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Abstract: Rice false smut (RFS) disease, which is caused by Ustilaginoidea virens, has been
widespread all over the world in recent years, causing irreversible losses. Under artificial culture
conditions, exudates will appear on colonies of U. virens during the growth of the hyphae.
Exudation of droplets is a common feature in many fungi, but the functions of exudates are
undetermined. As the executors of life functions, proteins can intuitively reflect the functions of
exudates. Shotgun proteomics were used in this study. A total of 650 proteins were identified in the
exudate of U. virens, and the raw data were made available via ProteomeXchange with the
identifier PXD019861. There were 57 subcategories and 167 pathways annotated with Gene
Ontology (GO) classification and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway
analysis, respectively. Through protein—protein interaction (PPI) network analysis, it was found
that 20 proteins participated in the biosynthesis of secondary metabolites. Two separate PPI
analyses were performed for carbon metabolism and microbial metabolism in diverse
environments. After comparing and annotating the functions of proteins of the exudate, it was
speculated that the exudate was involved in the construction and remodeling of the fungal cell
wall. Pathogenicity, sporulation, and antioxidant effects might all be affected by the exudate.
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1. Introduction

Rice false smut (RFS) is a kind of fungal disease that transforms panicles and
spikelets into greenish spore balls and is caused by Ustilaginoidea virens (Cooke) Takah or
Villosiclava virens (Nakata) E. Tanaka et C. Tanaka [1,2]. The disease was first discovered
in India in the 1870s [3], and is now widely distributed in all major rice-producing areas
of the world, including more than 40 countries [4]. Although there are many
disease-resistant rice varieties, the majority of the cultivated varieties are still susceptible
to false smut [5,6]. U. virens (anamorph) belongs to Ascomycota, Ustilaginoidea, and
produces asexual chlamydospores, while V. virens (teleomorph) belongs to Ascomycetes,
Villosiclava, and produces sexual ascospores. There are no visible symptoms in early
stages of the disease; it cannot be observed until the rice grains are replaced by
ball-shaped fungal mycelia [7]. When this characteristic has occurred, it is already too
late to prevent the disease [8]. RFS is spread through spores, and the sori of U. virens are
located in the palea and lemma [9]. In late autumn, the relatively low temperatures can
induce sclerotial differentiation and formation and increase the number of sclerotia [10].
Sclerotia and chlamydospores play important roles in the life cycle of the fungus, as they
contribute to primary infections in the following year [11]. RFS seriously affects the
quantity and quality of rice [12], and the toxic secondary metabolites of fungi also poison
humans and livestock [13-15]. RFS is already one of the main diseases in rice paddies in
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China [11]. At present, some chemical fungicides are commonly used for the prevention
and treatment of this disease [7].

Under artificial cultivation conditions, the colonies were found to be slow growing,
smooth, and between white and yellowish on their surfaces, with a slightly bulging
center. The aerial hyphae are well developed and have a fine and velvety texture. During
the artificial cultivation process, macroscopic exudates were observed, which is a
common feature in many kinds of fungi [16-20]. Liang et al. [16] reported 56 proteins in
the exudate from Sclerotinia sclerotiorum and classified the proteins into six functional
categories by searching the available databases. In the exudates of S. ginseng, there were
59 proteins that satisfied the identified conditions. According to a Gene Ontology (GO)
analysis, these 59 proteins were classified into six groups: carbohydrate metabolism,
oxidation-reduction process, transport and catabolism, amino acid metabolism, other
functions, and unknown proteins [17]. Through comparison with the transcriptome of
Cercospora armoraciae, GO, Kyoto Encyclopedia of Genes and Genomes (KEGG), and
Cluster of Orthologous Groups (COG/KOG) bioinformatics analyses were conducted on
the 576 identified proteins of exudates of C. armoraciae [18]. Exudates contain many
components, including organic acids, lipids, soluble sugars, enzymes, amino acids,
cations, fatty acids, and free ammonia [19-24]. The function of exudates is also a popular
topic for many researchers, as it may have close relationships with its components [17].
The oxalic acid and free ammonia in exudates may play a role in pathogenesis [22,25].
The presence of amino acids, sugars, and organic acids is thought to be responsible for
the sclerotial resistance against microbial attacks [20]. The exudates can maintain the
internal physiological balance during the growth of S. sclerotiorum and S. trifoliorum,
mainly by eliminating excess soluble carbohydrates through the exudation of droplets
[26]. The exudates of different fungi differ in color, which is determined by the degree of
phenolic acid oxidation [27]. The exudate of Rhizoctonia solani at a concentration of 10,000
ppm also has a varied and significant phytotoxic effect on the decreases in the
chlorophyll contents of Abutilon theophrastii, Avena sterilis, Echinochloa crus-galli, and Poa
pratensis [20]. Many fungi in different growth stages are accompanied by the production
of exudates; the compositions and functions of these exudates are not entirely clear, but
they play irreplaceable roles in the growth, development, survival, and pathogenesis of
the pathogen.

At present, this disease has reached epidemic status [28], but there has been
relatively little progress in research on RFS. First, the occurrence of RFS has historically
not been serious, so it has not attracted enough attention. Secondly, the velvety false smut
ball is the only visible symptom in the field, and its infection process is not clear. Thirdly,
the false smut ball has many competitors, it is difficult to isolate and inoculate, and it
needs a long time to grow in an artificial culture medium, which is not conducive to
studying the pathogen [29,30]. This study took the biological characteristics of U. virens as
an entry point. The study of the protein components of the exudates of UL virens is helpful
in order to better understand the occurrence and pathogenic mechanisms of the pathogen
and to provide a theoretical basis for the control of RFS.

2. Results
2.1. Colony and Exudate Morphology of U. virens

The colonies of U. virens grew slowly on a potato sucrose agar (PSA) medium with a
slightly raised center. The aerial hyphae were well developed and the texture was fine
and velvety. The front color of the colonies was white or yellowish and became slightly
darker in later stages. The back color of the colonies was white, yellow, yellow-green, or
dark green. Exudates were collected from the hyphae of the U. virens after culture
treatment for 25 d. The exudates were generally produced in the yellowish colonies or the
junction between the white and yellowish colonies (Figure 1A,B), while a few were
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produced in the white colony (Figure 1C,D). The droplets were spherical, colorless, and
transparent (Figure 1B,D).

o4

Figure 1. The colony morphology and the exudation of droplets of Ustilaginoidea virens under artificial culture conditions
after 25 d. (A) The colony morphology of U. virens with yellowish and white hyphae. (B) The exudate from the yellowish
hyphae of U. virens. (C) The colony morphology of U. virens with white hyphae. (D) The exudate from the white hyphae
of U. virens.

2.2. Protein Identification

There were 650 proteins identified in the exudate (Supplementary Table S1); they
were annotated by searching the UniProtKB U. virens database, and the raw data were
made available via ProteomeXchange with the identifier PXD019861
(http://proteomecentral. proteomexchange.org accessed on 1 March 2021). These proteins
were annotated in different groups and had different biological functions (Table 1). Some
proteins in the exudates were related to the activities of the cell wall, including the
organization, formation, and remodeling of the fungal cell wall. There were also some
proteins that were closely related to fungal hyphae growth and spore formation. One
protein identified in the exudate was associated with spore germination. The proteins in
the exudate were not only related to the growth and development of the pathogen, but
also had the function of regulating internal physiological balance by maintaining cellular
redox homeostasis. In addition, it was determined from the identified proteins that the
exudates were also involved in certain basic metabolic pathways, such as the
carbohydrate metabolic process, tricarboxylic acid cycle, translation process, amino acid
metabolism process, fatty acid biosynthetic process, glycolytic process, mannose
metabolism process, and protein folding process. The identified proteins were also used
to predict certain functions of the exudates. The exudates contained
pathogenesis-related proteins, and some proteins were involved in the catabolism of
chitin and cellulose. Some proteins in the exudates were involved in dealing with
adversities, such as the response to oxidative stress, the cellular response to osmotic
stress, the oxidation-reduction process, the defensive response to fungi, and the
response to toxic substances.
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Table 1. List of proteins identified with liquid chromatography-tandem mass spectrometry
(LC-MS/MS) in the exudates of Ustilaginoidea virens.

NO 2 Protein Functions Protein IDs ©
fungal-type cell wall KDB16044.1, KDB16026.1, KDB12967.1, KDB17270.1,
organization KDB13423.1, KDB12509.1, KDB10968.1, KDB12449.1

KDB16026.1, KDB18474.1, KDB18473.1, KDB13423.1,
KDB13264.1, KDB17801.1, KDB14282.1, KDB12970.1,
2 pathogenesis KDB12705.1, KDB12369.1, KDB12341.1, KDB12056.1,
KDB12863.1, KDB14729.1, KDB12463.1, KDB18714.1,
KDB11931.1, KDB11462.1
KDB14292.1, KDB12590.1, KDB18386.1, KDB17179.1,
KDB13850.1, KDB15471.1, KDB13484.1, KDB11596.1,

response to oxidative

3 stress KDB11345.1, KDB11441.1, KDB15626.1, KDB16892.1,
KDB13523.1, KDB15731.1, KDB18611.1, KDB16877.1,
KDB17534.1
sporulation resulting
4 in formation of a KDB13075.1, KDB17876.1
cellular spore
5 ascospore formation KDB12701.1, KDB11591.1
6 spore germination KDB17080.1

KDB16967.1, KDB18910.1, KDB15368.1, KDB12546.1,

7 cell wall organization KDB14267.1, KDB19043.1, KDB12613.1, KDB14252.1,

KDB13987.1, KDB18188.1, KDB11503.1, KDB16319.1

cellular response to KDB18447.1, KDB11395.1, KDB13915.1, KDB18874.1,
osmotic stress KDB17080.1

KDB14278.1, KDB18474.1, KDB18473.1, KDB18838.1,

KDB14575.1, KDB11829.1, KDB14601.1, KDB14600.1,

carbohydrate KDB15368.1, KDB12546.1, KDB11271.1, KDB14684.1,

metabolic process KDB12548.1, KDB15611.1, KDB10889.1, KDB14267.1,

KDB14320.1, KDB12419.1, KDB18213.1, KDB13612.1,

KDB15373.1, KDB13423.1, KDB11780.1
KDB16889.1, KDB12590.1, KDB18386.1, KDB17179.1,

10 cell redox homeostasis

KDB18140.1
_ KDB12033.1, KDB16140.1, KDB12252.1, KDB16790.1,
1 Cellulose catabolic KDB11955.1, KDB16468.1,
process KDB13443.1
chitin catabolic
12 KDB15606.1, KDB11464.1, KDB12586.1
process
|3 Oxidation-reduction  KDB16889.1, KDB18474.1, KDB18473.1, KDB17420.1,
process KDB12801.1, KDB15461.1, KDB12059.1
14  filamentous growth KDB16843.1

KDB12786.1, KDB14278.1, KDB14601.1, KDB14600.1,
KDB10889.1, KDB13150.1, KDB16991.1, KDB17192.1,
KDB16006.1, KDB11543.1, KDB10744.1, KDB14658.1,
KDB17818.1, KDB11496.1
KDB17180.1, KDB17178.1, KDB13202.1, KDB17437.1,
KDB17624.1, KDB16501.1, KDB12514.1, KDB15720.1,
KDB18497.1, KDB13460.1, KDB12690.1, KDB11557.1,
KDB18340.1, KDB13903.1, KDB18121.1, KDB17697.1,

15 tricarboxylic acid cycle

16 translation
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KDB12335.1, KDB16500.1, KDB11526.1, KDB11525.1,
KDB11907.1, KDB15905.1, KDB16255.1, KDB15436.1,
KDB14900.1, KDB13937.1, KDB13450.1, KDB11439.1
KDB12840.1, KDB18587.1, KDB14255.1, KDB18363.1,
KDB16051.1, KDB18484.1, KDB12951.1, KDB13778.1,
KDB13915.1, KDB13888.1, KDB14012.1, KDB14608.1,
KDB13578.1, KDB16028.1, KDB11789.1, KDB11862.1,
KDB16889.1, KDB16190.1, KDB11291.1, KDB12646.1,
KDB11239.1, KDB11321.1, KDB12537.1, KDB18031.1,
KDB11222.1, KDB17215.1, KDB15208.1, KDB16374.1,
KDB18200.1, KDB16669.1, KDB18959.1, KDB10792.1,
KDB18706.1, KDB18773.1, KDB11366.1, KDB11543.1,
KDB15471.1, KDB15846.1, KDB12825.1, KDB11677.1,
KDB18285.1, KDB12314.1, KDB17813.1, KDB15640.1,
KDB16843.1, KDB12482.1, KDB17017.1, KDB11426.1,
KDB14889.1, KDB11692.1, KDB13308.1, KDB15264.1,
KDB18161.1, KDB15909.1, KDB13150.1, KDB12414.1,
KDB13272.1, KDB12151.1

amino acid
metabolism process

fatty acid biosynthetic
process

18 KDB13931.1, KDB13929.1, KDB16107.1

KDB18218.1, KDB19042.1, KDB15252.1, KDB11157.1,
19 glycolytic process KDB14945.1, KDB14792.1, KDB11877.1, KDB13798.1,
KDB18458.1, KDB16050.1, KDB15065.1, KDB10987.1

defense response to

20 KDB14422.1, KDB11072.1
fungus
p] mannose metabolism KDB12509.1, KDB13367.1, KDB16099.1, KDB15243.1,
process KDB13380.1
2 response to toxic KDB11815.1
substance

KDB18447.1, KDB13877.1, KDB14801.1, KDB15561.1,

KDB18092.1, KDB15388.1, KDB17676.1, KDB15520.1,

KDB13738.1, KDB11515.1, KDB17022.1, KDB12004.1,
KDB11307.1, KDB11203.1, KDB13922.1

23 protein folding

antibiotic biosynthetic

24 KDB15025.1, KDB13507.1, KDB14422.1
process
fungal-type cell wall
25 polysaccharide KDB18520.1

metabolic process

a Protein function number. ® The protein functions obtained from UniProt database. <Proteins
involved in the function.

2.3. GO Classification

Through GO analysis, a total of 57 GO terms contained by 508 proteins (78%) were
classified. Among the 57 GO terms, 24 subcategories belonged to biological processes, 19
subcategories belonged to cellular components, and 14 subcategories were classified as
molecular functions (Figure 2). In the biological processes, the metabolic processes,
cellular processes, and single-biological processes occupied the first three terms in this
category group. With these GO terms, it was also found that the proteins in the exudate
were related to the whole life cycle of U. virens, including growth, development,
reproduction, and cell killing. The cell, cell part, and organelle were the three most
abundant terms in the cellular component category. In the molecular function category,
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Number of Proteins

some exudate proteins were classified into the antioxidant activity group. In this group,
catalytic activity and binding accounted for large proportions.

Biological Process Cellular Component Molecular Function

.. |

500

400

w
9
S

300

N
]

200

73

Figure 2. Gene Ontology (GO) classification of the identified exudate proteins from U. virens. Biological processes,
cellular components, and molecular functions were the three main categories of GO terms. The values of the bars for each
process represent the number of annotated proteins participating in that process.

2.4. KEGG Pathway Analysis

The 650 proteins were annotated in KEGG pathways, and 167 pathways were
selected for KEGG analysis (Figure 3). At the primary class level, these 167 pathways
were classified into five groups: metabolism, genetic information processing,
environmental information processing, cellular processes, and organismal systems. At
the secondary class level, a total of 27 subgroups were annotated. The metabolism group,
which contained the largest number of subgroups, embodied the multiple metabolic
pathways of proteins in the exudates, including amino acid metabolism, biosynthesis of
secondary metabolites, energy metabolism, carbohydrate metabolism, and lipid
metabolism, for a total of 12 pathways. The four pathways of folding, sorting and
degradation, replication and repair, and transcription and translation belonged to the
genetic information processing group. Membrane transport and signal transduction
belonged to the environmental information processing group. In the cellular process
group there were four pathways, while some proteins of the exudates were annotated in
the cell growth and death pathways. In the organismal system group, five selected
pathways were found: aging, development, endocrine system, environmental
adaptation, and excretory system.
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Figure 3. Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis of the identified exudate proteins from
U. virens. The abscissa values represent the numbers of pathways in the subgroups of the secondary class level.

2.5. Protein—Protein Interaction (PPI) Network Analysis

The exudate of U. virens performs the function of the secondary metabolism because
of its various components. Therefore, the biosynthesis of secondary metabolites was the
preferred target for the protein—protein interaction network analysis of the exudate
proteins (Figure 4). Through correlation analysis, it was found that there were 20 proteins
involved in this pathway. In addition, these 20 protein-related annotation pathways also
included the FoxO signaling pathway, peroxisomes, phenylpropanoid biosynthesis,
starch and sucrose metabolism, tryptophan metabolism, cyanoamino acid metabolism,
phenylalanine metabolism, carbon metabolism, and glyoxylate and dicarboxylate
metabolism. Among these 20 proteins, 15 of them were also linked to the pathway of
carbon metabolism. Carbon metabolism is regarded as one of the most important
metabolic pathways of the exudates from U. virens (Figure 5). Many proteins
participated in this group and possessed their own functions, including gluconeogenesis,
the glyoxylate cycle, the formate catabolic process, the succinyl-CoA metabolic process,
the glucose metabolic process, the D-xylose fermentation process, ethanol oxidation,
cellular glucose homeostasis, the D-ribose metabolic process, and the fructose metabolic
process. Generally, the secondary metabolites endowed pathogens with different
executive functions in different environments. Therefore, many proteins were annotated
in the pathway of microbial metabolism in diverse environments through
Protein-Protein Interaction (PPI) network analysis (Figure 6).
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Figure 6. Protein—protein interaction (PPI) network analysis of the identified exudate proteins from U. virens that were
related to microbial metabolism in diverse environments.

3. Discussion

By comparing and annotating the 650 identified proteins, it can be predicted that the
exudate may be involved in the entire process of growth and development of the
pathogen; this is consistent with research on Cercospora armoraciae [18]. Under artificial
culture conditions, the exudates of U. virens not only appeared on yellowish colonies, but
also on white colonies, which confirmed this hypothesis. In many fungi, exudates begin
to appear from the early stage of pathogen development and gradually disappear until
pathogen maturation [16,17], which was also observed in this pathogen. This
phenomenon might have been caused by the limited growth space of the culture
medium, resulting in the exudates being absorbed back into the pathogens to be used
again [27], or due to evaporation [19]. In natural environments, no fungal exudation has
been observed, which may be due to evaporation.

From the identified proteins, it was also found that the exudates played a very
important role in the entire life of the pathogen. According to the identified proteins, it
could be speculated that the exudates were involved in the formation of fungal cell walls,
the growth of hyphae, and the formation of spores. Some of these proteins participated in
the process of cell wall organization, including glucanases (KDB12613.1 and KDB14267.1)
[31,32], glycosidases (KDB12546.1, KDB15368.1, and KDB13423.1) [33,34], mannoprotein
(KDB10968.1) [35-37], and clock-controlled protein 6 (KDB12449.1) [38]. Glucans is an
important component of the fungal cell wall, and is highly dynamic during cell wall
morphogenesis. Glucanase activity, which involves the activity of hydrolytic enzymes,
might contribute to remodeling of the fungal cell wall [32]. Glycosidases that belong to
glycosyl hydrolases can participate in cell wall modulation [39]. The mannoproteins
have an important role in controlling the porosity of the cell wall [40]. In addition,
mannoproteins can induce host immune response [41]. Therefore, it could be inferred
that the exudate is involved in the host’s immune response. Different groups of
o-mannosidases have already been characterized in filamentous fungi [42].
Mannosidases might be involved in the degradation of the amorphous fraction and in the
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deglycosylation of glycoproteins of the fungal cell wall [43]. Since the exudate of U. virens
was found to contain a-mannosidase (KDB13380.1), it could be speculated that the
exudate might play a role in the formation of the fungal cell wall. Chitosanases have been
found in abundance in a variety of species, particularly in microorganisms [44,45]. In
nature, the chitosanases produced by microorganisms probably have the primary role of
degrading chitosan from fungi for carbon metabolism, as well as for the temporal
modification of the cell wall structures of filamentous fungi [44]. In this study,
chitosanase (KDB15085.1) was also identified in the exudate; thus, it could be speculated
that exudates play a role in modifying cell wall structures and carbon metabolism.
Glucan endo-1,3-beta-glucosidase eglC (KDB14252.1), which was classified in the
glycoside hydrolase family 17, is probably involved in cell wall organization. An
eglC-null mutant isolate altered the hyphal cell wall structure in comparison with the
wild type and generated a smaller number of protoplasts after digestion of the hyphal
cell walls with a cell-wall-lyzing enzyme [46]. Beta-1,3-glucanosyltransferases
(KDB18188.1 and KDB11503.1) were also identified in the exudates of U. virens. In fungi,
beta-1,3-glucanosyltransferases play an active role in cell wall biosynthesis [47]. In
addition to being related to the biosynthesis of fungal cell walls, they are also required for
virulence [48,49].

Exudates might cause plant diseases [16-18] or predispose host tissues to further
attack by the pathogen [22]. Superoxide dismutases (SODs) are well known for their
evasion of oxidative bursts of host defense systems by catalyzing the disproportionation
of superoxide radicals into molecular oxygen and hydrogen peroxide [50,51]. Cell surface
Cu-only superoxide dismutase (KDB18714.1) was found to be similar to SOD5 in its
sequence, and is a new class of SODs found in fungi [50]. This protein was found through
the GO analysis to participate in the biological process of pathogenesis. Additionally,
superoxide dismutase (Cu-Zn) (KDB18140.1) destroyed the radicals that are normally
produced within cells and that are toxic to biological systems. This kind of protein was
capable of maintaining cell redox homeostasis. Cooke [26] indicated that the exudates of
S. sclerotiorum and S. trifoliorum maintained the internal physiological balance during
growth. Therefore, it was speculated that the exudate of U. virens could also maintain cell
homeostasis during the growth of the pathogen. As an important component of plant cell
walls, cellulose can maintain the morphology of plant cells and act as the first barrier
against pathogen infection [52]. Of the identified proteins, acetylxylan esterase
(KDB11955.1), endo-1,3(4)-beta-glucanase (KDB13443.1) [53], cellobiose dehydrogenase
(KDB12033.1) [54], and probably beta-glucosidase A (KDB16468.1) were involved in the
cellulose catabolic process, which might endow the exudates with a phytopathogenic
ability.

In addition to the role of exudates in pathogenicity and cell wall formation and
remodeling, they also have some other important functions. The cell wall protein phiA
(KDB17876.1) is involved in the development of asexual structures and is required for
spore formation. When the phiA gene was disrupted, the phiA mutation resulted in
reduced growth and severely reduced sporulation of Aspergillus nidulans [55]. It was
speculated that the exudate might be involved in the pathogen’s spore formation. The
exudate also had antioxidant activity, which was confirmed in many pathogens [19,20].
Disulfide-bond  oxidoreductase = (KDB15731.1), catalase = (KDB11441.1), and
catalase—peroxidase (KDB15626.1) [56], which were identified in the exudates, possess
the ability to respond to oxidative stress. In Sclerotium rolfsii, the exudates inhibited
fungal morphogenesis, including spore germination, because of its phenolic components
[19]. Phenolic acids play an important role in the antimicrobial processes of fungi [57,58].
It was speculated that the exudates could protect the pathogen from being attacked by
other microorganisms.
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4. Materials and Methods
4.1. Fungal and Exudate Materials

The three representative U. virens strains (SyUv-01, DdUv-05, and PjUv-07) used in
this study were isolated from infected Oryza sativa in Shenyang, Dandong, and Panjin in
the Liaoning Province of China, respectively. The isolates were placed in potato sucrose
agar (PSA) medium at 25 + 1 °C. After 5 days of cultivation, the mycelium on the outer
edge of the colony was picked up with an inoculation needle and placed in a new PSA
medium. After the isolates were cultured on the new PSA medium for 25 days, the
exudates were collected from the mycelium. The exudate samples were stored in a 1.5 mL
tube (Sangon Biotech, Shanghai, China) and quickly passed through liquid nitrogen, then
stored at —80 °C.

4.2. Enzymatic Hydrolysis of Proteins

The protein concentration was measured by using the bicinchoninic acid (BCA)
method. Proteins (200 ug) were added to 1 M DTT (final concentration of DTT: 100 mM;
the sample reconstitution volume was 50 uL) and then placed in a boiling water bath for
5 min. The filter-aided sample preparation (FASP) method was used for proteolysis. The
sample was added to 200 uL UA buffer (8 M urea, 150 mM Tris—-HCI, pH 8.0) and the
well-mixed protein solution was transferred to an ultrafiltration centrifuge tube. The
homogenate was centrifuged at 12,000 g for 15 min. and the filtrate was discarded. IAA
(50 mM iodoacetamide in UA) was added to the ultrafiltration tube. It was incubated in
the dark at room temperature for 30 min and centrifuged at 12,000x g for 10 min. The
filtrate was discarded. UA buffer (100 uL) was added into the ultrafiltration tube and
centrifuged at 12,000x g for 10 min. This process was repeated twice. NHsHCOs buffer
solution (100 puL) was added into the ultrafiltration tube and was centrifuged at 14,000x g
for 10 min. This process was repeated twice. Finally, the proteins were digested with 40
uL trypsin buffer (4 ug trypsin in 40 uL NHsHCOs buffer) and incubated at 37 °C for
16-18 h. The dried peptide was dissolved with 0.1% trifluoroacetic acid (TFA) for liquid
chromatography—tandem mass spectrometry (LC-MS/MS) analysis.

4.3. LC-MS/MS Analysis

The peptides were separated by a Q-Exactive Plus mass spectrometer that was
coupled to an Easy nano liquid chromatography instrument (Thermo Scientific). The
samples were first loaded onto a trap column (100 um x 20 mm, 5 um, C18, Dr. Maisch
GmbH, Ammerbuch, Germany) and passed through a chromatographic analysis column
(75 pm x 150 mm, 3 pm, C18, Dr. Maisch GmbH, Ammerbuch, Germany) for gradient
separation at a flow rate of 300 nL/min. The mobile phase consisted of solvent A (0.1%
(v/v) formic acid in H20) and solvent B (0.1% (v/v) formic acid in acetonitrile). The
gradient was set as follows: 0—2 min, gradient of B liquid was from 3% to 8%; 2-170 min,
gradient of B liquid was from 8% to 26%; 170-206 min, gradient of B liquid was from 26%
to 40%; 206-216 min, gradient of B liquid was from 40% to 100%; 216-240 min, the
gradient of liquid B was maintained at 100%. The peptides were separated with a
Q-Exactive Plus mass spectrometer (Thermo Scientific) for data-dependent acquisition
(DDA) mass spectrometry (MS) analysis. MS data were acquired using a data-dependent
top-20 method that dynamically chooses the most abundant precursor ions from the
survey scan (350-1800 m/z) for higher-energy collision-induced dissociation (HCD)
fragmentation. The full MS scans were acquired at resolutions of 70,000 at 200 m/z and
17,500 at 200 m/z for the tandem mass spectrometry (MS/MS) scan. The maximum
injection times for MS and MS/MS were both set to 50 ms. The normalized collision
energy was 27 and the isolation window was set to 2.0 Th.
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4.4. Sequence Database Searching

The MS data were analyzed using the MaxQuant software version 1.6.1.0. The MS
data were searched against the UniProtKB U. virens database. Trypsin was selected as a
digestion enzyme. A maximum of two missed cleavage sites and the mass tolerances of
4.5 ppm for precursor ions and 20 ppm for fragment ions were defined for the database
search. The carbamidomethylation of cysteines was defined as a fixed modification,
while the acetylation of protein N-terminals and oxidation of methionine were set as
variable modifications for the database search. The database search results were filtered
and exported with a <1% false discovery rate (FDR) at the peptide-spectrum-matched
level and protein level, respectively.

4.5. Bioinformatic Analysis

To annotate the sequences, information was extracted using UniProtKB/Swiss-Prot,
Kyoto Encyclopedia of Genes and Genomes (KEGG), and Gene Ontology (GO). GO and
KEGG enrichment analyses were carried out with Fisher’s exact test and FDR correction
for multiple tests was also performed. The GO terms were grouped into three categories:
biological processes (BP), molecular functions (MF), and cellular components (CC). The
construction of protein-protein interaction (PPI) networks was also achieved by using
the STRING database with the Cytoscape software.
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exudates of Ustilaginoidea virens.

Author Contributions: All authors provided ideas and insights. H.W. conducted the experiments
and wrote the paper. X.Y. carried out the bioinformatic analyses. S.W. prepared the figures and the
tables. Y.W. typeset the article. All authors have read and agreed to the published version of the
manuscript.

Funding: This research was funded by the earmarked fund for the China Agriculture Research
System (CARS-01), the Key Project of Scientific Research in Liaoning Province, and the Natural
Science Foundation of Liaoning Province, China (20180550762).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: There were 650 proteins identified in the exudate; the raw data are
available via ProteomeXchange with the identifier PXD019861
(http://proteomecentral. proteomexchange.org).

Acknowledgments: We acknowledge the Shanghai Biprofile Technology Company
(http://www .bioprofile.cn/) for performing protein shotgun identification analysis.

Conlflicts of Interest: The authors declare that they have no conflict of interest.

1.  Andargie, M.; Li, ] X. Arabidopsis thaliana: A model host plant to study plant-pathogen interaction using rice false smut isolates
of Ustilaginoidea virens. Front. Plant Sci. 2016, 7, 192, d0i:10.3389/fpls.2016.00192.

2. Zhang, N, Yang, J.Y.; Fang, A F.; Wang, J.Y.; Li, D.Y,; Li, Y.J.; Wang, S.Z.; Cui, F.H.; Yu, ].].; Liu, Y.F.; et al. The essential effector
SCREL1 in Ustilaginoidea virens suppresses rice immunity via a small peptide region. Mol. Plant Pathol. 2020, 21, 445-459,

doi:10.1111/mpp.12894.

3. Cooke, M.C. Some extra-European fungi. Grevillea 1878, 7, 13-15.

4.  Ladhalakshmi, D.; Srinivas Prasad, M.; Prakasam, V.; Krishnaveni, D.; Sailaja, B.; Ram, S.; Vindeswari, P.; Jagjeet Singh, L.;
Jyoti, J.; Surendran, M.; et al. Geographic distribution of false smut disease of rice in India and efficacy of selected fungicides for
its management. Int. . Pest Manag. 2019, 65, 177-185, doi:10.1080/09670874.2018.1494865.

5. Andargie, M,; Li, L.Y.; Feng, A.Q.; Zhu, X.Y.; Li, ].X. Development of a GFP-expressing Ustilaginoidea virens strain to study
fungal invasion and colonization in rice spikelets. S. Afr. ]. Bot. 2015, 97, 16-24, doi:10.1016/j.sajb.2014.11.013.



Pathogens 2021, 10, 364 13 of 14

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.
28.

29.

30.

31.

32.
33.

34.

Hiremath, S.S.; Bhatia, D.; Jain, J.; Hunjan, M.S.; Kaur, R.; Zaidi, N.W.; Singh, U.S.; Zhou, B.; Lore, J.S. Identification of potential donors
and QTLs for resistance to false smut in a subset of rice diversity panel. Eur. ]. Plant Pathol. 2020, doi:10.1007/s10658-020-02172-w.
Fan, ].; Yang, J.; Wang, Y.Q.; Li, G.B.; Li, Y.; Huang, F.; Wang, W.M. Current understanding on Villosiclava virens, a unique
flower-infecting fungus causing rice false smut disease. Mol. Plant Pathol. 2016, 17, 1321-1330, d0i:10.1111/mpp.12362.
Andargie, M.; Li, ]. Expression of the Arabidopsis SWEET genes during rice false smut infection in the transgenic Arabidopsis
thaliana containing increased levels of ATP and sucrose. Curr. Plant Biol. 2019, doi:10.1007/s13562-019-00512-4.

Brooks, S.A.; Anders, M.M.; Yeater, KM. Effect of furrow irrigation on the severity of false smut in susceptible rice varieties.
Plant Dis. 2010, 94, 570-574, d0i:10.1094/PDIS-94-5-0570.

Fan, L.L.; Yong, M.L.; Li, D.Y,; Liu, Y.J.; Lai, C.H.; Chen, H.M.; Cheng, F.M.; Hu, D.W. Effect of temperature on the development
of sclerotia in Villosiclava virens. ]. Integr. Agric. 2016, 15, 2550-2555, d0i:10.1016/S2095-3119(16)61400-4.

Yong, M.L.; Deng, Q.D.; Fan, L.L.; Miao, ].K. The role of Ustilaginoidea virens sclerotia in increasing incidence of rice false smut
disease in the subtropical zone in China. Eur. J. Plant Pathol. 2018, 150, 669-677, d0i:10.1007/s10658-017-1312-8.

Singh, AK.; Pophaly, D.J. An unusual rice false smut epidemic reported in Raigarh District, Chhattisgarh, India. Int. Rice Res.
2010, 35, 1-3.

Wang, X.H.; Wang, J.; Lai, D.W.; Wang, W.X,; Dai, ].G.; Zhou, L.G.; Liu, Y. Ustiloxin G, a new cyclopeptide mycotoxin from rice
false smut balls. Toxins 2017, 9, 54, d0i:10.3390/toxins9020054.

Sun, W.X,; Fan, ].; Fang, AF; Li, Y.J; Tarigjaveed, M.; Li, D.Y.; Hu, D.W.; Wang, W.M. Ustilaginoidea virens: Insights into an
emerging rice pathogen. Annu. Rev. Phytopathol. 2020, 58, 3.1-3.23.

Koiso, Y.; Li, Y.; Iwasaki, S.; Hanaka, K.; Kobayashi, T.; Sonoda, R.; Yaegashi, H.; Sato, Z. Ustiloxins, antimitotic cyclic peptides
from false smut balls on rice panicles caused by Ustilaginoidea virens. J. Antibiot. 1994, 47, 765-773, d0i:10.7164/antibiotics.47.765.
Liang, Y.; Strelkov, S.E.; Kav, N.N.V. The proteome of liquid Sclerotial exudates from Sclerotinia sclerotiorum. ]. Proteome Res.
2010, 9, 3290-3298, doi:10.1021/pr900942w.

Wang, D.; Fu, J.F.; Zhou, RJ,; Li, Z.B.; Xie, Y.J. Proteomics research and related functional classification of liquid sclerotial
exudates of Sclerotinia ginseng. Peer] 2017, 5, €3979, doi:10.7717/peerj.3979.

Wang, HN.; Wei, S.H.; Yang, X.H.; Liu, W.; Zhu, L.J. Proteomic analysis of exudate of Cercospora armoraciae from Armoracia
rusticana. Peer] 2020, 8, €9592, doi:10.7717/peerj.9592.

Pandey, M.K.; Sarma, B.K,; Singh, D.P.; Singh, U.P. Biochemical investigations of sclerotial exudates of Sclerotium rolfsii and
their antifungal activity. ]. Phytopathol. 2007, 155, 84-89, doi:10.1111/j.1439-0434.2007.01194.x.

Aliferis, K.A.; Jabaji, S. Metabolite Composition and Bioactivity of Rhizoctonia solani Sclerotial Exudates. J. Agric. Food Chem.
2010, 58, 7604-7615, doi:10.1021/jf101029a.

Colotelo, N. Chemical studies on the exudate and developing sclerotia of Sclerotinia sclerotiorum (Lib.) De Bary. Can. J. Microbiol.
1971, 17, 1189-1194, d0i:10.1139/m71-190.

Colotelo, N. Physiological and biochemical properties of the exudate associated with developing sclerotia of Sclerotinia
sclerotiorum (Lib.) De Bary. Can. ]. Microbiol. 1973, 19, 73-79, d0i:10.1139/m73-011.

Moore, A.E.P. Reserve substances in Paxillus involutus sclerotia determined by histochemistry and X-ray microanalysis.
Protoplasma 1991, 163, 67-81, doi:10.1007/BF01323331.

Singh, U.P.; Sarma, B.K; Singh, D.P.; Bahadur, A. Studies on exudate-depleted sclerotial development in Sclerotium rolfsii and
the effect of oxalic acid, sclerotial exudate, and culture filtrate on phenolic acid induction in chickpea (Cicer arietinum). Can. ].
Microbiol. 2002, 48, 443-448, doi:10.1139/w02-040.

Wang, D.; Fu, J.F.; Zhou, RJ.; Li, Z.B.; Xie, YJ.; Liu, X.R.; Han, Y.L. Formation of sclerotia in Sclerotinia ginseng and composition
of the sclerotial exudate. Peer] 2018, 6, €6009, doi:10.7717/peerj.6009.

Cooke, R.C. Changes in soluble carbohydrates during sclerotium formation by Sclerotinia sclerotiorum and S. trifoliorum. Trans.
Br. Mycol. Soc. 1969, 53, 77-86, d0i:10.1016/S0007-1536(69)80009-4.

Willetts, H.J.; Bullock, S. Developmental biology of sclerotia. Mycol. Res. 1992, 96, 801-816.

Rani, R.; Sharma, V.K,; Pannu, P.P.S,; Lore, ].S. Influence of nitrogen fertilizer dose on false smut of rice (Oryza sativa) caused by
Ustilaginoidea virens. Indian ]. Agric. Sci. 2015, 85, 1003-1006.

Tang, Y.X,; Jin, J.; Hu, D.W.; Yong, M.L.; Xu, Y.; He, L.P. Elucidation of the infection process of Ustilaginoidea virens (teleomorph:
Villosiclava virens) in rice spikelets. Plant Pathol. 2013, 62, 1-8, d0i:10.1111/j.1365-3059.2012.02629.x.

Fu, R.T; Yin, C.C; Liu, Y,; Ding, L.; Zhu, J.; Zheng, A.P.; Li, P. The influence of nutrient and environmental factors on mycelium
growth and conidium of false smut Villosiclava virens. Afr. ]. Microbiol. Res. 2013, 7, 825-833, d0i:10.5897/AJMR2012.2293.
Anasontzis, G.E.; Lebrun, M.H.; Haon, M.; Champion, C.; Kohler, A.; Lenfant, N.; Martin, F.; O'Connell, R.J.; Riley, R;
Grigoriev, LV; et al. Broad-specificity GH131 (3-glucanases are a hallmark of fungi and oomycetes that colonize plants. Environ.
Microbiol. 2019, 21, 2724-2739, doi:10.1111/1462-2920.14596.

Adams, D.J. Fungal cell wall chitinases and glucanases. Microbiology 2004, 150, 20292035, doi:10.1099/mic.0.26980-0.

Andoni, R.G; Aize, P.; Idoia, B.; Aitziber, A.; Aitana, A.D.; Xabier, G.; Aitor, R.; Fernando, L.H. Proteomics as a Tool to Identify
New Targets Against Aspergillus and Scedosporium in the Context of Cystic Fibrosis. Mycopathologia 2018, 183, 273-289,
do0i:10.1007/s11046-017-0139-3.

Pardini, G.; De Groot, P.W.].; Coste, A.T.; Karababa, M.; Klis, F.M.; de Koster, C.G.; Sanglard, D. The CRH family coding for cell
wall glycosylphosphatidylinositol proteins with a predicted transglycosidase domain affects cell wall organization and
virulence of Candida albicans. ]. Biol. Chem. 2006, 281, 40399-40411, doi:10.1074/jbc.M606361200.



Pathogens 2021, 10, 364 14 of 14

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Tepari¢, R.; Stuparevi¢, I; Mrsa, V. Increased mortality of Saccharomyces cerevisiae cell wall protein mutants. Microbiology 2004,
150, 3145-3150, d0i:10.1099/mic.0.27296-0.

Damveld, R.A.; Arentshorst, M.; VanKuyk, P.A.; Klis, F.M.; van den Hondel, C.A.M.].].; Ram, A.F.J. Characterisation of CwpA,
a putative glycosylphosphatidylinositol-anchored cell wall mannoprotein in the filamentous fungus Aspergillus niger. Fungal
Genet. Biol. 2005, 42, 873-885, doi:10.1016/j.fgb.2005.06.006.

Ciamak, G. Molecular Insights into Pathogenesis and Infection with Aspergillus Fumigatus. Malays. |. Med Sci. 2017, 24, 10-20,
doi:10.21315/mjms2017.24.1.2.

Galagan, J.E.; Calvo, S.E.; Borkovich, K.A.; Selker, E.U.; Read, N.D.; Jaffe, D.; FitzHugh, W.; Ma, L.J.; Smirnov, S.; Purcell, S; et
al. The genome sequence of the filamentous fungus Neurospora crassa. Nature 2003, doi:10.1038/nature01554.

Husaini, A.M.; Morimoto, K.; Chandrasekar, B.; Kelly, S.; Kaschani, F.; Palmero, D.; Jiang, ]J.B.; Kaiser, M.; Ahrazem, O;
Overkleeft, H.S.; et al. Multiplex fluorescent, activity-based protein profiling identifies active a-Glycosidases and other
hydrolases in plants. Plant Physiol. 2018, 177, 24-37, doi:10.1104/pp.18.00250.

Brul, S;; King, A.; van der Vaart, ].M.; Chapman, J.; Klis, F.; Verrips, C.T. The incorporation of mannoproteins in the cell wall of
S. cerevisiae and filamentous Ascomycetes. Antonie Van Leeuwenhoek 1997, 72, 229-237, d0i:10.1023/A:1000429208049.

Pietrella, D.; Bistoni, G.; Corbucci, C.; Perito, S.; Vecchiarelli, A. Candida albicans mannoprotein influences the biological function
of dendritic cells. Cell. Microbiol. 2006, 8, 602—612, doi:10.1111/j.1462-5822.2005.00651 .x.

Eades, C.J.; Hintz, W.E. Characterization of the Class I a-mannosidase gene family in the filamentous fungus Aspergillus
nidulans. Gene 2000, 255, 25-34, d0i:10.1016/50378-1119(00)00298-5.

Da Mota, P.R.; Ribeiro, M.S.; de Castro Georg, R.; Silva, G.R.; de Paula, R.G.; do Nascimento Silva, R.; Ulhoa, C.J. Expression
analysis of the a-1,2-mannosidase from the mycoparasitic fungus Trichoderma harzianum. Biol. Control 2016, 95, 1-4,
doi:10.1016/j.biocontrol.2015.12.013.

Johnsen, M.G.; Hansen, O.C.; Stougaard, P. Isolation, characterization and heterologous expression of a novel chitosanase from
Janthinobacterium sp. strain 4239. Microb. Cell Factories 2010, 9, 5-13, doi:10.1186/1475-2859-9-5.

Nguyen, A.D.; Huang, C.C; Liang, T.W.; Nguyen, V.B.; Pan, P.S.; Wang, S.L. Production and purification of a fungal
chitosanase and chitooligomers from Penicillium janthinellum D4 and discovery of the enzyme activators. Carbohydr. Polym. 2014,
108, 331-337, doi:10.1016/j.carbpol.2014.02.053.

Choi, CJ,; Ju, HJ,; Park, B.H.; Qin, R,; Jahng, K.Y.; Han, D.M.; Chae, K.S. Isolation and characterization of the Aspergillus
nidulans eglC gene encoding a putative beta-1,3-endoglucanase. Fungal Genet. Biol. 2005, 42, 590-600,
doi:10.1016/j.fgb.2005.02.002.

Kamei, M.; Yamashita, K,; Takahashi, M.; Fukumori, F.; Ichiishi, A.; Fujimura, M. Deletion and expression analysis of
beta-(1,3)-glucanosyltransferase genes in Neurospora crassa. Fungal Fenetics Biol. 2013, 52, 65-72, d0i:10.1016/j.fgb.2012.12.001.
Mouyna, I.; Morelle, W.; Vai, M.; Monod, M.; Lechenne, B.; Fontaine, T.; Beauvais, A.; Sarfati, J.; Prevost, M.C.; Henry, C,;
Latge, J.P. Deletion of GEL2 encoding for a [beta](1-3)glucanosyltransferase affects morphogenesis and virulence in Aspergillus
fumigatus. Mol. Microbiol. 2005, 56, 1675-1688, d0i:10.1111/j.1365-2958.2005.04654.x.

Luo, ZB,; Zhang, TB, Liu, PF; Bai, Y.T., Chen, Q.Y Zhang, YJ; Keyhani, N.O. The Beauveria bassiana Gas3
beta-Glucanosyltransferase contributes to fungal adaptation to extreme alkaline conditions. Appl. Environ. Microbiol. 2018, 84,
doi:10.1128/AEM.01086-18.

Schatzman, S.; Teka, M.; Peterson, R.; Cabelli, D.; Culotta, V. 27-The Irony of Cu-only superoxide dismutases in fungal
pathogens. Free Radic. Biol. Med. 2017, 112, 33, d0i:10.1016/j.freeradbiomed.2017.10.040.

Gleason, J.E.; Galaleldeen, A.; Peterson, R.L.; Taylor, A.B.; Holloway, S.P.; Waninger-Saroni, J.; Cormack, B.P.; Cabelli, D.E.;
Hart, P.J.; Culotta, V.C. Candida albicans SOD5 represents the prototype of an unprecedented class of Cu-only superoxide
dismutases required for pathogen defense. Proc. Natl. Acad. Sci. USA 2014, 111, 5866-5871, doi:10.1073/pnas.1400137111.
Kubicek, C.P.; Starr, T.L.; Glass, N.L. Plant cell wall-degrading enzymes and their secretion in plant-pathogenic fungi. Annu.
Rev. Phytopathol. 2014, 52, 427-451, doi:10.1146/annurev-phyto-102313-045831.

Hong, T.Y.; Meng, M. Biochemical characterization and antifungal activity of an endo-1,3-B-glucanase of Paenibacillus sp.
isolated from garden soil. Appl. Microbiol. Biotechnol. 2003, 61, 472-478, doi:10.1007/s00253-003-1249-z.

Scheiblbrandner, S.; Ludwig, R. Cellobiose dehydrogenase: Bioelectrochemical insights and applications. Bioelectrochemistry
2019, 107345, doi:10.1016/j.bioelechem.2019.107345.

Melin, P.; Schnurer, J.; Wagner, E.G.H. Characterization of phiA, a gene essential for phialide development in Aspergillus
nidulans. Fungal Genet. Biol. 2003, 40, 234-241, d0i:10.1016/51087-1845(03)00108-7.

Li, GH,; Fan, A.; Peng, G.X,; Keyhani, N.; Xin, J.K;; Cao, Y.Q.; Xia, Y.X. A bifunctional catalase-peroxidase, MakatGl1,
contributes to virulence of Metarhizium acridum by overcoming oxidative stress on the host insect cuticle. Environ. Microbiol.
2017, 19, 4365-4378, doi:10.1111/1462-2920.13932.

Alkan, D.; Yemenicioglu, A. Potential application of natural phenolic antimicrobials and edible film technology against
bacterial plant pathogens. Food Hydrocoll. 2016, 55, 1-10, d0i:10.1016/j.foodhyd.2015.10.025.

Rasheed, N.; Miranda, M.T.P.; Thomas, A.A. Antimicrobial potential of the bacteria associated with Sagrassum wightii against
plant fungal pathogen. J. Adv. Sci. Res. 2020, 11, 173-180.



