acid synthesis pathway that is similar to human-
related pathways and may not be a good target choice.

Fungal effectors are typically secreted via the
endoplasmic reticulum-Golgi apparatus route (He
et al., 2020) and can be either harmful second-
ary metabolites or proteins that destroy the host
plant(Rocafort et al., 2020). As a result, they are criti-
cal targets for the control of plant fungal diseases.
We discovered eight potential effector proteins when
combined our previous study of the P.vexans genome.
However, none of them have previously been identi-
fied as effectors. More function validation is required
before they can be used as an antifungal target.

Conclusion

The comparative TMT proteomic analysis revealed a
general profile of protein expression during Phomop-
sis vexans germination at spore (A) stage, Hyphal
growth (B) stage, and full mature mycelia (C) stage.
Several germination-related pathways and antifungal
targets were discovered. This research could help to
unravel the mechanisms underlying Phomopsis vex-
ans germination and infection, laying the groundwork
for future Phomopsis blight of eggplant research.
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