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Preface

Fruits and vegetables are vital for human health and the global economy, yet their high
susceptibility to fungal pathogens after harvest leads to severe losses and waste. Confronting this
issue requires a dual approach: the precise identification of the causative agents and the development
of effective, environmentally sound control methods. This Reprint presents a curated selection
of studies that embody this approach. The contributions within first underscore the importance
of pathogen isolation and characterization as the foundation of targeted intervention. They
further advance our understanding of fungal pathogenicity and host-pathogen interactions at both
biochemical and molecular levels. Significantly, this volume highlights the shift towards sustainable
alternatives, featuring innovative work on biocontrol agents, plant-derived antimicrobials, and
other green technologies that disrupt pathogen viability while safeguarding produce quality and
environmental health. We, the Guest Editors, are pleased to present this compilation, which we hope
will serve as a useful resource and inspire further research into effective strategies for preserving our

valuable fruit and vegetable resources.

Nengguo Tao and Xiaoli Tan
Guest Editors

vii






it Z
AVl Fungi oy

Editorial

Isolation and Control of Fruit and Vegetable Rot Fungi

Xiaoli Tan * and Nengguo Tao *

School of Chemical Engineering, Xiangtan University, Xiangtan 411105, China
* Correspondence: tanxiaoli@xtu.edu.cn (X.T.); nengguotao@126.com (N.T.)

Fruits and vegetables play an important role in people’s dietary health and economic
development. However, fresh fruits and vegetables, due to their richness in nutrients,
high water content, and active metabolism, are susceptible to pathogens at multiple stages
including the planting, transportation, storage, and marketing processes, resulting in
severe postharvest product decay and huge economic losses. In addition, there is a wide
variety of pathogenic fungi, and the postharvest pathogenic species of fruits and vegetables
vary depending on several factors, such as the type of fruit or vegetable, the variety, the
geographic region, and the time of storage [1,2]. Therefore, isolation of the pathogens from
specific postharvest products is essential for subsequent investigation of their pathogenic
mechanisms and the development of strain-specific preservation measures. Wang et al.
isolated Diaporthe passiflorae from rotting passion fruit brought from Fujian (China) and
found that it could cause yellowing and increased cell membrane permeability at the
infested site of postharvest passion fruit, leading to severe fruit decay [3]. Lv et al. isolated
nine fungi causing postharvest disease in fresh Codonopsis pilosula and found that Mucor
was first observed on day 7, followed by root rot caused by Fusarium on day 14. Blue mold
disease caused by Penicillum expansum was detected as the most serious postharvest disease
on day 28. Pink rot disease caused by Trichothecium roseum was observed on day 56 [1].

The development of highly targeted control strategies can be aided by research into
the pathogenic processes of pathogens and the role of key genes. Penicillium expansum
is a major apple rot pathogenic fungus, and the PacC-pH signaling pathway strongly
influences the development, pathogenicity, and malate production of P. expansum [4].
Zhuo et al. discovered that three Ena family genes (PeEnaA, PeEnaB, and PeEnaC) are
significant downstream targets of PePacC [5]. Among them, the PeEna protein family
is essential for P. expansum’s malate production. Ergosterol is an important component
of the cell membrane of filamentous fungi; Han et al. discovered that P. expansum’s
ergosterol synthesis and spore formation were mediated by all three of the erg4 genes
(erg4A, erg4B, and erg4C) [6]. Furthermore, erg4B and erg4C were revealed to have a role
in spore morphogenesis, cell wall integrity, and the oxidative stress response. To repel
infection, the host launches its own defense mechanisms in response to the pathogen’s
attack [7,8]. By using proteome sequencing, Xu et al. discovered that P. expansum infection
boosted the activity and expression of defense enzymes and triggered defensive systems
such as apple phenylpropanes, flavonoids, and hormones. When the pathogen attacks the
host, the host also activates its own defense mechanisms to resist pathogen infestation [9].
These findings point to the possibility of controlling fruit diseases by enhancing host
resistance by fortifying the fruit resistance system, while also preventing the growth and
development of pathogens by undermining the function of the pathogens’ essential genes.

Presently, the main control practice for postharvest fruit and vegetable disease is using
synthetic chemical fungicides. But the issues surrounding the usage of these chemicals—
health, the environment, and the rise of resistant strains—are coming to light more and
more. Recent study has shown that biocontrol control agents (BCA), plant essential oils
(EOs), and metal ion compounds with safe, effective, and eco-friendly qualities are be-
coming more and more popular [10-12]. The genus Phytophthora is destructive to crops,
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and there are relatively few strategies available to prevent it. Santos et al. have shown
that Trichoderma aggressivum f. europaeum, T. longibrachiatum, Paecilomyces variotii, and
T. saturnisporum had highly effective antagonistic activity against Phytophthora capsici and
P. parasitica, which considerably reduced the severity of Phytophthora blight in pepper [12].
Similarly, Meyerozyma caribbica can act as a bio-antagonist to impede Alternaria alternata
growth and reduce the occurrence of jujube black spot rot [13]. BCAs primarily function
by either directly or indirectly inhibiting the growth of pathogens; hence, encouraging
BCAs’ growth will increase the effectiveness of their control. According to Fan et al. the
cell-free supernatant of Bacillus subtilis demonstrated remarkable efficacy in stifling the
proliferation of Botryosphaeria dothidea and reducing its pathogenicity on kiwifruit. Addi-
tional research verified that the pathogen is under oxidative stress, which mitigates the
severity of kiwifruit soft rot [14]. The production of biofilms has been demonstrated in
studies to aid microorganisms in absorbing nutrients more quickly and increasing their
competitiveness. By adding CaCl, (5.14 g/L) to the medium, Zheng et al. observed a sig-
nificant increase in the biocontrol strain B. mojavensis D50’s ability to form biofilm, colonize
roots, and exhibit antifungal activity, as well as a reduction in the incidence of tomato gray
mold [15]. Chen et al. demonstrated that 0.1% (-glucan improved the biofilm-forming
ability of marine yeast Scheffersomyeces spartinae W9, enhanced its tolerance to various
stress, and improved the biocontrol ability of W9 against strawberry gray mold [16]. Ad-
ditionally, phenylalanine treatment increased the secretion of M. caribbica phenylethanol,
which in turn encouraged the formation of biofilms, decreased A. alternata colonization on
jujube fruit, and enhanced the biocontrol efficiency of the fruit against jujube black spot
rot [13]. EOs have also been widely used in the control of postharvest diseases of fruits
and vegetables. Chen et al. found that perillaldehyde fumigation reduces postharvest
rot of sweet potatoes by stimulating the production of excessive ROS as well as inducing
severe oxidative damage in F. solani [16]. According to Ouyang et al., trans-2-Hexenal can
be utilized to suppress Geotrichum citri-aurantii and lower the occurrence of citrus sour rot.
The primary explanation for trans-2-Hexenal’s antifungal activity could be cell membrane
damage brought on by decreased lipid and ergosterol levels [10]. Metal ion compounds
such as ferric chloride can be used to control citrus anthracnose by triggering autophagy in
Colletotrichum gloeosporioides to inhibit its spore germination and reduce pathogenicity [17].
Finding and developing more green control measures for fruit and vegetable diseases and
elucidating their mechanisms of action will help to reduce postharvest losses and extend
the shelf life of fruits and vegetables.

In conclusion, “Isolation and Control of Fruit and Vegetable Rot Fungi” comprises the
latest research findings on the isolation and characterization of fruit and vegetable decay
fungi, as well as control strategies. The studies cover a wide range of aspects from biofilm
formation, mechanisms of action of antifungal agents, biological characterization of specific
pathogens, to the development of biological control strategies. These studies not only
provide insights for understanding pathogen-host interactions, but also provide a scientific
basis for developing new, environmentally friendly approaches to disease management.
Through these research results, it can be expected that the reliance on chemical fungicides
will be reduced in the future and sustainable agriculture will be promoted.

Funding: This research received no external funding.

Conflicts of Interest: The author declares no conflict of interest.
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Proteomic Analysis of Apple Response to Penicillium expansum
Infection Based on Label-Free and Parallel Reaction
Monitoring Techniques
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Abstract: Blue mold, caused by Penicillium expansum, is the most destructive fungal disease of apples
and causes great losses during the post-harvest storage of the fruit. Although some apple cultivars are
resistant to P. expansum, there has been little information on the molecular mechanism of resistance. In
this study, differential proteomic analysis was performed on apple samples infected and uninfected
with P. expansum. Parallel reaction monitoring (PRM) technology was used to target and verify the
expression of candidate proteins. The label-free technique identified 343 differentially expressed
proteins, which were mainly associated with defense responses, metal ion binding, stress responses,
and oxidative phosphorylation. The differential expression of enzymes related to reactive oxygen
species (ROS) synthesis and scavenging, the activation of defense-related metabolic pathways, and
the further production of pathogenesis-related proteins (PR proteins) during P. expansum infection
in apples, and direct resistance to pathogen invasion were determined. This study reveals the
mechanisms of apple response at the proteomic level with 9 h of P. expansum infection.

Keywords: apple; label-free; Penicillium expansum; defense response

1. Introduction

Apple is a widely consumed fruit, rich in vitamins, dietary fiber, and many other
nutrients [1]. During post-harvest storage, apples are susceptible to a variety of pathogens,
including blue mold, grey mold, and black spot disease. Blue mold caused by P. expansum
is the most widespread and damaging disease, causing serious economic losses to the apple
industry. Patulin (PAT) produced by P. expansum also poses a great risk to human health [2].
Chemical fungicides are often used for disease control, but due to environmental concerns,
safer and more convenient control methods are increasingly sought. Therefore, an in-depth
study of the mechanisms of action between P. expansum and apple could help find more
suitable methods for disease control.

When plants are exposed to pathogens, a complex response is generated to mount
an immune response. The plant cell wall is the first barrier against pathogens, and when
pathogens break through it, they are recognized by pattern receptors on the plant surface,
which activate pathogen-associated molecular pattern (PAMP)-triggered immunity (PTI)
and trigger many downstream responses. Plant pattern recognition receptors (PRRs)
are located on the cell surface, including plasma membrane-bound receptor-like kinases
(RLKSs) and receptor-like proteins (RLPs). PTI has a broad-spectrum defense role and is not
sufficient to fully resist pathogen invasion. The pathogen releases effectors to overcome
PTI, and the plant resistance (R) protein senses pathogen-associated avirulence basic (Avr)
proteins to trigger the expression of the physiological defense response in the plant, called
effector-triggered immunity (ETI). To defend against pathogenic bacteria, both PTI and
ETI induce the production of a range of antimicrobial peptides, pathogenesis-related (PR)
proteins, and other physiological defense substances [3].

J. Fungi 2022, 8, 1273. https:/ /doi.org/10.3390/j0f8121273 4 https://www.mdpi.com/journal/jof
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Some good developments has been made in extending the research on the interaction
of the molecular mechanisms between P. expanusm and apple. The transcription factor
CreA (a global regulator of carbon catabolism) was assessed to be toxic and associated with
PAT synthesis both in vitro and in vivo; knocking out CreA resulted in P. expansum being
virtually nontoxic and not producing PAT, and these mutants could not be successfully
colonized on apple [4]. PacC plays an important role in fungal adaptation to environmental
pH. Chen et al. [5] found that PePacC can act as an effector for a variety of target pro-
teins and plays an important role in extending the virulent synthesis of P. expansum [5].
Prusky et al. [6] found that PePG1 expression is strongly correlated with environmental
pH on apples and citrus, and the environmental acidification plays an important role in
increasing the pathogenicity of pathogenic fungi [6]. Levin et al. [7] revealed 18 possible
genes encoding the LysM protein for the first time and studied the regulatory role of LysM
in the spread of P. expansum infection by gene knockout and other techniques [7].

Proteomic studies have shown their importance in studying plant-pathogen inter-
actions. Unlike genomic tools, proteomics helps to understand the identity, abundance,
turnover, post-translational modifications (PTMs), and interactions of different proteins
in a mixture. Yang et al. [8] compared wheat inoculated and uninoculated with Puccinia
striiformis f. sp. tritici (Pst) by quantitative proteomics and showed that 530 proteins
were differentially expressed and several proteins were involved in the response to Pst
infection [8]; Ravi et al. [9] compared the proteomes of Xanthomonas oryzae pv. oryzae
(Xoo)-sensitive and -resistant rice plants and analyzed the differential proteins and screened
23 defense candidate proteins to improve resistance to Xoo by overexpressing arginase
1(OsArg1) in sensitive plants [9]. Lu et al. [10] compared leaf blight (LB)-resistant and
LB-sensitive plants of orchids by proteomics and identified proteins in the reactive oxygen
species metabolic pathway and found that Cu/Zn superoxide dismutase (BsSOD1) protein
abundance and its gene expression were higher in LB-resistant plants than in LB-sensitive
plants [10]. Proteomics can tell us what is happening in a particular state of a cell, a tissue,
or an organism and what the protein—protein interactions are. Changes that occur within
specific tissues and cells can be better predicted, revealing their mechanisms of action [11].

In this study, we used high-throughput proteomics to analyze the changes in apple
protein levels before and after P. expansum infection and bioinformatics tools to analyze the
differential proteins and investigate the defense mechanisms of apples during P. expansum
infection. This study provides some theoretical references to the molecular mechanisms of
apple defense against P. expansum infection.

2. Materials and Methods
2.1. Pathogen

The P. expansum strain was isolated by our research team (maintained at the China
Center for Type Culture Collection and is numbered as CCTCC AF 2022039). The activated
strain was incubated on PDA medium at 25 °C for seven days before the experiment.
Then the spores were collected and adjusted to a concentration of 1 x 108 spores/mL in
0.9% saline.

2.2. Fruit

Apple (Malus domestica) fruits cv red Fuji at commercial maturity with uniform shape
and size and no pests, scars, or mechanical damage (fruit hardness 7 N/ cm?, 13% soluble
solid material) were selected as the test object. The selected fruits were soaked in 0.2%
sodium hypochlorite solution for 2 min and then carefully rinsed with tap water for 5 min
to wash off the surface dirt, as well as the sodium hypochlorite solution, and then air-dried.

2.3. Determination of Sampling Time Points and Preparation of Apple Samples

After the apples were air dried, three wounds of size 5 mm x 4 mm were punched
evenly along the equatorial line of the apples with a hole puncher. After drying for 20 min,
the prepared P. expansum spore suspension was injected into the wounds with a pipette,
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30 uL per wound, and the control group was injected with the same volume of saline. The
apples were placed evenly in clean frames, one frame for every 12 apples, wrapped in cling
film, and placed in an incubator at 25 °C and RH 95%. Then, at 1 h,3h, 6 h, 9 h, 12 h,
and 24 h after inoculation with molds, samples were taken at the wound site with a sterile
scalpel, and the germination of mold spores was observed under a microscope after staining
and preparation with lactate phenol cotton blue staining solution, so as to determine the
best sampling time point. Then sampling was carried out at the best sampling time point.
After the decaying part of the wound was cut with a sterile scalpel, 2-3 mm flesh was taken
as a sample and quickly placed into liquid nitrogen. The samples were then stored in a
refrigerator at —80 °C for further experiments.

2.4. Proteome Sample Preparation

The extraction of apple proteins was according to Tan’s experimental method. Briefly,
5 g of apple tissue was ground in liquid nitrogen, washed three times with 15 mL of
cold acetone, dried, and added to 15 mL of extraction buffer (0.1 M Tris pH 8.8, 10 mM
ethylenediaminetetraacetic acid (EDTA), 0.4% (3-mercaptoethanol, 0.9 M sucrose) and 15 mL
tris-saturated phenol (pH 8.8), mixed well on ice and centrifuged at 12,000x g for 20 min.
Then, the phenol phase was collected in a new tube, repeated once, and the two phenol
phases were combined and centrifuged at 10,000 x g for 15 min to remove the supernatant.
The supernatant was incubated with 25 mL of a methanol solution containing 0.1 M at
—20 °C overnight, then centrifuged and the supernatant was discarded. The precipitate
was washed with acetone three times and air-dried, stored at —80 °C in the refrigerator [12].
The protein precipitate was dissolved with 8 M urea, and the protein supernatant was
transferred to a new EP tube; the concentration of the protein was detected by the BCA
protein quantification kit, and the integrity of the protein bands was measured by SDS-
PAGE. Protein samples were desalted with C18 small columns, and the treated samples
were lyophilized with a freeze dryer, stored in a —80 °C refrigerator, and redissolved with
0.1% formic acid water before mass spectrometry analysis.

2.5. Proteomic Mass Spectrometry

On-board operation was performed using a Thermo Q-Exactive mass spectrometer
with the following parameters: column type: 75 um x 15 cm, 2 um particle size, C18, 100 A,
Acclaim PepMap. with trap enrichment column. Mobile phase: A: aqueous solution (0.1%
formic acid) B: 100% ACN (0.1% formic acid); detection mode: full MS/dd-MS2; ion source
voltage: 2.0 KV; scan range: 350-1800 m/z; ion source temperature 320 °C; s-lens: 50 °C
resolution: 70,000; secondary mass spectrometry: starting fixed m/z 110. resolution 70,000;
secondary mass spectrometry: starting fixed m/z 110, resolution 70,000; secondary rupture
mode: HCD; AGC setting: primary 3 x 10°, secondary 1 x 10°; dynamic exclusion time:
60 ms.

2.6. PRM Verification of DEPs

According to the proteomic results, four proteins were randomly selected to conduct
targeted qualitative analysis of the target proteins by LC-PRM/MS. After the peptides were
separated by high-performance liquid chromatography, a Q-Exactive HF mass spectrometer
(Thermo Fisher Scientific, 81 Wyman Street, Waltham, MA, USA) was used for PRM mass
spectrometry analysis. Finally, Skyline 3.5.0 was used to analyze the data of the PRM
original files.

2.7. Data Analysis

Data from this trial were searched for databases using Maxquant 1.6.17.0 and quanti-
fied for LFQ, including the quantification of proteins, peptides, and PSM. The apple protein
database was compared with UP000290289 (Malus domestica) from UniProt (http://www.
uniprot.org/, accessed on 26 November 2021). GO functional annotation was searched
on UniProtprot (http:/ /www.uniprot.org, accessed on 24 February 2022); KEGG function
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was annotated with KOBAS (http://kobas.cbi.pku.edu.cn/, accessed on 5 March 2022).
The prediction of the subcellular localization of key proteins was performed using WoLF
PSORT (https:/ /wolfpsort.hgc.jp/, accessed on 27 November 2022).

3. Results
3.1. Result Analysis
3.1.1. Selection of Key Time Points for Sampling

Samples were taken, and wounds were made at different time points during P. expansum
infection. It was found by microscope observation that 1 h after inoculation with the
bacterial suspension, mold spores began to change from an oval shape to a shape with a tip.
Then, 3 h after inoculation with the bacterial suspension, spore deformation was obvious,
and budding tubes emerged. Then, 6 h after inoculation with the bacterial suspension, the
budding tubes of conidia directly invaded the apple tissue, and the tails of some conidia
expanded and formed appressorium. After 9 h inoculation with the bacterial suspension,
the infecting nails grew on the appressorium and infected the apple tissue. The bud tube
extended into the apple tissue and continued to infect the apple tissue. Then, 12 h after
inoculation, primary hyphae continued to extend into apple tissues. After inoculation with
the bacterial suspension for 24 h, new spores were formed on the secondary mycelia. At
9 h after inoculation, P. expansum successfully infected apples, so the sampling time was
determined to be 9 h (Figures 1 and 2).

Oh

9h

Figure 1. The phenotype of apple inoculated at 0 h and 9 h in control and experimental groups.

Oh lh 3h 6h Sh 12h 24h

Figure 2. Spore germination status of P. expansum at different time points of inoculation.
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3.1.2. Screening for Differentially Expressed Proteins

A total of 4164 proteins were identified in the P. expansum infected and non-infected
apple samples. In the quantitative results, the screening for significantly expressed dif-
ferential proteins was based on FC > 1.5 or FC < 0.67 and p < 0.05. The results showed
that a total of 343 differential proteins were screened. Among them, 131 proteins were
downregulated and 212 proteins were upregulated. Functional annotation and enrichment
analysis were performed for all differentially expressed proteins. Figure 3 shows volcano
plot of the differentially expressed proteins, where the upregulated proteins are in red and
the downregulated proteins are in blue.
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Figure 3. Volcano plot of total differential protein expression. Red represents significantly upregulated
differential proteins, and blue represents significantly downregulated differential proteins.

3.1.3. Subcellular Localization of Differentially Expressed Proteins

Studying the mechanisms and patterns of protein localization in cells and predicting
the subcellular localization of proteins are important for understanding protein structure,
properties, functions, and protein interactions. In this study, it can be seen from the
prediction results of subcellular localization that the differentially expressed proteins are
mainly located in nucleus, cycloplasm, and chloroplast (Figure 4). The upregulated proteins
and downregulated proteins have similar subcellular localization. These proteins may
interact in these organelles and perform important biological functions.

3.1.4. GO Enrichment Analysis of Differentially Expressed Proteins

The DEPs were annotated into the GO database, and 319 of the 343 differentially
expressed proteins were annotated into the GO database for cellular component, molecular
function, and biological process classification. Among the cellular components, cytosol,
cytoplasm, an integral component of the membrane, and ribosome were the most enriched,
indicating that most biological processes in apple defense occur in the cytoplasm and
membrane. The subclasses enriched in molecular functions are ATP binding, metal ion
binding, oxidoreductase activity, GTP binding, and hydrolysis activity. This suggests that
ATP synthesis, metal ions, and some oxidoreductases involved in oxidation and reduction
reactions play important roles in the defense response of apple. The subclasses that were
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more enriched in biological processes were translation, protein transport, tricarboxylic
acid cycle, defense response, and protein folding. The GO enrichment of the differential
proteins is shown in Figure 5, where only the top 15 pathways were enriched for differential
proteins at three levels of classification.
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Figure 4. Subcellular localization of DEPs.
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Figure 5. GO enrichment analysis of total DEPs. Divided into three subcategories: biological process,
cellular component, and molecular function.

3.1.5. KEGG Enrichment Analysis of Differentially Expressed Proteins

The results of the annotation of the DEPs in the KEGG database showed that the
differentially expressed proteins could be annotated into a total of 19 secondary subclasses
of six primary classifications (Figure 6), with 11 secondary subclasses common to both
the up- and downregulated proteins, of which glycan biosynthesis and metabolism, sig-
nal transduction, nucleotide metabolism, replication and repair, and signal transduction
were unique to the downregulated proteins. Glycan biosynthesis and metabolism, the
metabolism of terpenoids and polyketides, transcription, and signal transduction were
unique to the downregulated proteins. Polyketides, transcription, and translation were
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unique to the upregulated proteins. These specific metabolic pathways may play important

functions in the response of apples to extended P. expansum infection. KEGG pathways

with p < 0.05 were considered significantly enriched pathways, and a total of 32 pathways

belonging to 11 secondary subclasses were screened. The most enriched KEGG pathway
was metabolic pathways, with 61 proteins annotated to this pathway:.

Transport and catabolism |

Metabolism of terpenoids and polyketides

Metabolism of cofactors and vitamins

Lipid metabolism

Global and overview maps

Folding, sorting and degradation B up-regulated

down-regulated
Energy metabolism
Carbohydrate metabolism

Biosynthesis of other secondary metabolites

Amino acid metabolism

Translation
0% 20% 40% 60% 80% 100%

Figure 6. Secondary classification of KEGG functional annotations of DEPs. Blue represents upregu-
lated proteins, and green represents downregulated proteins.

When apples sense pathogenic invasion, multiple metabolic pathways are activated
in vivo, such as the ubiquitin—proteasome pathway mediating protein degradation; the
production of secondary metabolites, such as lignans and flavonoids, to enhance resistance
through the phenylpropane biosynthesis pathway and the flavonoid biosynthesis pathway;
the activation of the mitogen-activated protein kinase (MAPK) signaling pathway in re-
sponse to defense plant signals; and the activation of reactive oxygen species production
and the promotion of downstream immune protein expression through the plant-pathogen-
interactions pathway. Table 1 lists some of the metabolic pathways associated with the
apple defense response to P. expansum.

Table 1. Important metabolic pathways related to apple defense and the number of DEPs.

Pathways The Number of Upregulated DEPs The Number of Downregulated DEPs
Plant-pathogen interaction 3 2
Pyruvate metabolism 4 2
Oxidative phosphorylation 4 0
Alpha-linolenic acid metabolism 1 1
Phenylpropanoid biosynthesis 5 0
Flavonoid biosynthesis 1 0
Glutathione metabolism 1 2
MAPK signaling pathway—plant 0 1
Ubiquitin-mediated proteolysis 0 1

3.1.6. Validation of Selected Candidates by PRM

According to the results of the proteomics of apple infected by P. expansum, four pro-
teins were randomly selected and analyzed by PRM. The results showed that the expression
of the four identified proteins (A0A498]T]2, A0A498JUX9, AOA498KA74, and A0A498KKS6)
was consistent with the trend of proteomic data, indicating that the proteomic results were
reliable (Figure 7).
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Figure 7. PRM verification of candidate proteins. CK and P represent the protein expression in PRM
verification, and fold change is from the proteomic data.

3.1.7. Expression of Pathogenesis-Related Proteins

Pathogenesis-related proteins (PRs) are low-molecular-weight proteins that are selec-
tively soluble at low pH and are mainly found in the vesicles and extracellular spaces. PR
proteins are classified into 17 families, PR-1 to PR-17, based on their molecular weight,
biochemical function, and properties [13]. Among the differential proteins of apple, a total
of nine proteins have been identified as PR proteins (Figure 8), of which four proteins
belonging to the Bet-v-1 family and three proteins belonging to the Mal d family with
ribonuclease activity belong to PR-10, one 3-1,3-endoglucanase belongs to PR-2, and one
peroxidase (POD) belongs to PR-9. PR-10 is a highly conserved protein that is induced by
biotic and abiotic stresses. PR-10 proteins all have a common fold that acts as a binding
site for different small molecules, mainly cytokinins and sterols. Furthermore, it has been
shown that different protein ligands affect the stability of Bet-v-1. This dual characteristic
provides a plausible explanation for the differential expression of bet-v-1 in apples. PR9
has POD activity and participates in the synthesis of lignin, enhancing the structure of the
cell wall and the scavenging of reactive oxygen species in the fruit.
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Figure 8. Clustering of pathogenesis-related proteins expression. The depth of color indicates how
much different proteins are expressed in the sample.

11



J. Fungi 2022, 8, 1273

4. Discussion

Plants usually mount an immune response in the face of pathogen infection through
two defense systems. One is the plant’s immune system, and the other is a pathogen-
induced defense system. The cross-response between the two systems triggers the acti-
vation of multiple signaling pathways in the plant, changes in hormone levels, and the
production of disease-resistant proteins to respond to the infection.

In the present study, the differential expression of many proteins was induced under
P. expansum infection, and most of these DEPs were associated with plant defense mech-
anisms against pathogenic invasion. Proteins associated with biological processes, such
as the MAPK cascade, plant—pathogen interactions, the stimulation of metabolite biosyn-
thesis, and amino acid metabolism were significantly upregulated in expression. They are
involved in various processes such as reactive oxygen species (ROS) burst and scavenging,
hypersensitive response (HR), redox reactions, and defense-related protein induction.

The KEGG metabolic pathway shows that DEPs are involved in several metabolic
pathways related to plant defense, including MAPK (plant) and plant-pathogen interac-
tions (Figure 9). The pathway diagram shows that pathogen stimulation causes an increase
in the expression of calmodulin and enhanced disease susceptibility 1 (EDS1) and heat
shock protein 90 (HSP90), which in turn trigger a hypersensitive response in apple, and
the accumulation of EDS1, an important signaling molecule in the regulation of plant
immunity, is essential for the subsequent amplification of disease resistance signals during
pathogen infection [14]. HSP90 is widely distributed in plant cells and is a molecular
chaperone protein); in addition, MPK4 expression, was downregulated at 9 h of P. expan-
sum infection. It has been reported that MPK4 plays a negative regulatory role in plant
immunity and can be activated by PAMP [15,16]; Tereza et al. [17] showed that the Gnomon
molecular chaperone protein plays an important role in plant stress resistance [17]. The
expression of HSP90 was significantly increased in the face of pathogenic infection and
may perform an important role in the defense of apple. In addition, calcium-dependent
MPK4s play a negative regulatory role in SA accumulation and defense responses but a
positive regulatory role in growth and development regulation, and their function is con-
served among plant species [18]. CDPK is the largest family of calcium-regulated protein
kinases in plants. It rapidly senses changes in transient Ca?* signals in plants, recognizes
and phosphorylates specific substrates, and then triggers various physiological responses
through signal cascade transduction, thereby regulating plant growth and development
and response to a variety of stresses. ZmCDPK1 negatively regulates the stress response to
cold in maize, and the cotransfection of maize leaf protoplasts with ZmCDPK1 inhibited
the expression of the cold-inducible marker gene Zmerf3 [19]. CDPK and respiratory burst
oxidase homolog (Rboh) are involved in biotic/abiotic stress processes and cell death in
plants, and the expression of Rboh plays a key role in the accumulation of ROS, which
in turn increases the level of plant defense against pathogens [20]. CDPK expression was
significantly downregulated during defense, leading to the hypothesis that CDPK plays a
negative regulatory role in the apple defense response to P. expansum infection.

The production of ROS is an important way for plants to resist pathogens in their
presence. Studies have shown that ROS can be produced in several parts of plant cells,
including the cell wall, plasma membrane, peroxisome, and endoplasmic reticulum [21]. In
response to external environmental stimuli, a variety of enzymes in the cell wall can produce
ROS, and reduced coenzyme II (NADPH) oxidase in the cytoplasmic membrane is the main
pathway for hydrogen peroxide (H,O,) production. The large accumulation of ROS, on the
one hand, improve the resistance of plants to pathogens and, on the other hand, can damage
the cellular tissue structure of the plant [22]. Thus, in response to the changing external
environment, plants have evolved ROS scavenging mechanisms to maintain homeostasis
in vivo, mainly through enzymatic and non-enzymatic mechanisms. During P. expansum
infection, three superoxide dismutases (Cu/Zn-SOD) were identified as differentially
downregulated among all differential proteins, together with glutathione peroxidase (GPX).
SOD and GPX are enzymes that play key roles in common ROS scavenging mechanisms,
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and their expression is usually elevated under common biotic, as well as abiotic, stresses.
However, SOD and GPX are key enzymes in the common ROS scavenging mechanism.
Chang et al. (2009) used the total nonsense transgenic strains AS-cpGPX and Arabidopsis
(At) GPX7 mutant material located in the chloroplast of Arabidopsis thaliana and found
that AtGPX1 was responsible for the reduction of H,O, under photo-oxidative stress and
that Cu/Zn-SOD and Mn-SOD activities were reduced in the AS-cpGPX strain under
strong light stress, indicating that chloroplast GPX and SOD jointly regulate the balance
of 0% and H,0, in chloroplasts [23]. We, therefore, hypothesize that SOD and GPX
expression is suppressed in the pre-infection period, causing a burst of ROS in response
to the infection of P. expansum. In the meantime, POD, glutathione transferase (GST), key
enzymes in the lignin synthesis pathway, and the accumulation of lignin and callosein the
cell wall strengthen the mechanical strength of the cell wall [24]. GST can be induced to be
expressed under various biotic or abiotic stresses to enhance plant resistance to adversity
and is an important enzyme in the antioxidant defense system as a channel for pathogen
dispersal between cells, thus limiting further pathogen invasion into the protoplasm and
reproduction in tissues [25]. In the studies of the defense mechanisms between wheat and
powdery mildew, the expression of multiple ROS scavenging genes was observed, and
GST was shown to contribute to resistance to powdery mildew [26]. The overexpression
of GST genes in crops, such as rice and tomato, can improve plant resistance to a variety
of biotic stresses [27,28]. These protein changes associated with oxidative stress suggest
that the homeostatic levels of intracellular ROS are well maintained during the defense of
apples against P. expansum.
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Figure 9. Part of the metabolic pathways involved in defense responses in apples. Red indicates
upregulated DEPs, and green indicates downregulated DEPs.

Induced by pathogenic bacteria, the response is usually accompanied by changes in the
content of plant hormones. Ethylene (ET), abscisic acid (ABA), jasmonic acid (JA), salicylic
acid (SA), and growth hormones are common hormone species that play a key function in
plant defense mechanisms. The JA-, SA-, and ET-mediated signaling pathways are among
the metabolic pathways that are associated with disease resistance signals [29,30]. SA is an
endogenous phenolic substance that usually accumulates in large quantities in plants after
infection by pathogenic fungi, leading to the development of systemic acquired resistance
(SAR), which in turn activates the expression of a series of related PR proteins (PR-1, PR-2,
and PR-5) [31]. JA and ET usually accumulate in large quantities when pathogens invade,
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and ET acts as a defense against a wide range of pathogens and acts synergistically with
JA in the defense process [32]. In a transcriptomic study of cucumber wilt, inoculation
with Fusarium oxysporum f. sp. Cucumerinum (Foc) the expression of ethylene-related
genes was significantly increased in cucumbers inoculated with Foc, and the treatment of
cucumbers inoculated with exogenous ET improved resistance to Foc [33]. In the present
study, infection by P. expansum activated the accumulation of the tryptophan metabolic
pathway, the phenylalanine metabolic pathway, the x-linolenic acid metabolic pathway,
and other key enzymes for hormone synthesis such as methyltransferase, phenylalanine
deaminase, and lipoxygenase in apple cells, inducing hormone synthesis and improving
apple resistance.

When a plant is susceptible to a disease, a series of changes in the plant’s defense
enzyme system occur that favor plant defense. In this study, the expression of lipoxygenase
(LOX), phenylalanine ammonia-lyase (PAL), polyphenol oxidase (PPO), and NADPH-
cytochrome P450 reductase (CPR) enzymes were altered to varying degrees (Table 2). PAL
is one of the key enzymes in the phenylpropanoid metabolic pathway in plants. Both
pathogen infection and pathogenic toxin treatment-induced enhanced PAL activity, and the
enhanced enzyme activity was positively correlated with disease resistance. In maize and
sugarcane mosaic virus studies (SCMYV), the downregulation of ZmPAL expression leads
to increased SCMV infection and viral accumulation, as revealed by metabolomic studies,
leading to the accumulation of lignin, as well as other metabolites [34]. The exposure of
gene-silenced peppers to low temperatures by virus-induced gene silencing revealed a
reduction in PAL activity and tolerance to low temperatures, suggesting that PAL may have
an important role in the resistance of peppers to low-temperature stress [35]. The LOX-
mediated oxylipin synthesis pathway is known as the lipoxygenase pathway, and there
are several branching pathways downstream of LOX, such as the allene oxide synthase
(AOS) pathway and the hydroperoxide lyase (HPL) pathway. LOX plays an important
role when plants are subjected to a variety of biotic and abiotic stresses. ZmLOX10 is
an important pest resistance gene in maize that directly resists pests by inducing the
production of substances such as JA [36]. Analysis using the Arabidopsis 9-LOX deletion
mutant LOX1/LOX5 and the oxylipin-insensitive mutant nonresponding to oxylipins
(noxy)2-2 and related mutants of brassinosteroids (BRs) showed that oxylipin from 9-LOX
induces BR synthesis and signal transduction and activates cell wall responses, such as
callus deposition, to limit pathogen invasion and prevent pathogen infection [37]. In a study
of walnut resistance to Xanthomonas arboricola pv. juglandis (Xaj), PPO was significantly
induced at the site of infection in most walnut varieties, and transgenic strains showed
higher PPO activity and lower levels of disease [38]. Niranjan et al. [39] analyzed the role
of the isolated PPO gene in downy mildew pearl millet intercropping and showed that the
gene accumulated significantly more and faster in downy-mildew-resistant pearl millet
seedlings inoculated with Sclerospora graminicola PPO mRNA compared to the sensitive
control [39]. Wilt and blast are important fungal diseases that are harmful to the health
of soybeans and are positively correlated with POD and PPO in the plant, according to
experiments [40]. Cytochrome P450 is an important stress-related enzyme in plants. P450s
play an important role in plant defense through their involvement in the biosynthesis
of plant antitoxins, hormone metabolism, and the biosynthesis of a number of other
secondary metabolites [41]. In cytochrome-P450-mediated metabolism of endogenous and
exogenous compounds, NADPH-cytochrome P450 reductase (CPR) plays an important role.
Most P450 catalytic activity depends on NADPH-cytochrome P450 reductase for electron
supply [42]. Thus, in apple, the upregulation of NADPH-CPR expression promoted
cytochrome-P450-mediated resistance. Chalcone isomerase (CHI) is a key enzyme in the
biosynthetic pathway of flavonoids and flavonoid substances, which have been shown to
play an important metabolic role in plant stress resistance. The silencing of the land cotton
CHI gene (GhCHI) using VIGS technology resulted in the loss of resistance to yellow wilt in
cotton, confirming the role of the GhCHI gene in cotton resistance to yellow wilt [43]. In a
study of the soybean CHI gene, it was found to be expressed in roots, stem, and leaves, and
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the overexpression of GmCHI1A in hairy roots revealed a shortening of spot length and a
reduction in free spore germination, indicating that it is regulating the response of soybean
to soybean blast [44]. In proteomic studies of apples, the upregulated expression of CHI
proteins was likewise identified, which may play a key role in apple defense processes.

Table 2. Expression levels of key enzymes in apple response to P. expansum infection.

Proteins Description FC p-Value
A0A498K3F2 Superoxide dismutase [Cu-Zn] 0.609 0.00244296
A0A498K8S2 Superoxide dismutase [Cu-Zn] 0.612 0.00281705
A0A498INNS Superoxide dismutase 0.645 0.01964518
A0A498]NW6 Glutathione peroxidase 0.292 8.84 x 10710

S4UL39 Lipoxygenas 2.941 1.54 x 1077
A0A498HL71 Methyltransferase 2.158 0.00218763
A0A498]ZC5 Phenylalanine ammonia-lyase 2.949 991 x 107°
AOA498K3I5 Chalcone isomerase 100 1.25 x 10716
A0A498H]B2 NADPH-cytochrome P450 reductase 100 1.25 x 10716
A0A498IC26 NADPH-cytochrome P450 reductase 2.202 0.00085584

Q93XMS8 Polyphenol oxidase 2 100 1.25 x 10716
A0A540LHP9 Peroxidase 1.855 6.51 x 107°
A0A498HW?70 Glutathione transferase 1.664 0.00087862

A further transmission of disease resistance signals triggers the accumulation of multi-
ple PR proteins in apples, which further resist invasion by pathogenic fungi by increasing
cell wall resistance and synthesizing plant antitoxins. Zhang et al. [45] determined that
MdPR10-1 and MdPR10-2 promote leaf spot resistance of Streptomyces by inhibiting fungal
growth, as determined by in vitro experiments [45]. Wang et al. [46] verified the interaction
of VmEP1 with MdPR10 through a yeast two-hybrid assay and confirmed the positive
regulatory role of MdPR10 in enhancing resistance in apples [46]. The increase in POD
activity promoted the accumulation of lignin content and improved fruit disease resistance.
PR-2 expression was induced by pathogenic fungi. 3-1,3 glucanase can hydrolyze the 3-1,3
glycosidic bond, which is an important component of pathogenic fungi, so it is thought
that 3-1,3 glucan hydrolase can cause pathogen cell lysis and death by hydrolyzing the
pathogen cell wall. In vitro functional assays on three grape-derived EGases showed that
EGase3 has strong anti-P. viticola activity [47]. In Pectobacterium carotovorum subsp. carotovo-
rum (Pcc) induced higher expression of PR-2 in resistant varieties of tomato than insensitive
strains, involved in the defense response of tomato to Pcc [48].

5. Conclusions

The cell wall was the first barrier to resist the invasion of P. expansum, and the me-
chanical strength of the apple cell wall was enhanced to resist the invasion of pathogenic
fungi through the activation of lignin-synthesis-related pathways. The production of Ca?*
channels and the burst of ROS are important signals of the apple immune response, which
can improve the defense ability through the production and clearance mechanism of ROS.
The activation of PTI and ETI leads to the synthesis of many downstream defense path-
ways, along with the production of related plant hormones and the expression of defense
enzymes. The expression of related PR proteins also directly improves the resistance to
pathogens, all of which participated in the response of apples to P. expansum infection
(Figure 10).
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Figure 10. Map of defense mechanisms in response to P. expansum infection in apples.
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Abstract: During storage and transportation after harvest, the jujube fruit is susceptible to black spot
rot, which is caused by Alternaria alternata. The present study aimed to evaluate the effectiveness of
the yeast Meyerozyma caribbica in controlling A. alternata in postharvest jujube fruits, and to explore the
biofilm formation mechanism. The results showed that M. caribbica treatment significantly reduced
the A. alternata decay in jujube fruits. M. caribbica could rapidly colonize jujube fruit wounds, adhering
tightly to hyphae of A. alternata, and accompanied by the production of extracellular secretions. In
in vitro experiments, we identified that M. caribbica adhered to polystyrene plates, indicating a strong
biofilm-forming ability. Furthermore, we demonstrated that M. caribbica can secrete phenylethanol,
a quorum sensing molecule which can affect biofilm development. Phenylalanine (a precursor
substance for phenylethanol synthesis) enhanced the secretion of phenylethanol and promoted
the formation of M. caribbica biofilms. Meanwhile, phenylalanine enhanced the biological control
performance of M. caribbica against jujube black spot rot. Our study provided new insights that
enhance the biological control performance of antagonistic yeast.

Keywords: Meyerozyma caribbica; jujube; black spot rot; biofilm formation; phenylalanine

1. Introduction

The jujube fruit is a nutrient-rich fruit and a functional food that is widely appreciated
by consumers for its health benefits [1]. However, fresh jujube fruit is highly susceptible to
pathogenic fungi, and black spot rot caused by Alternaria alternata can seriously damage
the commercial value of fresh jujube [2]. Chemical fungicide-induced pathogen resistance,
fungicide residues, and toxicological problems have increased the urgent need for safer
alternative strategies [3]. Due to their ability to manage postharvest infections without pro-
ducing toxins, antagonistic yeasts are recognized as commercially viable biocontrol agents.
The yeasts Rhodosporidium paludigenum, Metschnikowia pulcherrima, and Cryptococcus laurentii
were effective in inhibiting A. alternata infection in postharvest jujube [4-6]. Antagonistic
yeasts resist pathogen infection through mechanisms such as competition for nutrients and
space, parasitism, secretion of antimicrobial substances, and induction of fruit resistance.
Among these, the primary antagonistic mechanism of yeast is recognized as competition
with pathogens for the limited nutrients and physical space in the host [7]. Antagonistic
yeasts successfully compete for limited nutrient factors in the host environment and, thus,
colonize rapidly. In addition, yeasts can also limit the growth of pathogens by adhering to
fruit wounds and occupying limited space. Adhesion usually occurs during the formation
of yeast biofilms, a specific mechanism by which yeast competes for space [8].

Biofilm formation is an effective mechanism of action for the management of posthar-
vest diseases using antagonistic yeast [9]. For example, C. laurentii competed for nutrients
and space with Colletotrichum gloeosporioides via adhesion and biofilm formation [10]. The
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biofilm of Pichia kudriavzevii exhibited better biological control than that of yeast in control-
ling gray mold and anthracnose in pear fruit caused by B. cinerea and C. gloeosporioides [11].
Biofilms are dense structural networks formed by small molecules (e.g., proteins, nu-
cleic acids, polysaccharides) secreted by microorganisms during growth [12]. The forma-
tion of biofilms depends on quorum sensing (QS) between microorganisms. Microorgan-
isms achieve cell-to-cell communication by secreting substances called “quorum sensing
molecules (QSMs)” [13,14]. When QSM concentrations in the microbial community reach a
certain threshold, they promote the expression of specific genes and are involved in the
regulation of population behavior [15].

QSMs such as tryptophol, farnesol, and phenylethanol are commonly reported sig-
naling molecules that perform critical roles in fungal morphological transformation and
biofilm growth [16]. Among these QSMs, phenylethanol was able to affect the filamentous
growth and adhesion of Kloeckera apiculata in citrus fruit [17]. In addition, phenylethanol
was able to induce the biofilm formation of Debaryomyces nepalensis, which contributed
to its adhesion on the jujube fruit and, as a result, protected the fruit from A. alternata
infection [18]. Phenylethanol promoted the expression of FLO11, which was responsible for
encoding the flocculation protein, through a tpk2p-dependent mechanism. This conferred
adhesion properties to yeast and contributed to invasive cell growth, and the production of
pseudohyphae and biofilm formation [19,20]. However, using phenylethanol is limited in
some ways. Phenylethanol produced by chemical synthesis is limited in its application due
to safety and environmental issues, while natural phenylethanol isolated from plants is
limited due to its high price [21]. The synthesis of phenylethanol by microorganisms is a
safe and nontoxic method.

Phenylalanine (Phe), as a precursor substance for phenylethanol, is often used in
microbial fermentation to produce natural phenylethanol, which is safer than chemical
synthesis [22]. Phe is relatively inexpensive and widely regarded as safe. In addition,
these amino acids have an important role in the yeast culture process, and some functional
amino acids are able to enhance the survival of yeast cells in extreme environments [23].
For instance, proline is used as a stress protector to enhance the resistance of industrial
yeast [24], and it also promotes biofilm formation in M. citriensis [25]. This may be related
to proline raising the content of pulcherrimin, which is a potential signaling molecule that
influences the biofilm development of M. citriensis.

The yeast M. caribbica is considered to be a potential probiotic strain [26], which is
widely used in food fermentation, such as functional beverages, coffee, or fruit wines [27,28].
In addition, previous studies have demonstrated that M. caribbica is an effective class of
biocontrol agent. It has exhibited an excellent biocontrol performance in controlling the
development of postharvest diseases in fruits, including mango, kiwifruit, and passion
fruit [29,30]. However, the effectiveness of M. caribbica in biologically controlling A. alternata
on jujube fruits is not clear, nor are the effects of M. caribbica biofilm formation for disease
control. Although several studies have suggested the contribution of phenylethanol to
yeast biofilm development, its role in M. caribbica biofilm formation is still unclear. It
is worth investigating how Phe affects the development of M. caribbica biofilms and its
bioprotective efficacy on jujube. Thus, the present study aimed to investigate (1) the
biocontrol performance of M. caribbica in the control of A. alternata on jujube fruits, (2) the
capacity of M. caribbica to form biofilms, (3) the biofilm formation mechanism in M. caribbica
and its possible QSM, and (4) the influence of Phe on biofilm formation and the biocontrol
efficacy of M. caribbica for jujube black spot rot.

2. Materials and Methods
2.1. Yeast, Pathogen, and Jujube Fruit

The yeast M. caribbica (KC422423.1) was preserved in our laboratory and was stored in
30% glycerol at —80 °C. It was identified by the DNA sequence of the internally transcribed
spacer region. The sequences were BLASTed against the NCBI database (http://www.ncbi.
nlm.nih.gov (accessed on 22 October 2021)). M. caribbica was grown on a NYDA medium

20



J. Fungi 2022, 8, 1313

(8 g beef paste, 5 g yeast paste, 10 g dextrose, 10 g agar, and 1000 mL distilled water;
Aoboxing, Beijing, China) for 48 h before use, and it was then inoculated into the NYDB
broth (NYDA without agar) to be cultured in a shaker incubator (200 rpm, 28 °C) for 16 h.
Fresh M. caribbica cells were harvested after centrifugation (5000 g, 5 min) and washed
twice with sterile distilled water (SDW). The M. caribbica cell suspension was adjusted to
the desired test concentration using SDW (1 x 108 cells/mL).

The fungal pathogen A. alternata was obtained by isolation and identification from
decayed jujube fruit. A. alternata was cultured on the PDA medium (100 g fresh potato,
10 g glucose, 10 g agar, and 500 mL distilled water; Chronchem, Qionglai, Sichuan, China)
at 25 °C. After 7 days of incubation, an A. alternata spore suspension was collected with
SDW and then adjusted to the proper concentration (1 x 10° spores/mL).

Jujube (Zizyphus jujuba cv. Dongzao) fruits were uniform in shape and color, free from
both infestation and mechanical injury, and purchased from the market (Beibei, Chongging,
China). Before the experiments, the fruit was cleaned with 2% sodium hypochlorite for
2 min, rinsed in SDW, and air-dried until use.

2.2. Effect of M. caribbica on the Biological Control of A. alternata on Jujube Fruit

A sterile punch was used to make a 3 x 3 mm wound even on both equatorial sides of
the jujube. An injection of 20 pL of M. caribbica cell suspension was applied to the injury of
each jujube fruit, and sterile water was used as a control. After 4 h, an additional suspension
of 10 uL of A. alternata spores was injected into each wound. Jujube fruits were air-dried
before being placed in plastic baskets that maintained a stable temperature and humidity
(25 °C, 90%). The detection of disease incidence (DI) and lesion diameter (LD), which define
the disease progress in jujube fruit, were recorded every two days. Measurements of DI and
LD were performed in accordance with the method of Liu et al. [31]. Each treatment was
repeated three times, with ten fruits each time, and the entire assay was replicated twice.

2.3. Dynamics of M. caribbica Colonization on Jujube Wounds

Wounds were made in the fruit equator as described in Section 2.2. A 20 uL cell suspen-
sion of M. caribbica was incubated on the injury of each jujube. All jujube fruits were stored at
25 °C after inoculation. Jujube sample tissue was extracted from wounds on days 0 (2 h after
inoculation), 1, 2, 3,4, 5, 6,7, 8, and 9 for population monitoring. The tissues (10 mm diameter)
from the fruit wounds were macerated in 10 mL of phosphate-buffered saline (PBS, pH 7.2)
and diluted 10-fold according to the sequence. The appropriate diluted yeast solution was
evenly distributed on the NYDA medium. All plates were cultivated under 28 °C incubation
conditions. After 48 h, the log;y CFU/wound was used to reflect the overall colonization of
M. caribbica populations. Three replicates were included for each experiment.

2.4. The Adhesion of M. caribbica to A. alternata
2.4.1. Microscopy Observation of M. caribbica and A. alternata

Microscopy of M. caribbica adhesion to A. alternata was performed based on the
method of Liu et al. [9]. A 10 uL suspension of A. alternata (1 x 10° spores/mL) was used
to inoculate slides containing small pieces of the PDA medium (2 cm x 2 cm) and then
incubated at 25 °C until a large number of visible mycelia were formed (approximately 24
h). The hyphal surface of A. alternata was infected with an equal amount of M. caribbica
cell suspension (1 x 10° cells/mL). The mixed cultures were cultivated for 24 and 48 h
and then rinsed with SDW. The state of the mixed cultures was observed using a light
microscope (Olympus, Tokyo, Japan).

2.4.2. SEM Observation of M. caribbica and A. alternata in the Jujube Wound

The interactions of M. caribbica and A. alternata in jujube wounds were observed
as described by Chen et al. [32]. The wound preparation, microbial inoculation, and
subsequent storage of jujube fruit were conducted following the steps in Section 2.2. Two
days after storage, the tissue (5 mm x 3 mm X 3 mm) was cut from the jujube wounds
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to prepare electron microscopy samples by using a sterile scalpel. Sample tissues were
fixed overnight at 4 °C with electron microscopy fixative (containing 2.5% glutaraldehyde).
Subsequently, sample tissues were impregnated with gradient ethanol to remove water,
followed by soaking in gradient tert-butanol to displace the ethanol. The sample tissues
were dried at 60 °C for 2.5 h using a vacuum desiccator (DZF-6051, China). Tissue surfaces
were gold-plated and observed under a scanning electron microscope (SEM, Phenom Pro,
Phenom World, Eindhoven, The Netherlands).

2.5. Detection of Biofilms Formed by M. caribbica

Biofilm formation by M. caribbica was evaluated using the assay mentioned by
Parafati et al. [33]. Fresh M. caribbica cell suspension was added to YNB (Hopebio, Shandong,
China) containing glucose at 100 mmol/L, with an adjusted concentration of 1 x 107 cells/mL.
YNB without yeast addition was used as a control. One hundred microliters of M. caribbica
cell suspension was incubated in polystyrene plates at 28 °C for 3, 8, 24, 48, and 72 h at
75 rpm. After incubation for the corresponding time periods, the polyethylene plates were
removed, and the incubation solution was washed with PBS (pH 7.2). Then, an equal amount
of 0.4% crystalline violet solution was added for 45 min of staining. Following staining, the
unadsorbed stain was washed away with PBS, and 200 pL of 95% ethanol was added for
decolorization. The processing of decolorization was completed after 45 min, and the de-
colorized solution absorbance value measured at 590 nm was used to represent the biofilm
formation ability. Each measurement was replicated three times, and the experiment was
conducted in triplicate.

2.6. Effect of Phenylethanol on Biofilm Formation of M. caribbica
2.6.1. Biofilm Formation of M. caribbica in CM Medium

The conditioned medium (CM) was prepared according to Albuquerque et al. [34].
M. caribbica was incubated in NYDB in a shaker incubator for 5 days (200 rpm, 28 °C).
After centrifugation of the M. caribbica fermentation broth, the collected supernatant liquor
was filtered through a 0.22 um microporous membrane to obtain the CM medium. The
cultured M. caribbica cells were suspended in YNB containing different levels of CM (final
concentrations of 0%, 5%, 25%, 50%, 75%, and 100%) and adjusted to 1 x 107 cells/mL as
the final concentration of M. caribbica cells. The biofilm measurements were performed
following the steps in Section 2.5.

2.6.2. Evaluation of Phenylethanol Production from M. caribbica by HPLC

The phenylethanol concentration of CM was measured by HPLC according to the
method of Lei et al. [18] with slight modifications. The CM medium was obtained following
the treatment outlined in Section 2.6.1 and tested immediately. The experimental setup
was as follows: a C1g column and a 260 nm UV detector at 30 °C. The detection of the CM
medium was performed at a rate of 0.7 mL/min with a 20 uL injection volume. The liquids
used were 0.6% acetic acid solution as mobile phase A and methanol as mobile phase B.

2.6.3. Effect of Phenylethanol on Biofilm Formation by M. caribbica

The cultured M. caribbica cells were suspended in a YNB medium containing various
phenylethanol concentrations (final concentrations of 0, 1, 2, and 4 mmol/L) to adjust
the M. caribbica cell concentration to 1 x 107 cells/mL. Biofilm formation assays were
performed as outlined in Section 2.5.

2.7. Influence of Phe on the Biocontrol Efficiency of M. caribbica
2.7.1. Effect of Phe on Phenylethanol Production of M. caribbica

The cultured M. caribbica cells were suspended in NYDB with various concentrations of
Phe (final concentrations of 0, 1, and 8 mmol /L) to achieve a M. caribbica cell concentration
of 1 x 107 cells/mL and were cultured on a shaker (28 °C, 200 rpm) for 5 days. The content
of phenylethanol was tested following the treatment outlined in Section 2.6.2.
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2.7.2. Effect of Phe on Biofilm Formation of M. caribbica

Freshly cultured yeast cells were added to the YNB medium containing different con-
centrations of Phe (final concentrations of 0, 1, and 8 mmol/L) and reached a concentration
of 1 x 107 M. caribbica cells/mL. The biofilm assay was performed as outlined in Section 2.5.

The state of M. caribbica in jujube wounds was observed by SEM. Fresh M. caribbica
cells were inoculated in NYDB medium containing various concentrations of Phe (final
concentrations of 0, 1, and 8 mmol/L). After 16 h of incubation, M. caribbica cells from the
different treatment groups were collected. Jujube fruit and sample tissues were prepared
according to Section 2.4.2. The M. caribbica cell suspension (20 uL; 1 x 108 cells/mL) from
each Phe treatment group was injected into the jujube wounds, with SDW inoculated as a
control. The jujube fruits were stored for 2 days and then sampled for observation.

2.7.3. Effect of Phe on the Biocontrol Assay of M. caribbica

The M. caribbica cell suspension obtained from each Phe treatment group was used to
inoculate jujube fruit wounds prepared as described in Section 2.7.2. Jujubes inoculated
with SDW served as a control. After 4 h, an additional suspension of 10 puL A. alternata
spores was injected into each wound. After the jujube fruits were air-dried, they were
stored in plastic baskets that maintained a stable temperature and humidity (25 °C, 90%).
The DI and LD were recorded as described in Section 2.2. Each treatment was performed
three times, with 10 fruits each time, and the experiment was replicated twice.

2.8. Statistical Analysis

SPSS 26.0 (SPSS Inc., Chicago, IL, USA) was used to conduct the data analysis for this
study. The independent samples’ t-test and Duncan’s multiple comparison method were
used for the ANOVA, and the statistical significance was denoted by p < 0.05.

3. Results
3.1. Efficiency of M. caribbica against Jujube Black Spot Rot

In vivo experiments illustrate that the M. caribbica treatment dramatically prevented
the rate of A. alternata infection in the jujube fruit (Figure 1). After storage at 25 °C for
10 days, the DI and LD of the jujube fruit were decreased by 48.0% and 59.7%, respectively,
compared with the control. The rate of LD increase in M. caribbica-treated jujube fruit was
much slower than that in the control for the entire storage period. This result demonstrated
that M. caribbica had good biological control of jujube black spot rot.
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Figure 1. The biocontrol effect of M. caribbica inhibits A. alternata growth in jujube fruit. The (A) DI
and (B) LD of jujube fruit were measured after inoculation at 25 °C. Standard errors of the means are
indicated using vertical bars, and significant differences are denoted with different letters (p < 0.05).
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3.2. Colonization of Jujube Wounds by M. caribbica

M. caribbica colonized jujube fruit wounds and grew rapidly under 25 °C storage con-
ditions. This demonstrated the colonization changes of M. caribbica in jujube wounds over
the entire storage period (Figure 2). The population of M. caribbica increased dramatically in
the first 24 h, with the number increasing from an initial 5.99 to 7.50 log;y CFU/wound and
then approaching a steady state. The viable count of M. caribbica was 7.46 log;o CFU/wound,
which was a significant increase compared with the preliminary viable count after a 9-day
storage period. These results indicated that M. caribbica had excellent colonization ability.
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Figure 2. Colonization status of M. caribbica on jujube wounds. Vertical bars denote the standard
error of the mean.

3.3. Adherence of M. caribbica to A. alternata
3.3.1. In Vitro Interaction Study between M. caribbica and A. alternata

The mixed cultures of M. caribbica and A. alternata on slides were observed by mi-
croscopy. After rinsing the cocultures with SDW for 30 s, M. caribbica was still able to adhere
tightly to the A. alternata hyphae, indicating an adhesive effect (Figure S1). However, no
breakage or deformation of A. alternata hyphae was observed, indicating that M. caribbica
had no parasitic effect on A. alternata.

3.3.2. SEM Observation of M. caribbica and A. alternata on Jujube Wounds

A. alternata alone multiplied on the wounds of jujube fruit with a large amount of
hyphal production, as shown in Figure 3A. In contrast, inoculation with M. caribbica reduced
the hyphal production of A. alternata. In addition, M. caribbica was observed to adhere
closely to the hyphae of A. alternata, effectively reducing the physical space available for
A. alternata growth (Figure 3B). The rapid colonization ability of M. caribbica at the wounds
exerted strong spatial competition pressure on A. alternata, further inhibiting its infestation
of the jujube fruit.

3.4. Biofilm-Forming Ability of M. caribbica

The ODsgg value was used to report the biofilm formation ability of M. caribbica.
M. caribbica exhibited high adherence to polystyrene plates and remained stably adherent
to the plates after repeated washing. As shown in Figure 4, after 3 h of culture, M. caribbica
could adhere to the polystyrene plates with an ODsg( value of 0.67. It reached the maximum
value (ODsgy was 0.92) after 8 h of culture and then began to decrease. After 48 and 72 h of
culture, the ODsgp showed no significant change compared with 3 h but still maintained a
high biofilm formation ability.
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Figure 3. SEM of jujube wound tissues 48 h after inoculation. Wounds were incubated with
(A) A. alternata, (B) M. caribbica, and A. alternata; (A1,B1): magnification of 2500 ; (A2,B2): magnifi-
cation of 5000 .
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Figure 4. Biofilm formation ability on M. caribbica stained with crystal violet. The error bar reflects
the standard deviation of the mean.
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3.5. The Mechanism of Biofilm Formation in M. caribbica
3.5.1. Development of M. caribbica Biofilm by CM Medium

The efficacy of CM on M. caribbica cell growth and biofilm development is shown in
Figure 5. The 25% CM medium significantly stimulated the growth of M. caribbica during
8-16 h of incubation (Figure 5A). According to the ODs5gg value, the 25% CM medium
significantly promoted the formation of M. caribbica biofilms during the culture time
(Figure 5B). This result suggests that the presence of a substance in the CM medium can
act as a QSM, affecting the biofilm development of M. caribbica. In contrast, the 100% CM
medium was unfavorable for the growth of M. caribbica biofilms. The possible reason for
this is that the 100% CM medium has few of the nutrients required for yeast and cannot
sustain its normal growth.
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Figure 5. Effect of various concentrations of CM on (A) cell growth and (B) biofilm formation. Error
bars indicate the standard deviation, and different letters indicate significant differences (p < 0.05).

3.5.2. Phenylethanol Determination in CM Medium by HPLC

The presence of phenylethanol in the CM medium was measured by HPLC, as shown
in Figure 52. The CM medium sample was examined, and a retention peak time similar to
that of the phenylethanol standard was observed (Figure S2A,B), while the corresponding
peak did not appear in the NYDB sample without the yeast addition (Figure S2C). This
result suggests that phenylethanol is one of the metabolites of M. caribbica that is secreted
into the medium.

3.5.3. Biofilm Formation in M. caribbica Induced by Phenylethanol

As shown in Figure 6, different concentrations of phenylethanol were demonstrated
to have an effect on the formation of M. caribbica biofilms. During the initial 3 h incubation
time, 1, 2, and 4 mmol/L of phenylethanol significantly enhanced the biofilm of M. caribbica.
At 8 h of incubation, 1 and 2 mmol/L phenylethanol significantly enhanced the biofilm
formation of M. caribbica. At 24 h of incubation, 1 mmol/L phenylethanol significantly
enhanced biofilm formation. Phenylethanol (1 mmol/L) was shown to promote biofilm
formation throughout the culture time, and it significantly enhanced the growth of yeast
during the incubation time of 8 to 16 h. This result suggested that phenylethanol is a QSM
that influences the biofilm development of M. caribbica.

3.6. Influence of Phe on the Biocontrol Efficiency of M. caribbica
3.6.1. Efficacy of Phe on Phenylethanol Production in M. caribbica

The content of phenylethanol in the CM medium was influenced by the addition of
Phe. The high concentration of Phe was beneficial for the production of phenylethanol.
The content of phenylethanol in CM supplemented with 8 mmol/L Phe was significantly
higher than that in CM supplemented with 1 mmol/L Phe and CM without Phe (Figure 7A).
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The results indicate that the addition of Phe can increase the amount of phenylethanol
produced by M. caribbica.
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Figure 6. Effect of various concentrations of phenylethanol on (A) cell growth and (B) biofilm
formation. Error bars indicate the standard deviation, and different letters indicate significant
differences (p < 0.05).
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Figure 7. Effect of Phe on phenylethanol production and biofilm formation of M. caribbica. (A) Influence
of different Phe concentrations on the phenylethanol content produced by M. caribbica. The vertical bar
denotes the standard deviation of the mean. (B) Influence of different Phe concentrations on biofilm
formation of M. caribbica. (C) SEM of jujube wound tissues 48 h after inoculation. Wounds were
incubated with (C1) SDW, (C2) M. caribbica, (C3) M. caribbica obtained from NYDB medium with
1 mmol/L Phe, and (C4) M. caribbica obtained from NYDB medium with 8 mmol/L Phe. (C1-C4): mag-
nification of 5000 x. White arrows indicate the extracellular matrix secreted by M. caribbica. Error bars
indicate the standard deviation, and different letters indicate significant differences (p < 0.05).
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3.6.2. Induction of Biofilm Formation in M. caribbica by Phe

The effect of various concentrations of Phe on the formation of biofilms by M. caribbica
is depicted in Figure 7B. At 3 h of culture, Phe demonstrated the ability to increase the ODsg
value compared with the group with no Phe addition. The addition of 1 and 8 mmol/L Phe
significantly promoted the biofilm formation of M. caribbica during 3-24 h of incubation.
The above results indicate that Phe enhances the biofilm formation of M. caribbica.

The state of M. caribbica in the jujube wounds is shown in Figure 7C2-C4. As seen in
the scanning electron micrographs, secretion of the yeast extracellular matrix was observed
in all samples except the control. M. caribbica treated with Phe secreted more of the
extracellular matrix and aggregated to a greater extent between yeast cells, while yeast
untreated with Phe showed less extracellular matrix secretion. This suggests that Phe
promotes the formation of M. caribbica biofilms and adhesion in jujube wounds.

3.6.3. Enhancement of Biocontrol Performance in M. caribbica by Phe

The efficacy of the Phe addition to the NYDB broth of M. caribbica in reducing jujube
black spot rot is shown in Figure 8. Each M. caribbica-treated group significantly inhibited
the growth of A. alternata in jujube fruit compared with the uninoculated yeast control.
After a 10-day storage at 25 °C, M. caribbica cultured in NYDB broth with 8 mmol/L Phe
showed the best efficacy in controlling black spot rot, as the DI and LD of the jujube fruits
were significantly reduced by 12.67% and 21.75%, respectively, compared with those of the
group treated with only M. caribbica. The results indicate that 8 mmol/L Phe significantly
improves the biocontrol efficiency of M. caribbica against A. alternata in jujube fruit.
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Figure 8. The effect of different concentrations of Phe on the biocontrol of jujube black spot rot by
M. caribbica. The DI (A) and LD (B) were recorded for jujube black spot rot in fruit stored at 25 °C for
10 d. Error bars indicate the standard deviation, and different letters indicate significant differences
(p <0.05).

4. Discussion

Antagonistic yeast has proven to be a useful biocontrol tool for postharvest fungal
diseases, is perceived as an appropriate alternative to chemical fungicides, and has an
important role in biological control [35]. The capacity to target numerous pathogens in
fruit is one of the criteria for being an ideal biocontrol agent [36]. The yeast M. caribbica
has been reported to control postharvest anthracnose on mango and papaya fruit caused
by C. gloeosporioides [37,38]. In our research, M. caribbica significantly reduced the fungal
infection caused by the artificial inoculation of A. alternata in jujube fruits.

For our study, an important strategy used by M. caribbica against A. alternata was the
competition for nutrients and available space. The excellent biocontrol performance of an-
tagonistic yeast was associated with a high population density on the fruit [39]. M. caribbica
rapidly colonized the jujube wounds after inoculation and maintained a stable population
density throughout the entire duration of storage (Figure 2). The high population density of
antagonistic yeast was conducive to biofilm coverage at the fruit wounds [40]. The mixed
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cultures of M. caribbica and A. alternata were observed using microscopy, and it was found
that M. caribbica was not parasitic to A. alternata (Figure S1). The hyphae of A. alternata
did not show deformation or breakage due to the attachment of M. caribbica, as observed
by SEM. However, we found that M. caribbica firmly adhered to the surface of A. alternata
hyphae (Figure S1). Around jujube wounds, the extracellular matrix encasing encapsulating
yeast, as well as the secretion of aggregated yeast cells, were visible (Figure 3B). This indi-
cated that M. caribbica competed for nutrient factors in the fruit wounds to rapidly multiply
and form biofilms, occupying space in the wound sites to suppress A. alternata growth.
Through in vitro experiments, M. caribbica was found to adhere tightly to polystyrene
plates, demonstrating its strong biofilm formation ability (Figure 4).

Biofilm formation is regulated by QS, and QSMs have essential functions in biofilm
development [41]. It was reported that QSMs should follow a density-dependent accu-
mulation during microbial growth, and thus be able to induce a coordinated population
response after reaching a specific concentration. Moreover, QSMs are able to reproduce the
QS phenotype by the exogenous addition of substances [42]. In our study, it was demon-
strated that QS was involved in regulating the formation of M. caribbica biofilms, and the
25% CM medium significantly improved the biofilm growth of M. caribbica (Figure 5B).
This also suggests that it is possible for some metabolites in the CM medium to act as QSMs
of M. caribbica. The major volatile metabolic organisms reported for M. caribbica include
1-butanol, 3-methyl, phenylethanol, and ethyl acetate [43,44]. Phenylethanol is a reportedly
important communication molecule that regulates the population behavior and biofilm
formation of S. cerevisine and D. hansenii [45,46]. In our study, phenylethanol, which is the
secondary metabolite of M. caribbica, was assayed in the CM medium by HPLC (Figure S2).
Moreover, the formation of M. caribbica biofilms was enhanced by the exogenous addition
of phenylethanol, which indicated that phenylethanol acted as a QSM of M. caribbica.

The synthesis of phenylethanol in microorganisms is based on the precursor substance
Phe. Interestingly, we have found that some yeasts are able to convert Phe into phenylethanol: a
method commonly used in the industrial production of natural phenylethanol [47]. S. cerevisiae,
for example, can ferment Phe via the Ehrlich pathway to produce more phenylethanol [48]. In
the present research, Phe stimulated the biofilm formation of M. caribbica and contributed to
more extracellular matrix secretion by M. caribbica, which assisted in the adhesion to jujube
fruit wounds (Figure 7C). HPLC revealed that Phe could stimulate M. caribbica to secrete
more phenylethanol into the culture. Moreover, a positive correlation was found between
Phe, M. caribbica biofilm formation, and phenylethanol content (Figure S3). This suggests
that Phe can influence the biofilm formation of M. caribbica at the level of phenylethanol.
It is interesting to note that some QSM-producing precursors, such as amino acids, also
affect the morphological structure and biofilm formation of yeast. Indeed, 2-Methyl-1-
butanol is one of the QSMs of the dimorphic fungus Ophiostoma ulmi, which can affect its
morphological transformation, while isoleucine (a precursor of 2-methyl-1-butanol) has
analogous effects on the morphological transformation of O. ulmi [49]. Nitrogen sources
can alter the morphology of Pichia fermentans, and methionine, valine, and Phe can induce
pseudohyphal morphology [50].

In the in vivo experiment, M. caribbica treated with 8 mmol/L Phe performed the best
biocontrol effect against black spot rot, and the addition of Phe was negatively correlated
with jujube disease incidence (Figure S3). A negative correlation was also found between
the formation of M. caribbica biofilm and fruit diseases. This result suggested that Phe
had a positive impact on the effectiveness of M. caribbica as a biocontrol agent, which
greatly depends on its biofilm enhancement. Notably, in a study conducted by Klein and
Kupper [51], 1% ammonium sulfate stimulated the production of Aureobasidium pullulans
biofilms, thereby increasing the inhibitory efficiency against G. citri-aurantii and effectively
controlling citrus decay. Additionally, Wang’s study showed that the biocontrol potency of
M. citriensis against citrus sour rot was enhanced by arginine treatment by promoting its
adhesion to citrus fruit and inducing an increase in its oxidative stress tolerance [52]. These
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studies emphasized that the enhancement of antagonistic yeast biofilms is associated with
improving their biocontrol efficacy.

5. Conclusions

In the current study, our results demonstrated that M. caribbica exhibited excellent
efficacy in the control of jujube black spot rot. M. caribbica can rapidly colonize fruit
wounds and has a potent biofilm-forming ability. The formation of M. caribbica biofilms was
influenced by QSMs. Phenylethanol, as a QSM, regulated the biofilm growth of M. caribbica.
In addition, Phe, as a precursor substance of phenylethanol, promoted the formation of
M. caribbica biofilms by increasing the content of phenylethanol, thus enhancing the ability
of M. caribbica to control black spot rot on the jujube. The present results are of great
significance for enhancing the bioprotective efficacy of antagonistic yeast, and also provide
a promising strategy for the control of postharvest disease in jujube fruits.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/j0f8121313/s1, Figure S1: Interaction between M. caribbica and
A. alternata for (A1,B1) 24 h/(A2,B2) 48 h after incubation. The A. alternata hyphae alone were
used as a control. A,B: magnification of 1000x. Figure S2: HPLC analysis of phenylethanol in
CM (A—C). (A) CM medium, (B) Standard: commercial phe-nylethanol, and (C) NYDB medium.
Figure S3: Pearson’s correlation analysis among Phe, phenylethanol content, biofilm, and disease
incidence. Each square color scale represents the correlation coefficient. * indicates significant
correlation (p < 0.05), ** indicates highly significant correlation (p < 0.01).
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Abstract: Biological control of postharvest diseases has been proven to be an effective alternative to
chemical control. As an environmentally friendly biocontrol agent, Bacillus subtilis has been widely
applied. This study explores its application in kiwifruit soft rot and reveals the corresponding
mechanisms. Treatment with cell-free supernatant (CFS) of Bacillus subtilis BS-1 significantly inhibits
the myecelial growth of the pathogen Botryosphaeria dothidea and attenuates the pathogenicity on
kiwifruit in a concentration-dependent manner. In particular, mycelial growth diameter was only
21% of the control after 3 days of treatment with 5% CFS. CFS caused swelling and breakage of
the hyphae of B. dothidea observed by scanning electron microscopy, resulting in the leakage of
nucleic acid and soluble protein and the loss of ergosterol content. Further analysis demonstrated
that CFS significantly induces the expression of Nox genes associated with reactive oxygen species
(ROS) production by 1.9-2.7-fold, leading to a considerable accumulation of ROS in cells and causing
myecelial cell death. Our findings demonstrate that the biocontrol effect of B. subtilis BS-1 CFS on
B. dothidea is realized by inducing oxidative damage to the mycelia cell.

Keywords: biocontrol; Botryosphaeria dothidea; postharvest disease; oxidative damage; kiwifruit

1. Introduction

Kiwifruit is one of the most resourceful, nutritious, and economically healthy fruits.
The freshly ripened kiwifruit is juicy, unique in flavor, rich in vitamins and minerals, and
deeply accepted by the market [1-4]. However, as commercial kiwifruit cultivation and
production continue to expand, various diseases have emerged during the harvest and
storage of kiwifruit and have become increasingly prominent and severe. These serious
diseases include soft rot, grey mold, and black spot disease [5-7]. Among them, the soft rot
of kiwifruit is the dominant postharvest disease. Despite that there is no difference between
the appearance of a diseased fruit and that of a healthy one, the inside of the diseased fruit
turns dirty brown and decays, losing edible value. The occurrence of soft rot seriously
affects the quality and yield of kiwifruit and is a common cause of major economic losses
worldwide [8,9]. Numerous scholars have been working on isolating and identifying the
causal agent of the soft rot of kiwifruit. Several major pathogens have been reported to
be associated with postharvest rot of kiwifruit, including Botryosphaeria dothidea, Diaporthe
actinidiae, Phomopsis sp., and Alternaria alternata [10-13]. On balance, Botryosphaeria dothidea
is considered one of the primary pathogens of kiwifruit soft rot worldwide [14]. B. dothidea,
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a necrotrophic pathogen responsible for diseases in a broad range of plant hosts, belongs to
the class Dothideomycetes of the phylum Ascomycota and is distributed worldwide. Itis a
killer of woody plant species, causing branches’ death, ulcers, gum flow, and postharvest
decay of fruits. Kiwifruits infected by B. dothidea show a water-soaked lesion spot on the
peeled flesh with a light brown center and a dark green ring edge [15,16].

Although certain sorts of chemicals are effective against these pathogens, mixtures
of pyraclostrobin and boscalid could change the morphology of conidia and hyphae
branches, resulting in suppressed growth of B. dothidea. However, these chemical fungicide
residues are potentially hazardous to human health and the environment [12,17]. As public
concern about the quality and safety of agricultural products rises, researchers are devoted
to exploring efficient biological control methods to manage plant diseases. Microbial
antagonists against plant pathogens provide an environmentally friendly approach and
meet the urgent demand for controlling kiwifruit soft rot diseases [18,19]. Bacillus spp. is
one of the bacteria broadly distributed in the soil rhizosphere and is widely regarded as a
powerful biological control agent against a wide range of pathogenic fungi on a variety
of fruits. Volatile organic compounds released by Bacillus subtilis strain CL2 inhibited the
growth of four pathogenic fungi, contributing to the reduction of postharvest disease in
wolfberry [20]. The culture suspension of B. subtilis L1-21 effectively inhibited the growth
of Botrytis cinerea by up to 86.57%, resulting in effective control of postharvest tomato grey
mold [21]. In addition, many countries have approved B. subtilis as a food supplement,
and the toxicity of B. subtilis has been evaluated by acute and chronic doses in guinea pigs
and rabbits, showing no harmfulness in animals under tested conditions [22]. Although
B. subtilis is a broad-spectrum antagonistic bacterium suited for disease control in various
fruits and vegetables, most works focused on the biological control effect. Moreover, the
molecular regulatory mechanism of B. subtilis that destroyed pathogens and inhibited
their growth is poorly understood. In addition, the inhibition mechanism of B. subtilis on
kiwifruit soft rot, especially on the primary pathogen B. dothidea, has not been extensively
studied.

In this study, the biocontrol application of B. subtilis was extended to prevent and
control the soft rot of kiwifruit. We mainly aimed to examine the inhibitory effect of
CFS on soft rot caused by B. dothidea in vitro and in vivo and further explore the damage
mechanism of CFS on B. dothidea. This work will assist in providing a practical, sustainable,
and safe biological approach to managing soft rot in kiwifruit.

2. Materials and Methods
2.1. Microbial Materials

The soft rot fungal pathogen Botryosphaeria dothidea was isolated and identified from the
perspective of morphology, molecular biology, and Koch'’s rule and shares 100% identity with
the ITS information of B. dothidea strain CMW8000 (AY236949.1). The B. dothidea was stored in
a —80 °C refrigerator and cultured in potato dextrose agar medium (PDA) at 25 °C.

Bacillus subtilis strain BS-1 was kindly provided by Professor Liu Jia from Chongqing
College of Arts and Sciences. Its morphologic properties, growth characteristics, and DNA
analysis results met the criteria for identifying B. subtilis. The 16sRNA sequence of strain
BS-1 was 99% identical to that of B. subtilis strain CNPMS22169 (MH358457.1).

2.2. Preparation of the Cell-Free Supernatant (CES)

B. subtilis strain BS-1 was activated in an LB plate at 28 °C for 16-24 h, and individual
clones were transferred to sterile test tubes containing 2 mL. LB medium and cultured until
the cell cultures ODg reached 0.6 as a seed broth. Fermentation cultures were expanded
at 1% of the seed broth inoculum for 72 h and centrifuged at 8000 rpm for 15 min. The
supernatant was purified by passing through a 0.22 pum sterile extractor to give a cell-free
supernatant (CFS). The CFS was diluted with distilled water to 1%, 2%, and 5% of the final
working volume fraction.
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2.3. Fruits

Mature kiwifruits (Actinidia deliciosa cv. Xuxiang) were purchased from supermarkets
during the marketing season from September to October with the characteristics of similar
size, without decay or physical damage, 8-10% soluble solids content (SSC), and 30-35 N
hardness. Experimental kiwifruits were disinfected with 1% (v/v) sodium hypochlorite for
10 min, rinsed three times with water, and air-dried at room temperature [23].

2.4. Effectiveness of the CFS against Kiwifruit Soft Rot Pathogen In Vitro and In Vivo

Myecelial discs (5 mm diameter) from one-week-old cultured B. dothidea were placed in
the center of PDA plates, amended with CFS at each working volume fraction
(1%, 2%, and 5% v/v) or without CFS, and further incubated at 25 °C. The inhibition
rate was calculated according to the equation [24], and the assay was performed 3 times
with 5 replicates. The experimental kiwifruits were divided into five groups and soaked
in different concentrations of CFS for 5 min. Punched holes about 2 mm in diameter and
3 mm in depth were created in the equatorial part of the treated kiwifruit with a sterile
inoculation spike and inoculated with mycelial discs. The inoculation holes were wrapped
in sealing film, and the kiwifruits were incubated under 22-25 °C and 80-90% humidity.
The area of rotten spots was calculated with the cross method after 3 and 5 days of affection.
The experiment was replicated three times with 12 fruits per treatment group.

2.5. Ultrastructural Morphology of Pathogens Treated with the CFS

Myecelial discs (5 mm diameter) from one-week-old cultures of B. dothidea were added
to culture flasks containing 30 mL of PDB medium and incubated for 48 h at 28 °C on a
shaker at 120 rpm. Then, CFS with final volume fractions of 0%, 1%, 2%, and 5% was added
to the culture. Mycelia were taken at 0 h, 24 h, and 48 h, then washed three times with
0.05 M PBS (pH 7.2) buffer, fixed with 2.5% (v/v) glutaraldehyde (Solarbio, Beijing, China)
for 24 h and then dehydrated with graded ethanol (30%, 50%, 70%, and 90%, v/v) and
freeze-dried as described. The structural features of the mycelium were then observed
using a scanning electron microscope (SEM) (Hitachi S-4800, JAPAN) [25].

2.6. Effect of the CFS on Cell Death of Pathogenic Mycelium

Fresh mycelium samples treated in step 2.4 were stained using the trypan blue staining
kit (Sangon Biotech, Shanghai, China) and observed with a light microscope. Each group
was treated with three samples and the experiment was repeated three times.

2.7. Determination of the Integrity of Cell Membranes

A few myecelia treated in step 2.4 were incubated with 5 mM propidium iodide (PI)
for 20 min at 30 °C and washed twice with 0.05 M pH = 7.4 PBS buffer to remove the stain.
Each processing sample was poked and dispersed, then observed with a laser confocal
microscope (ZEISS LSM710, Germany). The green light was excited at 405 + 10 nm, and
the red light was absorbed at 633 £ 10 nm [26].

2.8. Determination of Ergosterol, Determination of the Leakage of Cellular Contents

Fresh mycelium samples treated in step 2.4 were taken and rinsed twice with 0.05 M
PBS (pH 7.2) buffer to remove residual media. Each sample was placed in a drying oven at
80 °C, dried to a constant mass, ground to a powder with liquid nitrogen, weighed at 0.5 g
of the dry powder in a test tube with anhydrous ethanol (1:10, m/V), mixed thoroughly for
10 min, and centrifuged at 3500 rpm for 10 min. The supernatant was filtered through a
0.22 um microporous membrane, and the ergosterol content was determined at 292 nm [27].
Each group was treated with three samples, and the experiment was repeated three times.

Nucleic acid and protein exudation were determined by reference to the methods of
Bradford et al. with appropriate modifications [28]. Mycelial discs (5 mm diameter) of
one-week-old B. dothidea were added to shake flasks containing 30 mL of PDB medium and
incubated at 25 °C at 120 rpm. After 48 h of incubation, the mycelium was combined and
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washed with sterile distilled water. Subsequently, 0.5 g of mycelium was suspended in CFS
solutions at final volume fractions of 0%, 2%, and 5% and further incubated for 24 and 48 h
at 25 °C in a shaker at 120 rpm. After filtering the mycelial samples, the resulting filtrate of
the culture was assayed with NANODROP 2000 to determine the concentration of nucleic
acids and soluble proteins. Each group was treated with three samples, and the experiment
was repeated three times.

2.9. The CFS induces Malondialdehyde (MDA) Production and Reactive Oxygen Species
(ROS) Accumulation

The MDA content was determined using the thiobarbituric acid (TBA) method [18].
2',7'-dichlorodihydrofluorescein diacetate (H2DCFDA; Invitrogen, Eugene, OR, USA) was
used to detect ROS accumulation. Mycelium samples treated in step 2.4 were resuspended
in 0.05 M PBS (pH 7.2) and co-incubated for 20 min with 10 uM H2DCFDA, then washed
three times with PBS to remove the dye. The ROS accumulation was observed using a
confocal laser microscope (LSM800; Zeiss, Oberkochen, Germany) [29]. Each group was
treated with three samples, and the experiment was repeated three times. Hydrogen
peroxide (H,O;) content and superoxide anion (O, ™) production rate were individually
determined using commercial kits (Nanjing Jiancheng Institute of Biological Engineering,
Nanjing, China).

2.10. Enzyme Activity Assay and Real-Time Fluorescence Quantitative PCR Assay

SOD, POD, and CAT enzyme activities were determined using commercial kits
(Jiancheng Institute of Biological Engineering, Nanjing, China). Mycelium samples were
collected at 0 h and 6 h according to the method for culturing pathogenic mycelium in step
2.4 and stored at 4 °C and —80 °C until further processing. The total RNA was extracted
from mycelium using an RNA Extraction Reagent (Vazyme, R401-01, China), and the cDNA
was obtained using a cDNA Synthesis kit (Vazyme, R323-01, China). Real-time qRT-PCR
was performed in 10 pL reactions using ChamQTM SYBR® qPCR Master Mix (Vazyme,
China) in a fluorescence quantitative PCR instrument (Bio-Rad CFX96). The PCR reaction
conditions were as follows: one cycle at 95 °C with initial denaturation for 30 s; then
40 cycles of 15s at 95 °C and 30 s at 60 °C; and a final cycle of 95 °C at 25 s, 60 °C at 60 s,
and 95 °C at 15 s. The gene expression level was normalized by the internal reference gene
Actin (WWBZ02000009.1) with the 2~#4¢t method [30]. The specific primers for the genes
evaluated are listed in Table 1. Each treatment consisted of three biological replicates, and
the experiments were performed twice.

Table 1. Primers Used for the RT-qPCR Analysis.

Gene Name Accession Number Primer Name Primer Sequences (5'—3)
Nox1 WWBZ02000033.1 BdNox1-F1 CGAGTCGATATGGTTCCACAG
BdNox1-R1 GCCTGGGTATAGTGAATCTGG
Nox1f WWBZ02000073.1 BdNox1f-F1 TGGCATCTACCTTTTCGAGC
BdNox1f-R1 CCAGGCTTGTACTTCATCGAG
Nox3 WWBZ02000020.1 BdNox3-F1 CGTTTCCAAGGTTATTCAGCAC
BdNox3-R1 TTGTGAGAGTGAAAGGGTGG
Sod WWBZ02000033.1 BdSod-F1 GTCGGTGACAACTCTGGC
BdSod-R1 GGTAATGGATCACGATGCTG
Pod WWBZ02000001.1 BdPod-F1 TCTCGGCTACAAGATCGGAG
BdPod-R1 TCACAGAATCCGGCAAGC
Cat WWBZ02000022.1 BdCat-F1 TATTCCTCAGGCACGATCTTG
BdCat-R1 GTCTATTGAGAAGGGTCGGTTC
Actin WWBZ02000009.1 BdActin-F1 GGTTCAACTACCACCTCAAGAATG
BdActin-R1 GCCGTGGGCGTCAGAAAT

36



J. Fungi 2023, 9, 127

2.11. Effect of N-Acetylcysteine (NAC) on the Recovery of Mycelial Growth
2.11.1. Plate Recovery Experiments

Mycelial discs (5 mm diameter) of one-week-old B. dothidea cultures were placed in
the center of the PDA discs, with one group containing final volume fractions of 0%, 2%,
and 5% CFS and 10 mM NAC. The control group had an identical final volume fraction
of CFS and equal amounts of sterile water. Colony diameter was measured after 5 days
of inoculation [31].

2.11.2. Mycelial ROS Accumulation and Mycelial Cell Damage/Integrity Recovery Test

Myecelial discs (5 mm diameter) from one-week-old cultures of B. dothidea were added
to shake flasks containing 30 mL of PDB medium and incubated at 25 °C at 120 rpm. After
2 days of incubation, the cultures were divided into two groups. The treatment group
contained different fractions of CFS (0%, 2%, and 5%) and 10 mM NAC, while the control
group contained the exact final volume fraction of CFS alone. The two group cultures were
incubated at 28 °C and 120 rpm for 24 h. The incubation of mycelium was followed by ROS
accumulation staining and the trypan blue staining described previously.

2.12. Statistical Analysis

Statistical analyses were performed using SPSS 23.0, plotted using GraphPad Prism8,
analyzed using a one-way analysis of variance (ANOVA), and shown as standard errors
of the mean =+ least squares mean (SEM). A p-value < 0.05 was accepted as statistically
significant according to Duncan’s multiple polar difference test. Significant differences are
indicated by letters, with different letters indicating significant differences.

3. Result
3.1. The CFS of Bacillus Subtilis BS-1 Inhibits Vegetative Growth and Pathogenicity of
Botryosphaeria Dothidea

Mycelial discs (5 mm in diameter) of uniformly sized one-week-old B. dothidea cul-
tures were inoculated on PDA plates containing different concentrations of BS-1 CFS to
investigate the vegetative growth of B. dothidea affected by CFS. After 3 days of incubation,
B. dothidea growth was suppressed by CFS in a concentration-dependent manner, with
mycelial growth at about 66%, 26%, and 21% of the control’s colony diameter under
exposure to 1%, 2%, and 5% of CFS, respectively (Figure 1A,B). The growth inhibition
properties of B. dothidea on the fifth day, similarly to that on the culture on day 3, were
affected by the dosage mode of CFS. CFS-treated fruits with the inoculation of mycelial
discs were stored at 25 °C to explore CFS'’s effects on the virulence of B. dothidea. Fruit with
CFS treatment developed a substantially and significantly less rotten area than control
fruit in a dose-dependent way (Figure 1C,D). Consequently, the optimal suppression
was obtained with the 5% CFS treatment; the lesion area was reduced by more than
half compared to the control group (Figure 1C,D). B. subtilis CFS vitality assays demon-
strated dose-response inhibitory effects against B. dothidea in vitro and in vivo, showing a
promising biocontrol result.
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Figure 1. The CFS inhibited vegetative growth of B. dothidea on the PDA (potato dextrose agar) plate
(A,B) and reduced the pathogenicity of B. dothidea in kiwifruit (C,D). (A) Images were recorded after
3 and 5 days of incubation. (B) Statistical analysis for colony diameters. (C) Photographs of diseased
fruits were taken 3 and 5 days after treatment. (D) Lesion area on harvested kiwifruit was measured
using Image J. Histograms with different letters indicate significant differences according to Duncan’s
multiple range tests at p < 0.05.

3.2. The CFS Damages and Ruptures the Hyphae of B. dothidea

The normal hyphal morphology and the integrity of hyphal structure are necessary
for the growth and pathogenicity of B. dothidea. The morphological effects of CFS on
growing hyphae of B. dothidea were examined by microscopy. In the absence of CFS,
hyphae exhibited ordinary status over a 24 h incubation period. Compared with the control
group, CFS strongly induced striking changes in the hyphal morphology, depending
on the CFS concentration. The changes observed included the increasing formation of
branches and swelling of hyphal cells (Figure 2A). Based on light microscopic observation,
2% CFS and 5% CFS had a pronounced effect on hyphae. The effects of 1% CFS on
pathogenicity inhibition and hyphae morphology were not significantly different compared
with the control (Figure 2A); the main focus was explored through the two concentrations
of 2% and 5% CFS in further analysis. Then, the scanning electron microscopic analysis
further demonstrated that the hyphae in the CFS treatment group were rough and shriveled,
in contrast to the plump and smooth hyphae in the control group (Figure 2B). The scanning
electron microscopic observation showed that the cell inclusions almost disappeared, but
part of collapsed and shriveled hyphae was left (Figure 2B). These results indicated that
the CFS primarily affected the normal formation and structure of growing hyphae, and
the swelling hyphae cells were accompanied by excessive lateral branching and hyphae
fracture that ultimately led to the destruction of the whole hyphae.
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Working concentration of CFS (v:v %)

0% 2% 5%

Figure 2. Effects of CFS on the morphological structure of B. dothidea. (A) Effects of CFS on the
morphological structure of B. dothidea were tested in a PDB medium containing the indicated concen-
tration of CFS. The hyphae were collected after 24 h of treatment, and images were recorded using
a microscope. Black bars represent 50 um. Hyphae swollen into spheres are marked by red circles.
(B) Scanning electron micrographs of B. dothidea treated with CFS at different working concentrations.
The shriveled hyphae are marked by red rectangles.

3.3. The CFS Destroys the Hyphal Cytomembrane and Cause Hyphae death of B. dothidea In Vitro

Shriveled hyphae were observed in the CFS treatment group, suggesting that CFS
may damage the cell membrane of hyphae and cause hyphal death. To test this hypothesis,
propidium iodide (PI) and trypan blue were employed to detect the membrane integrity
of B. dothidea cells since the dead cells with incomplete cell membranes could be stained
in red or blue by propidium iodide or trypan blue staining, respectively. As shown in
Figure 3A, hyphae in the treatment group showed stronger red fluorescence, and 2% of
CFS was sulfficient to cause severe damage to the cell membranes of hyphae. These results
were repeated on the same batch of samples following trypan blue staining. Similar results
were obtained in this assay, and the CFS-treated hyphae showed a darker blue than the
control (Figure 3B), further proving that CFS retains the ability to destroy cell membranes.

Cell membrane damage is often accompanied by changes in membrane substances,
including the malondialdehyde (MDA), a product of membrane lipid peroxidation, and
ergosterol, an essential component of fungal cell membranes. The content of MDA and
ergosterol in hyphae revealed major changes between CFS-free and CFS-treated samples.
The significantly increased MDA content was detected upon CFS presence at volume frac-
tions of 2% and 5% (Figure 3C). Accordingly, ergosterol decreased significantly after CFS
treatment and showed a dose- and time-dependent effect (Figure 3D). The peroxidation-
damaged cell membrane may lead to the exudation of cell contents, mainly protein and
nucleic acid. Therefore, the concentrations of the above two substances in the hyphal
culture medium with or without CFS were further detected. Figure 3E,F show that the
protein and nucleic acid content increased conspicuously depending on CFS concentra-
tion. These results indicate that the CFS destroyed the integrity of the hyphal membrane
of B. dothidea and caused cell death by promoting the realization of hyphae membrane
peroxidation damage.
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Figure 3. Injury efficacy of CFS on the hyphal cytomembrane of B. dothidea. (A) Detecting the
integrity of the membrane of hyphal cells stained by propidium iodide (PI). The fluorescence signal
was detected using a laser scanning confocal microscope at 405 nm excitation and 633 nm emission.
(B) Detecting the integrity of membrane and activity of hyphal cells at 24 h after the application of
CFS stained by trypan blue. The images were recorded using a microscope. The red bars represent
50 um. (C,D) The content of MDA and ergosterol in hyphae after treatment with CFS for 24 h
and 48 h. (EJF) Nucleic acid (NA) and Soluble protein (SP) contents were measured in a hyphal
culture medium after different amounts of CFS t reatment at indicated period. Vertical bars represent
standard deviations of the means. Columns followed by different letters are statistically different by
the Duncan’s multiple ranges (p < 0.05).

3.4. The CFS Promotes the Explosion of Reactive Oxygen Species in Hyphal Cells of B. dothidea

In the staining image of CFS-treated hyphae of B. dothidea, an incomplete cell mem-
brane was observed. Primary cellular contents of hyphae were also found in the culture
medium with CFS. These results lead us to the possible mechanism that CFS is active
against fungal cell membrane integrity, probably due to provoking reactive oxygen species
(ROS) burst. The cell-permeable fluorescence probe H2DCFDA was applied to detect
intracellular ROS in hyphae. After 24 h of treatment with 2% CFS, most of the hyphae gave
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ROS green fluorescence (Figure 4A). The same fluorescence signal accumulation was also
observed in samples treated with a higher concentration of CFS, and such fluorescence
increased in extent with an increasing CFS amount. The proliferation of ROS in hyphae
triggered by CFS ultimately results in peroxidation of the cell membrane and collapse of
the whole hyphae. ROS are chemically active free radical molecules, which could be as
simple as molecules of superoxide or more complex molecules, such as hydrogen peroxide.
The detection of superoxide and hydrogen peroxide are significant indicators of reactive
oxygen species accumulation. As shown in Figure 4B, the mycelium treated with CFS had
a significantly higher hydrogen peroxide content and superoxide anion production rate
than the control mycelium. Moreover, the production rate depends on the increase in CFS
concentration. This result indicates that CFS accelerated the rate of reactive oxygen species
production and increased the accumulation of reactive oxygen species. In addition to ROS
burst, upregulation of essential ROS synthesis genes (Nox1, Nox1f, Nox3) was observed uni-
versally at the very early phase of CFS processing, and the expression level was positively
correlated with the concentration of CFS (Figure 4C). These results indicated that the ROS
level raised by CFS might be closely related to the damage of hyphae.
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Figure 4. Effects of CFS on reactive oxygen species (ROS) accumulation in B. dothidea. (A) The
images were recorded using confocal laser microscopy at 488 nm excitation and 520 nm emission.
The hyphal cells treated with different concentrations of CFS were harvested after 24 h. Harvested
hyphal cells were stained with the oxidant-sensitive probe, H2DCFDA, and then washed with PBS
buffer for observation. (B) The contents of H202 and O," ~ measured after 24 h treatment. (C) Gene
expression levels of BdNox1, BdNox1f, and BdNox3 at 6 h after treatment. Different letters above the
columns indicate significant differences within each group according to Duncan’s multiple range test
(p < 0.05).
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3.5. Defense-Related Enzyme Activity and Corresponding Defense Enzyme Synthesis-Related Gene
Expression in B. dothidea Mycelial Cells

The accumulation of ROS in cells is usually accompanied by the enhancement of
scavenging capacity. The enzymatic scavenging system of ROS is largely dependent on
the sequential cooperation of superoxide dismutase (SOD), catalase (CAT), and peroxidase
(POD), which eventually catalyze ROS into harmless substances. Enzymatic activity was
assessed in the hyphae with and without CFS after 24 h of culture. Indeed, a significant
increase in scavenging enzyme activity was seen at diverse degrees (Figure 5A). The most
pronounced increase in CAT and POD enzyme activity was observed in the group with
5% CFS application, about three times that of the control group. Moreover, the maximal
activities of SOD among different CFS treatment groups exhibited similar behavior. The
expression levels of genes encoding these ROS-scavenging enzymes were also assessed
by qRT-PCR in the same samples. As Figure 5B shows, enzyme synthesis genes (BdSOD,
BAPOD, BACAT) were significantly upregulated at the early stage of CFS treatment. In
conclusion, these results suggested that CFS induced ROS rapid accumulation in mycelial
cells and leads to mycelial oxidative damage.
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Figure 5. Effects of CFS on the enzyme activities involved in scavenging reactive oxygen species
in B. dothidea. (A) The activities of ROS scavenging enzymes (POD, SOD, and CAT) were recorded
in harvested hyphal cells. (B) Gene expression levels of BISOD, BdiPOD, and BACAT at 6 h after
treatment. Different letters above the columns indicate significant differences within each group
according to Duncan’s multiple range test (p < 0.05).

3.6. N-Acetylcysteine Alleviated the Burst of Reactive Oxygen Species in Hyphae of B. dothidea

Induced by CFS

To quantify the oxidative accumulation of hyphae induced by CFS, an inhibition
assay was performed. The broad-spectrum ROS inhibitor N-acetylcysteine (NAC) was
resuspended in B. dothidea hyphae culture with CFS to evaluate the ROS fluorescent signal
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changes between the CFS-alone group and the CFS and NAC group. As shown in Figure 6,
NAC effectively decreased the CFS-induced green fluorescence signal, indicating that NAC
could remove various types of ROS generated by CFS. These data proved again from
another perspective that CFS of B. subtilis induced a considerable accumulation of ROS in
hyphae cells, leading to oxidative damage of hyphae.

CFS CFS+NAC

Working concentration of CFS (viv %)

Figure 6. Effect of N-acetylcysteine (NAC) on the accumulation of reactive oxygen species (ROS)
in hyphae. The culture medium was amended with different concentrations of CFS with or with-
out 10 mM NAC, and the representative fluorescent pictures were recorded using confocal laser
microscopy at 488 nm excitation and 520 nm emission.

3.7. N-Acetylcysteine (NAC) Reduces Cell Death and Recovers the Weak Growth of B. dothidea
Caused by CFS

Considering the scavenging ability of NAC in terms of ROS, we next assessed the
ability of NAC to restore the viability and growth of CFS-treated mycelium. Therefore,
along with the original pathogen in vitro test, trypan blue staining test, and ROS accumula-
tion staining test, NAC (10 mM) was applied to the CFS treatment groups to observe the
status of NAC on hyphal cell death and mycelial growth. Hyphae swelling caused by CFS
was hardly observed after NAC addition (Figure 7A), demonstrating that the changes in
hyphal morphology induced by CFS were alleviated. In addition to the effect on hyphal
morphology rescue, NAC was also effective in alleviating the hyphae death caused by
CFS; the images clearly showed that the blue color of hyphae in NAC was much lighter
than that of the CFS-treated group (Figure 7A). Referring to the NAC function on recovery
hyphae growth under oxidative stress, we measured the CFS-damaged B. dothidea mycelia
expansion capacity on the PDA plates with or without NAC. Figure 7B,C illustrate the
image of the mycelia growth feature and statics of mycelia diameter after treatment with
NAC. Regardless of the CFS concentration leveling the plate, the mycelia expansion became
faster and more significant with NAC treatment, meaning NAC relieved the inhibition
of CFS on mycelial growth. Taken together, these results suggested that the ROS scav-
enger NAC could rescue the growth disorder of mycelia treated with CFS by removing
intracellular ROS.
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Figure 7. Effect of N-Acetylcysteine (NAC) on the activity and growth of mycelia treated with CFS.

The cultures were amended with CFS (2% and 5% v/v) and 10 mM NAC, separately. (A) Hyphal cell
death was determined by an accumulation of staining with trypan blue after the application of CFS
and treatment with NAC for 24 h. Images were recorded using a microscope. (B) The mycelial growth
diameter was measured, and images were recorded 5 days after inoculation. (C) Statistical analysis

for colony diameters. Error bars indicate standard errors of the means of two repeated experiments.

Treatments annotated with different letters were significantly different within a specific time point
according to the Duncan’s multiple range test. (p < 0.05).

4. Discussion

Fruit is an essential part of the diet, providing people with a rich source of vitamins
and minerals, but postharvest losses of fruit amount to around 30% globally [32]. While
biological control of postharvest fruit diseases has been subject to extensive attention and
research, including the application of biocontrol microorganisms and natural substances
from plants, this safe and effective control method remains a hot research topic. Bacillus
halotolerans KLBC XJ-5 inhibits the growth of Botrytis cinerea mycelium and germination
of conidia, effectively controlling postharvest strawberry grey mold [33]. Magnolol, a
functional component of Magnolia officinalis, activates the autophagic activity of B. cinerea
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and substantially inhibits the mycelial growth of B. cinerea [23]. However, a great majority
of postharvest biocontrol studies have concentrated on grey mold caused by the model
fungus B.cinerea, with little attention on other diseases. In addition, studies on the biocon-
trol of pathogens have mainly focused on the effectiveness of control, but have seldom
revealed their inhibition mechanism. These necessitate improvements to the research on
the biocontrol of postharvest diseases.

Kiwifruit is a widely received fruit with a high vitamin C content and a rich nutritional
profile. Nonetheless, the economic performance of kiwifruit is seriously affected by the
infestation of several pathogens, with the soft rot of kiwifruit caused by Botryosphaeria
dothidea being one of the leading causes affecting fruit production and quality [34]. This
demonstrates the urgent need for effective, safe, and efficient disease control measures
against the pathogen. Therefore, in this study, we preliminarily found that the B. subtilis
strain BS-1 had a significant inhibitory effect on kiwifruit soft rot, and the interaction
between BS-1 and the pathogen B. dothidea was further investigated to assess its potential
biotic mechanisms against kiwifruit soft rot. Our results were similar to those of B. subtilis
in primary postharvest diseases of ecological fruits such as strawberry, grapes, tomato,
and cucumber, where treatment with the fermentation solution (CFS) of B. subtilis inhib-
ited the expansion of the pathogen in vitro and weakened the pathogenicity of pathogens
on the host in a dose-dependent manner [35-38]. These indicate that B. subtilis has a
broad-spectrum inhibitory effect and is effective against kiwifruit soft rot. Previous studies
have indicated three main mechanisms of biocontrol bacteria: competition for space and
nutrients, production of inhibitory substances (cell-free supernatants, CFS and volatile
substances), and induction of systemic resistance [39]. Considerable research suggests
that inhibition substances releasing is the primary biocontrol method to reduce disease
in postharvest fruit and vegetables [40,41]. The CFS of B. subtilis EA-CB0015 impedes the
development of grey mold by inhibiting conidial germination, shoot tube growth, sporan-
gial formation and tissue colonization of Botrytis cinerea [42]. The antifungal action of B.
subtilis may be attributed to the ability to synthesize a wide range of bioactive secondary
metabolites in CFS and volatile components against pathogens [43]. The secondary lipopep-
tide metabolites of Bacillus amyloliquefaciens S76-3 reduce the pathogenicity of Fusarium
graminearum by disrupting mycelial cell structure and inhibiting mycelial growth and
conidial germination [44]. Lipopeptide iturin A extracted from the CFS of Bacillus subtilis
WL-2 induces cell membrane damage, oxidative stress, and mitochondrial dysfunction of
Phytophthora infestans, leading to hyphal cell death [39]. Additionally, several investiga-
tions prove that the CFS of B. subtilis is highly resistant to a variety of stresses, including
high temperature, UV irradiation and low temperature et al. [45,46]. Our previous study
demonstrates that the CFS of B. subtilis strain BS-1 is tolerant to these stress conditions.
Therefore, this study focused on the mechanism of CFS of BS-1 in the biocontrol of kiwifruit
soft rot induced by B. dothidea.

The results we obtained showed that CFS inhibited the growth of B. dothidea in a
dosage-dependent manner and effectively suppressed the development of soft rot in ki-
wifruit in both in vitro and antagonistic inhibition assays (Figure 1). Similarly, our data
showed that the growth inhibition of B. dothidea was related to the morphological structure
of the hyphae, which was damaged by the B. subtilis BS-1 CFS treatment, becoming rough,
crumpled, and severely fractured (Figure 2B). Based on the observations, we hypothesized
that the membrane permeability and intracellular contents of the treated hyphae cells were
altered. In this work, the hypotheses were tentatively determined based on propidium
iodide (PI) and trypan blue staining, the determination of malondialdehyde (MDA) and
ergosterol, and the leakage of cellular contents (Figure 3A-F). It turned out that CFS could
disrupt cellular membranes, leading to the leakage of nucleic acids and protein macro-
molecules from the cells and the alteration of cell permeability (Figure 3A-F). Changing
the permeability of the hyphae cell membrane could conduct cell apoptosis or necrosis [43].
Therefore, our results suggest that CFS causes cell death in B.dothidea by interfering with
the integrity of the cell membrane.
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Reactive oxygen species (ROS) are one of the main factors that induce cellular damage
and are a significant marker of oxidative stress [47]. When large amounts of ROS are pro-
duced, these will constantly attack and damage cellular tissues, exacerbating peroxidation
of the plasma membrane, and leading to damage of the cellular membrane system, thereby
destroying the structural and functional integrity of cellular tissues [48,49]. In our study,
after 24 h of exposure to CFS, the hyphae ROS fluorescence signal became more robust with
increasing CFS concentration. Hydrogen peroxide levels and superoxide anion production
rates were significantly higher than those in controls, and ROS synthesis-associated genes
(BdNox1, BdNox1f, BdNox3) were upregulated quickly after CFS treatment (Figure 4A-C).
The NADPH oxidases (Nox) are the most prominent enzyme family with the primary
function of highly regulated production of ROS, which involves Nox genes varying among
fungi species [50]. Several biocontrol agents and biological metabolites have been identified
as effective elicitors of Nox family genes, leading to the accumulation of ROS in pathogens
and achieving the control effect. Treatment with Bacillus velezensis A4 CFS could upregulate
the expression of BcNoxA and BcNoxB genes and stimulate the accumulation of ROS in the
mycelium of B. cinerea, inducing oxidative damage and apoptosis in the mycelium [51].
The gene expression of the Nox complex subunit, BcNoxB, BcNoxD, and BcNoxR in the
myecelia of B. cinerea was upregulated by methyl tartrate, and ROS in the cytoplasm of the
mycelium were accumulated, eventually leading to mycelia death [52]. By comparing the
homology of BdNox1, BdNox1f, and BdNox3 with nox in B. cinerea, the homology of BcnoxA
with BdNox1 and BdNox1f is close to 70.75% and 67.45%, respectively, and the homology of
BcnoxB with BdNox3 is close to 66.48%. This suggests that the three Nox genes in B. dothidea
perform functions similar to those genes of noxA and noxB in B. cinerea, as evidenced by
our experimental results.

In order to scavenge excess ROS and reduce cell damage, the enzymes associated with
ROS elimination (SOD, POD, CAT) and corresponding genes are induced and activated [17].
A 5% BS-1 CFS treatment for 6 h could significantly induce the expression of tested genes
(BASOD, BdPOD, BdCAT), while 2% CFS exhibited a mild induction effect. However,
both 2% and 5% CFS resulted in significant increases in the activities of three enzymes in
hyphae cells after 24 h of treatment (Figure 5). These results suggest that 2% CFS needs
a relatively long time to induce gene expression, or CFS can induce the co-expression of
several genes related to enzyme synthesis, which enhances the enzyme activity after CFS
treatment at diverse amounts. N-acetylcysteine(NAC), an inhibitor of flavoenzymes such
as NADPH oxidase, was introduced for further confirmation [53]; 10 mM NAC partially
restored the growth of CFS-induced mycelium of B. dothidea and significantly weakened
the accumulation of ROS and apoptosis of mycelial cells (Figures 6 and 7). Combined
with the MDA content in the CFS condition (Figure 3C) [54], all the above results suggest
that CFS of B. subtilis BS-1 can directly induce oxidative stress through crucial genes and
disrupt the integrity of cell membranes, leading to cell collapse and death and reducing the
pathogenicity of B. dothidea.

In addition, 1% CFS showed a positive inhibition on the pathogen in vitro and on
kiwifruit soft rot in vivo (Figure 1), yet it could hardly affect the morphology and structure
of the hyphae (Figure 2). These data implied that CFS of B.subtilis BS-1 could inhibit
the activity of pathogens more than ROS-induced hyphal damage. Recent works have
shown that B. subtilis MBI600 are able to stimulate the plant-induced systemic resistance
(ISR) signal pathway in the plant, consequently inducing the disease resistance potential
of plants [55]. In some cases, B. subtilis can reduce the growth of pathogens through
nutritional competition, as B. subtilis (10-4, 26D) and B. subtilis KLBC BS6 [56,57]. The
possible mechanism of CFS hampering soft rot caused by B. dothidea in our work might be
the result of multiple causes. Further work is necessary to identify other potential pathways
of CFS inhibition of B. dothidea to complete the panorama of the mechanism.

46



J. Fungi 2023, 9, 127

5. Conclusions

In conclusion, the cell-free supernatant (CFS) of Bacillus subtilis BS-1 exhibited a
remarkable inhibitory effect on B. dothidea both in vitro and on kiwifruit. By inducing
the accumulation of excessive ROS, CFS damaged the membrane of the hyphae cells,
eventually leading to the death of hyphae cells, which threatened the normal growth and
pathogenicity of B. dothidea. These results provide a theoretical basis for the subsequent
biological application of B. subtilis and biocontrol of kiwifruit soft rot.
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Abstract: Codonopsis pilosula is an important Chinese herbal medicine. However, fresh C. pilosula is
prone to decay during storage due to microorganism infections, seriously affecting the medicinal
value and even causing mycotoxin accumulation. Therefore, it is necessary to study the pathogens
present and develop efficient control strategies to mitigate their detrimental effects on the herbs during
storage. In this study, fresh C. pilosula was collected from Min County in Gansu Province, China. The
natural disease symptoms were observed during different storage stages, and the pathogens causing
C. pilosula postharvest decay were isolated from the infected fresh C. pilosula. Morphological and
molecular identification were performed, and pathogenicity was tested using Koch’s postulates. In
addition, the control of ozone was examined against the isolates and mycotoxin accumulation. The
results indicated that the naturally occurring symptom increased progressively with the extension of
storage time. The mucor rot caused by Mucor was first observed on day 7, followed by root rot caused
by Fusarium on day 14. Blue mold disease caused by Penicillum expansum was detected as the most
serious postharvest disease on day 28. Pink rot disease caused by Trichothecium roseum was observed
on day 56. Moreover, ozone treatment significantly decreased the development of postharvest
disease and inhibited the accumulations of patulin, deoxynivalenol, 15-Acetyl-deoxynivalenol, and
HT-2 toxin.

Keywords: Codonopsis pilosula; postharvest disease; morphological and molecular biology identifica-
tion; ozone; mycotoxin accumulation

1. Introduction

Codonopsis pilosula, a perennial herb of the Campanulaceae family, is a traditional Chi-
nese herb that is rich in bioactive compounds including polyacetylene, polyene, flavonoids,
lignans, alkaloids, coumarins, terpenes, steroids, organic acids, and polysaccharides [1].
C. pilosula is widely used in the therapy of hyperlipidemia, asthma, bronchitis, tuberculosis,
and dyspepsia [2], and also plays a key role in boosting the body’s immunity [3], reducing
blood glucose [4], promoting hematopoiesis [5], protecting the cardiovascular system [6],
repairing damaged nerve cells, and regulating gastrointestinal function [7].

Owing to its unique climate, Gansu Province in China has more than 2000 years of
history in cultivating C. pilosula. With its high commercial value and profitability, the culti-
vation of C. pilosula is continuously expanding. However, some soil-borne fungi, bacteria,
and nematodes have adapted to the local host plants and natural environment in the region,
thus, resulting in serious diseases that severely affect the yield and quality of C. pilosula.
Research to date has focused on field disease of C. pilosula. For instance, Zhao et al. [8] sug-
gested that Fusarium oxysporum is the predominant pathogen causing root rot of C. pilosula

J. Fungi 2023, 9, 146. https:/ /doi.org/10.3390/j0f9020146 50 https://www.mdpi.com/journal/jof



J. Fungi 2023, 9, 146

in Dingxi County, Gansu Province. Using molecular technology, Yu et al. [9] isolated
and identified five pathogens in China: Puccinia Campanumoeae Pat causing rust dis-
ease, Helicobasidium mompa Tanaka causing violet root rot, Sphaerotheca Codonopisi (Golov.)
Z.Y. Zhao causing powdery mildew, Fusarium oxysporum Schl. causing root rot, and
Septoria codonopsidis Ziling causing blight of Codonopsis tangshen in Chongqing. Based on
morphology and molecular characteristics, Wang et al. [10] isolated and identified Septoria
codonopsidis Ziling causing leaf spot of C. pilosula in Gansu Province, while Chen et al. [11]
proposed that Botrytis cinerea is the typical fungus causing gray mold in C. pilosula.

Modern research indicates that fresh Chinese herbs have higher active ingredients
and pharmacological activities than those of dry products [12]. For instance, the contents
of flavonoids, saponins, and polysaccharides in fresh Astragalus were 1.5 times more than
those in dry products [13]. Because of this, the market for freshly harvested Chinese herbs
has grown rapidly and is today more significant and well known than before. Unfortu-
nately, the postharvest losses due to the disease of fresh Chinese herbs are quite severe.
Nevertheless, no reports are available regarding the prevalence of pathogens during this
period. In general, the herb is usually harvested in late autumn and allowed to dry natu-
rally on the field for more than two months before being transported to the traders. The
freshly harvested C. pilosula must be sufficiently dried (about 16% of water content), then
stored for 3-6 years. If C. pilosula does not reach an optimum level of dry matter, its
abundance storage of fat, starch, protein, sugar, and other organic substances may favor the
development of some latent pathogens and ultimately result in serious postharvest disease.
Fungal infections are thought to result in yearly losses of 15% to 25% [14]. Such postharvest
losses cause enormous economic damage to C. pilosula processing industries, and more
importantly, the product may completely lose its medicinal value, becoming contaminated
with mycotoxins that have carcinogenic, teratogenic, and mutagenic toxicity [15]. It is
therefore important to systematically study the postharvest diseases of freshly harvested
C. pilosula, identify the pathogens present at various storage stages, and develop an efficient
control strategy to mitigate their effects.

Ozone, an antioxidant compound, has been widely applied to manage the postharvest
decay of fruits and vegetables. The efficacy of ozone in controlling postharvest disease is
mainly ascribed to its strong inhibitory activity on pathogenic fungi. However, there are no
reports on the influence of ozone on fresh Chinese herb medicine postharvest disease and
mycotoxin production.

In this study, we collected fresh C. pilosula from Min County in Gansu Province,
China, investigated the disease development of freshly harvested C. pilosula during storage,
then isolated and identified pathogens causing C. pilosula postharvest disease based on
morphological and molecular biological techniques during different storage stages. Fi-
nally, we examined the influence of ozone on fresh C. pilosula postharvest disease and
mycotoxin production.

2. Materials and Methods
2.1. Sample

Samples of freshly harvested C. pilosula (cv. Mindang) were obtained from Min County
(location 35° N and 104° E) in Gansu Province, China. Sample roots of similar size and
without obvious pest or mechanical damage were selected in October 2020, and transported
to the Chemical Biology Laboratory, College of Science, Gansu Agricultural University
within 24 h after bagging, and stored at room temperature for further analysis.

2.2. Disease Development of Freshly Harvested C. pilosula during Different Storage Stages

Freshly harvested C. pilosula samples (without any processing treatment such as
washing and drying) were placed directly in plastic bags (20 °C, 50 % RH) in darkness for 7,
14, 21, 28, 42, and 56 days. Subsequently, the naturally occurring symptoms were observed
and described. Different pathogens cause different disease symptoms, for example, in the
early stages of root rot, small brown spots appear on the surface of the lower fibrous or
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lateral roots, with mild decay. As the disease expands, it gradually spreads to the main
roots. The roots gradually decay from the bottom upwards and become dark brown and
waterlogged [9]. Three replicates were included in each treatment, each treatment consisted
of 50 samples of C. pilosulas, with a total of 900 samples being included in the whole
experiment (50 samples x 3 replicates x 6 time points).

2.3. Isolation and Purification of Pathogens Causing Disease of Freshly Harvested C. pilosula
during Different Storage Stages

Pathogens were isolated and purified from C. pilosula based on typical decay symptoms
(the appearance of mycelium and spores on the surface of C. pilosula) [16]. Fragments
(5 mm x 5 mm) showing typical disease symptoms during different storage stages were
excised with sterilized scalpels from the junction of the healthy and diseased tissue, and
the fragments were disinfected using 1% NaClO for 3 min, and then rinsed with sterile
water three times to remove any NaClO residue. The treated fragments were placed onto
potato dextrose agar (PDA) medium and cultured in darkness at 25 °C for 5 to 7 d. Single
colonies were picked and transferred to a new PDA medium with a puncher. After 4 to
5 cycles of purification, a single purified colony was obtained.

2.4. Identification of Pathogens Causing Disease in Freshly Harvested C. pilosula during Different
Storage Stages

2.4.1. Morphological Identification

The preliminary identification was conducted based on colony morphology and
macro and microconidia characteristics [17]. The spore suspension (1 x 10° spores/mL)
was inoculated on a PDA plate, and after drying, a cover glass was inserted into the
PDA medium at an angle of 45°, and then cultured at 25 °C for 2 to 5 d. Subsequently,
to observe colony morphology and pigment production, a 2 uL spore suspension was
inoculated centrally in the PDA medium at 25 °C for 7 to 9 d. Colony morphology and
pigment production were recorded on day 9. Mycelia were transferred using the copper
pick-in method [18]. All samples were sprayed gold with an ion sputtering apparatus
(MSP-1S, Shenzhen Research Precision Instrument Co., Ltd., Shenzhen, China) under 220
V and 40 mA, then the morphology of the spores was observed using a scanning electron
microscope (SEM) (JSM-5910LYV, Japanese electronics company, Tokyo, Japan).

2.4.2. Molecular Identification

The morphologically identified pathogens were further subjected to molecular
confirmation according to a previously used method [19] with some modifications.
The pathogens were grown on PDA medium for 3 to 9 d, then the DNA of pathogenic
mycelia was extracted using the CTAB method [20], and PCR amplification was per-
formed using the primers ITS1 (5-TCCGTAGGTGAACCTGCGG-3') and ITS4 (5'-
TCCTCCGCTTATTGATATGC-3') for the 9 isolates. For isolates 21-1, 28-1, 28-2, and 56-1,
the primers Bf2a (5-GGTAACCAAATCGGTGCTGCTTTC-3') and  Bt2b
(5'-ACCCTCAGTGTAGTGACCCTTGGC-3') were employed for further PCR amplification.
For the Fusarium strains (14-1, 14-2, 14-3), the special primers of EF1 (5’-ATGGGTAAGGA
(A/G)GACAAGAC-3) and EF2(5'-GGA(G/A)GTACCAGT(G/C)ATCATGTT-3') were
adopted [21,22]. Subsequently, the amplified products were detected using 2% agarose gel
electrophoresis and clear bands were obtained.

The PCR amplification procedure was as follows: pre-denaturation at 94 °C for 5 min,
denaturation at 94 °C for 10 s, annealing at 53 °C for 10 s, extension at 72 °C for 30s, 3 cycles,
and holding at 72 °C for 5 min. The amplified products were subject to electrophoresis with
2% agarose gel. The amplified fragments were sequenced by Beijing Bomede Biotechnology
Co., Ltd., and the sequences were aligned to the NCBI (https://www.ncbi.nlm.nih.gov/
(accessed on 8 July 2021)) using BLAST for homology analysis. A phylogenetic tree was
constructed by MEGA?7.0 software (Molecular Evolutionary Genomics Analysis Version 7)
using the neighbor-joining method.
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2.5. Pathogenicity Test

The healthy and freshly harvested C. pilosula was thoroughly washed with tap water
to remove any adhering soil and air dried. The herbs were surface disinfected with 0.1%
NaClO for 15 min, rinsed with sterile water three times to remove excessive NaClO, and
air dried again. Spore suspensions (1 x 10° spores/mL) of the above isolated pathogens
were prepared [18] and artificially inoculated by spraying onto the surface of the fresh
and healthy C. pilosula. The control group was inoculated with sterile water. After natural
drying, the inoculated C. pilosula were kept in darkness (20 °C, 50% RH). After an incu-
bation period of 28 days, the disease symptoms were recorded, and different pathogens
led to different disease symptoms [23]. The pathogens were re-isolated again from the
C. pilosula’s infected roots and stem, and their similarity to the original isolates” morpho-
logical characteristics was verified. The casual isolates that obeyed the criteria specified by
Koch’s postulates were conducted for further study.

2.6. Effect of Ozone Treatment on the Development of C. pilosula Postharvest Disease

Healthy C. pilosula were treated and inoculated according to the above Section 2.5.
Sterile water spraying inoculation was regarded as control. Gaseous ozone was generated
by the OSAN ozone generator (Aoshan Huanbao Technology Industry Co., Ltd., Dalian,
China). The concentration of ozone (2 mg L~!) was adjusted using an ozone detector [18].
Ozone fumigation was performed in a closed transparent bag (80 cm long x 60 cm wide)
(25 °C, relative humidity 75%), and the inoculated samples were subjected to ozone treat-
ment for 1 and 2 h each day, respectively. The treatment continued for 7 days. Subsequently,
the treated tissue was stored for 56 days in plastic bags (22 & 2 °C, 75-80%). The disease
development was evaluated by statistically determining the disease index and natural
incidence according to the report by Sha et al. [24] with minor modifications (Table 1). Each
treatment contained three replicates, and one replicate included 50 samples.

Table 1. Disease classification standard.

Disease Rate Symptom

0 No disease
The diseased area accounts for 1-5% of the total area of C. pilosula
The diseased area accounts for 6-25% of the total area of C. pilosula
The diseased area accounts for 25-50% of the total area of C. pilosula
The diseased area accounts for 51-75% of the total area of C. pilosula
The diseased area accounts for 76-100% of the total area of C. pilosula

U= WD =

Disease Index = [sum (class frequency X score of rating class)/[(Total number of
plants) x (maximal disease index)] x 100;

Disease incidence = (Number of the infected plants/the number of plants sampled)
x 100;

Class frequency: the number of diseased plants at each rate;

Score of rating class: the diseased value for each rate.

2.7. Effect of Ozone Treatment on the Mycotoxin Accumulation in the Rotten Tissue

For mycotoxins analysis, the samples treated by ozone fumigation were collected
and the rotten tissue was excised from the diseased root and immediately kept in liquid
nitrogen and stored at —80 °C until mycotoxin analysis. Each treatment contained three
replicates, and one replicate included 50 samples.

A 5.0 g frozen sample was ground in liquid nitrogen, then was transferred to a 50 mL
centrifuge tube with extraction solvent to extract mycotoxin. For different kinds of my-
cotoxin, various purification and detection methods were employed, patulin (PAT) pu-
rification and detection was carried out as described by the method [25]; trichothecene
purification and detection was performed according to the method [26].
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2.8. Statistical Analysis

The data of disease index, disease incidence, and mycotoxin accumulation were
expressed as the means [standard error (=SE)] using Duncan’s multiple range tests. The
experiment of the effect of ozone on postharvest disease and mycotoxin accumulation of
C. pilosula was performed at least three times. Statistical analyses were performed using
SPSS v.17.0 (SPSS, Inc., Chicago, IL, USA), and Duncan’s multiple range test (p < 0.05) was
employed in this study.

3. Results
3.1. Disease Development of Freshly Harvested C. pilosula during Different Storage Stages

With the extension of storage time, the disease development of freshly harvested
C. pilosula was more severe (Figure 1). When stored for 7 days, mild symptoms of disease
were observed, and a small number of white hyphae and moldy spores were found on the
main root and lateral root of C. pilosula. When stored for 14 days, hyphae were gradually
diffused, and more white hyphae and moldy spores covered the root of C. pilosula. After
21 days of storage, colonies expanded and their color changed slightly from white to light
green, with vigorous mycelium growth. When stored for 28 days, some yellow, red, and
green hyphae appeared on the surface of the C. pilosula. When stored for 42 days, multiple
colonies were distributed over the surface of C. pilosula and the tissue was damaged. After
56 days of storage, C. pilosula was seriously diseased, and the tissue was wrinkled, soft,
and even rotten.

Figure 1. Disease development and naturally occurring symptoms of the fresh C. pilosula during
different storage stages after harvest. (A) 7 d; (B) 14 d; (C) 21 d; (D) 28 d; (E) 42 d; (F) 56 d.

3.2. The Isolation of Pathogen from C. pilosula with Postharvest Disease during Different
Storage Stages

During the whole storage period, a total of nine isolates of pathogenic fungi were
isolated and purified. The nine different fungi were obtained using repeated plate streaking
during different storage stages. For example, on the 7th day of storage, 2 isolates were
obtained, which were named 7-1 and 7-2, respectively; on the 14th day of storage, 5 isolates
were obtained, among them, 3 isolates were newly obtained, which were named 14-1, 14-2,
and 14-3, respectively; on the 21st day of storage, 6 isolates were obtained, among them,
a new isolate was named 21-1; on the 28th day of storage, 8 isolates were obtained, and
two of them were newly isolated, named 28-1 and 28-2. There were no new isolates on the
42nd and 49th day. On the 56th day of storage, 9 isolates were obtained, and there was a
new isolate named 56-1.
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3.3. Morphological Identification of Pathogens at Different Storage Stages

After isolation and purification, the pathogens were cultivated on a PDA medium.
Colony morphology, spore morphology, and sporangiophore morphology of the nine
isolates of pathogenic fungi were observed.

For isolate 7-1, the mycelia grew fast at a rate of 24.57 mm/d on the PDA plate. The
colony texture was flocculent with a white color, irregular edge, and no pigment (Figure 2A).
Spores were spherical or nearly spherical in size at 4.8-5.6 pm x 5.0-6.2 um (Figure 3A);
sporangia were spherical with a diameter of 78-81 pm (Figure 4A). For isolate 7-2, the
mycelia grew fast at a rate of 21.5 mm/d on the PDA plate. The colony texture was floccu-
lent and white or gray-white with dense mycelia, a neat edge, and no pigment (Figure 2B);
spores were spherical or subspherical and approximately 3.9-4.5 um x 4.3-5.9 um in size
(Figure 3B); sporangia located at the end of hyphae were spherical, with a diameter of
59-63 um (Figure 4B) (Table 2).

Figure 2. Colony morphology of isolates from fresh C. pilosula with postharvest disease during
different storage stages. (A) Actinomucor elegans; (B) Mucor hiemalis; (C) Fusarium acuminatum;
(D) Fusarium equiseti; (E) Fusarium oxysporum; (F) Clonostachys rosea; (G) Penicillium expansum;
(H) Penicillium aurantiogriseum; (I) Trichothecium roseum.

For isolate 14-1, the mycelia grew at a rate of 7.39 mm/d on the PDA plate. The colony
was round or nearly round with a fluffy texture, neat or wavy edges, and a thick and dense
mycelium; the secreted pigment was cinnamon colored, the surface and back of the edge
were rose-red (Figure 2C). The number of conidia was small, the shape was oval or fusiform
with a size of 2.4-3.0 um x 3.0-3.6 pm (Figure 3C); 2 to 4 septa were observed, and the
conidiophores had branches (Figure 4C). For isolate 14-2, the mycelia grew at a speed of
4.75 mm/d on the PDA plate. The colony texture was villous or cotton floc, with a light
pink color, and the colony edge was light pink or white, with dense mycelia in the middle of
the colony and sparse mycelia at the border of the colony (Figure 2D); conidia were oblong
or fusiform and 2.1-3.2 um x 2.8-3.5 um in size (Figure 3D); conidiophores were erect and
branched (Figure 4D). For isolate 14-3, the mycelia grew at a speed of 4.57 mm/d on the
PDA plate. The colony was round with neat edges, pale purple or dark purple in color,
and the edges were white or grayish-white with flocculent or fluffy hyphae (Figure 2E).
The conidia with 3 to 4 septa were elongated oval, oval, or slightly curved, measuring
2.2-3.3 um x 2.8-3.5 pm (Figure 3E); conidiophores had branches (Figure 4E).
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Figure 3. Morphology of conidium of isolates from fresh C. pilosula with postharvest disease dur-
ing different storage stages. (A) Actinomucor elegans; (B) Mucor hiemalis; (C) Fusarium acuminatum;
(D) Fusarium equiseti; (E) Fusarium oxysporum; (F) Clonostachys rosea; (G) Penicillium expansum;
(H) Penicillium aurantiogriseum; (I) Trichothecium roseum.

Figure 4. Morphology of conidiophore of isolates from C. pilosula with postharvest disease dur-
ing different storage stages. (A) Actinomucor elegans; (B) Mucor hiemalis; (C) Fusarium acuminatum;
(D) Fusarium equiseti; (E) Fusarium oxysporum; (F) Clonostachys rosea; (G) Penicillium expansum;
(H) Penicillium aurantiogriseum; (I) Trichothecium roseum.
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Table 2. Morphological characteristics of pathogens isolated at different storage periods.

Colony Morphology Microscopic Morphology
. Growth L L1
Strain Number Front Color Back Color Texture Conidium Conidiophore
Speed (mm/d)

7-1 White White Flocculent 24.57 Spherical or near spherical Sporangium
7-2 Off-white White Flocculent 215 Spherical or near spherical Sporangium
14-1 Rose-red Rose-red Fluffiness 7.39 Spindle shaped Erect and branch
14-2 Light pink Light pink Fluffiness 4.75 Spindle shaped Erect and branch
14-3 Dark purple Dark purple Fluffiness 4.57 Spindle shaped Erect and branch
21-1 White Light yellow Fluffiness 4.29 Spherical or near spherical Erect and branch
28-1 Grey-green White PO‘;;C;(;; or 8.71 Spherical or flat spherical Erect, broom
28-2 Blue-green Tan Grainy 6.50 Spherical or flat spherical Pear Erect, broom
56-1 Orange Orange Grainy 10.14 shaped or obovate Erect

For isolate 21-1, the mycelia grew at a speed of 4.29 mm/d on the PDA plate. The
colony’s front color was white, while the back was pale yellow; mycelia were creeping and
looser with a neat edge (Figure 2F); conidia were spherical or nearly spherical with a size
of 2.3-3.2 um x 2.8-3.5 um (Figure 3F), and the conidiophores had branches (Figure 4F).

For isolate 28-1, the mycelia grew at a rate of 8.71 mm/d on the PDA plate. The front
color of the colony was gray-green with dense granular texture, and the reverse was white
(Figure 2G); conidia were striate, with colorless monospores, globose or oblate, with a size
of 2.1-3.4 um x 3.4-4.2 um (Figure 3G); conidiophores were erect, septate, colorless, apex
branched, and broom shaped (Figure 4G). For isolate 28-2, the mycelia grew with a speed
of 6.50 mm/d on the PDA plate. A blue-green, and yellowish-brown with white areas were
observed at the front and back of the colony, respectively. The center of the colony had
protrusions and was slightly flocculent at the central surface and the texture was fluffy
and powdery, forming several granular concentric rings (Figure 2H); Conidia were striate,
spherical or ellipsoidal, with a size of 2.4-2.8 pm x 2.8-3.6 um (Figure 3H); conidiophores
were erect, septate, colorless, apex branched, and broom shaped (Figure 4H).

For isolate 56-1, the mycelia grew with a speed of 10.14 mm/d on the PDA plate.
An orange-pink, and pink with annual rings was observed on the front and back of the
colony (Figure 2I); the conidia were loosely gathered at the top of the mycelium, and
were obovate or pear shaped, colorless, bicellular, with a size of 5.8-7.0 um x 10-14 pm
(Figure 3I); conidiophores were erect, colorless, with an ultimate swelling, and
2.0-3.5 um x 100-160 pm in size (Figure 4I).

3.4. Molecular Identification of Pathogens at Different Storage Stages

Based on the above morphological observation during different storage stages, the nine
isolates were further characterized by molecular biological technology based on the method
of Gloria et al. [27]. The length of ITS primer amplified sequences were: 638 base pair (bp)
of 7-1, 625 bp of 7-2, 538 bp of 14-1, 516 bp of 14-2, 533 bp of 14-3, 545 bp and 563 bp of 28-1,
761 bp of 28-2, and 589 bp of 56-1 (Figure 5A). The lengths of the sequences amplified by TEF
primers were 695 bp for 14-1, 686 bp for 14-2, and 685 bp for 14-3 (Figure 5B). The lengths
of the sequences amplified by Bt primers were 331 bp for 21-1, 448 bp for 28-1, 452 bp for
28-2, and 332 bp for 56-1 (Figure 5C). The sequences of the nine pathogens were searched
using BLAST in NCBI, and the appropriate sequences were selected. The phylogenetic
trees of ITS, TUB, and TEF were, respectively, constructed by MEGA?7 (Figure 6).
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Figure 5. Gel electrophoresis images of PCR amplification products. (A) ITS gel electrophoresis
images; (B) TEF gel electrophoresis images; (C) TUB gel electrophoresis images.
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Figure 6. Phylogenetic tree of isolates based on analysis of different fungal genes. (A) ITS phyloge-
netic tree; (B) TEF phylogenetic tree; (C) TUB phylogenetic tree.

The phylogenetic tree of ITS analysis (Figure 6A) revealed that isolate 7-1 was closely
related to the strains of JN943000.1, AM745431.1, and JN887460.1, which were in the same
branch, with a homology of 100%. The combination of the morphology and biological char-
acters, isolate 7-1, was identified as Actinomucor elegans. Isolate 7-2 shared 100% homology
with the strains of MT626048.1, MT573485.1, and GU566234.1, which were located in the
same branch; therefore, based on morphology and biological characters, isolate 7-2 was
identified as Mucor hiemalis. The phylogenetic tree of ITS analysis showed that 14-1 shared
100% homology with MT525360.1, LC543657.1, and MK764994.1 in the same branch; thus,
14-1 was preliminarily identified as Fusarium acuminatum. Isolate 14-2 shared 100% homol-
ogy with KY365589.1, KY365574.1, and KY365564.1 in the same branch; therefore, 14-2 was
preliminarily identified as Fusarium equiseti. Isolate 14-3 was closely related to the strains of
MT420651.1, MT420633.1, and MT420627.1, which were located in the same branch, with
a homology of 100%; thus, 14-3 was preliminarily identified as Fusarium oxysporum. Isolate
21-1 was identified as Clonostachys rosea on the same branch as KX058045.1, KT921200.1,
and KY365580.1, with a homology of 100%. Isolate 28-1 and KX243329.1, K1243328.1,
MK578895.1 were in the same branch, with a homology of 98%; therefore, combination
morphology and biological characters, 28-1, was identified as Penicillium expansum. Isolate
28-2 and GUb566234.1, FR670308.1, AY380455.1, and MG228409.1 were in the same branch,
with a homology of 98%; therefore, based on the morphology and biological characters,
isolate 28-2 was identified as Penicillium aurantiogriseum. Isolate 56-1 and MN372207.1,
MN882763.1, and KY610499.1 were in the same branch, with a homology of 100%; there-
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fore, based on the morphology and biological features, isolate 56-1 was identified as
Trichothecium roseum (Figure 6A).

Based on ITS phylogenetic tree analysis, 14-1, 14-2, and 14-3 were the Fusarium
species. In order to more correctly characterize the Fusarium species, the special primer
of TEF for Fusarium was employed, and the TEF phylogenetic tree was constructed
(Figure 6B). TEF phylogenetic tree analysis suggested that isolate 14-1 was closely re-
lated to [X397842.1, KR108750.1, and JX397863.1, which were in the same branch, with
a homology of 100%. Isolate 14-2 was related to KP639701.0, KT224199.1, and KT213298.1,
which were located in the same branch, with a homology of 100%. Isolate 14-3 was re-
lated with MN417191.1, MN417185.1, MN417182.1, and MN417165.1, which were in the
same branch, with a homology of 100%. With the combined analyses of ITS and TEF
phylogenetic trees and morphology feature, isolates 14-1, 14-2, and 14-3 were, respectively,
identified as Fusarium acuminatum, Fusarium equiseti, and Fusarium oxysporum (Figure 6A,B).
According to the results of the ITS and TUB phylogenetic tree, isolates 21-1, 28-1, 28-2, and
56-1 were identified as Clonostachys rosea, Penicillium expansum, Penicillium aurantiogriseum,
and Trichothecium roseum, respectively (Figure 6A,C).

3.5. Pathogenicity Test

Pathogenicity tests were used to verify the pathogenicity of the isolates causing
postharvest disease according to Koch’s postulates. During the whole incubation, for C.
pilosula inoculated with 7-1 (Actinomucor elegans), dense white flocculent hyphae covered
the main root on the 7th day, grew rapidly with time, and the expansion of colonies on
the 28th day led to the decay of the epidermis of C. pilosula and leakage of sap (Figure 7A).
For C. pilosula inoculated with 7-2 (Mucor hiemalis), gray flocculent hyphae appeared on
the 7th day, grew rapidly on the 14th day, covering the whole tissue rotted on the 28th day
(Figure 7B). For C. pilosula inoculated with 14-1 (Fusarium acuminatumy): white dense mycelia
were observed on the 7th day, the color of the dense mycelia gradually became rose-red on
the 14th day; a rose-red glue was secreted and leaked from the C. pilosula tissue on 28th day
(Figure 7C). For C. pilosula inoculated with 14-2 (Fusarium equiseti), there was less white
velvet mycelial growth in the early stage, the colony became larger on the 14th day, and the
color of C. pilosula epidermis turned pale pink or light yellow on the 28th day (Figure 7D).
For C. pilosula inoculated with 14-3 (Fusarium oxysporum), there were white velvet colonies
on the main root and lateral root on the 7th day, the color became light purple on the 14th
day, and the color of C. pilosula epidermis turned dark purple on 28th day (Figure 7E). For
C. pilosula inoculated with 21-1 (Clonostachys rosea), small white villous colonies were found
on the surface of the tissue on the 7th day, the colony gradually expanded on the 14th
day, and turned yellow and the tissue of C. pilosula produced yellowish glue on the 28th
day (Figure 7F); For C. pilosula inoculated with 28-1 (Penicillium expansum), granular mold
spots (2 to 3 mm in diameter) were observed on the surface of C. pilosula at the initial stage,
a cluster of colonies gradually formed on the 14th day with a layer of blue powder on the
surface; the plaque spread continuously, and the color of C. pilosula epidermis became
gray and green, the tissue at the lesion developed soft rot and mildew on the 28th day
(Figure 7G). For C. pilosula inoculated with 28-2 (Penicillium aurantiogriseumnt), small white
granular mold spots appeared on the 7th day; the plaque expanded, and the number
of colonies increased on the 14th day; the color of colonies turned blue and green, and
C. pilosula developed serious mildew on the 28th day (Figure 7H).

For C. pilosula inoculated with 56-1 (Trichothecium roseum), white plaque with a diameter
of 2 to 3 mm was initially observed on the 7th day; the orange-pink plaque expanded
irregularly on the 14th day; the tissue was wrinkled with soft collapses and a dark color on
the 28th day (Figure 71). C. pilosula inoculated with the nine isolates had typical symptoms
that were similar to the original natural symptoms. Based on the above typical and
similar symptoms, the nine isolates were again identified through isolation, purification,
and cultivation on PDA culture, and the same morphological and molecular biological
characteristics were observed.
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Figure 7. Pathogenicity testing of isolates from fresh C. pilosula with postharvest disease dur-
ing different storage stages. (A) Actinomucor elegans; (B) Mucor hiemalis; (C) Fusarium acuminatum;
(D) Fusarium equiseti; (E) Fusarium oxysporum; (F) Clonostachys rosea; (G) Penicillium expansum;
(H) Penicillium aurantiogriseum; (I) Trichothecium roseum. (J) Control (no inoculation).

3.6. Ozone Fumigation Inhibited the Development of C. pilosula Postharvest Disease

The development of postharvest disease was effectively suppressed in C. pilosula
inoculated with nine isolates after ozone fumigation treatment, and there was an ozone-
exposure-time-dependent relationship with the inhibitory effect. For instance, the disease
indexes in C. pilosula inoculated with Actinomucor elegans (7-1) after 1 and 2 h of ozone
exposure were, respectively, 70% and 37% higher than those in control (Figure 8A). The
disease incidences in C. pilosula inoculated with F. acuminatum (14-1) after 1 and 2 h ozone
exposure were, respectively, 69% and 36% higher than those in control (Figure 8B). Similar
results were obtained in the other isolates inoculated with C. pilosula after 1 and 2 h ozone
exposure for 56 days of storage (Figure 8). It was obvious that with prolonged ozone
treatment, the disease index and disease incidence dropped sharply.
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Figure 8. The effect of ozone treatment on disease index (A) and disease incidence (B) of fresh
C. pilosula infected by the 9 isolates at 56 days of storage. (7-1: Actinomucor elegans; 7-2: Mucor hiemalis;
14-1: Fusarium acuminatum; 14-2: Fusarium equiseti; 14-3: Fusarium oxysporum; 21-1: Clonostachys rosea;
28-1: Penicillium expansum; 28-2: Penicillium aurantiogriseum; 56-1: Trichothecium roseum). The different
letters indicate significant differences during the same storage period (p < 0.05).

3.7. Ozone Fumigation Inhibited the Mycotoxin Accumulation in the Rotten Tissue

More importantly, ozone treatment significantly inhibited mycotoxin accumulation
in the rotten tissue of the inoculated C. pilosula. For instance, the content of patulin (PAT)
of the rotten tissue in C. pilosula inoculated with P. expansum (28-1) was significantly
(p < 0.05) inhibited by 38.9% and 53.0%, respectively, after 1 and 2 h of ozone exposure
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(Figure 9B). Similarly, the concentrations of 15-ADON and HT-2 of the rotten tissue in
C. pilosula inoculated with F. acuminatum (14-1) were markedly decreased by 35.1% and
59.9% (15ADON), respectively, and 33.2 % and 50.8 (HT-2), respectively, after 1 and 2 h
ozone exposure (Figure 9A). Similar results were also found in C. pilosula inoculated
with T. roseum (56-1) after ozone application (Figure 9C). For the control group and other
pathogens infected with fresh C. pilosula, no mycotoxins were found (Figure 9).

A -
B 15ADON 2000rg a I control
[ ozone for 1 h
B ozone for2 h

—
[\
f=)

T

I~

—
(=3
<

“op

v

=

=

f=1 ~_

= 21500
: E

= 80 g

g g

3 60 g 1000
o E

= 9]

E 0 § 500
Z (]

o 20 2

2 =

<

200 0

control ozone for 1 h  ozone for 2 h control  ozone for 1 h ozone for 2 h

Fusarium acuminatum (14-1) Penicillium expansum (28-1)

[e.s}
[l
(]

600

400

200

control ozone for 1 h  ozone for 2 h
Trichothecium roseum (56-1)

DON+15ADON+HT-2 concentration (ng/kg)

Figure 9. The effect of ozone treatment on mycotoxin accumulation of fresh C. pilosula infected
by the isolates at 56 days of storage. (A) 15ADON and HT-2 toxin for Fusarium acuminatum (14-1);
(B) Patulin (PAT) for Penicillum expansum (28-1); (C) DON, 15ADON, and HT-2 toxin for Trichothecium
roseum (56-1); The different letters indicate significant differences during the same storage period
(p <0.05).

4. Discussion

At present, numerous studies have addressed the pathogens causing preharvest dis-
ease in Chinese herbs, these reports indicated that Fusarium species are the dominant
pathogens that cause preharvest disease in the various regions [28-31]. However, there are
limited reports on postharvest diseases of freshly harvested Chinese herbal medicines dur-
ing storage. Of relevance, Chen et al. [32] isolated and identified P. crustosum, P. viridicatum,
P. aurantiogriseum, and P. brevicompactum from Angelica sinensis and C. pilosula decoction
pieces during storage. Nevertheless, there are significant differences between Chinese
medicinal decoction pieces and freshly harvested Chinese herbs as experimental materials.
Chinese medicinal decoction pieces are mostly obtained from the Chinese herbal medicine
market, and these products are available in dry or dehydrated forms. On the other hand,
freshly harvested Chinese herbs come from the field, without any processing and treat-
ments after harvest such as drying or dehydration. Therefore, fresh C. pilosula is more
susceptible to molds and decay, owing to the higher water content and the abundance of
nourishing substances that allow the growth of pathogens.
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To our knowledge, this is the first report to isolate and characterize the pathogens
causing postharvest disease of C. pilosula during different storage periods. The results
indicated that, with the extension of storage time, the symptoms of the disease were
more severe. Moreover, a total of 9 isolates were isolated and characterized based on the
morphology and biological characters during storage for 56 days. All the nine isolates could
cause different postharvest disease by Koch'’s postulate. However, the results went beyond
Koch’s postulate because Koch’s postulate is mainly applied to one pathogen. However,
we initially observed in the postharvest disease that many pathogens were interacting for
disease, and we isolated and identified the different pathogens, then inoculated the healthy
C. pilosula with the obtained pathogen. Finally, we observed the different disease symptoms
caused by different pathogens. Therefore, we thought Koch’s postulate had limitations for
the results of this study:.

A. elegans and M. hiemalis were the main pathogens causing mucor rot of freshly
harvested C. pilosula on the 7th day of storage. After 14 days of storage, Fusarium species of
F. acuminatum, F. equiseti, and F. oxysporum were the major pathogenic fungi causing root
rot in C. pilosula. After 21 days of storage, besides the above-isolated pathogens, a new
pathogen of C. rosea was isolated and characterized. On the 28th day of storage, blue mold
caused by Penicillum spp. was the typical postharvest disease, and two new pathogens of
P. expansum and P. aurantiogriseum were isolated and identified. On the 56th day of storage,
a new pathogen T. roseum was isolated and characterized.

From the above results, the first postharvest disease was caused by Mucor infection on
the 7th day of storage, and the main pathogens were A. elegans and M. hiemalis. A. elegans
grew rapidly on PDA plates, and it took around 3 days to cover the whole petri dish. The
morphology of colonies, spores and sporangiophores were similar to those isolated from
necrotic skin lesions in humans, and the predominant fungal pathogen causing invasive
mucormycosis for humans [33]. In addition, A. elegans, which can result in sufu’s white
flake, was discovered in the sufu [34]. Mucor hiemalis had a fast growth speed on PDA
medium, with a white colony initial color, which changed gradually to grayish brown
(Figure 3B). The spore sacs were ellipsoid, and sporangiophores were erect and branched
(Figure 4B), This observation was similar to the morphology of M. hiemalis causing mucor
rot of mandarin fruit in California reported by Saito et al. [35]. The spores of the two Mucor
species can survive in the air and infect hosts mainly through the air.

During storage of 14 days, Fusarium spp. were the main pathogens causing posthar-
vest root rot of C. pilosula; among them, F. acuminatum had the strongest pathogenicity, and
also produced mycotoxins, with nearly round colonies, neat edges, vigorous myecelia, floc-
culent, and dense (Figure 2C). Most conidia were fusiform and septate (Figure 3C), whose
morphology was similar to F. acuminatum from garlic bulb rot in Serbia [36]. Moreover,
F. acuminatum also metabolizes 1I5ADON and HT-2 toxins (Figure 9). The toxins 15-ADON
and HT-2 are attributed to trichothecene with detrimental effects, including cytotoxicity,
acute toxicity, immunotoxicity, and chronic toxicity, and pose a serious threat to human
health. Tan et al. [37] suggested that DON and 3-ADON were detected in Fusarium head
blight (FHB) of wheat infected by F. acuminatum. The colony of F. equiseti was white, and
the mycelium had cotton-like flocculence (Figure 2D). Conidia were oval (Figure 3D), and
the morphology was consistent with the observation by Afroz et al. [22], who mentioned
that F. equiseti isolated from cabbage Fusarium wilt in Korea had a morphology of loosely
floccose and whitish-brown aerial mycelia, and the pigmentation of pale orange on PDA
medium; moreover, the size and morphology of macroconidia and chlamydospores were
also in accordance with our observation. The F. oxysporum colony was initially white, then
turned off-white later, to light purple-dark purple pigment. Hyphae were flocculent or
villous and denser (Figure 2E), the conidia were elongated oval and slightly pointed at
both ends (Figure 3E), which was consistent with the morphology of F. oxysporum isolated
from sesame plants. Previous study revealed that Fusarium species is attributed to “latent
infected pathogen” [38], the infection of Fusarium usually occur in the field (growth stage
of plants) during the blooming or heading of plants. The spores adhere to the surface of the
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leaf, then transported into the calyx, finally colonize on the root of plants, and remain in
a latent status until there are favorable environmental conditions (such as high temperature
and humidity) [39]. Therefore, it is possible to manage plant disease more effectively during
the pathogen infection time.

After 21 days of storage, C. rosea was isolated and identified, but its disease infec-
tion was not severe. The hyphae were white with neat edges, mycelium was creeping
and loose (Figure 2F), and the morphology was similar to that isolated from root rot of
Astragalus membranaceus in China [40]. C. rosea has been regarded as a typical biocontrol
fungus to inhibit pathogenic fungal growth. The most serious postharvest disease was blue
mold caused by Penicillium spp., including P. expansum and P. aurantiogriseum. P. expansum
is a typical postharvest pathogen of pome fruits (such as apples and pears) causing blue
mold and patulin contamination. The isolated P. expansum colony was grayish-green, and
the edge was white, with a granular or velvet dense texture (Figure 2G). The microconidia
were colorless with monospores that were globose or oblate. The number of conidia was
high, and the conidiophores were erect, separated, and colorless (Figure 3G), whose mor-
phology was consistent with the blue mold of apple fruits as reported by Bahri et al. [41].
In the present study, patulin (PAT) was detected in C. pilosula infected by P. expansum.
Patulin is a secondary metabolite generated by Aspergillus and Penicillium species under
favorable conditions, and usually found in blue mold disease of pome fruits and their
corresponding products. The maximum limit of PAT in fruit juice was set as 50 ug/kg by
the European Union [42]; however, no standard of PAT level limits is established in Chinese
herbal medicines. P. aurantiogriseum, a kind of plant endophytic fungi, is also a casual
pathogen causing fruit postharvest decay. Shim et al. [43] isolated the pathogen from
pear fruit infected with blue mold in Korea, and Liu et al. [44] isolated P. aurantiogriseum
from fresh-cut lettuce corruption. The cultivation characters and microscopic examination
(Figures 2H, 3H and 4H) in our study were very similar to the above reports” morphologi-
cal characteristics. Penicillium species are attributed to “wound pathogens” [38] that mainly
infect host plants through wounds sustained by fruit cracking or mechanical damage
during harvesting, transportation, handling, and storage. Therefore, to avoid pathogen
infection, delicate operations should be recommended during packing and handling.

T. roseum was identified on the 56th day of storage, as the predominant fungus caus-
ing C. pilosula disease. T. roseum is a typical necuotrophic fungal pathogen that can in-
fect various postharvest fruits and vegetables, leading to trichothecenes contamination.
Sharma et al. [45] isolated T. roseum from postharvest pink rot of avocado in Israel. T. roseum
is also known to cause pink rot in muskmelon and apple fruit. The cultivation characters
and microscopic examination of the pathogen from the pink rot of fruit were consistent
with our observation. Moreover, 15-ADON, DON, and HT-2 toxins were found in the rotten
tissue of C. pilosula pink rot caused by T. roseum, which were trichothecenes. Tang et al. [46]
also suggested T-2 toxin and neosolaniol (NEO) were detected in the core rot of apple
fruit infected by T. roseum. T. roseum is attributed to “wound pathogen”, which mainly
infects host plants through wounds; however, it can also carry out latent infection when
the plant grows in the field, then end its colonization and development, without showing
any symptoms until the plant is harvested. Therefore, it is a challenging job to manage
the disease caused by T. roseum. The combination application of preharvest spray and
postharvest treatment is proposed.

Ozone, a strong oxidant compound, is widely used to control postharvest decay. In
the present study, ozone treatment significantly reduced the development of postharvest
disease of freshly harvested C. pilosula, especially, when the herbs were exposed to 2 h
treatment compared to 1 h. The result was in accordance with the report that ozone
exposure for 10 min was more effective than 5 min in controlling pear disease [47]. The
inhibitory effect of ozone was attributed to oxidation. Ozone can attack the cell plasma
of plant pathogenic fungus, leading to membrane lipid peroxidation, and cell membrane
integrity destruction, and loss of pathogenicity to the plant host [18]. In addition, we found
that, as the ozone exposure time increased, the control effect became more visible. The
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reason is maybe that there is a cumulative effect for ozone exposure, the cumulative effect
of 2 h ozone exposure was more than that of 1 h ozone exposure.

More importantly, we found that ozone treatment greatly suppressed the mycotoxin
accumulation in the rotten tissue of the infected C. pilosula (Figure 9). A similar result
was documented by Xue et al. [48], who indicated ozone application significantly reduced
NEO accumulation. Considering the two reasons, ozone treatment controlled postharvest
disease by inhibiting fungi growth; on the other hand, ozone can act directly with the
chemical structure of mycotoxin, thus destroying the structure of mycotoxin [48].

5. Conclusions

A total of nine isolates were identified and characterized by morphology and molecular
technology from postharvest diseases of C. pilosula during different storage stages. The
nine isolates, with varying morphologies of colony, spore, and conidiophore, could cause
several symptomatic postharvest diseases during different storage stages. Postharvest
diseases of C. pilosula during storage can also metabolize and produce mycotoxins, which
pose health threats to humans. Ozone application not only controlled postharvest diseases
of C. pilosula during storage but also reduced mycotoxin accumulation. Therefore, in
order to effectively control postharvest decay, with different pathogens having various
infection modes and infection periods, the incorporation application of preharvest spray
and postharvest treatment should be proposed; on the other hand, ozone application needs
to be widely recommended and the mechanism of ozone action on disease and mycotoxins
suppression should be further studied.
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G oA W N

Abstract: Colletotrichum gloeosporioides causes citrus anthracnose, which seriously endangers the
pre-harvest production and post-harvest storage of citrus due to its devastating effects on fruit quality,
shelf life, and profits. However, although some chemical agents have been proven to effectively
control this plant disease, little to no efforts have been made to identify effective and safe anti-
anthracnose alternatives. Therefore, this study assessed and verified the inhibitory effect of ferric
chloride (FeCl3) against C. gloeosporioides. Our findings demonstrated that FeCls could effectively
inhibit C. gloeosporioides spore germination. After FeCl; treatment, the germination rate of the spores
in the minimum inhibitory concentration (MIC) and minimum fungicidal concentration (MFC)
groups decreased by 84.04% and 89.0%, respectively. Additionally, FeCls could effectively inhibit the
pathogenicity of C. gloeosporioides in vivo. Optical microscopy (OM) and scanning electron microscopy
(SEM) analyses demonstrated the occurrence of wrinkled and atrophic mycelia. Moreover, FeCl;
induced autophagosome formation in the test pathogen, as confirmed by transmission electron
microscopy (TEM) and monodansylcadaverine (MDC) staining. Additionally, a positive correlation
was identified between the FeCl; concentration and the damage rate of the fungal sporophyte cell
membrane, as the staining rates of the control (untreated), 1/2 MIC, and MIC FeClj treatment groups
were 1.87%, 6.52%, and 18.15%, respectively. Furthermore, the ROS content in sporophyte cells
increased by 3.6%, 29.27%, and 52.33% in the control, 1/2 MIC, and MIC FeCl3 groups, respectively.
Therefore, FeCls could reduce the virulence and pathogenicity of C. gloeosporioides. Finally, FeCls-
handled citrus fruit exhibited similar physiological qualities to water-handled fruit. The results show
that FeCl3 may prove to be a good substitute for the treatment of citrus anthracnose in the future.

Keywords: citrus; Colletotrichum gloeosporioides; ferric chloride; autophagy; ROS; membrane integrity

1. Introduction

Anthracnose caused by Colletotrichum gloeosporioides is a tree and fruit disease that
seriously affects the quality and postharvest storage of citrus fruit and causes considerable
economic losses [1,2]. Although the occurrence of this disease can be controlled through
orchard management methods such as plant removal and crop rotation [3], chemical
fungicides such as mancozeb and copper compounds, alone or in combination with fosetyl-
Al, are the most effective and commonly used agents to manage this disease [4—6]. The
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continuous use of chemical fungicides not only promotes the occurrence of fungicide-
resistant pathogenic fungi but also leads to the accumulation of chemical residues in the
environment, thus threatening human and ecosystem health [7]. Therefore, developing
novel green and efficient alternative methods to manage citrus anthracnose is crucial.

In this study, we investigated the inhibitory effects and mechanisms of FeCls on C.
gloeosporioides. Previous studies have found that iron chelates, iron ion complexes, and
organic acid iron salts possess excellent antifungal properties and affect a series of growth
and development processes [8,9]. Moreover, iron salts are generally considered safe and
are commonly used in the food industry. In fact, some iron salts are used to fortify food, as
previously reported by the National Health and Family Planning Commission of China, the
“Standard for the Use of Food Nutritional Fortifiers” (GB 14880-2012), and the “Standard
for the Use of Food Additives” (GB 2760-2014). In addition to its use as a food additive,
FeCl; is also used in medicine [10].

Autophagy has been increasingly important in plant—pathogen interactions in recent
years [11]. Macromolecular proteins, organelles, ribosomes, and other cell components
are degraded by the process of autophagy in response to cellular stress circumstances
such as inadequate energy supply, hunger, and environmental stress [12,13]. In addition
to influencing and promoting programmed cell death [14], autophagy is essential for a
number of regulatory processes, including growth and development [15-18].

We discovered that FeCls can promote the autophagy of fungi, reducing the inci-
dence of citrus anthracnose, in the control experiment of citrus anthracnose with FeCls.
FeCls’s method of action against C. gloeosporioides, however, has not been documented.
Through in vitro and in vivo tests, this work investigated the impact of FeCl; solution
on the pathogenicity of C. gloeosporioides and its suppression on mycelia growth. The
analysis of the spore germination rate, cell membrane integrity, autophagy structure, spore
activity, and ROS buildup after treatment, as well as the outcomes of storage tests in pro-
ducing regions, led to a discussion of the potential inhibitory mechanism of FeCl; on C.
gloeosporioides.

2. Materials and Methods
2.1. Fungal Pathogens, Citrus, and Metal Salt

C. gloeosporioides was donated by professor Yanping Fu from the College of Plant Sci-
ence & Technology of Huazhong Agricultural University (C. gloeosporioides is not currently
particularly sensitive or resistant to fungicides). It was cultured on potato dextrose agar
(PDA) medium at 28 °C for 7-10 days. ‘Newhall’ navel orange fruits (C. sinensis Osbeck)
were harvested from the citrus orchard of Huazhong Agricultural University in Wuhan,
China, and a commercial orchard in Zhijiang, Hubei, China. FeCl; was purchased from
Shanghai Wokai Biotechnology Co., Ltd. (Shanghai, China).

2.2. Effect of FeCl3 on C. gloeosporioides In Vitro

The antifungal activity of FeClz on C. gloeosporioides was assessed as described by
Liu et al. [19] with some modifications. FeCl; was mixed into PDA media to obtain final
concentrations of 0.15, 0.3, 0.6, 1.2, and 2.4 g/L. The media were then poured into sterilized
90-mm-diameter Petri dishes. Once the media had cooled and solidified, a 6 mm lawn
of fresh C. gloeosporioides was placed at the center and incubated at 28 °C for 6-7 d. The
myecelial diameter of every plate was recorded via the interior extrapolation method at
six days. The lowest concentration that inhibited mycelial growth after two days was
defined as the minimum inhibitory concentration (MIC), and the lowest concentration
that completely inhibited mycelial growth after four days was defined as the minimum
fungicidal concentration (MFC). All experiments were conducted in triplicate.

2.3. Effect of FeCl3 on C. gloeosporioides In Vivo

Citrus fruits were treated with sodium hypochlorite solution (2%, v/v) for 2 min, then
washed with sterile water and allowed to air dry. As described by Cui et al. [20], a wound
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(5 mm in diameter and 5 mm in depth) was made around the equator using a punch needle,
after which the wound was inoculated with 10 pL of C. gloeosporioides spore suspension
(1 x 10° spores mL~1). After drying for 1-2 min, 10 uL of FeCl3 solution at 10x MFC and
15x MFC was added to the wounds, respectively, and sterile water was used as a control.
The treated fruit wounds were observed after storing the fruit in a plastic case with water
at the bottom at room temperature for a week. Each treatment consisted of 15 fruits, and
the experiments were conducted in triplicate.

2.4. Effect of FeCl3 on C. gloeosporioides Spore Germination

The spore suspensions (1 x 10° spores mL ') of fresh C. gloeosporioides were prepared
with 1 mL PDB medium in 1.5 mL sterile centrifuge tubes, after which FeCl; was added to
the final concentrations of 1/2 MIC, MIC, and MFC, adding sterile water as a control. The
suspensions were then cultivated at 28 °C and 180 rpm on a shaker for 12 h, after which
the samples were examined with an optical microscope (OM). Each treatment contained
200 spores from at least three replicates, and spore germination rates were calculated as
follows: Spore germination = (number of germination spores/total spores) x 100%.

2.5. Observation by OM, SEM, and TEM

OM: PDA media containing FeCl; at the MIC and without FeCl; were applied onto
cellophane, over which a 6-mm lawn plate of fresh C. gloeosporioides was placed. All samples
were cultured in an incubator at 28 °C for 6-7 d. Afterward, 5 X 5 mm pieces of cellophane
covered with mycelium were cut and observed by OM.

SEM: The pieces of cellophane covered with C. gloeosporioides mycelium were pre-
pared following the same method as for OM. However, all sample pieces were fixed in
glutaraldehyde solution (3%, v/v) at 4 °C for 12 h and washed three times with phosphate
buffer solution (PBS). Afterward, the samples were dehydrated two times with an ethanol
gradient (30%, 50%, 70%, 95%, and 100%, v/v; 20 min per ethanol solution), after which
they were dried at a critical point in liquid CO, and coated with a layer of gold. All samples
were observed via SEM (JEOL, JSM-6390LV, Tokyo, Japan).

TEM: The fresh spore solution of C. gloeosporioides (1 x 10* conidia/mL) was added
into 50 mL PDB medium, then cultivated at 28 °C and 180 rpm in a shaking incubator
for 24 h. Next, FeCls was added to reach a final concentration of 0 and MIC. Afterward,
3-5 mycelium pellets were selected and cultured for 12 h at 28 °C and 180 rpm. The
pellets were then fixed in glutaraldehyde solution (3%, v/v) for 12 h and stored for sample
preparation. The samples were postfixed again with osmic acid solution (1%, v/v) for
2 h. All specimens were washed three times with PBS and dehydrated two times with
an ethanol gradient (30%, 50%, 70%, 95%, and 100%, v/v; 20 min per ethanol solution),
followed by polymerization in 21-well silicate embedded plates at 60 °C for 48 h. Finally,
60-nm thin sections were obtained using an Ultratome Leica UC6, after which the slices
were stained in uranyl acetate (2%) and lead citrate for 30 min and 10 min, respectively.
Finally, the samples were observed via TEM (Hitachi H-7650, Tokyo, Japan).

2.6. Detection of FeClz on the Cell Membrane Integrity of C. gloeosporioides

PI staining: Fresh C. gloeosporioides spore suspension (1 x 10° spore mL~!) was
prepared with 1 mL PDB staining medium in 1.5 mL sterile centrifuge tubes. Then, it was
cultured at 28 °C and 180 rpm on a shaker for 3 h, centrifuged for 3 min at 4000 rpm and
washed three times with PBS. The spores were collected and dyed with 200 mL propidium
iodide (PI) (Coolaber Technology Co., Ltd., Beijing, China). All samples were stained at
37 °C for 5-10 min, after which they were rinsed twice with PBS to remove excess dye. The
samples were then observed under a fluorescence microscope (Nikon Eclipse 90i).

2.7. Detection of Autophagic Structures, Conidial Viability and ROS Accumulation

A total of 1 mL of C. gloeosporioides conidial suspension (1 x 10° conidia/mL) was
prepared, and FeClz was added to reach a final concentration of 1/2 MIC and MIC, followed
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by incubation at 28 °C and 180 rpm on a shaker for 3 h before staining. Conidial viability
was detected using fluorescein diacetate (FDA, 5 g L™!). The samples were then incubated
with the corresponding stains in the dark for 5 min, after which they were rinsed twice with
PBS (pH = 7.0). The autophagosomes and intracellular ROS accumulation of the conidia
were detected using a monodansylcadaverine assay kit (MDC, Solarbio, Beijing, China) and
a Reactive Oxygen Species (ROS) assay kit (Solarbio, Beijing). All samples were observed
under a fluorescence microscope (Nikon Eclipse 90i).

2.8. Physiological Qualities Test of FeClz-Treated Citrus Fruit

The physiological qualities of FeCls-treated citrus fruit were detected. For 30—45
s, ‘Newhall’ navel orange fruits (C. sinensis Osbeck) were immersed in 10x MFC FeCl;
(=24 g/L), water, and chemicals. All fruits were transferred into a climate chamber for
30 days of storage. Total soluble solids (TSS) and titratable acid (TA) were tested using
a Pocket Brix acidity meter (ATAGO Co., Ltd., Saitama, Japan) in accordance with the
operation manual; 2,6-dichlorophenolindophenol was used to determine the VC content in
fruit, there were five fruits in each group, and trials were repeated three times. Fruit weight
losses were measured using an electronic scale, there were ten fruits in each group, and
trials were repeated three times.

2.9. Statistical Analysis

All experiments were conducted in triplicate following a completely randomized de-
sign. Significant differences were determined via one-way ANOVA followed by Duncan’s
multiple range test (SPSS 26.0, p < 0.05).

3. Results
3.1. Inhibiting Effect In Vitro and In Vivo

The in vitro growth of C. gloeosporioides mycelia treated with FeCl; was significantly
inhibited in the PDA medium (Figure 1A,B). Without FeCls treatment, the colony center
became dense and thickened, and the aging hyphae exhibited a greyish green coloration.
This color disappeared when the FeClz concentration reached 1.2 g/L, and mycelium
growth was significantly inhibited. When the FeCl; concentration reached 2.4 g/L, colony
growth was completely inhibited.

As illustrated in Figure 1C, the in vivo antifungal activity of FeCly increased in a
dose-dependent manner. When the concentration of FeCls in citrus reached 15x MFC, the
number of C. gloeosporioides cells in the treatment group was significantly lower than that
in the control group after one week of inoculating the spore suspension.

3.2. Effect of FeCl3 on the Spore Germination

The spore germination of C. gloeosporioides was remarkably inhibited by FeCl; (Figure 2A).
When the FeCl3 concentration reached 1/2 MIC and MIC, the germination rates of C.
gloeosporioides were 55.77% and 4.83%, respectively, which represented a significant decrease
compared with the control (88.23%, p < 0.05) (Figure 2B). Moreover, the length of the germ
tubes in the FeCls-treated group was markedly shorter than that in the control group.

3.3. Effect of FeCl3 on Mycelial Morphology and the Cell Membrane Integrity

OM and SEM: As observed by OM and SEM, normal hyphae exhibited a homogeneous
and linear smooth surface, whereas those treated with MIC FeCl; were severely damaged,
with irregularly contracted or expanded cell membranes, or were even bound together
(marked with red arrows) (Figure 3A).
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Figure 1. Inhibitory effect of FeCls on C. gloeosporioides growth in vitro and in vivo. (A) FeCl; inhibits
the mycelial growth of C. gloeosporioides in vitro; (B) Statistical analysis of the effects of different FeCl;
concentrations on the mycelial growth of C. gloeosporioides (6 d); (C) FeCls inhibits C. gloeosporioides
virulence in vivo (7 d); the control group (CK) was treated with sterile water. All data are reported
as the mean =+ SD. Different letters indicate significant differences according to Duncan’s multiple
range test (p < 0.05).

PI staining: As shown by PI staining, the number of inactivated spores increased as
the concentration of FeCl; increased. Almost all spores (98.13%) in the control group were
not stained (Figure 3B), whereas substantially more C. gloeosporioides spores (6.52% and
18.15%) were stained in the 1/2 MIC and MIC treatment groups (Figure 3C), indicating
that the membrane of the C. gloeosporioides spores was damaged.

3.4. Effect of FeCl3 on Internal Structure and Autophagic Activity

Surprisingly, our TEM observations revealed the presence of transparent irregular-
shaped vacuolar structures in the cytosol of the FeCls-treated conidia (Figure 4A). Therefore,
MDC staining was conducted to identify these structures. As shown in Figure 4B, the FeCl3-
treated spores exhibited concentrated spots of MDC fluorescence, whereas the normal
spores were uniformly dyed in MDC fluorescence. Apoptotic spores were also observed
and appeared as stained particles of varying sizes and densities, indicating that their
chromatin condensed, and the cell nucleus burst. Furthermore, these effects were more
notable at higher FeCl; concentrations (as shown by the arrow).
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Figure 2. Effects of FeCls treatments on C. gloeosporioides spore germination. (A) Inhibition efficacy of
FeCl3 on C. gloeosporioides spore germination (scale bar = 20 um); (B) Spore germination rates. All
data are reported as the mean + SD. Different letters indicate significant differences according to
Duncan’s multiple range test (p < 0.05).
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Figure 3. Effects of FeCls on the cell membrane integrity of C. gloeosporioides. (A) Observation of
mycelium morphology by OM and SEM (hyphal shrinkage, depression, coiling, and winding are
indicated by arrows); (B) Observation of PI staining; (C) Statistical analysis for spores stained with PL
The error bars indicate the standard error of the mean of three replicate isolates. All data are reported
as the mean =+ SD. Different letters indicate significant differences according to Duncan’s multiple
range test (p < 0.05).

3.5. Effect of FeClz on Vital Activity and ROS Accumulation

Overall, spores with high viability were detected by FDA green fluorescence. As
shown in Figure 5A, there was no significant difference between the stained spores of the
control and treated groups, indicating that FeCls did not inactivate the spores. However, in
the detection of reactive oxygen species, the control spores (3.61%) were rarely detected
with high DCHF-DA fluorescence intensity labeling, whereas C. gloeosporioides spores
cultured with 1/2 MIC and MIC FeCl3 showed 29.27% and 52.33% staining, respectively
(Figure 5B,C). This suggests that FeCl3 induces the accumulation of ROS within the spores
of C. gloeosporioides.
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Figure 4. FeClj; triggers autophagosome formation. (A) Observation of internal structures by TEM
(the arrows indicate the double-membrane vesicular structures (autophagosomes)); (B) MDC staining
of C. gloeosporioides (the arrows indicate the condensed chromatin, i.e., autophagosomes).
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Figure 5. FeCl3 decreases cell viability and increases intracellular ROS levels. (A) C. gloeosporioides
conidia stained by FDA; (B) C. gloeosporioides conidia stained by DCFH-DA; (C) Statistical analysis
of excessive ROS accumulation. All data are reported as the mean + SD. Different letters indicate
significant differences according to Duncan’s multiple range test (p < 0.05).

3.6. Physiological Qualities Test of FeClz-Treated Citrus Fruit

After 30 days of storage, citrus fruit treated with FeCl; displayed TSS, TA, and VC
values that were comparable to those of citrus fruit treated with water and a chemical
fungicide (Figure 6A—C). These three groups all saw fruit weight decreases of roughly 2.5%.
(Figure 6D). These findings demonstrated that FeClz had no byproduct effects on citrus fruit.
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Figure 6. Physiological qualities test of FeCls-treated citrus fruit. (A) Total soluble solids (TSS).
(B) Titratable acid (TA). (C) L-Ascorbic acid (VC). (D) Fruit weight loss. The fruits were stored in the
ventilating chamber for 30 days.
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4. Discussion

Anthracnose is one of the most prevalent diseases among a variety of fruit trees, par-
ticularly citrus, apple, mango, and other fruit trees [21-23]. As discussed above, mancozeb
and copper compounds alone or coupled with fosetyl-Al are chemical fungicides that are
commonly used in agriculture [4-6]. However, the uncontrolled use of these agents can
promote the occurrence of fungicide-resistant pathogenic fungi, in addition to affecting
human and environmental health [7,24]. Autophagy research has mainly focused on basic
biology, whereas relatively few studies have been conducted on plants and plant pathogens.
Nevertheless, the study of plant antibacterial mechanisms has recently garnered increas-
ing attention [25]. Our studies demonstrated that autophagy could be exploited for the
development of green disease prevention and treatment strategies in croplands.

TEM and MDC fluorescence staining are two commonly used methods to confirm the
occurrence of autophagy [26]. In this study, our TEM and MDC fluorescence staining obser-
vations confirmed the formation of autophagy structures in FeCls-treated C. gloeosporioides
spores (Figure 4A). Numerous studies have demonstrated that autophagy plays a crucial
role in pathogen—plant interaction [27], which is consistent with the findings of this study.

Autophagy is rarely studied in fungi, and most of the research data are focused on
biomedicine and plants. It has been reported that autophagy plays an important role in the
life cycle of fungi, and most autophagy is beneficial to life itself. However, this viewpoint
has not been reported for C. gloeosporioides. According to the experimental results in vitro
and in vivo, FeCls-treated C. gloeosporioides not only produce autophagy phenomena but
also have their growth significantly inhibited. Therefore, it is reasonable to assume that
FeCl3-induced autophagy of C. gloeosporioides is harmful to C. gloeosporioides.

The FeCls-treated C. gloeosporioides spores exhibited significant growth inhibition both
in vitro and in vivo, suggesting that FeCl; exerted a potent antifungal effect (Figure 2). The
results of the spore germination experiment showed that the germination rate of spores
in the FeCl; treatment group decreased with higher FeCl3 concentrations. Moreover, the
diameter and length of the germinated spores in the treated group were smaller than in
the control group. Therefore, MDC fluorescence staining was used to observe the internal
changes of the spore cells (Figure 3B). SEM and TEM were used to observe the external
morphological changes of hyphae and the changes in the spore cells of the treated groups
(Figures 3A and 4A). Our findings demonstrated that, unlike the control group, the chro-
matin of the FeCls-treated spore cells was condensed, as demonstrated by the occurrence
of concentrated bright spots in the MDC fluorescence staining experiments. In the con-
trol group, the staining was uniformly spread throughout the spore cells. Additionally,
our SEM observations revealed that the hyphae of pathogenic fungi exhibited different
degrees of coiling and shrinking. Our TEM observations revealed the occurrence of various
double-membrane vesicular autophagic structures and countless vacuolated structures
in the interior of the spore cells. Our findings suggest that the generation of autophagy
structures affects spore germination and the formation of infective structures of pathogenic
fungi, thereby reducing the invasiveness and pathogenicity of pathogenic fungi (Figure 7).
Previous studies have demonstrated that autophagy can affect the growth, vitality, and
pathogenicity of pathogenic fungi by inducing autophagy-related functions and apopto-
sis [20,28]. Therefore, we concluded that FeCls triggers apoptosis by inducing autophagy
in C. gloeosporioides.

Interestingly, our PI and FDA staining experiments demonstrated that although the
FeCl;3-treated spores exhibited some degree of membrane damage, the cells did not die
and were still viable (Figures 3B and 5A). These results were inconsistent with our origi-
nal hypothesis that the induction of autophagy inhibits hyphal growth and triggers cell
apoptosis in pathogenic fungi. Moreover, previous reports have demonstrated that au-
tophagy promotes cell apoptosis in pathogenic fungi, which is also inconsistent with our
findings [29]. After studying the inhibition mechanism of iron ion magnetic nanomateri-
als on model fungi, Qi Peng et al. concluded that the antifungal properties of iron ions
could not be attributed to common plasma membrane damage or cell wall damage [30].

77



J. Fungi 2023, 9, 230

Therefore, we performed DCFH-DA fluorescent staining on the spores of the pathogenic
fungi (Figure 5B,C). In the FeCls treatment group, the DCFH-DA staining rate increased at
higher FeCl; concentrations. Furthermore, our TEM observations revealed the occurrence
of irreversible degradation of some organelles in the spore cells, such as mitochondria. The
formation of autophagic structures leads to the degradation of the contents of the spore
cells, which includes but is not limited to mitochondria.
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Figure 7. Hypothetic model of the effect of FeCls treatment on C. gloeosporioides pathogenicity.

T: up-regulated; |: down-regulated.

Combining the results of the above in vitro and in vivo experiments, we found that
FeCls significantly inhibited the growth of C. goleosporioides, both in mycelium growth
and spore germination. Zhonghuan Tian et al. explored the physiological quality of fruits
in terms of their application in producing areas [31]. In order to explore the application
performance of FeCls in actual production, we conducted a post-harvest storage and fresh-
keeping experiment on ‘Newhall’ navel orange fruits (C. sinensis Osbeck) in a citrus industry
orchard in Zhijiang (Hubei, China). The post-harvest treatment of fruit is simulated by
soaking the fruit. After one month of positive storage, the results showed that the total
soluble solid (TSS), titrable acid (TA), L-ascorbic acid (VC), and fruit weight loss were not
significantly affected by water, FeCls, and chemical treatments. These results suggest that
FeCls has no by-product effect on citrus fruits [32]. In this regard, we believe that FeCls can
be used as a substitute for chemical fungicides to control anthracnose in producing areas in
the future.
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Therefore, our findings provided insights into the inhibitory mechanisms of FeCl;
on C. gloeosporioides (Figure 7). Here, we conclude that FeCl; could induce autophagy for
self-protection and increase the ROS content in pathogenic fungi. FeCl3 could damage the
internal structure of pathogenic fungi and induce the abnormal development of pathogenic
fungi infection structures, thus decreasing the pathogenicity and virulence of C. gloeospori-
oides. Further assays are required to determine the controlling effect of anthracnose during
citrus storage under general agronomic situations when FeCl; is applied, and research to
detect its potential compatibility with other treatments is desired. FeCls, a type of iron salt
with low cost and safety, offers a new option for replacing existing chemical fungicides.

5. Conclusions

Our findings demonstrate that FeCl; effectively inhibited the growth of C. gloeospo-
rioides both in vitro and in vivo. FeCl; induced autophagosome formation and ROS ac-
cumulation, leading to organelle destruction and increased cell membrane permeability;
however, it did not cause lethality. Our preliminary analysis of the mechanism of action
and targets of FeCls provides a theoretical basis for the future application of FeCl; to
control citrus anthracnose. Additionally, our findings could serve as a guide for the future
elucidation and characterization of invasion-related genes. However, additional studies are
still needed to gain a more in-depth understanding of the molecular mechanisms through
which FeCl3 inhibits the growth of C. gloeosporioides. Based on the experiments in Zhijiang
(Hubei, China), FeCl; is expected to replace chemical agents in the control of anthracnose
in the future.
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Abstract: Root rot caused by Fusarium solani is one of the major postharvest diseases limiting sweet
potato production. Here, antifungal activity and the action mode of perillaldehyde (PAE) against F.
solani were investigated. A PAE concentration of 0.15 mL/L in air (mL/L air) markedly inhibited
the myecelial growth, spore reproduction and spore viability of F. solani. A PAE vapor of 0.25 mL/L
in air could control the F. solani development in sweet potatoes during storage for 9 days at 28 °C.
Moreover, the results of a flow cytometer demonstrated that PAE drove an increase in cell membrane
permeability, reduction of mitochondrial membrane potential (MMP) and accumulation of reactive
oxygen species (ROS) in F. solani spores. Subsequently, a fluorescence microscopy assay demonstrated
that PAE caused serious damage to the cell nuclei in F. solani by inducing chromatin condensation.
Further, the spread plate method showed that the spore survival rate was negatively correlated
with the level of ROS and nuclear damage, of which the results indicated that PAE-driven ROS
accumulation plays a critical role in contributing to cell death in F. solani. In all, the results revealed
a specific antifungal mechanism of PAE against F. solani, and suggest that PAE could be a useful
fumigant for controlling the postharvest diseases of sweet potatoes.

Keywords: root rot; storage; spore viability; mitochondria; reactive oxygen species

1. Introduction

The Food and Agriculture Organization of the United Nations reported that the yield
of sweet potato (Ipomoea batatas Lam.) was 88.87 million tons all over the world in 2021, and
about three quarters of this yield came from China [1]. Sweet potato is an important food
crop around the world, especially in developing countries, because it can produce more dry
matter, protein and minerals per unit area in comparison to cereals [2,3]. Due to containing
a number of nutritional factors, such as carbohydrates, carotenes, vitamins, potassium et al.,
sweet potato roots have been developed into many foods and beverages [4]. However,
because they have a high moisture and carbohydrate content, the roots are easily infected
by Fusarium solani, resulting in postharvest deterioration [5,6].

The filamentous fungus F. solani is a plant and human pathogen belonging to the
Fusarium solani species complex (FSSC), and its sexual state is Nectria haematococca [7].
F. solani is ubiquitously distributed in soil and decaying plant materials, where it acts as a
decomposer [8]. However, F. solani is an important pathogen of a number of agriculturally
important crops; for instance, soybean, potato and tomato, et al. [9]. Fusarium root rot
caused by this fungus is one of the major postharvest diseases of sweet potato, particularly
in the southeastern United States [5], and the main sweet potato-growing areas in China [3]
and the Republic of Korea [10]. Muggy conditions, such as a high temperature (13 to 35 °C)
and relative humidity (over 80%), contribute to this disease incidence [5]. It was reported
that, in China in 2014 and South Korea in 2017, the incidence of Fusarium root rot on
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sweet potatoes caused by F. solani was 10-20% [10]. Further, F. solani is able to cause stem
lesions and end rot of sweet potatoes in the process of cultivation, leading to a substantial
reduction of sweet potato production [5]. On the other hand, F. solani was found to be
an opportunistic pathogen causing human diseases, such as fungal keratitis or invasive
mycoses [9]. Therefore, controlling the contamination of F. solani is a crucial approach to
ensure food safety and human health.

Wounding is a prerequisite for an infection of sweet potatoes by F. solani. However,
sweet potato roots are easily wounded due to a relatively thin and delicate skin during
its harvest or transportation to market [6]. So far, some management strategies have been
developed to reduce the microbial spoilage of sweet potato roots. Specifically, wound
healing in large storage containers soon after harvest has served as an important strategy
to minimize Fusarium root rot [5]. Nevertheless, due to a lack of large storage containers to
implement the wound healing process, farmers prefer to use chemical fungicides to combat
the sweet potato spoilage; for example, carbendazim, a cheap broad-spectrum fungicide
which is widely used, especially in China [11]. However, the use of carbendazim for the
storage of edible roots posed a potential risk to human health [12]. Hence, there is an urgent
need to develop green preservatives for the storage of the edible part of plants [13].

Perillaldehyde (PAE), a natural monocyclic terpenoid, is a kind of essential oil (EOs)
that is abundant in the perennial herb Perilla [14]. PAE has been used as a flavoring agent
for foods such as baked goods, meat products and beverages et al. [15]. The foods have
been certified as safe by the Food and Agriculture Organization of the United Nations
(FAO) and United States Food and Drug Administration (FDA) [16]. Interestingly, PAE
presents an effective antifungal activity against some pathogenic and food spoilage fungi,
such as Candida albicans [17], Ceratocystis fimbriata [18] and Aspergillus flavus [19]. Thus, PAE
holds promise as a novel antifungal agent used in food preservation [16]. However, the
antifungal activity of PAE against F. solani remains unclear.

It is reported that apoptosis plays a key role in the fungistatic pathway executed by the
activity of EOs [16], and the reactive oxygen species (ROS) produced by the mitochondria
is a major key marker of the apoptotic process [20]. Our previous work revealed that
PAE induced cell apoptosis of A. flavus via ROS accumulation [21]. According to our
previous results of transcriptome sequencing, PAE drove an inhibition of glycometabolism
resulting in the indirect suppression of glutathione synthesis in A. flavus, which contributed
to reducing the ROS-scavenging capacity, ultimately leading to ROS accumulation [22].
F. solani was reported to be efficient in utilizing carbohydrates, by including a large number
of multiple-copy coding genes for carbohydrate-active enzymes [7]. The results seemed
to imply that F. solani may possess a high resistance to PAE due to its high carbohydrate-
using capacity. In addition, in clinical practice, the infection of F. solani is difficult to treat
because Fusarium spp. are highly resistant to most antifungals [23], such as amphotericin B
and imidazoles [24]. However, whether PAE exhibits effective antifungal activity against
F. solani in sweet potatoes remains unclear.

In the present study, the antifungal activity of PAE against F. solani and its preservative
effect on sweet potatoes were estimated. First, the effects of PAE on mycelial growth,
spore production and viability were examined. Second, the preservative effect of PAE on
sweet potato roots was evaluated. Moreover, the mode of antifungal action of PAE was
investigated by detecting the cell membrane integrity, mitochondrial membrane potential
(MMP), ROS level and nuclear morphometry. With this information, the essential oil PAE
can be recommended as a novel green preservative to limit the amount of postharvest loss
of sweet potatoes due to Fusarium root rot.

2. Materials and Methods
2.1. Chemicals, Strain and Plant Materials

The PAE (CAS no. 18031-40-8, purity > 90.0%) was purchased from Tokyo Chemical
Industry Co., Ltd. (Tokyo, Japan). The PAE was prepared as 10 x stock solutions in 0.1%
(v/v) Tween 80 with an ultrasonic wave treatment for 30 min. F. solani X14011 was originally
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separated from the rot spot on sweet potato roots, and obtained from Hebei Academy
of Agriculture and Forestry Sciences in China [25]. The fungus was cultured on potato
dextrose agar (PDA; 20% potato, 2% dextrose, 1.5% agar) for 7 d at 28 °C. Sweet potato
roots of a commercial cultivar Xushu 32 grown for about 150 d were obtained from the
experimental station of the Xuzhou Institute of Agricultural Sciences in Jiangsu Xuhuai
District in 2022. After harvest, these storage roots were placed into a storage facility, where
they were cured at 29 °C for 7 days [5]. After wound healing, the roots were stored at 13 to
15 °C until inoculation.

2.2. Determination of Antifungal Activity

The effect of PAE on the mycelial growth of F. solani was tested using direct contact and
vapor phase contact method [26]. In the direct contact method, 8-mm-diameter mycelial
plugs were placed on the center of each PDA plate (9 cm diameter) supplemented with
0.01% Tween 80 and different PAE concentrations of 0.125, 0.25, 0.5, 0.75, 1, 1.25 and
1.5 mL/L. In the vapor phase contact method, mycelial plugs were inoculated on PDA
plates containing 15 mL PDA and 80 mL air in the space of these dishes. The PAE was
dissolved into methyl alcohol to gain different concentrations of stock solutions [27], and
then aliquots of 100 uL stock solutions were pipetted on the inside of the lids of every plate
to obtain various PAE concentrations of 0, 0.0125, 0.025, 0.05, 0.075, 0.1, 0.125, 0.15 and
0.175 mL/L in air (mL/L air) in the air space of plates. After that, all plates were sealed
with a polythene preservative film, incubated for 9 d at 28 °C and colony diameters were
measured every 24 h. To calculate the colony diameters, the following formula was used:

a=b-—c @D

where a: colony diameter (cm); b: measured diameter of colony (cm); ¢: mycelial plug
diameter (cm).

Further, the effect of PAE on the spore productivity of F. solani was tested [28]. After
the colony diameters were measured, a certain volume of phosphate buffer solution (PBS,
pH 7.0-7.2) was added to the plates and then both mycelia and spores were scraped off
using a spreading rod. Following, the cells were transferred into 50 mL centrifuge tubes,
and shaken violently with a vortex mixer. The spore number of each plate was counted
using a hemocytometer under a light microscope.

The effect of PAE on spore viability was tested using a coating method via the contact
method and vapor phase method [20,26]. In the contact approach, 100 pL spore suspension
(2 x 103 spores/mL) was spread on PDA containing various PAE concentrations of 0, 0.25,
0.5, 1.0 and 1.5 mL/L. In the vapor phase assay, spore suspension was firstly spread on
PDA plates, and then the plates were supplemented with 100 mL of PAE stock solutions
dissolved in methanol to obtain various PAE concentrations of 0, 0.025, 0.05 0.10 and
0.15 mL/L air. After 5 d of inoculation, the number of colony forming units (CFUs) was
counted. To calculate the percentage of conidial survival rate, the following formula
was used:

a=b/c x 100% 2)

where a: conidial survival rate (%); b: CFUs of PAE-treated group; c: CFUs of control group.

2.3. Determination of the Effect of PAE on Sweet Potato Preservation

The preventive effect of PAE on sweet potatoes [29,30] was detected using a vapor
phase contact method [31], as shown in Figure 1. Firstly, 15 mL water agar (1.5% agar) was
poured into 2 cm high petri dishes. After solidification, the dishes were placed inversely,
and one sterile filter paper was placed on the inside of the lids of every plate. Afterwards,
healthy sweet potato roots approximately four centimeters in diameter were washed,
peeled and sterilized with 1% NaOCI for 10 min. Following this, 1 cm thick slices were cut
from the equatorial region of the roots, and these slices were individually placed on the
filter paper in each petri dish. Subsequently, 8 mm diameter mycelial plugs were placed on
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the center of each sweet potato slice. Finally, 100 mL of PAE stock solutions dissolved in
methanol was pipetted on the filter paper resulting in a series of PAE concentrations of 0,
0.05, 0.1, 0.15, 0.2 and 0.25 mL/L air in the air in petri dishes. The dishes were incubated
for 12 d at 28 °C, and lesion diameters were measured every 3 d. There were four replicates
for each treatment. To calculate the percentage of the conidial survival rate, the following
formula was used:

a=b—-c 3)
where a: lesion diameter (cm); b: measured lesion diameter (cm); ¢: mycelial plug diameter
(cm).

Water agar —

— Sweet potato slice

Mycelial plug PR i b s R Filter paper
Petri dlsh—i 222 | l / QQQ«I PAE vapor

Figure 1. Schema for depicting the assay method determining the effect of PAE on sweet potato

preservation.

2.4. Measurement of Cell Membrane Integrity

Cell membrane integrity was monitored by propidium iodide (PL; Solarbio, Beijing,
China) [21]. A spore suspension of 5 x 10° spores/mL was incubated with 1.5 mL/L PAE
in a rotary shaker for 2, 4 and 8 h at 28 °C. The spores without PAE treatment were regarded
as a control group. After incubation, the spores were washed twice using PBS, and then
stained with 1 mL of 10 mg/L PI for 30 min at 28 °C. Finally, the spores were washed three
times with PBS, and analyzed using an Accuri'™ C6 flow cytometer (BD Biosciences, San
Jose, CA, USA).

2.5. Determination of MMP

MMP was detected by the fluorescent dye Rhodamine 123 (Rh123; Solarbio, Beijing,
China) [18]. A spore suspension (5 x 10° spores/mL) was incubated with 1.5 mL/L PAE,
for 0, 2,4 and 8 h at 28 °C. After incubation, the spores were washed twice, and stained
with 100 pg/L Rh123 for 30 min at 28 °C. The spores that were stained with distilled water
instead of Rh123 were served as a dye-blank control. Finally, the spores were washed and
analyzed by the flow cytometer.

2.6. Determination of ROS Level

The ROS production in FE solani spores was detected by fluorescent dye
2,7-Dichlorodihydrofluorescein diacetate (DCFH-DA; Sigma-Aldrich, St. Louis, MO, USA) [13].
Spore suspension of 5 x 10° spores/mL was incubated with 1.5 mL/L PAE for 4 and 8 h,
1.5 mL/L PAE plus 80 mM cysteine (Cys) for 4 and 8 h and 80 mM H,O, for 8 h at 28 °C.
Spores without PAE treatment were regarded as a control group. After treatment, the spores
were washed and stained with 10 uM DCFH-DA for 30 min at 28 °C. Finally, the spores were
analyzed by the flow cytometer. Meanwhile, spore suspension was serially diluted and spread
on PDA. After an incubation for 5 d at 28 °C, the number of CFUs in each group was counted,
and the conidial survival rate was calculated using Formula (2).

2.7. Determination of Nuclear Morphology

The effect of PAE on the nuclear morphology of F. solani was detected using 4’,6-
diamidino-2-phenylindole (DAPIL; Solarbio, Beijing, China) [18]. A spore suspension
(5 x 10° spores/mL) was incubated with 0.75 and 0.15 mL/L PAE, 0.75 or 0.15 mL/L
PAE plus 80 mM Cys and with 80 mM H,O, for 12 h at 28 °C. After incubation, the spores
were stained with 10 mg/L of DAPI for 30 min at 28 °C. After they were washed, these
spores were placed on a glass slide and examined using a fluorescence microscope (Leica,
Wetzlar, Germany). In addition, the spore suspension was diluted, and spread on PDA
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plates. After an incubation, the number of CFUs was counted, and the conidial survival
rate was also calculated.

2.8. Statistical Analysis

The pathogenicity assay was carried out in quadruplicate, and the other assays were
performed in triplicate. The results are expressed as mean =+ standard deviations (SD), and
the statistical significance was calculated by a one-way ANOVA with Duncan multiple
range tests using SPSS 21 software (IBM, Chicago, IL, USA). Different letters indicated
statistically significant differences at p < 0.05.

3. Results
3.1. Antifungal Activity of PAE against F. solani

The antifungal activity of PAE against F. solani was evaluated by detecting mycelial
growth, spore production and viability. Diameters and spore productivity of the colonies
that were treated with different concentrations of PAE for 9 d were measured via the
contact method and vapor phase contact method. In the contact method, 0.125 mL/L
PAE showed an inhibitory effect (p < 0.05) on mycelial growth and spore production
(Figure 2A,B). The inhibitory effects of PAE on mycelial growth and spore production were
in a dose-dependent manner. Notably, mycelial growth was completely inhibited as the
PAE concentration reached 1.5 mL /L, and the spore production was also inhibited. This
result indicated that the minimal inhibitory concentration (MIC) of the contact method
against F. solani was 1.5 mL/L PAE. In the vapor phase method, mycelial growth and spore
production were suppressed by PAE in a dose-dependent manner (Figure 2D,E). It is worth
noting that 0.15 mL/L air PAE inhibited (p < 0.05) mycelial growth for 7 d, and 0.175 mL/L
air PAE completely inhibited the mycelial growth of F. solani (Figure 2D), indicating that the
MIC of the vapor phase method against F. solani was 1.5 mL/L PAE. Meanwhile, the spore
production was also significantly inhibited (p < 0.05) under the PAE concentrations of 0.15
and 0.175 mL/L air (Figure 2E). Both assays above proved that PAE, especially PAE vapor,
possesses effective inhibitory activity against the mycelial growth and spore production of
F. solani.
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Figure 2. Effects of PAE on mycelial growth, spore production and viability of F. solani. Colony diam-
eter (A) and spore production (B) analyzed by contact method after mycelial plugs were incubated
with different concentrations of PAE for 9 d. Colony diameter (D) and spore production (E) evaluated
via vapor phase method after mycelial plugs were incubated with indicated concentrations of PAE for
9 d. Spore survival rate assessed by contact method (C) and vapor phase method (F) after spores were
incubated with different concentrations of PAE for 5 d. All data are presented as mean =+ standard
deviations (n = 3). Different letters indicate statistical significant differences (p < 0.05) calculated by
one-way ANOVA.
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Spore viability was tested using a coating method via the contact method and vapor
phase contact method after the spores were treated with different concentrations of PAE
for 5 d. In the contact method, the PAE concentration reached 0.5 mL/L which showed an
obvious inhibitory effect (p < 0.05) on spore survival rate (Figure 2C). The inhibition degree
increased as the PAE concentration increased. Exposure to 1.5 mL/L PAE completely
inhibited the spore viability. In the vapor phase method, the PAE concentration reached
0.025 mL/L air, which showed an inhibitory effect (p < 0.05) on spore survival rate, and
0.15 mL/L PAE completely inhibited the spore viability (Figure 2F). Hence, PAE has a
noteworthy inhibitory ability against spore viability in F. solani.

3.2. Effect of PAE on Sweet Potato Preservation

To evaluate of anti-decay effect of PAE vapor treatment, a pathogenicity assay of
F. solani on sweet potatoes was carried out. The sweet potato slices inoculated with mycelial
plugs were exposed to various concentrations of PAE for different days. The sweet potato
slices without the PAE treatment decayed seriously, and a dark and sunken lesion appeared
on their surface (Figure 3A). The result proved that the strain F. solani X14011 has a strong
pathogenicity on sweet potato roots. A PAE concentration of 0.05 mL/L air exhibited a
slight inhibitory effect on the expansion of the decayed diameter (Figure 3B). The inhibition
degree increased as the PAE concentration increased. When the PAE concentration reached
0.25 mL/L air, sweet potato spoilage could be suppressed up to 9 d (Figure 3EG). Therefore,
PAE showed a notable preservative effect on sweet potato roots infected by F. solani.
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Figure 3. Effect of PAE on sweet potato spoilage caused by F. solani. The sweet potato slices inoculated
with mycelial plugs were exposed to different PAE concentrations of 0 (A), 0.05 (B), 0.10 (C), 0.15 (D),
0.20 (E) and 0.25 (F) mL/L air for 12 d at 28 °C. Line chart of lesion diameter on these slices (G). Error
bars represent the mean standard deviation of four replicates.

3.3. Effect of PAE on Cell Membrane Integrity

Cell membrane integrity was estimated using PI staining by a flow cytometer after
F. solani spores were exposed to 1.5 mL/L PAE for different hours. In the control group
without PAE treatment, the spores were not stained with PI, and their fluorescence intensity
values were mainly about 10° (Figure 4A). After exposure to PAE for 2 h, the rate of stained
spores rose from 21.1% in the control group (Figure 4A) to 38.2% (Figure 4B) with an 81.0%
increase (p < 0.05). The rate of stained spores increased as the PAE exposure time extended
(Figure 4E). As the treatment time of PAE reached 8 h, an obvious intensity peak appeared
at the value of 10* on the horizontal axis, and the stained spore rate rose to 57.1% (p < 0.05,
Figure 4E). This assay demonstrated that PAE caused obvious damage to cell membrane
integrity in F. solani.
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Figure 4. Distribution of fluorescence intensity values of cell membrane integrity in F. solani detected
by PI staining, after spores exposed to 1.5 mL/L PAE for 0 (A), 2 (B), 4 (C) and 8 (D) h. Bar graph of
rate of stained spores (E). Values are mean =+ standard deviations (n = 3). Different letters indicate
statistically significant differences (p < 0.05) calculated by one-way ANOVA.

3.4. Effect of PAE on MMP

MMP was detected using Rh123 staining by a flow cytometer after F. solani spores
were exposed to 1.5 mL/L PAE for different hours. In the control group, there were two
fluorescence intensity peaks (Figure 5B), of which the abscissa value of the first peak was
approximately 103, similar to the value of the only fluorescence intensity peak in the dye-
blank control (Figure 5A), and of which the abscissa value of another intensity peak that
was produced by the stained spores was about 10°, indicating that these spores had a
high value of MMP. After treatment with PAE for 4 h, the peak area obviously decreased
(p <0.05), suggesting that PAE caused a reduction of MMP in F. solani spores. As the
PAE treatment time reached 8 h, the second fluorescence intensity peak of the Rh123-
stained spores almost disappeared, and the abscissa value of the first peak was similar to
the fluorescence intensity peak in the dye-blank control (Figure 5A E), implying that its
MMP almost disappeared. So, the above result demonstrated that PAE destroyed MMP in
F. solani.
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3.5. Effect of PAE on ROS Accumulation

The ROS level was measured using DCFH-DA staining by a flow cytometer after
the spores of F. solani were exposed to 1.5 mL/L PAE for different hours. In the control
group without PAE treatment, there was only one fluorescence intensity peak (Figure 6A).
After incubation of PAE for 4 h, the rate of stained spores significantly (p < 0.05) increased
(Figure 6B). The rate of stained spores increased as the time of PAE exposure extended
(Figure 6G). After incubation of PAE for 8 h, there was a new-appeared fluorescence
intensity peak that was located near 10° on the horizontal axis (Figure 6C), of which
the abscissa value was similar to the abscissa value of the second fluorescence intensity
peak in the HyO,-treated group (Figure 6D), indicating that PAE obviously drove ROS
accumulation in F. solani spores. On the other hand, in the groups with spores that were
treated by 1.5 mL/L PAE plus 80 mM Cys for 4 and 8 h (Figure 6E, F), there was just one
fluorescence intensity peak located near 10° on the horizontal axis, similar to the non-PAE
treated group (Figure 6A), proving that the antioxidant Cys had eliminated the intracellular
excess ROS induced by PAE. Hence, the above result demonstrated that PAE was a key
driver of ROS accumulation in F. solani spores.
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Figure 6. Effect of PAE on ROS level in F. solani detected by DCFH-DA staining. Spores were exposed
to 1.5 mL/L PAE for 4 (B) and 8 (C) h, 80 mM H,O, for 8 (D) h, and to 1.5 mL/L PAE plus 80 mM
cysteine (Cys) for 4 (E) and 8 (F) h. Spores without PAE treatment were served as control (A). Line
charts of rate of stained spores (G) and survival rate of spores in every experimental group (H).
Values are mean =+ standard deviations (1 = 3). ** indicates p < 0.01 compared with the control group
calculated by one-way ANOVA.

In order to analyze the role of ROS accumulation in PAE antifungal action, the survival
rate of spores in every experimental group was further measured by the coating method.
Figure 6H showed that PAE exhibited an ability to kill the F. solani spores in a concentration-
dependent manner, and a treatment of 80 mM H;,O; for 8 h completely killed all the spores
(p < 0.05). However, Cys supplementation in the PAE-treated group recovered the spore
survival rate up to the level of the control group without PAE treatment. The above results
strongly indicated that ROS accumulation induced by PAE plays a key role in killing
F. solani spores.

3.6. Effect of PAE on Nuclear Morphometry

Nuclear morphometry was observed by DAPI staining after the spores incubated with
different concentrations of PAE for 12 h. As shown in the control group (Figure 7A), the
spore nuclei without PAE treatment was big and bright. However, the fluorescence intensity
of the nuclei treated by 0.75 mL/L PAE became weaker and smaller than the control group
(Figure 7A,B). When the PAE concentration reached 1.5 mL/L, the nuclear morphology

88



J. Fungi 2023, 9, 257

disappeared (Figure 7C), similar to the HyO;-treated group (Figure 7D), proving that
PAE drove severe nuclear damage in F. solani spores. Moreover, in order to estimate the
relationship between nuclear damage and cell death caused by PAE, the survival rate of the
spores was further quantified by the coating method. The PAE-treated concentration of 0.75
and 1.5 mL/L killed about 50 and 100% of the spores (p < 0.01), respectively (Figure 7G);
this result was consistent with the changes of the nuclear morphology (Figure 7B,C).
On the other hand, supplementation of the antioxidant Cys in the PAE-treated group
was able to maintain a nuclear morphometry big and bright similar to the control group
(Figure 7AE F), proving that the elimination of excess PAE-induced ROS contributed to
keeping the nuclear architecture. Additionally, Cys supplementation had an ability to
contribute to the restoration of the spore survival rate under PAE stress (Figure 7G). The
above results proved that PAE treatment drove nuclear damage in the F. solani spores, and
PAE-induced ROS accumulation acted as a critical cause of nuclear damage and spore
death in F. solani.
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Figure 7. Effect of PAE on nuclear morphometry measured by DAPI staining. Spores were exposed
to 0.75 (B) and 1.5 (C) mL/L PAE, 80 mM H,O, (D), and to 0.75 (E) or 1.5 (F) mL/L PAE plus 80 mM
Cys for 12 h. Spores without PAE treatment were served as control (A). Bar = 50 um. Line chart
of survival rate of spores in every experimental group (G). Values are mean + standard deviations
(n =3). ** indicates p < 0.01 compared with the control group calculated by one-way ANOVA.

4. Discussion

Because of having a high moisture and free sugar content, sweet potato storage roots
are easily infected by F. solani, leading to postharvest spoilage [5,6]. However, the use
of chemical fungicides such as carbendazim for the storage of this edible crop posed a
potential risk to human health [32]. As a promising green preservative, the antimicrobial
effects of PAE have been reported [13,33]. Although eugenol, carvacrol or cinnamaldehyde
had a stronger antifungal activity than PAE in traditional contact methods [34], PAE was
reported to exhibit a higher antibacterial activity against airborne microbes than these three
Eos, which was tested by the vapor method using an air washer [33]. The reason why PAE
exhibited a higher antimicrobial activity may depend on its high volatility. Therefore, in
order to develop PAE as a novel antifungal agent used in food preservation, the antifungal
activity of PAE on F. solani was estimated through a vapor treatment, and its preservation
effect on sweet potato roots was also evaluated in the present study.

In clinical practice, F. solani was reported to have a high resistance to some antifungals,
such as amphotericin B [24]. In order to know the antifungal activity of PAE against F. solani,
the effect on mycelial growth was firstly evaluated in the forms of a contact and vapor
treatment. In mycelium assay, the MIC against the mycelial growth of F. solani in the direct
contact method and vapor contact method was 1.5 mL/L PAE (Figure 2A) and 0.175 mL/L
air (Figure 2D), respectively. According to our previous publications, 1 mL/L of PAE
could completely suppress the growth of Aspergillus niger, which was determined using

89



J. Fungi 2023, 9, 257

a micro-well dilution method [35]. In this regard, PAE also exhibited effective antifungal
activity against the mycelial growth of F. solani. Mycelia are responsible for the spoilage of
fruits and vegetables. Therefore, PAE could be considered as an antifungal candidate to
protect sweet potato roots from Fusarium root rot.

The fungus F. solani is widely distributed in the environment, and produces a large
numbers of spores which are the major source of infectious diseases in crops and food
spoilage [9]. So, the effect of PAE on the spore production of F. solani was further evaluated.
As shown in Figure 2B and E, MICs of 1.5 mL/L PAE in the contact method and 0.175 mL/L
PAE in the vapor method could also completely inhibit spore production. On the other
hand, spore viability was reported to be a main cause of root colonization in plants [36].
Thus, the effect of PAE on spore viability was further tested. Additionally, PAE showed an
ability to suppress the spore viability of F. solani. PAE concentrations reached 1.5 mL/L
in the contact method and 0.15 mL/L air in the vapor method, completely inhibiting the
viability of the F. solani spores (Figure 2C,F). Interestingly, the dose of PAE against the spore
viability of F. solani in the vapor method was as low as one-tenth of the dose in the contact
method. For instance, in the group treated with 0.1 mL/L air PAE in vapor method was
27.36% (Figure 2C), the spore survival rate was lower than 34.65% of the group treated
with 1 mL/L PAE in the contact method (Figure 2F), indicating that using PAE via the
vapor phase method exhibited a more efficient inhibition of spore viability than the contact
method. The result was consistent with our previous research on the antifungal effect
of PAE on A. niger (Wang et al., 2015). Hence, PAE, specially via vapor treatment, has
noteworthy antifungal activity against the mycelia and spores of F. solani.

F. solani can cause not only stem lesions and end rot in sweet potatoes in the process of
cultivation [37], but also, Fusarium root rot during the storage period [5]. Fusarium root rot
is a kind of dry decay, and its typical lesions on sweet potato roots are circular, with light
and dark brown concentric rings, causing significant economic loss during storage [5,29].
Therefore, the effect of PAE on the control of F. solani infection of sweet potato roots in
storage was further evaluated. In this study, slices cut from the equatorial region of sweet
potato roots were used to perform the pathogenicity test [3,29]. The method can ensure
uniform inoculation to the central area of each sweet potato root instead of the outer layer
of sweet potato flesh with varying degrees of cell development [38]. On the other hand,
the slices were inoculated with mycelial plugs; such a large inoculum would magnify
the extent of pathogen infection compared with the natural infection caused by fungal
spores [39]. In the control group without PAE treatment (Figure 3A), the sweet potato slices
seriously decayed with an occurrence of dark and sunken lesions on its surface, a symptom
which is consistent with previous reports [5], whereas PAE had an ability to inhibit the
decay and spoilage of sweet potato slices (Figure 3G). Therefore, the preservative assay
indicated that the PAE vapor treatment contributed to controlling the F. solani infection of
sweet potato roots.

The cell membrane is commonly regarded as an important target of EOs [40]. The cell
membrane is important in maintaining cell physiology, and its main function is to protect
the internal substances from not leaking to the cell exterior. The cell membrane of fungi is
enriched with diverse lipids, and due to the hydrophobic character of EO constituents, the
cell membrane is easily attacked by EOs resulting in an increase of its permeability [40].
PI, a kind of DNA-binding fluorescent dye, cannot enter the cell until the cell membrane
structure is disrupted [41]. A flow cytometer assay showed that the spores in the control
group were not stained by PI (Figure 4A); however, the spores exposed to PAE led to an
obvious Plinflux (Figure 4B-D), indicating that cell membrane integrity had been disrupted.
The result demonstrated that PAE had the ability to damage the cell membrane function of
F. solani, which is consistent with previous reports of A. flavus [21].

Mitochondria are organelle composed of two layers of plasma membrane and are
reported to be another important target of EOs [34]. Mitochondria play a key role in
generating cellular ATP through oxidative phosphorylation depending on the MMP, and
MMP is an important indicator of changes in mitochondrial function [41]. Rh123 is a
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specific fluorescent probe for mitochondria in living cells, and this dye preferentially enters
mitochondria based on a high value of MMP [21]. In the control group, the spores without
PAE treatment were stained with Rh123, while PAE treatment led to an obvious reduction of
stained spore rate (Figure 5), indicating MMP being damaged by PAE. The result indicated
that PAE disrupted the mitochondrial function in F. solani. This similar phenomenon was
reported in research on C. fimbriata [18].

Dysfunctional mitochondria caused by fungistats could result in the generation of
excess intracellular ROS, and subsequently in cell death due to its oxidative damage to
cellular macromolecules [20]. DCFH-DA is a kind of ROS-sensitive probe used for ROS
detection [13]. Furthermore, the effect of PAE on the ROS level and cell viability of F. solani
was analyzed. PAE drove ROS accumulation in cells (Figure 6B,C) and meanwhile resulted
in spore death in a concentration-dependent manner (Figure 6H). It is well known that
Cys is a classical antioxidant to eliminate ROS in cells. As expected, Cys supplementation
restored the ROS level to a low value similar to the non-PAE treated group, and also
protected cell death induced by PAE (Figure 6E-H). Therefore, the combined use of DCFH-
DA staining and a spore survival test demonstrated that ROS driven by PAE plays a critical
role in contributing to cell death in F. solani. This result was consistent with previous reports
of C. fimbriata [18].

Usually, excessive intracellular ROS is regarded as a molecular signal to initiate
apoptosis, and nuclear damage is a late marker of apoptosis [21]. In order to confirm
whether nuclear damage occurred, the nuclear morphology was further observed via DAPI
staining. DAPI, a DNA-specific fluorescent probe, is commonly used to detect nuclear
morphology changes. A DAPI assay showed that one half of the PAE MIC caused chromatin
condensation in the PAE-treated spores, and PAE MIC resulted in the disappearance of
nuclear morphology in F. solani spores (Figure 7B,C); this result was consistent with the
reduction of spore viability induced by the corresponding PAE concentration (Figure 7G).
In addition, Cys supplementation could contribute to maintaining nuclear morphology,
and to restoring spore viability under PAE stress (Figure 7E-G). Although previous research
has proved that PAE can disrupt the nuclear morphology in A. flavus [21,42], this result
further demonstrates that ROS driven by PAE plays a critical role in killing F. solani spores
by causing nuclear damage.

5. Conclusions

In summary, this study demonstrated that PAE shows notable inhibitory effects on
F. solani and on sweet potato decay. A PAE vapor concentration of 0.15 mL/L air markedly
inhibited the mycelial growth, spore reproduction and spore viability of F. solani. Further-
more, a PAE vapor of 0.25 mL/L air could control the F. solani development in sweet potato
roots during storage for 9 days at 28 °C. The possible mode of antifungal action of PAE
may be dependent on its ability to induce excess ROS generation. PAE firstly disrupts the
barrier property of the cell membrane leading to an increase of cell membrane permeability,
and subsequently drives a decrease in MMP. Consequently, excess ROS is derived from
the dysfunctional mitochondria. Finally, the excess intracellular ROS plays a critical role in
triggering cell death via inducing nuclear damage characterized by chromatin condensa-
tion. This study indicates that PAE vapor possesses an effective inhibitory activity against
F. solani. In order to develop PAE as a novel fumigant used in food preservation, more
research will be needed to develop the application strategies based on its volatile features.
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Abstract: The main objective of this study was to evaluate the ability of Trichoderma aggressivum f.
europaeum, T. longibrachiatum, Paecilomyces variotii, and T. saturnisporum as biological control agents
(BCAs) against diseases caused by P. capsici and P. parasitica in pepper. For this purpose, their
antagonistic activities were evaluated both in vitro and in vivo. We analysed the expression patterns
of five defence related genes, CaBGLU, CaRGA1, CaBPR1, CaPTI1, and CaSARS.2, in leaves. All BCAs
showed a high in vitro antagonistic activity, significantly reducing the mycelial growth of P. capsici
and P. parasitica. The treatments with T. aggressivum f. europaeum, T. longibrachiatum, and P. variotii
substantially reduced the severity of the disease caused by P. capsici by 54, 76, and 70%, respectively,
and of the disease caused by P. parasitica by 66, 55, and 64%, respectively. T. saturnisporum had
the lowest values of disease reduction. Reinoculation with the four BCAs increased the control of
both plant pathogens. Markedly different expression patterns were observed in the genes CaBGLU,
CaRGA1, and CaSARS.2. Based on the results, all four BCAs under study could be used as a biological
alternative to chemicals for the control of P. capsici and P. parasitica in pepper with a high success rate.

Keywords: Trichoderma; Paecilomyces; biological control; root rot; blight; Phytophthora

1. Introduction

The genus Phytophthora includes a group of devastating plant pathogenic species that
economically affect important crops worldwide. This genus has long been included in the
family Pythiaceae, within the group of oomycetes, but was ultimately included in the family
Peronosporaceae after ribosomal analysis [1,2]. Advances in molecular analysis have enabled
the elucidation of these issues and the description of new genera such as Phytopythium [3-7].
Currently, a total of 365 species and subspecies have been described (www.mycobank.org, ac-
cessed on 2 May 2022) in the genus Phytophthora, and this number continues to increase [5,8-12].
These species are classified into 12 phylogenetic clades [13-15], and new species of Phytophthora
hybrids have been recently identified [16-19].

A number of species in this genus have been characterised as pathogenic in plants,
which have a wide range of hosts. P. capsici Leonian and P. parasitica Dastur (syn. P. nico-
tianae Breda de Haan) are the most important pathogenic species of the genus for pepper
(Capsicum annuumy) crops in Spain [20,21]. Phytophthora capsici causes root rot, crown rot,
foliar blight, and fruit rot in pepper [22]; P. parasitica is a causal agent of root and crown
rot [20]. Due to the similarities of the symptoms on the roots and crown, both species may
cause diagnostic confusion. The symptoms considerably vary according to the host, areas
of infection, and environmental conditions, such as soil, air, and water temperature [23,24].
Methods of Phytophthora control include cultivation practices, fungicide application, and
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the use of resistant or tolerant varieties [25,26]. Control in many vegetable-growing areas
in Spain has been based on the use of chemical soil disinfectants, many of which have
been banned [27]. Currently, only a few fungicides are authorised for Phytophthora control,
and their effectiveness is not guaranteed. In addition, they often generate resistance; for
example, the resistance of P. capsici to metalaxyl [26,28,29]. Furthermore, the ability of
Phytophthora to overcome the genetic resistance of plants owing to its genetic variability
creates the need for alternative control methods for both diseases. Different cultivation
techniques, such as grafting on resistant rootstocks [30-34] or nonchemical disinfection
methods [35-43], have been used as alternatives. Crop rotation is a key component in the
integrated management of diseases caused by Phytophthora; nevertheless, the survival of
oospores, even in the absence of hosts, limits the effectiveness of these methods [21,44].

In recent years, different studies have been conducted by combining biological and
chemical control agents (BCAs and CCAs, respectively) and/or combining the techniques
mentioned above [45]. Reduced doses of fungicide stress and weaken the pathogen,
increasing its susceptibility to attack by the antagonist [46]. BCAs are alternatives or
complements to CCAs. CCAs are also adversely affected by the application of microbial
antagonists because these antagonists are harmed by the application of pesticides, such
that their effectiveness is sometimes weakened [47]. Biodisinfection and the subsequent
incorporation of antagonistic bacteria and /or fungi may increase the benefits of this practice.
For example, Wang et al. [48] demonstrated that combining biofumigation with the addition
of Bacillus amyloliquefaciens controlled the disease caused by P. capsici by 40% to 90% in
peppers. Other authors also described the benefits of the combined action of biofumigation
and microbial incorporation [49].

Many microorganisms are growth inhibitors of P. capsici and P. parasitica, includ-
ing Streptomyces spp. [50-57], Bacillus spp. [58-65], Paenibacillus spp. [66], Pseudomonas
spp. [67,68], Rhizobium spp. [69], Serratia spp. [63,70], Trichoderma spp. [68,71-77], Aspergillus
spp. [78,79], Penicillium spp. [80], Curvularia spp. [81], Clitocybe nuda [82], Cladobotryum my-
cophilum [83], Fusarium solani [68], Aureobasidium pullulans [84], Rhodotorula mucilaginosa [85],
Muscodor albus [86], mycorrhizal fungi [87], and mixtures of microorganisms [88-94]. The
mechanisms used for their control include the production of lytic enzymes, volatile and non-
volatile active metabolites, mycoparasitism, competition for nutrients and space, and host
resistance induction [75,95-101]. Similarly, soil bioactivation through the incorporation of
microorganisms could reduce pathogen counts through the indirect effect of an optimised
soil microbiome that improved the nonbiological factors of the soil [45]. Moreover, the
rhizosphere microbiome plays a substantial role in reprogramming the defence responses
of plants [102].

Plants recognise the presence of pathogens through interactions with receptors known
as pathogen- and microbe-associated molecular patterns (PAMPs and MAMPs, respec-
tively), inducing a local defence response termed PAMP-triggered immunity [103-105].
Some pathogens, including oomycetes, can suppress this response [105,106], which can
be counteracted by cytoplasmic receptors (resistance proteins). These receptors, in turn,
trigger a defence response termed effector-triggered immunity, which generates a hyper-
sensitive response [105]. In addition to triggering local responses, plant pathogens induce
systemic responses or systemic acquired resistance (SAR), such as Fusarium oxysporum fsp.
lycopersici [107] and nonhost Phytophthora nicotianae [108], both of which protect pepper
plants from subsequent infection with P. capsici. In addition to pathogens, numerous ben-
eficial microorganisms trigger these immune responses [109,110]. Accordingly, systemic
resistance against different Phytophthora species can be induced by Trichoderma [111-115],
Bacillus velezensis [116], B. subtilis [115,117], B. thuringiensis [118], B. vallismortis [119], B.
amyloliquefaciens [120], Burkholderia sp. [121], and the microorganisms present in aqueous
compost extracts [122], among many others. The differential expression of genes involved
in plant defence mechanisms allows us to compare how plants defend themselves against
attack by different pathogens. Other control systems against Phytophthora include the
inhibitory effect of extracellular self-DNA, which acts as a damage-associated molecular
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pattern (DAMP) on the pathogen, affecting the germination rate of P. capsici zoospores,
thereby protecting the plant [123]. This type of technology should be studied in depth for
subsequent applications in agriculture.

Pepper (Capsicum annuum L.) is the most important vegetable crop in Almeria, south-
eastern Spain, covering 12,310 ha of cultivated land. In the 2020/2021 crop year, the total
pepper production was 1,508,168 t, reflecting a 63.5% increase in the area of land cultivated
with peppers in the last 10 years [124]. Biological pest control is performed on 96.3% of this
cultivated land area. Biocontrol, using an antagonist, represents a potentially attractive
disease management approach to reduce the side effects of fungicides as environmental
pollutants. Therefore, the main objectives of this study were to determine (a) the potential
of different BCAs against P. capsici and P. parasitica in vitro and in vivo; (b) the effect of
volatile and non-volatile antifungal metabolites in vitro; (c) the effect of different BCAs on
the development of diseases caused by both plant pathogens in vivo; and (d) the differential
expression of the genes involved in plant defence responses, CaBGLU, CaRGA1, CaBPR1,
CaPTI1, and CaSARS.2, during the onset of marked symptoms in plants inoculated with
both pathogens.

2. Materials and Methods
2.1. Fungal Isolates

The following BCAs were selected in this study: Trichoderma aggressivum f. europaeum
Samuels & W. Gams (TA) [125,126], T. longibrachiatum Rifai (TL) [126], Paecilomyces vari-
otii Bainier (PAE) [127], and T. saturnisporum Hammil (TS) [72]. TS has been previously
described as a BCA for P. parasitica and P. capsici [72,126], and was used as a reference to com-
pare the efficacy of the fungal isolates TA, TL, and PAE tested in this study (Figure 1). All
isolates were deposited in the Phytopathology laboratory of the Department of Agronomy,
Universidad de Almeria, (UAL), Spain.

Figure 1. Fungal isolates used in this assay: (A) T. saturnisporum; (B) T. longibrachiatum; (C) T.

aggressivum £. europaeum; (D) P. variotii.

Plants infected with P. parasitica and P. capsici were collected from pepper crops in
the province of Almeria (Spain). Stem sections with active lesions were cut and tissue
pieces from the boundaries between healthy and discoloured areas were disinfected with
2% NaOCl for 2 min and then abundantly washed with sterile distilled water. These
fragments were dried on sterile paper and subsequently placed on potato dextrose agar
(PDA, Cultimed Panreac EU). Once the isolates were obtained, pathogenicity tests were
carried out on pepper plants (Capsicum annuum L. cv. Acorde) using the methods of Didnez
etal. [72].

BCA isolates were grown on PDA for 5 or 10 days at 2527 £ 2 °C under dark
conditions and were maintained on PDA at 4 °C. Phytophthora parasitica and P. capsici were
maintained on V8 agar.

2.2. Dual Culture Bioassays

TA, TS, TL, and PAE were screened for their antagonism in vitro against P. parasitica
and P. capsici. The antagonism assay was performed on PDA in Petri dishes using the dual
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culture method [128]. Plugs of 0.5 cm of mycelia of all fungi were cut from the growing
edge of 10-day-old cultures with active growth of each isolate. The plugs were placed at
the ends of Petri dishes with a distance of 8 cm between the two fungi and antagonist-
phytopathogen. The antagonistic fungus was placed in the Petri dish 24 h before the
pathogen. All plates were sealed with Parafilm® and incubated in the dark at 25 °C until
the controls reached the edge of the Petri dish. Radial fungal colony growth was measured
daily. Results were transformed into percentages of mycelium growth inhibition (PIRM).
These tests were carried out in quintuplicate.

2.3. Antifungal Volatile and Non-Volatile Metabolite Bioassay

The antifungal activity of volatile organic compounds (VOCs) of TA, TS, TL, and PAE
against P. parasitica and P. capsici was assessed using the procedure described by Phoka
et al. [97] and bi-compartment dishes. All fungi were grown in PDA medium for 5 days at
25 °C in the dark. A 0.5-cm-wide plug of each antagonist fungus was placed 0.5 cm from
the edge of the plate in a compartment. Similarly, in the other compartment of the plate, the
pathogen was placed as described above, 24 h later. The plates were sealed with 3 layers of
parafilm and incubated at 25 °C in the dark for 5 days. The fungal diameter was measured
and compared with control plates (without antagonist). The experiment was performed in
quintuplicate and repeated twice.

To determine the antifungal activity of non-volatile organic compounds (N-VOCs)
of TA, TS, TL, and PAE, Erlenmeyer flasks (500 mL) containing 100 mL of PDB medium
(Cultimed Panreac EU) were inoculated with two 0.5-cm-wide plugs of each antagonistic
fungus. The flasks were incubated without stirring at 25 °C in the dark for 7, 14, 21, and
30 days. Mycelia were harvested by filtration through two layers of cheesecloth and the
supernatant was filtered through sterile Millipore membranes (pore size 0.22 um) and
collected in sterile tubes. Filtrates were then incorporated and mixed with the cooled PDA
at 5, 10, or 15% (v:v) and immediately poured into 50 mm Petri dishes [129]. The plates
without filtrate served as control. A mycelial disc of 5 mm diameter of P. parasitica and
P. capsici was put in the centre of the Petri plates. The cultures were incubated at 25 °C
for 7 days. The colony diameter was measured and the percentage inhibition of the radial
growth was calculated. Each assay was performed in quintuplicate.

2.4. Effects of TA, TS, TL, and PAE Isolates on the Severity of Phytophthora Blight in Pepper

TA, TS, TL, and PAE isolates were tested for biocontrol of Phytophthora blight (P.
capsici and P. parasitica) in pepper plants (Capsicum annuum L., cv. Largo de Reus). The
experiment was performed in two phases, one phase in a nursery and another in a green-
house. Two independent experiments were conducted using completely randomised block
designs.

Seedling was performed according to the procedure described by Sanchez-Montesinos
et al. [130]. Pepper seeds were sown in 96-cell, commercial peat mix-filled, nursery
polystyrene planting trays (70 mL volume) and covered with vermiculite. Trays were
relocated to a greenhouse and rinsed with sterile distilled water (control) or a 5 mL (TA,
TS, TL, or PAE) spore suspension per cell at 10° spores per plant, after a 4-day period
in a germination room (relative humidity (RH) = 95%; 25 °C). Two trays of seedlings
for each treatment were cultivated under standard nursery culture conditions (18-28 °C;
75.4 £ 6.7% RH). After 45 days at the commercial nursery, 240 plants were transferred to
pots (1 L capacity) containing peat moss, 40 plants of each antagonistic isolate, 40 control
plants for each pathogen, and 40 plants for non-pathogen control. After transplanting, 50%
of the plants were reinoculated with the same dose of the antagonist (R). After 7 days, all
plants (except non-pathogen controls) were then inoculated with 5 mL of the zoospore
suspension (10* zoospores-mL~!) using a sterile micropipette, as described by Dianez
et al. [72]. Symptom severity was rated periodically and final disease severity index was
estimated according to the following scale [72]: 1, healthy plant; 2, symptoms beginning;
3, moderate symptoms; 4, severely affected plant; and 5, dead plant (Figure 2).
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Figure 2. Disease severity scale for Phytophthora capsici; the same scale is used for P. parasitica.

(1) Healthy plant; (2) symptoms beginning; (3) moderate symptoms; (4) severely affected plant;
(5) dead plant.

2.5. Effect of Antagonists on the Chlorophyll Content of Peppers

Chlorophyll content from the fourth leaf was determined using a SPAD 502 Plus
Chlorophyll Meter (Konica Minolta, Inc., Ramsey, NJ, United States). The SPAD values
were converted to chlorophyll using the formula described by Ling et al. [131]. The
experiment was carried out in triplicates, with 10 plants measured at 15 and 45 days after
transplanting (DATs).

2.6. RNA Extraction and Real-Time Polymerase Chain Reaction (RT-PCR)

The differential expression of the genes CaBGLU (C. annuum (3-1,3-glucanase), CaRGA1
(blight resistance protein), CaBPR1 (basic PR protein 1), CaPTI1 (ethylene responsive factor),
and CaSARS8.2 (Systemic Acquired Resistance 8.2) was determined using real-time PCR
for all the treatments when the plants showed symptoms at stage 2 (62-65 days after the
first application of the BCAs and 7-10 days after pathogen inoculation) and, similarly, in
healthy plants inoculated with different BCAs (without pathogen). Gene expression was
compared with the controls without inoculation. Leaves of a similar developmental stage
were collected, frozen in liquid nitrogen, and kept at —80 °C until processing.

Total RNA was extracted from samples of pepper leaves using a commercial RNA
PureLink RNA Mini Kit (Invitrogen), following the manufacturer’s manual. The samples
were reduced to a smaller size and homogenised prior to the extraction with FastPrep-24
5G (MP Biomedical) for 40 s at a speed of 6 m/s. The quality and concentration of RNA
was quantified by Nanodrop 2000 (Thermo Fisher Scientific, Waltham, MA, USA). In all
cases, RNA concentrations were higher than 100 ng/uL and RNA extracts were stored
at —20 °C. The high-capacity cDNA Reverse Transcription Kit (Applied Biosystems, by
Thermo Fisher Scientific) was used to obtain cDNA from 1 nug of RNA. The cDNA was
used as a template for the subsequent RT-PCR.

Quantitative RT-PCR was performed on a MyGo Pro® RealTime PCR System using
the SYBR Green fluorophore with the specific primers shown in Table 1. The SYBR Green
reactions were performed in a 20 pL reaction mix comprising 1.5 ng of DNA, 10 pL of
the SensiFAST SYBR No-ROX Kit (Bioline), and 2 pL of each of the primers (2 uM). The
ACT gene was used as the housekeeping gene for data normalisation. In all reactions,
amplifications were carried out under the following conditions: an initial hold step of 95 °C
for 5 min and 45 PCR cycles of 95 °C for 15 s and 60 °C for 1 min. All Ct (cycle threshold)
values were considered positive in the 18-35 range. Double delta Ct (AACT) analysis was
used for determining relative expression [132] and the measurement of each gene was
normalised with respect to the ACT gene. For each pair of primers, the melting curve was
analysed to evaluate the specificity of the amplification, with high specificity in all cases.

98



J. Fungi 2023, 9, 360

Mycelial Growth (cm)

The visualisation of a single peak in the melting curve indicated a single specific fragment,
the absence of primer dimers, and the lack of nonspecific products. For every experiment,
mean values of six replicates are given for every concentration of samples tested, and their
standard deviations are represented as error bars in figures.

Table 1. PCR primers used in SYBR Green assays.

Target Primers Sequences (5'—3) Reference
CBCLU CABGLU-F  ACAGGCACATCTTCACTTACC 1071
a CABGLU-R  CGAGCAAAGGCGAATTTATCC
CORGAT CARGA-F  ATGAGAAGGGAATAGGACGAG (1331
a CARGA-R  ACATCCAATGGCAGGAAACT
CoBPRI CaBPRI-F GTTGTGCTAGGGTTCGGTGT 109]
a CaBPRI-R  CAAGCAATTATTTAAACGATCCA
CapPI1-F TTTGAAACGGCCGAAGAAGC
CaPTI CapPI1-R TGCACGATTCTGTCTTAGCGT [98,134]
CapSARS2-F  TGTTGCCAGGGAGATGACTTC
CaSARS.2 CapSAR82-R  ACAACGGCCATGACAAGTTT [135]
et ACT-F TGTTATGGTAGGGATGGGTC (1361
ACT-R TTCTCTCTATTTGCCTTGGG

2.7. Statistical Analysis

The experimental results are presented as mean values (£standard deviation) for
the different replicates. Mean separation was carried out using Fisher’s least significant
difference (LSD) test. The data were tested by one-way analysis of variance (ANOVA) or
Student’s t-test, with significance defined as p-values less than 0.05 (p < 0.05). Statgraphics
Centurion 18 software was utilised for statistical analysis.

3. Results
3.1. Dual Culture Bioassays

All isolates showed high antagonistic activity against both Phytophthora species. P. var-
iotii inhibition peaked at 83 and 87% for P. parasitica and P. capsici, respectively, at 7 days
of incubation. The BCAs TA, TS, and TL showed similar high antagonistic activity values
of approximately 88 and 82% for P. parasitica and P. capsici, respectively, and their activity
peaked after 3 days of incubation (Figure 3).

3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 123 45 6 7 8 9 10111213 14 15 16 17 18 19 20 21 22 23 24 25 26 27
—Pc —Pc-TA —Pc-PAE —Pc-TL —Pc-TS —Pp —Pp-TA —Pp-PAE —Pp-TL —Pp-TS Days

Figure 3. Myecelial growth of P. capsici (Pc) (A) and P. parasitica (Pp) (B) against T. aggressivum f.
europaeum (TA), P. variotii (PAE), T. longibrachiatum (TL), and T. saturnisporum (TS), which peaked at
17 and 27 days, respectively.
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3.2. Antifungal Volatile and Non-Volatile Metabolite Bioassay

The in vitro antifungal activity of VOCs (Figure 4) and N-VOCs (Table 2) produced
by the isolates of TA, TS, TL, and PAE was tested against P. parasitica and P. capsici. The
VOCs of TL and TA showed the highest percentages of growth inhibition for both plant
pathogens of all isolates tested in this study, reaching approximately 50 and 20% inhibition,
respectively. Conversely, the VOCs of PAE showed a weak growth inhibition effect against
P. parasitica (5.43%) and no effect against P. capsici. Similarly, P. capsici growth was not
affected by the VOCs of TS.

PP PP-PAE PP-TA PP-TS PP-TL PC PC-PAE PC-TA PC-TS

a ab b ab e b a

44.96

Figure 4. Colony diameter (mm) and mycelial inhibition (%) of P. parasitica (PP) and P. capsici (PC) by
VOCs of T. aggressivum f. europaeum (TA), P. variotii (PAE), T. longibrachiatum (TL), and T. saturnisporum
(TS). Mean values (+standard deviation) followed by different letters (line) indicate significant
differences (p < 0.05) using the least significant difference (LSD) test.

In turn, all N-VOCs showed a slight growth inhibition of both phytopathogens
(Table 2). Unexpectedly, the N-VOCs presented an inhibition range of PC and PP lower
than 20 and 15%, respectively, as well as lower PAE and higher TL growth inhibition values.

3.3. Effects of TA, TS, TL, and PAE Isolates on the Severity of Phytophthora Blight in Pepper

At the end of the assay, the plants not treated with the pathogens (T0) were asymp-
tomatic. Plants inoculated with P. capsici and P. parasitica showed a mean disease rating of 5
and 4.2, respectively, with 100% incidence in both cases.

The in-plant antagonistic effectiveness of the BCA test strains against P. parasitica was
higher than that against P. capsici. In both cases, nevertheless, the percentage of plants
without symptoms was higher in plants reinoculated with the BCAs. No plants died when
treated with PAE (considering a disease rating of 4 and 5), and plants treated with TL and
with no symptoms reached a maximum disease rating of 2 (Figure 5).

Based on the results outlined in Table 3, the treatments with TL, PAE, and TA sub-
stantially reduced the severity of the disease caused by P. capsici, with 76, 70, and 54%,
respectively, over untreated control plants (100% of mortality). Similarly, all reinocula-
tion treatments provided better results, with TL showing the strongest antagonistic effect,
reaching 78% disease severity reduction.

100

PC-TL
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Table 2. Mycelial growth of P. parasitica and P. capsici in PDA medium supplemented with 5, 10, and
15% microfiltered extract of TA, TL, TS, and PAE at different incubation times (7, 15, 21 and 30 days)
in the dark and at 25 °C.

Colony Diameter (cm)

Phytophthora capsici

Phytophthora parasitica

Incubation Time (days)

Treatments 7 15 21 30 7 15 21 30
Control 7E0a 7680062 77+0a 77+0a 7750002 7691 005a 269+ 008a 7750002
0 254 + 022 254 +0.22
PAE 5% 265+000a  268+006a  266+007ab  268+006a  251+025cd e e 262 +0.11b
PAE 10% 261+010ab 261 +018ab  261+0.18abc 261 +018bc  262+009b  262+009ab  2.60+010abc 259 +0.09b
PAE 15% 266+018a  2.62+0.15ab 2'6:;;25)'15 2634+015ab 258+ 008bc 257+ 0.08 bc 2'52bfd0'08 2.58 -+ 0.08
TA 5% 25+014cd  243+01cd 253+0.19cde  260+009bc 258 +008bc  245-+007de 261 +0.04ab 2'58bfd°'05
TA 10% 2514£007cd 246 4007cd X0V 2BL0 asitoned 24301l 25200bed 258 % 0.06 be
TA 15% 255+009bc  254+005bc  252+004de  220+005 st 2 Dl AL gy e B EEUIE
bcd bed bed bed
TS 5% 2.54 + 0.09 be 2'51bfd°'08 254+016cde  252+007d 274000a  265+007ab  243+006d 248+01e
TS 10% 247+007cd  239+016de  245+008ef  243+007e  257+005bc  245+013de  246+005d 248+ 006e
TS 15% 234+008e  241+009de 248+ 01lef  243+007e  252+007cd 246+019cde 248 +011d 245+ 0.05ef
TL 5% 245+013cd  258+014de  25+012de  255+008cd 257+ 0.05bc 2'54bfd0'10 243+006d 251 +0.07de
TL 10% 243+008de  231+025ef  246+013ef  243+0.1ec 2P 208+019f  244+009d  248+0.13e
TL 15% 218+013f  220+011f  238+014f  243+006e  248+008d  242+01le 244+01d 24+009f
p 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

* Values in same column with different letters are significantly different according to one-way analysis of variance
(ANOVA) followed by Tukey’s test at the 0.05 alpha level of confidence. Green: favourable; Orange: no effect
compared to control.

Table 3. Phytophthora parasitica and P. capsici disease severity in pepper inoculated with TA, TS, TL,

or PAE (10° spores per plant) in two experiments in greenhouse conditions in which plants were

inoculated with antagonist before the pathogen and before/after (reinoculated, R). All plants, except

for controls (T0), were then inoculated with 5 mL of zoospore suspension (104 zoospores-mLfl).

Disease severity was assessed on a 1-5 scale, where 1 indicated free of infection (plants without

symptoms) and 5 indicated dead plant.

P. parasitica

P. capsici

Treatment

Severity

Plants without

Severity

Plants without

Symptoms (%) Symptoms (%)
TO 1.00 + 0.00 c* 100% 1.00 +0.00 ¢ 100%
TI 420+1.13a 0% 5.00 £ 0.00 a 0%
TA 140 £0.69 ¢ 70% 230+1.76b 60%
TS 2.60+2.06Db 60% 410+ 137a 5%
TL 1.80 + 1.31 bc 70% 120+ 042¢ 80%
PAE 1.50 £1.08 ¢ 80% 1.50 + 0.84 bc 65%
TAR 120 £042c¢ 80% 1.50 £ 0.84 be 75%
TSR 110+ 031 ¢ 90% 240 £1.57b 50%
TLR 120 £042c¢ 80% 110+ 031 ¢ 90%
PAER 1.30 £0.67 ¢ 80% 1.50 4+ 1.26 be 70%

* Values in same column with different letters are significantly different according to one-way analysis of variance
(ANOVA) followed by Tukey’s test at the 0.05 alpha level of confidence.
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Figure 5. Effectiveness of BCAs in controlling disease caused by Phytophthora at end of assay
(60 DATs): (A) distribution of plants in the greenhouse; (B) state of controls plants and plants treated
with (C) T. longibrachiatum (TL), (D) T. aggressivum f. europaeum (TA), (E) T. saturnisporum (TS), and (F)
P. variotii (PAE).
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3.4. Effect of Antagonists on the Chlorophyll Content of Peppers

The chlorophyll content of plants infected with both pathogens and non-pathogens
did not differ between treatments at 15 and 45 DATs. However, at 45 days, the plants
inoculated with P. capsici, P. parasitica, and Trichoderma longibrachiatum showed a substantial
increase in chlorophyll content, which reached 67 and 80% in both treatments (TL and TLR)
for P. capsici and 56% for P. parasitica (TLR) in relation to the control (T0) (data not shown).

3.5. Molecular Responses of Pepper Leaves

Figure 6 shows the results from the analysis of the relative expression of the defence-
related genes CaBGLU, CaRGA1, CaBPR1, CaPTI1, and CaSARS.2 at disease onset. This
analysis was performed in leaves for all treatments with BCAs, comparing the results of
these pepper plants with and without pathogen inoculation when they started showing
symptoms (the samples were collected from plants with a disease severity rating of 2).

Considering the levels of each gene in relation to the levels of constitutively expressed
CaActin, we observed that the expression levels of CaBGLU transcripts were not increased in
plants treated with P. parasitica in any treatment tested in this study. However, inoculation
with P. capsici produced the highest increase in the level of expression (two-fold), which
decreased again after applying BCAs. Similarly, the CaBGLU gene was induced at low
levels when applying BCAs only, except for TL, which increased the expression of this gene
six-fold, and for TA and TAR, which doubled the expression of this gene.

The expression of the gene CaRGA1 was moderately induced by BCAs, ranging from
1.68 to 4.69 times. These increased expression levels were maintained when incubating
the plants with the pathogens. Strong induction of the CaSARS.2 gene also was found in
pepper leaves treated with BCAs. For P. parasitica, the expression increased between 1.2 and
four times, and the values were even higher upon reinoculation with BCAs. Expression
was activated not only when inoculating with P. capsici, but when inoculating with BCAs.
The application of BCAs alone showed a moderate level of expression activation in some
cases, such as TL and TAR. The expression of the genes CaBPR1 and CaPI1 did not increase
in any treatment.

CaBGLU

Relative gene expression
s = m e s @ o N

f-PC —

0
P
P
P
P
A-PP
P
T
P
§
c

PAER:
TSR
TA
PAE
IL

S = N W s G0 o

pr
PP
PP
TS-PP
PP
PP

PAER:

Relative gene expression Relative gene expression
© = m o & @

TO —
PP

PP

PP
PP
PP

PAER:

Figure 6. Cont.

103



J. Fungi 2023, 9, 360

nTOo PP PAE-PP TL-PP TS-PP TA-PP PAER-PP TLR-PP TSR-PP
TAR-PP |mrc W PAE-PC W|TL-PC W|TS-PC W TA-PC W PAER-PC  WTLR-PC W TSR-PC
W TAR-PC W PAE mTL mTS mTA W PAER WTLR WTSR BTAR
Treatments
4
CapPI1

Relative gene expression

TL-PC ——
TS-PC —
TA-PC -
PAE
TL —
TS
TA E—
PAER s
TLR -
TSR -
TAR -

PAER-PC s

PAE-PC -
TSR-PC -

Treatments

CaBPR1

Relative gene expression

PAE-PC -
TL-PC ——
TS-PC —

Treatments

Figure 6. Analysis of the relative expression of defence-related genes CaBGLU, CaRGA1, CaBPR1,
CaPTI1, and CaSARS8.2. Each bar represents relative gene expression for all conditions tested. Expres-
sions of genes were normalised with respect to the ACT gene. Values were calculated following three
replications, and standard deviations are shown.

4. Discussion

The importance of the biological activity of microorganisms close to plant roots has
been highlighted in numerous studies on the biological control of oomycetes [137]. In
soils rich in microorganisms, their competition for space and nutrients is intense, with
a high production of numerous compounds and enzymes that limit the growth and de-
velopment of plant pathogens, thus reducing the incidence of diseases. Moreover, many
microorganisms stimulate plant growth or induce plant resistance to pathogens.

The control of diseases caused by oomycetes is particularly complex. Most of them
produce effectors, which abolish or reduce plant defence responses against their attacks, and
metabolites and enzymes, which degrade plant material, facilitating their penetration [138].
Numerous species of the genera Trichoderma and Paecilomyces have been reported to have
fungicidal capacity against Phytophthora [72,139-147]. In the present study, the P. capsici
and P. parasitica growth suppression effect of T. aggressivum f. europaeum, T. longibrachiatum,
T. saturnisporum, and P. variotii was assessed in peppers.

In both in vitro and in vivo assays, the two plant pathogens showed differences in
their relationship with BCAs. High antifungal activity (>80%) was observed in dual in vitro
assays in PDA medium, with the plant pathogens reaching the maximum growth at 3 and
7 days of incubation for Trichoderma and Paecilomyces isolates, respectively. The three Tricho-
derma species completely overgrew the colony of the pathogen, showing hyperparasitism.
Previous studies have shown the antifungal activity of these isolates against other plant
pathogens, such as Botrytis cinerea, Sclerotinia sclerotiorum, and Mycosphaerella melonis, with
a high efficacy [125,139]. These inhibition results are also very similar to those of Dianez
et al. [72] when analysing Trichoderma saturnisporum. In turn, Ezziyyani et al. [146] found
that T. harzianum provided inhibition values higher than 80% against P. capsici. Considering
the variability of the protocols used in dual in vitro assays regarding the type and thickness
of the solid culture medium in Petri dishes, the temperature, and the presence or absence of
light, these results should be interpreted with caution because they are highly variable and
often lack correlation between in vitro and in vivo conditions. Furthermore, the in vivo
results depend on numerous factors, such as BCA dose, application time and method,
and crop.

The Trichoderma species showed antifungal activity against Phytophthora. Nevertheless,
the activity of N-VOCs and VOCs of Paecilomyces was very low or null. Volatile (VOCs)
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and non-volatile (N-VOCs) secondary metabolites of the Trichoderma and Paecilomyces
species have different biological activities, such as biostimulation or biocontrol [147-151].
Li et al. [149] described 390 non-volatile components of 20 Trichoderma species, including T.
saturnisporum and T. longibrachiatum, with antibacterial and antifungal capacity. In turn, Bae
et al. [150] identified different non-volatile compounds produced by different Trichoderma
species which showed the strongest inhibitory activities against Phytophthora isolates. Dai
et al. [151] described 223 secondary metabolites and their biological activities isolated from
different Paecilomyces species. Among them, only the compound farinomalein, isolated
from P. farinosus, was a potent inhibitor of the plant pathogen Phytophthora sojae. Moreno
et al. [152] did not assess high growth inhibition values of plant pathogens such as F. solani
and M. melonis induced by N-VOCs and VOCs of P. variotii.

In our study, we found a high control of pepper plant diseases caused by P. parasitica
and P capsici. The success of these results is derived mainly from inoculating BCAs in the
seedbed phase. Consequently, when the plants were transplanted to the greenhouse, their
roots were already colonised by BCAs and therefore “prepared” for a possible attack by
phytopathogens, as clearly shown by the inability of reinoculation to significantly reduce
disease severity, except for T. saturnisporum. In this case, reinoculation reduced disease
severity by 57 and 70% for P. parasitica and P. capsici, respectively.

It has been reported that the addition of different species of Trichoderma in a plant’s
rhizosphere induces resistance due to the rise in the amounts of defensive metabolites as
well as enzymes, which act as elicitors [153]. In contrast to this assay, most studies aimed
at identifying genes related to plant defence mechanisms against different pathogens are
usually performed in the first hours after contact with elicitors, whether they are plant
pathogens or beneficial microorganisms. We observed an increase in the relative expression
of some plant defence-related genes, such as CaBGLU, CaRGA1 and CaSARS8.2, when
applying BCAs, except in the TS treatment. This exception could be directly related to the
high disease expression shown despite the application of T. saturnisporum, which requires
plant reinoculation for improved control. However, this hypothesis was not confirmed
when applying BCAs together with both phytopathogens. Jung and Hwang [154] showed
that the accumulation of CaBGLU mRNA on the stems of peppers infected with P. capsici
was greatly reduced between 48 and 96 h, possibly due to deterioration of the infected
stems. They concluded that pepper basic b-1,3-glucanase may mediate a part of the defence
responses to pathogen infections. Conversely, the induction of defence-related genes,
such as CaPR1 and CaBGLU, is essential for SAR in pepper plants [155,156]. Additionally,
some researchers have reported that the level and onset of 3-glucanase expression is often
positively correlated with the degree of resistance to the pathogen [156]. Accordingly, Jung
and Hwang [154] observed that CaBGLU mRNA increased in the first stage of infection
to similar levels in both compatible and incompatible interactions with P. capsici, but at
later times, the gene had higher expression in the incompatible interaction. In our study,
the expression of these genes was not increased in plants inoculated with P. parasitica,
even though plants co-inoculated with BCAs showed some degree of resistance against
disease and did not die. For P. capsici, the relative expression of the gene CaBGLU in
leaves was low, but no correlation with a defence response was found since the maximum
disease severity was reached in all control plants without BCAs, which showed a 2-fold
expression induction.

A high number of disease resistance genes are induced by P. capsici invasion, such as
CaRGA1 [157]. The study of the expression of RGA genes under pathogen attack would
facilitate the determination of whether they play an active role in resistance or if they
are merely linked to resistance genes [157]. Our results showed a low induction of the
expression of this gene in all treatments, which reached higher values when BCAs were
applied without the pathogen, except for TS. The application of P. parasitica did not increase
the relative expression of this gene.

Silvar et al. [158] observed a strong and rapid induction of the CaBPR1 gene in an
incompatible interaction of pepper plants with P. capsici. Similarly, overexpressing this
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gene in tobacco plants increased tolerance to P. nicotianae and to the bacterial pathogens
Ralstonia solanacearum and Pseudomonas syringae pv. tabaci [159]. This gene apparently plays
a key role in the ability of resistant pepper cultivars to restrict pathogen colonisation, which
is conversely weak in susceptible genotypes. In our study, the expression of this gene
did not increase under the conditions of this assay, corroborating the findings of Sarowar
et al. [159]. The expression of the gene CaPTI1 did not change either, in contrast to the
results reported by Jin et al. [98], who highlighted the high expression levels of the gene
CaPTI1 after inoculation with P. capsici, which were higher in stems than in leaves.

The SARS.2 gene is a gene that controls plant resistance to P. nicotianae [160]. Lee and
Hook [135] suggested that CaSARS.2 functions as a molecular marker gene for various
biotic and abiotic stresses in pepper plants. The relative expression results may be directly
related to the resistance response observed for both plant pathogens tested in this study,
further highlighting that BCA reinoculation decreases disease incidence and severity, and
in turn increases the expression of the CaSARS.2 gene.

The expression of these genes does not seem to be linked to the ability to develop
symptoms, except for the gene CaSARS.2. The results of these plants must be compared
with those of plants without any symptoms and at times near inoculation as well. In our
study, we were unable to clearly identify the genes involved in improving plant resistance.
Genes involved in the early response of plants with resistant genotypes, such as CaBPR1,
showed no changes in expression. However, the relative expression levels of genes involved
in SAR responses were increased. In any event, the high variability of the results found in
different samples or replicates makes it difficult to interpret the results. Therefore, further
studies are needed to clarify the role that these genes play in reducing disease severity.

Biological control is presented as an ecological and healthy alternative to chemical
control. As commented above, numerous studies have shown the different mechanisms
of action that microorganisms use to control the growth and multiplication of the plant
pathogens and pests that affect crops. This scientific development contrasts with the
reality in the field. The preventive nature of this type of control, possible changes in crop
management, and new pest and disease problems resulting from climate change, make it
difficult to broadly implement such solutions. The withdrawal of numerous commonly
used phytosanitary active ingredients has forced production systems to search for and
develop new biological control agents. In addition, farmers and technicians must change
their mindset for biological control to work. The use of BCAs from the seedbed, which
reduces the inoculum levels of the pathogen in crops, combined with the use of plant
varieties with some degree of resistance to some diseases and reduced doses of fungicide
could provide high levels of disease control.

5. Conclusions

We are the first to describe P. parasitica and P. capsici control using T. aggressivum f.
europaeum and Paecilomyces variotii. In addition, a marine isolate, T. longibrachiatum, showed
a high capacity to suppress disease expression. BCA reinoculation increased plant survival
and the percentage of plants without symptoms. Similarly, applying beneficial microorgan-
isms moderately activated genes involved in the defence responses in pepper plants.
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Abstract: The marine yeast Scheffersomyeces spartinae W9 is a promising biocontrol agent for gray
mold caused by Botrytis cinerea in strawberries. Improving the biocontrol efficacy of S. spartinae W9
is necessary for its commercial application. In this study, different concentrations of 3-glucan were
added to the culture medium to evaluate its effect on the biocontrol efficacy of S. spartinae W9. The
results showed that 0.1% p-glucan could increase the biocontrol effect of S. spartinae W9 against
B. cinerea in strawberries and in vitro. We found that adding 0.1% (-glucan to the culture medium
promoted the growth of S. spartinae W9 in wounds of strawberries, enhanced biofilm formation
ability, and secreted more (3-1,3-glucanase. In addition, 0.1% (3-glucan increased the survival rate of
S. spartinae W9 under oxidative, thermal, osmotic, and plasma membrane stressors. Transcriptome
analysis revealed 188 differential expressed genes in S. spartinae W9 cultured with or without 0.1%
-glucan, including 120 upregulated and 68 downregulated genes. The upregulated genes were
associated with stress response, cell wall formation, energy production, growth, and reproduction.
Thus, culturing with 0.1% {3-glucan is an effective way to improve the biocontrol ability of S. spartinae
W9 against gray mold in strawberries.

Keywords: biological control; marine yeast; 3-glucan; gray mold; strawberry

1. Introduction

Gray mold caused by Botrytis cinerea is the primary fungal disease of strawberry fruit
during planting and postharvest storage [1]. Chemical fungicides have been used as the
most effective method to control gray mold for decades. However, frequent use of chemical
fungicides has increased the resistance of fungal pathogens and has had a negative influ-
ence on human health and environmental safety [2,3]. In recent years, researchers have
been actively seeking alternatives to chemical fungicides. Biological control using micro-
bial agents is considered to be a promising candidate in the management of postharvest
diseases. Antagonistic yeasts are widely used to control postharvest diseases because of
their biosafety, well-defined mechanism of action, and good commercial potential [4-6]. A
variety of antagonistic yeasts have been reported to control gray mold decay of fruits, in-
cluding Pichia guilliermondii [7], Wickerhamomyces anomalus [8], Metschnikowia pulcherrima [9],
Candida pseudolambica [10], Metarhizium anisopliae [11], Scheffersomyeces spartinae [12], and
so on. However, antagonistic yeasts have not been able to achieve the effect of tradi-
tional chemical fungicides in controlling postharvest diseases of fruit [13]. Therefore, it is
important to improve the biocontrol efficacy of antagonistic yeasts.

Adding polysaccharides to the culture media may increase the biocontrol activ-
ity of antagonistic yeasts. p-glucan is a natural polysaccharide and the main compo-
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nent of yeast cell walls and has various biological activities [14]. (3-glucan has been re-
ported to improve various stress tolerances and biocontrol efficacy of Cryptococcus laurentii
(Papiliotrema laurentii) [15,16] and enhance the biocontrol efficacy of Cryptococcus podzolicus
(Saitozyma podzolica) [16] against postharvest decay of apples [17] and pears [18] by upregu-
lating the genes related to cell wall synthesis and increasing its tolerance to oxidative stress.
S. spartinae W9 is an antagonistic yeast isolated from the intertidal zone marine sediment
by our laboratory and a promising biocontrol agent for gray mold in strawberries [12].
To promote the commercial application process, improving the biocontrol efficacy of
S. spartinae W9 is urgent. Whether f3-glucan can enhance the biocontrol efficacy of marine
yeast S. spartinae W9 has yet to be studied.

Therefore, this study aimed to investigate the effect of 3-glucan on the biocontrol
efficacy of marine yeast S. spartinage W9 and reveal its possible mechanism. In this study, we
investigated (1) the effect of different concentrations of (3-glucan on antagonistic activities
of S. spartinae W9 against B. cinerea in vitro and in strawberry fruit, (2) the effect of 3-glucan
on the colonization ability and biofilm forming ability of S. spartinae W9, (3) the effect of
[-glucan on extracellular hydrolase activity of S. spartinae W9, (4) the effect of 3-glucan on
various forms of stress tolerance of S. spartinae W9, and (5) the effect of 3-glucan on the
transcriptome of S. spartinae W9.

2. Materials and Methods
2.1. Antagonistic Yeast and Fungal Pathogen

The antagonistic yeast S. spartinae W9 was preserved in our laboratory and had
previously been isolated from the marine sediment in the South China Sea [12]. Consistent
with the method used by Wang et al. (2018) and Zhao et al. (2020) [17,18], the activated yeast
was suspended in NYDB (nutrient yeast dextrose broth medium) or NYDB supplemented
with 0.1%, 0.5%, 1%, and 2% -glucan (w/v), and incubated in an oscillating incubator at
28 °C for 24 h.

B. cinerea was isolated from infected strawberry fruit and preserved in our labora-
tory. The strain was maintained and propagated on PDA (potato dextrose agar medium).
Spore suspensions were washed from the mycelium, cultured for 7 d, and adjusted to
1 x 10° spores mL /L using a hemocytometer.

2.2. Fruit

Commercially mature strawberries (Fragaria ananassa Duch. cv. Zhangji) were har-
vested from a greenhouse in the Meishan District, Ningbo, China. Strawberries with
uniform color and size and absence of visual injury or lesion were selected for experiments.
The strawberries were wiped with 75% ethanol (v/v) for disinfection and air-dried at
20 °C[19].

2.3. Biocontrol Efficacy of S. spartinae W9 Cultured with Different Concentrations of p-Glucan
against B. cinerea in Strawberries

This experiment was conducted according to the method described by Fu et al.
(2015) [15]. A uniform wound was made at the strawberry equator with a sterilized
nail (3 mm deep x 3 mm wide), and each wound was inoculated with 10 pL of any one
of the following solutions: (1) sterile water (control), (2) S. spartinae W9 cell suspension
cultured in NYDB medium (1 x 108 cells/mL), or (3) S. spartinae W9 cell suspension cul-
tured in NYDB medium with 0.1%, 0.5%, 1%, and 2% (-glucan (w/v) (1 x 108 cells/mL).
After two hours, each wound was injected with 10 pL of B. cinerea spore suspension
(1 x 10° spores/mL). Then all strawberries were stored in a thermostatic chamber at 20
°C with 90% relative humidity. The incidence of gray mold and the diameter of each
lesion were observed every day. Every treatment was replicated three times, with 20 fruits
selected at random in each replicate.
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2.4. Antagonistic Activity of S. spartinae W9 Cultured with B-Glucan against B. cinerea In Vitro

For the mycelia growth test, 100 uL of S. spartinae W9 suspensions (cultured in NYDB
and NYDB with 0.1%, 0.5%, 1%, and 2% (3-glucan) at a concentration of 1 x 10° cells/mL
was spread into the PDA medium. A total of 100 pL of sterile water was spread to the PDA
and used as the control. Afterwards, a 9-mm diameter plug taken from the edge of the
actively growing B. cinerea colony was inoculated into the center of each PDA plate. The
plates were incubated at 28 °C for 5 d, and the mycelia diameters were measured daily. The
experiment consisted of three replicates, with 5 plates per replicate.

For the spore germination test, cell suspensions of 1 x 10” cells/mL S. spartinae W9
(cultured in NYDB and NYDB with 0.1%, 0.5%, 1%, and 2% {3-glucan) were prepared. Then
200 pL of yeast suspension was mixed with 200 uL of B. cinerea (1 x 10° spores/mL) spore
suspension and added into a 1.6-pL PDB medium. An amount of 200 pL sterile water
mixed with 200 uL B. cinerea spore suspension was used as the control. The spores were
incubated for 6 h at 28 °C and 180 rpm on a shaker. The germination rate of B. cinerea
spores were counted by light microscopy and hemocytometer. At least 100 spores were
observed in each treatment, with 3 replicates per treatment.

2.5. Population of Yeasts in Strawberry Wounds

In accordance with the method of Zou et al. (2022) [10], strawberries were wounded
as described in 2.3 and then inoculated with S. spartinae W9 or 0.1% {3-glucan-treated
S. spartinae W9. All strawberries were stored at 20 °C with 90% relative humidity. The
amount of yeast at the strawberry fruit wounds was measured at 0 h, 12 h, 24 h, 48 h,
and 72 h. The fruit wound tissue was removed with a sterile blade and homogenized in
a mortar containing 10 mL of sterile water. A total of 100 puL of the homogenate diluted
to the appropriate concentration was spread on NYDA and incubated at 28 °C for 48 h to
count the number of colonies. The number of yeast colonies at each wound was expressed
as log;oCFU/wound. The experiment consisted of three replicates, with three strawberries
per replicate.

2.6. The Effect of 0.1% B-Glucan on the Growth of S. spartinae W9

S. spartinae W9 cells (1 x 108 cells/mL) were cultured in NYDB or NYDB with 0.1% {3-
glucan at 28 °C. The growth of S. spartinae W9 was recorded by measuring the absorbance
at 600 nm at 12 h, 24 h, 36 h, and 48 h. Three biological replicates were available for
each treatment.

2.7. Determination of Biofilm Formation

The biofilm formation of S. spartinae W9 was assessed using the method of Qiu et al.
(2022) [20] with some modifications. An amount of 100 puL of S. spartinae W9 suspension
(1 x 107 cells/mL) was pipetted into 50 mL of YNB medium and cultured for about 12 h.
Yeast precipitate was obtained by centrifugation at 8000 rpm, 4 °C, for 5 min and was
washed twice to adjust the concentration of yeast to 1 x 108 cells/mL. Equal amounts
of yeast suspension were injected into YNB or YNB containing 0.1% {3-glucan and then
were incubated at 28 °C, 75 rpm for 12, 18, 24, 36, and 48 h. For biofilm assay, the culture
solutions were washed twice with phosphate buffer and treated with methanol for 15 min.
Then, 200 pL of 0.4% crystalline violet was added for staining, and after 40 min, the excess
dye was removed and washed with sterile water. Lastly, 200 puL of 33% glacial acetic
acid was added and incubated for 30 min, and the supernatant was used to measure the
absorbance at 590 nm.

2.8. Measurement of Extracellular Hydrolases

The ability of S. spartinae W9 to produce extracellular hydrolases, mainly including
chitinase and 3-1,3-glucanase (GLU), was determined by an extracellular hydrolase assay
plate [21]. Chitinase and CLU can decompose the colloidal chitin and laminarin, respec-
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tively. If S. spartinae W9 secreted chitinase and CLU, the hyaline rings would appear in
the plates.

According to the result of an extracellular hydrolase assay plate, we determined the
GLU activity of S. spartinae W9. S. spartinae W9 cultured in NYDB or NYDB with 0.1% 3-
glucan were sampled at 12, 16, 20, 24, 36, and 48 h. The fermentation broth was centrifuged
at 6000 rpm for 10 min, and the supernatant was filtered through a sterile membrane
for enzyme assay. The GLU activity was determined using the 3, 5-dinitrosalicylic acid
method [22], and the absorbance at 540 nm was measured to calculate GLU activity. One
unit (U) of GLU was defined as the amount of the enzyme required to produce 1 nmol of
glucose per minute, and the results were expressed as U/mL. Each group contained three
independent replicates.

2.9. Stress Resistance Assays of S. spartinae W9

As described by Huang et al. (2021) [23], high temperature, NaCl, H,O,, and sodium
dodecyl sulfate (SDS) were used to simulate stress. S. spartinae W9 were cultured in NYDB
or NYDB with 0.1% B-glucan for 24 h, and the yeast suspensions (1 x 108 cells/mL)
were prepared.

To determine the tolerance of S. spartinae W9 to high temperatures, the yeast suspen-
sions were placed into a water bath at 40 °C, 45 °C, and 50 °C for 30 min. The heat-treated
yeast suspensions were cooled at room temperature for 10 min and diluted to the appropri-
ate concentration. Then, 0.1 mL of each yeast suspension was spread on a NYDA plate to
calculate the survival rate.

S. spartinae W9 or -glucan-treated S. spartinae W9 yeast suspensions were injected
into NYDB (control) and a selective medium (NYDB-4% NaCl, NYDB-7% NaCl, NYDB-
10% NaCl, NYDB-1.25mM H,0O,, NYDB-2.5mM H,O,, NYDB-5mM H,O,, NYDB-10mM
H,O,, NYDB-0.1%0 SDS, NYDB-0.5%0 SDS, NYDB-1%. SDS). Yeasts were incubated at
28 °C and 180 rpm for 24 h and then diluted to the appropriate concentration to spread on
NYDA plates. All plates were incubated at 28 °C for 48 h, and the numbers of yeast colony
were recorded. The survival rates of S. spartinae W9 or 3-glucan-treated S. spartinae W9
without stress treatment were used as respective controls. Each treatment contained three
independent replicates.

2.10. Transcriptomic Analysis

RNA from S. spartinae W9 cultured in NYDB with or without 0.1% -glucan was iso-
lated using TRIzol (Thermofisher, MA, USA) according to the manufacturer’s instructions.
The mRNA with PolyA (polyadenylation) was specifically captured and fragmented with
a magnesium ion interruption kit (NEBNext® Magnesium RNA Fragmentation Module,
cat. E6150S, New England Biolabs, MA, USA). The fragmented RNA was synthesized into
cDNA. Then, double-stranded DNA were synthesized and repaired. The fragment sizes
were screened and purified using magnetic beads, and the cDNA library was enriched
with PCR. RNA-seq was performed by LC-Bio Technology CO., Ltd. Hangzhou, China.
Genes with a fold change in expression level > 1.2 and adjusted p < 0.01 were identified as
differentially expressed genes (DEGs). The DEGs’ data was analyzed for GO and KEGG
enrichment analysis.

2.11. Real-Time Quantitative PCR

RNA extracted from S. spartinae W9 cultured in NYDB with or without 0.1% {3-glucan
were first reverse transcribed to cDNA. RT-qPCR was performed using ChamQ Universal
SYBR qPCR Master Mix (Vazyme, Nanjing, China). Twelve DEGs were randomly selected
for validation by qPCR, and ACT1 was used as an internal reference gene. Relative gene
expression was calculated according to the 2~44t method. Table 1 contains a list of the
selected genes and the specific primers.
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Table 1. Primers used for RT-qPCR analysis of S. spartinae genes.

Gene ID Gene Name Forward and Reverse Primers (5 to 3')
gene-K Q657001934 AcH1 R GOTGGAGTTAGCATGAGCCT
gene-KQ657_000095 AOX: R GGCTCTITAACCGGTGOTOT
gene-K Q657001274 oHI R TTACCGACAGCCTIAGEAGE
s ooy sowsn  ETSCTICCSACMGAGC
gene-K Q657001371 = R GCAGACAATCGAGCAGCAAC
gene-KQES7_001105 RRP3S R CATCTIGCICCGTIGETTCG
gene-KQES7_003270 RNR2 R AGGAGAAAGCATTCGCTGET
gene-KQG657_004479 ACT1 F:CAGACCTGCTGACTTGGGTT

R:AGAGGATGGGGCCAACAAAG

2.12. Statistical Analysis

SPSS statistics software version 20 was used to analyze the data. When the number
of comparisons within the group was three or more, the data were compared with the
mean by implementing Duncan’s multiple analysis using ANOVA; when the number
of comparisons within the group was two, the mean was compared using the indepen-
dent samples t-test. Significance was assessed when p < 0.05. Data were expressed as
mean =+ standard deviation.

3. Results
3.1. Biocontrol Efficacy of S. spartinae W9 Cultured with B-Glucan against B. cinerea
in Strawberries

As shown in Figure 1A, gray mold decay of strawberries in all groups was observed
at the fourth day after inoculation, and S. spartinae W9 cultured with or without 3-glucan
reduced the disease incidence of strawberries. S. spartinae W9 cultured with 0.1% {3-glucan
significantly reduced the disease incidence when compared to yeast without 3-glucan after
the fourth day (p < 0.05). At the end of storage, the disease incidence was 96.7% in the
control group, 63.3% in the S. spartinae W9 group, and only 40% in the 0.1% [-glucan-
treated S. spartinae W9 group (Figure 1A,B). Adding 0.1% (3-glucan into NYDB effectively
improved the biocontrol efficacy of S. spartinae W9.

3.2. In Vitro Inhibition of S. spartinae W9 Cultured with B-Glucan against B. cinerea

As shown in Figure 2A, 3-glucan enhanced the antagonistic effect of S. spartinae
W9 against B. cinerea in vitro. On the fourth day, the mycelia of B. cinerea in the control
group covered almost the whole plate, while B. cinerea mycelia in the other groups were
significantly inhibited (p < 0.05). Compared to the S. spartinae W9 cultured without 3-glucan,
0.1% and 1% p-glucan were effective in increasing the inhibition of B. cinerea mycelial
growth, for which the diameter of B. cinerea plaques in the S. spartinae W9 treatment group
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was 23.4 mm, while the diameters of the 0.1% and 1% (-glucan-induced S. spartinae W9
treated groups were 18.8 mm and 18 mm, respectively.
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Figure 1. Biocontrol efficacy of S. spartinae W9 cultured with different concentrations of -glucan
against B. cinerea in strawberries. (A) Disease incidence of gray mold in strawberries after the
treatment with S. spartinae W9 cultured with different concentrations (0, 0.1%, 0.5%, 1%, and 2%)
of B-glucan during storage. (B) Phenomenon of gray mold in strawberries in each group at day 6
and day 7 after inoculation with B. cinerea. Different lowercase letters indicate significant differences
between different treatment groups according to Duncan’s test (p < 0.05).

Figure 2B shows that S. spartinae W9 cultured with or without 3-glucan significantly
inhibited spore germination of B. cinerea (p < 0.05). S. spartinae W9 cultured with differ-
ent concentrations of glucan showed different inhibitory effects on spore germination of
B. cinerea. The germination rate of B. cinerea spores in 0.1% -glucan-treated S. spartinae
W9 was 9.5%, which was significantly lower than the 17.1% in the S. spartinae W9 group
(p < 0.05). Only 0.1% B-glucan increased the ability of S. spartinae W9 to inhibit spore
germination of B. cinerea.
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Figure 2. In vitro inhibition of S. spartinae W9 cultured with different concentrations of 3-glucan
against B. cinerea. (A) Mycelia diameter of B. cinere after treatment with S. spartinae W9 cultured
with different concentrations (0, 0.1%, 0.5%, 1%, and 2%) of (3-glucan. (B) Spore germination rate of
B. cinerea after treatment with S. spartinae W9 cultured with different concentrations (0, 0.1%, 0.5%, 1%,
and 2%) of B-glucan. Different lowercase letters indicated significant differences between different
treatment groups according to Duncan’s test (p < 0.05).

3.3. Effects of 0.1% B-Glucan on the Growth of S. spartinae W9 In Vitro

S. spartinae W9 yeasts were cultured in NYDB and NYDB containing 0.1% p-glucan at
a concentration of 0.1% for 48 h, respectively. The ODgqg of S. spartinae W9 in both media
showed no significant difference (p > 0.05; Table 2). The results indicated that 0.1% {3-glucan
had no significant effect on the growth of S. spartinae W9 in vitro.

Table 2. Growth of S. spartinae W9 in NYDB or NYDB containing 0.1% (-glucan.

ODgoo

Culture Conditions
12h 24 h 36 h 48 h

NYDB 1.25+0.011a 2.22 £0.006 a 2.42 £ 0.005 a 2.51 £0.001 a

NYDB with 127 £0.009 a 22340014 a 241 +0.007 a 251+0.018a
0.1%pB-glucan

Same letter in each column means no significant difference according to the independent samples t-test (p > 0.05).

3.4. Effects of 0.1% B-Glucan on Colonization Ability in Strawberries and Biofilm Forming Ability
of S. spartinae W9

S. spartinae W9 cultured with or without -glucan was able to grow rapidly in the
wounds of strawberries, and its population levels reached the highest value at 24 h
(Figure 3A). The population of the B-glucan-induced S. spartinae W9 increased from
6.1 logio CFU wound ! to 7.7 log;9 CFU wound ! at 24 h, which was significantly higher
than that of S. spartinae W9 cultured in NYDB (p < 0.05). The growth rate of the (3-glucan-
treated S. spartinae W9 within 24 h was higher than S. spartinae W9 cultured in NYDB.
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Figure 3. Effects of 0.1% [-glucan on colonization ability in strawberries and biofilm forming ability
of S. spartinae W9. (A) Population dynamics of S. spartinae W9 cultured in NYDB or NYDB with 0.1%
-glucan in wounds of strawberries at 20 °C. (B) Biofilm forming ability of S. spartinae W9 cultured
with or without 0.1% B-glucan stained with crystal violet. * indicate a significant difference between
S. spartinae W9 cultured with or without 0.1% B-glucan identified by the t-test (*, p < 0.05; **, p < 0.01).

Crystal violet staining was used to further evaluate the biofilm formation capacity of
S. spartinae W9. During the 24 h of yeast culture, the biofilm formation capacity remained
stable in each group (Figure 3B). The ODsgq of S. spartinae W9 cultured with 3-glucan was
consistently higher than that of S. spartinae W9 cultured without 3-glucan. This indicated
that $-glucan promoted the formation of biofilm for S. spartinae W9 and enhanced its
biofilm formation capacity.

3.5. Effects of 0.1% B-Glucan on Extracellular Hydrolase of S. spartinae W9

The extracellular hydrolase assay plates showed that S. spartinae W9 could secrete
GLU but not chitinase (Figure 4A). The 0.1% {3-glucan could not induce S. spartinae W9 to
secrete chitinase. The extracellular GLU activities of S. spartinae W9 cultured in NYDB with
0.1% B-glucan were significantly higher than those of S. spartinae W9 cultured in NYDB
during the culture period (Figure 4B), indicating that $-glucan could induce S. spartinae
WO to secrete more GLU.

S. spartinae W9
+0.1% pB-glucan

A) S. spartinae W9 B)

—+— S.spartinae W9

-~ 0.1%pB-glucan+

B-1,3-glucanase # S.spartinae W9

GLU activity (U/mL)
g
L

Chitinase

0.20 T T T T T T
12 16 20 24 36 48

Inoculation time (d)

Figure 4. Effects of 0.1% B-glucan on extracellular hydrolase activity of S. spartinae W9. (A) Results
of the extracellular hydrolase assay plates of S. spartinae W9 cultured with or without 0.1% {3-glucan.
(B) GLU activity of S. spartinae W9 cultured in NYDB or NYDB containing 0.1% {3-glucan. * indicate a
significant difference between S. spartinae W9 cultured with or without 0.1% {-glucan identified by
the t-test (p < 0.05).

121



J. Fungi 2023, 9, 474

3.6. 0.1% B-Glucan Increased the Survival rate of S. spartinae W9 under Different Stresses

S. spartinae W9 cells harvested from NYDB with 0.1% 3-glucan showed higher survival
rates under oxidative, thermal, osmotic, and plasma membrane stresses, compared with
the yeast cells harvested from NYDB (Figure 5). The survival rate of S. spartinae W9 under
10 mM H,0,;, 10% NaCl, 1% SDS, and 50 °C were 66.2%, 68.2% 67.7%, and 76.3%, re-
spectively, while those of 3-glucan-treated S. spartinae W9 were 87.4%, 71.0%, 70.6%, and
81.63%, respectively (Figure 5). The 0.1% f3-glucan increased the survival rate of S. spartinae
W9 under the 10 mM H,O; environment by 32% compared to the control and significantly
improved its tolerance to oxidative stress.

(A) 100 (B) 100 *
= ** *e B3 S.spartinae W9 B3 S.spartinae W9
- B3 0.1%p-glucan+ 80 - B3 0.1%p-glucan+
;\? 80 Sspartinae W9 ;\? * S.spartinae W9
N’
e a £ 60
E 60 g
E 40 - % 40
£ 5
A 20 @ 20
0- 0=
25 5 10 0.1 0.5 1
H,0, (mM) SDS (%0)
© D)
100 100 . _
B S.spartinae W9 " . B3 S.spartinae W9
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N’
Q 3 -
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Figure 5. Effects of 0.1% B-glucan on the survival rate of S. spartinae W9 under different stresses.
(A) The survival rate of S. spartinae W9 under oxidative stress caused by H,O,. (B) The survival rate
of S. spartinage W9 under plasma membrane stress caused by SDS. (C) The survival rate of S. spartinae
W9 under hyperosmotic stress caused by NaCl. (D) The survival rate of S. spartinae W9 under high
temperature stressor. Asterisks indicate a significant difference between S. spartinae W9 cultured with
or without 0.1% p-glucan identified by the t-test (*, p < 0.05; **, p < 0.01).

3.7. RNA-seq Analysis and RT-qPCR Validation

A total of 40.87 G clean reads were obtained from S. spartinae W9 cultured in NYDB
with or without -glucan. The Q30 levels were both higher than 70%, indicating that the
base quality was up to standard. GC contents were both above 40%, and the percentage
of valid reads exceeded 95%, which indicated that the data were reliable. By comparing
the gene expression levels between S. spartinae W9 cultured in NYDB with and with-
out B-glucan, 188 genes were identified as DEGs, including 120 upregulated genes and
68 downregulated genes.

A total of 172 DEGs were able to be annotated in the GO database and were enriched
into three major categories (Figure 6A). In the biological process category, the DEGs were
involved in translation, the biological process, the oxidation-reduction process, and so on.
The highly enriched DEGs of the cellular components were involved in cell organelles and
cell membranes. The subclass with the most enriched DEGs by molecular function was the
structural constituent of ribosome (34 DEGs) subclass, followed by RNA binding (12 DEGs).
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(A)

The DEGs were classified into five categories by KEGG enrichment analysis (Figure 6B).
Among them, the pathway with the most DEGs was translation, involving 40 genes. The
second pathway was the carbohydrate metabolism pathway, with 13 DEGs.
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Figure 6. GO (A) and KEGG (B) enrichment analysis of DEGs in S. spartinae W9 cultured with and
without 0.1% p-glucan. The numbers behind the bars stand for the number of genes involved in

the metabolism.

RT-qPCR was performed on 12 genes to validate the results of RNA-seq. The transcript
levels of all selected genes determined by RT-qPCR were consistent with those obtained

using RNA-seq (Figure 7).
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Figure 7. Results of verification of differently expressed genes by RT-qPCR. A: Relative gene ex-
pression level of S. spartinae W9 cultured in NYDB. B: Relative gene expression level of S. spartinae
WO cultured in NYDB with 0.1% f-glucan. Fold Change: Transcriptome sequencing results. Bars
represent standard errors.
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4. Discussion

A bottleneck in the development of antagonistic yeasts has been the limited biocontrol
effect in practical application. Therefore, it is very important to enhance the biocontrol
efficacy of antagonistic yeasts. It has been reported that 3-glucan could improve the bio-
control efficacy of C. laurentii and C. podzolicus against postharvest blue mold of pears [24].
In the present study, our results also confirmed that 3-glucan was an effective elicitor to
improve the biocontrol ability of S. spartinae W9 on gray mold of strawberry fruit. The
0.1% B-glucan enhanced the biocontrol efficacy and antagonistic activity of S. spartinae W9
against B. cinerea (Figures 1 and 2). Despite the differences in PDA medium and in fruit [25],
the increased antagonistic effects of S. spartinae W9 by (3-glucan were consistent. Therefore,
we selected 0.1% -glucan to culture S. spartinae W9 and reveal the involved mechanism.

The key factor affecting the biocontrol activity of antagonistic yeasts has been proposed
to be the rate of colonization [26]. Yeasts rapidly consume limited nutrients, thereby
inhibiting spore germination of fungal pathogens [27]. This study showed that the addition
of 3-glucan to the medium had no effect on the growth and reproduction of S. spartinae W9
in vitro, while 3-glucan could promote the colonization of S. spartinae W9 in strawberry
wounds within 24 h of storage (Figure 3A). Wang et al. (2018) also found that -glucan
increased the growth ability of C. podzolicus in apple wounds [28]. Di Francesco et al. (2017)
found that the colonization ability of yeast on the wounds has a certain correlation with
the biofilm-forming ability [28]. High-density yeast forms exopolysaccharide capsules,
which can more firmly adhere to fruit wounds and prevent pathogen infection [29,30].
Our results showed that the addition of 0.1% (-glucan to the culture medium effectively
improved the biofilm formation capacity of S. spartinae W9 (Figure 3B). 3-glucan improved
the colonization ability in strawberries and biofilm forming ability of S. spartinae W9, which
inhibited the growth of B. cinerea, thus reducing the incidence of gray mold in strawberries.
Our findings are similar to the previous reports, which showed that some exogenous
nutrients could induce antagonistic yeasts to enhance the biocontrol efficacy by improving
the growth ability at fruit wounds and biofilm formation ability [31,32].

The ability of antagonistic yeast to resist pathogens also depends on the secretion
of extracellular hydrolase. GLU can hydrolyze glucan, which is the major component
of fungal cell walls, leading to cell malformation and cytoplasmic leakage, and is one of
the possible mechanisms of biocontrol of antagonistic yeasts [33]. GLU is an inducible
hydrolase enzyme, and the presence of 3-glucan could induce the secretion of GLU from
antagonistic yeasts. Our results showed that S. spartinae W9 could secret GLU, and 0.1%
-glucan induced the higher extracellular GLU activities (Figure 4). This suggests that 0.1%
-glucan could induce S. spartinae W9 to secrete more GLU, which might be an important
factor for the enhanced biocontrol efficacy of S. spartinae W9. This finding is consistent with
the report of Zhao et al. (2020), which showed that higher GLU activity of C. podzolicus
is an important factor for the increased biocontrol effect of C. podzolicus cultured with
-glucan [17,18].

In practical application environments such as orchards and postharvest storage, vari-
ous abiotic stressors could decrease the biocontrol efficacy of antagonistic yeasts [34]. Thus,
improving the ecological adaptability and resistance of antagonistic yeasts is an effective
way to ensure their biocontrol efficacy. SDS is an organic compound that penetrates cell
membranes, causes damage to the plasma membrane, and limits cell growth [35,36]. Ox-
idative adversity was simulated using hydrogen peroxide because a fruit wound is an
environment with high levels of reactive oxygen species [37], which cause oxidative dam-
age to the cell membrane component membrane lipids, thereby destroying the integrity of
the cell [38]. NaCl is a common osmotic stressor, and high NaCl has the effect of inhibiting
cell growth [39]. The present study showed that the growth of S. spartinae W9 was signifi-
cantly inhibited under these stressors, while S. spartinae W9 cultured with 0.1% {3-glucan
could enhance tolerance under these stressors (Figure 5). Fu et al. (2015) also found that
0.5%-p-glucan-induced C. laurentii can survive better under heat and oxidative stress [15].
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These findings suggest that 3-glucan could improve the stress tolerance of antagonistic
yeasts and help to improve their biocontrol efficacy in practical applications.

The transcriptome analysis was conducted to explore the molecular mechanism of
B-glucan, enhancing the biocontrol efficacy of S. spartinae W9. The results showed that
B-glucan caused 188 DEGs, and the DEGs were related to cell wall formation and cell
integrity, energy production, growth, and reproduction (Figure 6). Some upregulated
DEGs are associated with stress response, including GRE2, CYS3, AOX2, and ERG3. GRE2
has been reported to be induced in yeast cells in response to oxidative stress [40] and
osmotic stress [41]. Similarly, elevated AOX2 implies an acceleration of oxidative processes
in mitochondria and limitation of ROS production [42]. The upregulation of the ERG3
gene due to -glucan was beneficial for maintaining the stability of yeast cell plasma
membranes and improving the resistance of yeast to oxidative stress [43]. CYS3 can play a
protective role for yeast in a state of oxidative stress and promote the efficiency of yeast cell
proliferation [44—46]. The upregulation of GRE2, CYS3, AOX2, and ERG3 could explain the
increased oxidative stress tolerance of S. spartinae W9 cultured with 0.1% (-glucan.

The yeast cell wall serves a variety of biological functions, including protecting against
environmental stresses. It also affects the permeability of the cell wall when it is attacked
by substances that disrupt cell integrity [47]. The genes TDH1 and ECM4 have been shown
to be involved in cell wall structure [48,49]. Compared to the control, the higher expression
of TDH1 and ECM#4 in S. spartinae W9 cultured with 0.1% (-glucan promoted cell wall
biosynthesis and biocontrol efficacy.

Intracellular energy is heavily depleted when yeast cells are under abiotic stress [50].
ACH]I provides acetyl coenzyme A (acetyl-CoA) to mitochondria by transferring the CoA
group to acetate, which may accelerate metabolism in the TCA cycle and glycolysis [51].
The gene ADH1 encodes alcohol dehydrogenase, which is the primary enzyme for the
reoxidation of NADH in yeast. Zhong et al. (2021) showed that inactivation of ADH1
caused the accumulation of NADH, resulting in the imbalance of NADH/NAD and growth
retardation [52]. The upregulation of ACHI and ADH1 in S. spartinae W9 cells cultured
with 0.1% B-glucan led to higher colonization ability in strawberry wounds and improved
biocontrol efficacy. In addition, upregulation of the RNR2 gene required for DNA repair
may be helpful for maintaining cellular integrity [53]. In brief, 3-glucan increased the
energy metabolism and cellular integrity of S. spartinae W9 cells.

The transcriptome analysis demonstrated that the 0.1 % (-glucan-induced S. spartinae
W9 achieved better proliferation and enhanced biological activity by altering cellular
processes, energy metabolism, and stress responses. Similarly, Zhao et al. (2020) used
transcriptomic analysis to reveal that 3-glucan accelerated the synthesis of cell walls and
energy of C. podzolicus, enhanced its antioxidant ability, and thus improved the biological
control efficacy [18].

5. Conclusions

Adding 0.1% B-glucan into the culture medium significantly enhanced the biocontrol
efficacy of S. spartinae W9 against B. cinerea in strawberries. 3-glucan improved the colo-
nization ability of yeast in strawberries, the biofilm forming ability, and the stress tolerance
of S. spartinae W9. (3-glucan also upregulated the genes involved in stress responses, cell
wall formation, energy metabolism, growth, and reproduction of S. spartinae W9.
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Abstract: Bacillus mojavensis D50, a biocontrol strain, is used to prevent and treat the fungal plant
pathogen Botrytis cinerea. Bacillus mojavensis D50’s biofilms can affect its colonization; thus, the effects
of different metal ions and culture conditions on biofilm formation were determined in this study. The
results of medium optimization showed that Ca?* had the best ability to promote biofilm formation.
The optimal medium composition for the formation of biofilms contained tryptone (10 g/L), CaCl,
(5.14 g/L), and yeast extract (5.0 g/L), and the optimal fermentation conditions included pH 7, a
temperature of 31.4 °C, and a culture time of 51.8 h. We found that the antifungal activity and abilities
to form biofilms and colonize roots were improved after optimization. In addition, the levels of
expression of the genes luxS, SinR, FIhA, and tasA were up-regulated by 37.56-, 2.87-, 12.46-, and
6.22-fold, respectively. The soil enzymatic activities which related biocontrol-related enzymes were
the highest when the soil was treated by strain D50 after optimization. In vivo biocontrol assays
indicated that the biocontrol effect of strain D50 after optimization was improved.

Keywords: optimization; biofilm formation; Bacillus mojavensis D50; biocontrol effects; tomato
gray mold

1. Introduction

Tomato (Solanum lycopersicon L.), an important vegetable crop, is widely planted all
over the world [1]. However, the occurrence of diseases can lead to a reduction in yields.
Particularly important pathogens of tomato include the fungus Botrytis cinerea, which
causes gray mold [2], and the bacterium Ralstonia solanacearum, which causes bacterial
wilt [3]. Therefore, immense efforts and vast amounts of money are being invested to
control these pathogens [4].

Currently, the primary way to control pathogens is the use of chemical pesticides [5].
They are inexpensive and highly efficient. However, the long-term use of chemical pes-
ticides will lead to environmental pollution, pesticide resistance, and negative effects on
human health [6,7]. Therefore, it is urgent to find an environmentally friendly approach to
protect tomato plants from pathogens. Biological control is an approach to control plant
diseases, which introduces another organism to control the pathogen rather than chemical
pesticides. This approach is frequently highly effective, and it is used on many plants.
The modes of action of biocontrol agents include space or nutrient competition, antibiotics
production and inducible resistances. There are many studies about the use of biological
control, such as a study which suggests that Burkholderia cenocepacia ETR-B22 could product
volatile organic compounds and suppress the tomato gray mold [8]. Bacillus velezensis HY19
could also produce salicylic acid and numerous antifungal substances to inhibit the growth
of tomato gray mold [9]. Wickerhamomyces anomalus could inhibit the growth of gray mold
by competition for nutrients and space, and induce the host tissue’s disease resistance and

J. Fungi 2023, 9, 526. https:/ /doi.org/10.3390/j0f9050526 130 https://www.mdpi.com/journal/jof



J. Fungi 2023, 9, 526

producing of antifungal metabolites [10]. Trichoderma harzianum inhibited the tomato gray
mold using competition for space [11].

Microbial biofilms are a microbial community that is attached to biological or abiotic
surfaces. They can be composed of one or more microbial species [12]. Biofilm formation
can improve the biocontrol effects on pathogens. The formation of biofilm can help the
bacteria to rapidly ingest nutrition and become more competitive. In addition, it can also
facilitate colonization of the plant surface, which can protect the plant from pathogens [13].
Many studies have reported that the amount of metal ions and culture conditions can
influence the formation of biofilm. Yang et al. [14] reported that the morphology of the B.
subtilis 1JN2 biofilm was flattened and the expression of biofilm related genes was down-
regulated under high concentrations of Cd?*, while the addition of Mg?* increased the
biocontrol effect of Burkholderia pyrrocinia JK-SH007 [15]. The three Bacillus spp. strains
which could form biofilm were isolated to protect maize from pathogens, the temperature,
culture medium, and culture time, which could influence the biofilm formation and thus
further impact the biocontrol effect of these strains [16]. The application of phenylalanine
could promote the biofilm formation of Meyerozyma caribbica and improved its biocontrol
efficacy [17]. These studies have indicated that the biofilm formation of strains can influence
their biocontrol effects.

The luxS/Al-2 quorum sensing (QS) system is an important factor affecting biofilm
formation [18]. Many studies have reported that the gene of /uxS influences the formation
of biofilms, such as Shewanella xiamenensis [19] and Lactobacillus reuteri [20]. In addition,
the QS system can also regulate the probiotic activities of lactic acid bacteria [21]. The
transcriptional repressor sinR is a master regulator of biofilm formation and the production
of the secreted, amyloid-like protein component of the matrix (TusA), thus blocking biofilm
formation [22]. The gene of flhA, encoded flagellin protein FIhA, can influence the formation
of biofilm. Minamino et al. [23] have reported that the gene of fIhA can change the growth
of flagella, further influencing biofilm formation. The tasA is a major gene which encodes
the protein involved in antimicrobial activities, spore coat assembly, and germination. It is
also found in the stationary phase, sporulating cultures, and the biofilm matrix [24].

B. mojavensis D50, which was isolated from tomato rhizosphere soil, has been reported
to have a substantial effect on B. cinerea. Moreover, its fermentation supernatant also had
great antifungal effect on tomato gray mold [5]. However, there have been few studies
on the promotion of biofilm formation and biocontrol effects by the manipulation of
concentrations of metal ions and culture conditions. In this study, to further determine
the effect of biofilm formation on pathogen inhibition, the goals were as follows: (1) to
screen the optimal concentration of metal ions and culture conditions for biofilm formation;
(2) to determine the effect of optimal metal ion and culture conditions on the levels of
expression of the genes related to biofilm formation; (3) to assess the effect of optimal metal
ion and culture conditions of B. mojavensis D50 on soil enzyme activities; and (4) to assess
the effect of optimal metal ion and culture conditions of B. mojavensis D50 on reducing
tomato grey mold.

2. Materials and Methods
2.1. Strains, Medium, Culture Conditions and Plant Materials

Bacillus mojavensis D50, isolated from tomato rhizosphere soil, was used to prevent
tomato from Botrytis cinerea. B. mojavensis D50 and B. cinerea were kindly provided by the
Laboratory of Pesticide Bioassay, Plant Protection College at Jilin Agricultural University
(Jilin, China). The LB broth that was used to culture B. mojavensis D50 contained 5 g yeast
powder, 10 g tryptone, 10 g NaCl, and 1000 mL distilled water. The potato dextrose agar
(PDA) medium that was used to culture B. cinerea contained 20 g glucose, 20 g agar, 200 g
potato, and 1000 mL distilled water.

The initial culture conditions that were used to optimize the formation of biofilm were
30 °C, a culture time of 48 h, and pH of 7. The initial medium that was used to optimize
the formation of biofilm formation was LB broth (excluding metal ions) to exclude the
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influence of metal ions on biofilm formation: 5 g/L yeast powder, 10 g/L tryptone, and
1000 mL water. The tomato plants were planted as described by Zheng et al. [25], the
seeds were sterilized in 0.5% sodium hypochlorite solution for 1 min and rinsed with
sterile distilled water three times, then the seeds were incubated at 28 °C for 4 days for
germination. One seedling was planted in each plastic pot, and the tomato plants were
grown in a greenhouse at 25-30 °C with a 14 h-light/10 h-dark cycle and 70% relative
humidity with regular irrigation.

2.2. Preparation of the B. mojavensis D50 Suspension

To prepare the B. mojavensis D50 suspension, a single colony was inoculated into a
250-mL Erlenmeyer flask that contained 100 mL of LB broth, and it was shaken at 150 rpm
and cultivated at 30 °C for 12 h. The suspension was centrifuged at 7000 rpm for 10 min,
and the strains were washed three times with PBS (pH 7.3). The suspension was adjusted
to 1.0 x 108 cfu/mL [25].

2.3. Semiquantitative Evaluation of the B. mojavensis D50 Biofilm

The crystal violet method was used to determine the amount of biofilm formed [26].
Briefly, a suspension of B. mojavensis D50 was prepared as described in Section 2.2. A
volume of 5 pL/well was added to the wells in a 96-well plate and mixed with the relevant
medium (95 uL/well). The plate was left stationary for cultivation. After that, the cell
culture was removed and dyed with 1% crystal violet (CV, 100 uL/well) for 15 min. The
plate was washed three times with distilled water to remove excess dye. The biofilm was
extracted with absolute ethanol (200 uL/well), and the amount of biofilm formation was
determined at 570 nm [27].

2.4. Screening of the Optimal Metal lons and Conditions for Biofilm Formation
2.4.1. Determination of the Effect of Metal Ions on Biofilm Formation by a Single
Factor Experiment

To determine the effect of metal ions on biofilm formation, the “one-factor-at-a-time”
method was also used in this experiment. Briefly, the CaCl,, MnCl,, FeCl3-6H,0, MgSO4-7H,0O
and NaCl were added into initial medium. The concentrations of CaCl,, MnCl,, FeCl3-6H,0,
MgSOy4-7H,0 were adjusted to 0 g/L, 5 g/L, 10 g/L, 15 g/L, 20 g/L, and 25 g/L, respectively,
and the concentrations of NaCl were adjusted to 0 g/L 20 g/L,25g/L,30 g/L, 35 g/L, and
40 g/L, respectively. The B. mojavensis D50 suspension (5 pL) was inoculated into the medium
(which contained different metal ions) and cultured at 30 °C for 48 h. The amount of biofilm
formation was determined as described in Section 2.3 [15]. The experiments were replicated
three times and repeated three times.

2.4.2. Determination of the Effect of Culture Conditions on Biofilm Formation by a Single
Factor Experiment

The “one-factor-at-a-time” method was also used in this experiment. Briefly, the
culture conditions were established as follows: the pH of initial medium was adjusted
to5,6,7,8,9,and 10. The culture time was adjusted to 12 h, 24 h, 36 h, 48 h, 60 h, and
72 h. The culture temperature was incubated to 25 °C, 30 °C, 35 °C, 40 °C, and 45 °C. The
amount of biofilm formed was determined as described in Section 2.3. The experiments
were replicated three times and repeated three times.

2.4.3. Determination of the Optimal Amount of Metal Ions and Culture Conditions for
Biofilm Formation Using a Box-Behnken Design

The results of the single factor experiment indicated the three factors that had the
best effect on biofilm formation, and they were selected for coding. ODsyy was used as
the response value. A Box-Behnken central combined experiment was used to design the
response surface test. The codes and levels of each factor are shown in Table 1. The Box-
Behnken design (BBD) was used to conduct 17 tests, including five tests to estimate the error
(Table 2). The concentration of metal ions and culture conditions were prepared based on
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the BBD. The ability to form biofilm was measured as described in Section 2.3. Finally, the
prediction of metal ions and culture conditions were verified under the same fermentation
conditions as the BBD. Based on the response surface methodology (RSM) results, the final
metal ions and culture conditions were determined and verified experimentally [28,29].
The experiments were replicated three times and repeated three times.

Table 1. Box-Behnken design to optimize the biofilm formation medium and conditions using three
components at three levels.

Design Variable Unit Code Real Values of the Coded Levels
(Factors) 1 0 +1
CaCl, g/L A 0 5 10
Temperature °C B 25 30 35
Time h C 36 48 60

Note: “+1” represents high level, “—1" represents low level.

Table 2. Box Behnken design scheme containing 17 experimental runs.

Runs A B C OD570
1 0 -1 -1 2.546
2 0 0 0 3.224
3 0 1 -1 2.535
4 -1 0 -1 2.632
5 0 -1 1 2.604
6 0 0 0 3.226
7 -1 -1 0 2.609
8 -1 1 0 2.704
9 0 0 0 3.228
10 1 1 0 2.698
11 0 1 1 2712
12 1 0 1 2.712
13 1 -1 0 2.688
14 0 0 0 3.221
15 0 0 0 3.03
16 -1 0 1 2.682
17 1 0 -1 2.632

Note: “+1” represents high level, “—1" represents low level.

2.5. Effect of Metal Ions and Culture Conditions on the Biocontrol Characteristics of B. mojavensis
D50 against B. cinerea In Vitro

To determine the effect of metal ions and culture conditions on the characteristics of
biocontrol, the flat-stand method was used to measure the antifungal activity in this experi-
ment [30]. As described by Fu et al. [15], the ability to form biofilm and root colonization
by B. mojavensis D50 before and after optimization were also measured. The experiments
were replicated three times and repeated three times.

2.6. B. mojavensis D50 Biofilm-Related Analysis of Differentially Expressed Genes

To determine the effect of optimized metal ions and culture conditions on the differ-
ential expression of genes related to biofilm formation, the B. mojavensis D50 suspension
was inoculated into a 250-mL Erlenmeyer flask that contained 100 mL of optimized culture
medium. The culture was then cultivated at 31.4 °C and 150 rpm for 12 h and 51.8 h.
The key genes related to biofilm formation, luxS, SinR, FIhA, and tasA, were analyzed.
The primers were designed using Primer 6 software (Table S1), and the total RNA was
extracted using a Trazol up Plus RNA Kit (TransGen Biotech., Beijing, China). The cDNA
was generated according to the manufacturer’s instructions for the TransGen all-in-one
first-strand cDNA synthesis SuperMix (TransGen Biotech.). The luxS, SinR, FIhA, and tasA
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genes were measured in this study. Quantitative real-time PCR (qRT-PCR) was performed
using PerfectStart Green qPCR SuperMix on a Roche Light Cycler® 96 (Roche Diagnostics
Corporation, Indianapolis, IN, USA). The qRT-PCR program used was as follows: 95 °C
for 2 min, followed by 32 cycles of 95 °C for 30 s, 60 °C for 30 s, 72 °C for 30 s and 78 °C
for 11 s. The melting curve cycle program was as follows: 95 °C for 10 s, 60 °C for 1 min,
and 97 °C for 1 s. The relative levels of expression of the genes were determined using the
278ACT method, and the 16S ¥DNA gene was used as a reference gene. Data are reported
on a logarithmic scale as a relative gene expression ratio (RQ) after calibration on values
obtained at B. mojavensis D50 that was cultured in basic medium [31]. The experiments
were replicated three times and repeated three times.

2.7. Effect of Metal Ions and Culture Conditions on the Biocontrol Characteristics of B. mojavensis
D50 against B. cinerea In Vivo

As described by Zheng et al., the tomato plant and spore suspension of B. cinerea were
prepared [25]. The suspension of B. mojavensis D50 before or after optimization was prepared
as described in Section 2.2. The 6-leaf-stages of tomato seedlings were used in this experi-
ment. The suspension of B. mojavensis D50 before or after optimization (1.0 x 108 cfu/mL,
15 mL/pot) was irrigated into the roots of tomato plants as the treatment, whereas the ster-
ile water (15 mL/pot) was irrigated into the roots as the control. After 7 days, the spores
(5 x 10* spores/mL, 8 mL/pot) were sprayed on the tomato seedlings. The tomato seedlings
were incubated in a growth chamber at 26 = 0.5 °C and covered with plastic bags for 3 days to
maintain high humidity. The disease incidence was determined 7 days after inoculation with
B. cinerea [32,33]. Each treatment contained 16 pots with 1 seedling per pot. The experiments
were replicated three times and repeated three times. The biochemical growth parameters of
tomato plant were measured as described by Zhang et al. [31].

2.8. Effect of B. mojavensis D50 on Soil Enzyme Activities before and after Optimization

To determine the effect of optimized metal ions and culture conditions of B. mojavensis
D50 on soil enzyme activities, the activities of invertase, catalase, urease, and dehydro-
genase were measured. The treatments were the same as those described in Section 2.7.
The soil samples were collected at 2 h and 1, 3, 5, 7, and 15 days. Invertase activity was
measured by the 3,5-dinitrosalicylic acid method. Briefly, 2 g of soil sample was mixed with
15 mL of 8% sucrose solution, 5 mL of PBS (pH 5.5), and 0.2 mL drops of toluene, and it
was cultured at 37 °C for 24 h. A volume of 1 mL of the supernatant was mixed with 5 mL
of 3,5-dinitrosalicylic acid and 5 mL of water, and the invertase activity was determined
at 508 nm [34]. To measure the catalase activity, 2 g of soil sample was mixed with 40 mL
water and 5 mL of 0.5% HyO, and incubated at 30 °C for 20 min. A volume of 5 mL of
H,SO4 (1.5 mol/L) was added to terminate the reaction. Finally, the supernatant was
titrated with KMnOy (20 mmol/L) [35]. Urease activity was determined by the Berthelot
method. Briefly, 5 g of soil was mixed with 1 mL of PBS (pH 7.7, 20 mmol/L) and then
incubated at 37 °C for 2 h. It was extracted with KCI (2 mmol/L), and the absorbance at 690
nm was measured using a visible spectrophotometer [36]. The dehydrogenase activity was
determined by colorimetry. Briefly, 2 g of soil was mixed with 2 mL of tetrazolium chloride
(TTC) and 2 mL water and then cultured at 37 °C for 24 h. The solution was extracted with
5 mL of alcohol. Its absorbance was measured at 485 nm using a visible spectrophotometer.
The experiments were replicated three times and repeated three times.

2.9. Statistical Analysis

The data were subjected to analyses of variance (ANOVA) using SPSS 26.0 (IBM, Inc.,
Armonk, NY, USA). The means were separated by a least significant difference (LSD) test
at the level p < 0.05. Respective significant differences were denoted using different letters
(a, b, ¢, etc.).
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3. Results
3.1. Screening of the Optimal Metal lons and Culture Conditions for Biofilm Formation

The “one-by-one factor” experiments were used to select the metal ions and conditions.
We found that the Ca?* and Mg?* could promote the formation of biofilm and the Na* had
less of an effect on the biofilm formation, while Mn%*, Fe3*, and Zn?* inhibited it (Figure 1).
When the concentrations of Ca?* and Mg?* were 5 g/L and 10 g/L, respectively, the biofilm
formation was maximum: the biofilm formation increased by 24.7% and 21.1%, respectively.
We found that the factors that were the most effective at stimulating biofilm formation were
CaCly (5g/L), pH 7, and a culture time of 48 h at 30 °C (Figures 1 and 2). According to the
principle of Box-Behnken design, the optimal concentration or conditions were taken to
the climbing test as the central point of the response surface test factor level. A response
surface analysis (three factors and three levels) was used to determine the optimal level
of the primary factors that affected the biofilm formation of B. mojavensis D50. The design
factors and levels of the Box-Behnken response surface are shown in Table 1, and the design
results are shown in Table 2. A regression analysis of the results in Table 3 was used to
obtain the regression equation of Y = 3.19 + 0.0129A + 0.0253B + 0.0456C — 0.0213AB +
0.0075AC +0.0297BC — 0.2229A% — 0.2882B% — 0.2984C2. The correlation coefficient of the
model was R? = 0.9710, and the corrected determination coefficient was R? Adj = 0.9336. The
fitting model could clarify the change of 93.36% of the response value, indicating that there
was a strong fitting degree between the experimental data and that predicted. There was
little experimental error, which indicated that it could be used to predict and analyze the
factors that affected the biofilm formation.
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Figure 1. Effect of different concentrations of metal ions on B. mojavensis D50 biofilm formation: Mn2*
(A), Ca?* (B), Mg?* (C), Na* (D), Zn?* (E), and Fe3* (F). The strain D50 (5 uL) was inoculated into
mediums (containing different metal ions) and cultured at 30 °C for 48 h. Bars followed by the same
letter are significantly different at p < 0.05 using a least significant difference (LSD) test. Error bars
indicate the SD of three experiments. SD, standard deviation.
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Figure 2. Effect of different concentrations of culture conditions on B. mojavensis D50 biofilm for-
mation: pH (A), time (B), and temperature (C). The strain D50 (5 uL) was inoculated into mediums
(without metal ions) and cultured for different amounts of time and at different temperatures. To
determine the effect of pH on biofilm formation of strain D50, the strain D50 (5 uL) was inoculated
into mediums (of different pH) and cultured at 30 °C for 48 h. Bars followed by the same letter are
significantly different at p < 0.05 using a least significant difference (LSD) test. Error bars indicate the
SD of three experiments. SD, standard deviation.

Table 3. ANOVA for response surface reduced quadratic model.

Source Sum of Squares df Mean Square F-Value p-Value
Model 1.07 9 0.1189 26.01 0.0001 Significant
A-CaCl, 0.0013 1 0.0013 0.2902 0.6068
B-Temperature 0.0051 1 0.0051 112 0.03258
C-Time 0.0167 1 0.0167 3.64 0.0979
AB 0.0018 1 0.0018 0.3953 0.5495
AC 0.0002 1 0.0002 0.0492 0.8307
BC 0.0035 1 0.0035 0.7748 0.4079
A? 0.2092 1 0.2092 45.78 0.0003
B2 0.3496 1 0.3496 76.51 <0.0001
C? 0.3749 1 0.3749 82.05 <0.0001
Residual 0.0320 7 0.0046
Lack of Fit 0.0016 3 0.0005 0.0710 0.9724 Not significant
Pure Error 0.0304 4 0.0076
Cor Total 1.10 16

Note: ANOVA, analysis of variance.

The variance analysis of response surface quadratic model is shown in Table 3. The
response surface quadratic model was highly significant (p < 0.0001), and the lake of fit
(lake of fit = 0.0710 > 0.05) was not significant. There were no abnormal points in the data,
and there was a high fitting degree of the regression equation. The influence degree of each
factor of F value on the response value, C > B > A, indicated that the influence intensity
of each factor on the biofilm formation was as follows: time > temperature > CaCl,. The
response surface curve and contour map were drawn based on the results of the equation
simulation (Figure 3). All three surface graphs were convex, and all the contour lines
were oval. These results indicated that there was a stable maximum value of the response.
As shown in Figure 3 and Table 3, the simulation factors A2 B2, and C? were significant,

136



J. Fungi 2023, 9, 526

indicating that magnesium sulfate had a significant impact on the biofilm formation. In
contrast, A, B, and C were not significant, indicating that CaCl,, temperature, and time
had no significant impact on the biofilm formation, and the impact of various influencing
factors on biofilm formation was not linear. AB, AC, and BC were not significant, indicating
that the interaction between various factors was not significant. The parity plot of biofilm
formation shows the distribution of predicted yield and actual yield of biofilm formation
under different conditions, as seen in Figure 4. The corresponding predicted data of the
model was almost consistent with that of the actual data, indicating that the polynomial
model was highly accurate and universal. Thus, it was reasonable to use the model to
analyze the corresponding trend.

ODsno

B: Temperture

C: Time

A: CaClz

C: Time

05 1

o
B: Temperture

Figure 3. Three-dimensional response and two-dimensional surface contour for biofilm formation
amount as evaluation indicators. The interactions between solution concentration of CaCl, and
temperature (A,B); solution concentration of CaCl, and time (C,D); and temperature and time (E,F).
The change of color from blue to red in the graph indicates a change in extraction quality from less to
more, and the faster the change, the greater the slope, which has a more significant impact on the
experimental results.
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Figure 4. Parity plot of correlation between the actual value and predicted value of biofilm formation.
The change of color from blue to red in the graph indicates a change in extraction quality from less to
more, and the faster the change, the greater the slope, which has a more significant impact on the
experimental results.

3.2. Determination of Antagonistic Abilities and Colonization Capacity Differences

Antagonistic abilities and colonization capacity are important targets to optimize for
high biocontrol ability. Therefore, these abilities were measured. As shown in Figure 5A,
the biofilm of B. mojavensis D50 (after optimization) was more viscous and denser than
those in B. mojavensis D50 (before optimization). The biofilm yields of B. mojavensis D50
(after optimization) were more than those in B. mojavensis D50 (before optimization). The
antagonistic abilities were improved after optimization, and the morphology of B. cinerea
obviously changed (Figure 5B). After optimization, the colonization capacity of B. mojavensis
D50 increased in the root of the tomato plant (Figure 5C). These results could indicate that
the biocontrol ability of B. mojavensis D50 increased after optimization.

3.3. B. mojavensis D50 Biofilm-Related Gene Differential Expression Analysis

To determine the differential expression of biofilm-related genes (before or after opti-
mization), the levels of expression of the genes [uxS, SinR, FIhA, and tasA were measured.
As shown in Figure 6, the level of expression of the luxS gene was upregulated by 27.87-
and 37.56-fold when the culture times were 24 h and 51.8 h, respectively (Figure 6A). The
level of expression of the SinR gene after optimization was higher than that before opti-
mization at the different culture times (1.69- and 2.87-fold) (Figure 6B). Moreover, the level
of expression of the FIhA gene was upregulated by 7.47- and 12.46-fold when the culture
times were 24 h and 51.8 h, respectively (Figure 6C). The level of expression of the tasA
gene after optimization was higher than that before optimization at the different culture
times (4.68- and 6.22-fold, respectively) (Figure 6D). These results indicated that the levels
of expression of biofilm-related genes were upregulated after optimization, and the ability
to form biofilm improved owing to the increased expression of the genes involved in the
production of biofilm.
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Figure 5. Effect of B. mojavensis D50 on biofilm formation, antifungal activity, and colonization ability
on the plant root. (A) The biofilm formation of D50 ((a): before optimization, and (b): after optimization).
The strain D50 (5 pL) was inoculated into initial or optimum medium and cultured at 30 °C or 31.4 °C
for 48 h or 51.8 h. (B) The antifungal activity of D50 ((a): before optimization, (b): after optimization).
The strain D50 (5 uL) which was cultured into initial or optimum medium was inoculated into PDA
medium and cultured at 26 °C for 7 days to determine the biocontrol effect. (C) The colonization ability
of D50 ((a): before optimization, (b): after optimization). The strain D50 (1.0 x 108 cfu/mL, 20 mL),
before or after optimization, was poured on the roots of tomatoes, and the colonization ability was
determined after 2 days.
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Figure 6. The levels of expression of the genes [uxS, SinR, FIhA, and tasA related to biofilm for-
mation were detected using qRT-PCR: (A) luxS, (B) SinR, (C) tasA, (D) FIhA. B. mojavensis D50
(1.0 x 108 cfu/mL, 1 mL) was inoculated into initial medium (100 mL) and cultured at 30 °C for 48 h
as the control, while B. mojavensis D50 (1.0 x 108 cfu/mL, 1 mL) was inoculated into optimization
medium (100 mL) and cultured at 31.4 °C for 51.8 h as the treatment. Bars followed by the same letter
are significantly different at p < 0.05 using a least significant difference (LSD) test. Error bars indicate
SD of three experiments. qRT-PCR, quantitative PCR; SD, standard deviation.

3.4. Effect of Metal Ions and Culture Conditions on the Biocontrol Characteristics of B. mojavensis
D50 against B. cinerea In Vivo

Furthermore, B. mojavensis D50 (before and after optimization) was used in this ex-
periment to assess its antifungal ability improvement. Three days after inoculation with B.
cinerea, small spotted lesions appeared on the tomato. As time went on, lesions became
larger and caused extensive yellowing of leaves in the group BS. In the group BSA and
BSB, small spotted lesions appeared after five days’ inoculation with B. cinerea. The lesions
did not expand with time. After the inoculation with B. cinerea for seven days, large areas
of tomato plants in the group BS turned yellow, while a small portion of the plant had
diseased spots in the group BSB and BSA. The disease severity index was 85.6 in the group
BS (B. cinerea + sterile water). In the group BSB (B. cinerea + strain D50 before optimization),
the severity of disease and disease reduction was 58.4 and 39.7, respectively, while in the
group BSA (B. cinerea + strain D50 after optimization), the severity of disease and disease
reduction was 45.3 and 46.2, respectively (Table 4).

140



J. Fungi 2023, 9, 526

Table 4. Antifungal spectra of B. mojavensis D50 (before and after optimization) against Botrytis cinerea
in vivo. Sterile water as control; B. mojavensis D50 before or after optimization as treatment.

Disease Severity Disease Reduction

Treatment Inoculants of Treatment Index (%) %)
BS B. cinerea + Sterile water 85.6 -
BSB B. cinerea + strain D50 58.4 39.7

(before optimization)

BSA B. cinerea + st}‘alq D50 453 462
(after optimization)

Data with sample size n = 16 plants per treatment.

As shown in Table 5, various growth and biochemical parameters of the tomato
seedlings were measured. The fresh weight, shoot length, and chlorophyll content in the
tomato seedlings differed significantly among BS (B. cinerea + sterile water), BSB (B. cinerea
+ strain D50 before optimization), and BSA (B. cinerea + strain D50 after optimization)
(p <0.05). The chlorophyll content, shoot length, and fresh weight in BSA were higher
than those in BS and BSB. Moreover, the contents of chlorophyll a, chlorophyll b, and
total chlorophyll in BSA were significantly higher than BS (24.2%, 22.4%, and 23.8%,
respectively) and BSB (19.3%, 9.8%, and 12.8%, respectively). The total phenolic content
was enhanced by 52.5% and 10.3% more than BS and BSB, respectively. The correlated
parameters (chlorophyll a, chlorophyll b, total chlorophyll, fresh weight, shoot length, root
length, total phenolic content, and total soluble protein) in BS and BSB were lower than
that in BSA. This effect was associated with decreases in fresh weight, shoot length, and
root length. The results indicated that the biofilm formation improvement could improve
the antifungal effects in vivo.

Table 5. Growth and biochemical parameters (fresh weight, root length, shoot length, chlorophyll a,
chlo-rophyll b, total chlorophyll, total phenolic content, and total soluble protein) of tomato plants
after strain D50 (before and after optimization) treatments. Bars followed by the same letter are
significantly different at p < 0.05 by LSD test, error bars indicate 4= SD of triplicates.

Treatments

Total Chlorophyll
(mg/mL)

Total Phenolic

Fresh Weight (g) Content (mg/100 g)

Root Length (cm) Shoot Length (cm) Chl a (mg/mL) Chl b (mg/mL)

Total Soluble
Protein (mg/100 g)

BS
BSB
BSA

145+ 0.05¢
2.06 £0.07b
2.734+0.03a

6.15+0.13 ¢
7.06 +0.12b
8.26+024a

17.82 £ 0.32¢
2023 +0.12b
2436 +£0.18a

11.99 4 0.08 ¢
1248 +0.13b
14.89 = 0.06 a

3.75 + 0.08 ¢
418 £0.09b
459 +0.05a

15.74 £ 0.15¢
17.27 £ 0.08 b
1948 £0.12a

163.38 £ 0.28 ¢
225.82 4 0.68 b
249.17 £ 036 a

301.76 + 142 ¢
3452 +2.68b
390.8 £3.87a

Note: BS (Botrytis cinerea + sterile water), BSB (B. cinerea + strain B. mojavensis D50 before optimization) and BSA
(B. cinerea + strain B. mojavensis D50 after optimization).

3.5. Effect of B. mojavensis D50 (before and after Optimization) on Soil Enzyme Activities

To determine the effect of B. mojavensis D50 (before or after optimization) on soil
enzyme activities (related to biocontrol), the activities of invertase, catalase, urease, and
dehydrogenase were measured. As shown in Figure 7, the invertase, catalase, and dehy-
drogenase activities increased from 2 h to 15 days (Figure 7A,C,D). The urease activity
in BSB (B. cinerea + strain D50 before optimization) and BSA (B. cinerea + strain D50 after
optimization) group increased from 2 h to 5 days, while it decreased from 5 days to 15 days.
In addition, the urease activity in the BS (B. cinerea + sterile water) group decreased from 2 h
to 3 days, while it decreased from 3 days to 15 days (Figure 7B). The soil enzyme activities
in the T3 group were the highest among these groups (Figure 7) (p < 0.05). These results
indicated that B. mojavensis D50 (after optimization) improved the related biocontrol soil
enzyme activities and promoted the growth of tomato plants.
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Figure 7. Soil enzyme activities in various treatments (sterile water as control; B. mojavensis D50 before
or after optimization as treatment): (A) catalase, (B) invertase, (C) dehydrogenase, and (D) urease.
The soil was collected at 2 h, 1 day, 3 days, 5 days, 7 days, and 15 days after the inoculation with
strain D50 (before and after optimization). Error bars indicate SD of three experiments. SD, standard
deviation.

4. Discussion

Most Gram-positive bacteria can form biofilms, but this process is difficult to observe
under culture conditions [15]. The formation of biofilm facilitates its colonization in plants
and increases its biocontrol ability [37]. In this study, the metal ion and culture conditions
were optimized by the one-by-one method and response surface methodology. As shown
in Figures 1 and 2, Ca?* promoted biofilm formation, and the temperature and culture time
were also important factors that influenced the biofilm formation. The optimized culture
conditions and culture medium were determined using response surface methodology.
Many studies have reported that the optimal culture medium and conditions can influence
biofilm formation; for instance, the biofilm formation of B. subtilis 1JN2 decreased when
it was cultured under a high concentration of Cd?* [14]. The culture medium and culture
time could also impact the biofilm formation of Bacillus spp. [16]. Glycerol, as a carbon
source, and Ca?* and Mg?* have been reported to have a substantial effect on biofilm
formation [15]. These studies indicated that optimizing the culture conditions and culture
medium can improve the biofilm formation, and their results were consistent with ours.

Biofilm is an aggregated form of a growing microorganism. Biofilm formation can
influence strain colonization, affecting its biocontrol effects [37]. To ensure the effect of
optimizing the culture medium and culture conditions on biofilm formation, the antifungal
abilities and colonization capacity were measured. We found that these biocontrol charac-
teristics were improved (Figure 5). Many studies have reported that the biocontrol effects
could improve by enhancing the biofilm formation [38]. Our results closely agreed with
the findings in these studies.

The quorum sensing (QS) system, which regulates biofilm formation, is one of the
important factors that regulates biofilm formation in many bacteria [39]. To determine the
mechanism of biofilm formation, the levels of expression of the genes luxS, SinR, FIhA, and
tasA involved in its formation were measured. We found that the level of expression of these
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genes increased after optimization. These results showed that the optimal culture medium
and conditions could upregulate the level of expression of the biofilm-related genes to
promote biofilm formation (Figure 6). The optimal culture medium and conditions of
C. albicans could promote biofilm formation and growth [40]. These results were consistent
with ours.

To determine the effect of B. mojavensis D50 in vivo, the disease incidence and severity,
fresh weight, shoot length, and chlorophyll content of the tomato seedlings were measured.
We found that B. mojavensis D50 (after optimization) effectively protected the tomato plants
from B. cinerea. In addition, the growth and biochemical parameters of the tomato seedlings
treated with B. mojavensis D50 (after optimization) were the highest among those in BS and
BSB group (p < 0.05) (Table 5). There are some studies on the effect of biocontrol strain on
pathogens, such as the ability of B. subtilis Y2 to inhibit the growth of Alternaria brassicicola
in pear fruit [41]. The antagonistic activity of B. velezensis CMRP 4489 could inhibit the
growth of pathogens by the formation of biofilm [42].

Soil enzyme activity is an important physical and chemical index of soil. It is generally
believed that a higher activity of soil enzymes in the soil environment indicates that the soil
is more fertile [43]. The results of this study showed that the activities of urease, invertase,
catalase, and dehydrogenase in the soil treated with B. mojavensis D50 (after optimization)
increased in the tomato rhizosphere (Figure 7). Simultaneously, they could promote the
growth of root length, root weight, and fresh weight of tomato seedlings, indicating that
the growth promotion of B. mojavensis D50 could be related to its ability to improve the
activities of soil enzymes, which improves the fertility of soil.

5. Conclusions

In this study, the effects of different metal ions and culture conditions on biofilm
formation were determined. After optimization, the characteristics of biocontrol and the
ability of colonization were improved, and the levels of expression of the biofilm-related
genes [uxS, SinR, FIhA, and tasA were up-regulated. After optimization, B. mojavensis D50
could increase the activity of soil enzymes related to biological control, and the biocontrol
effect was also improved in vivo. Further study is needed with a focus on searching for
how the metal ions influence the biofilm formation of B. mojavensis D50, and the effect of
key genes which are related to the biofilm formation and biocontrol of B. cinerea.
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Abstract: erg4 is a key gene for ergosterol biosynthesis in filamentous fungi, but its function in
Penicillium expansum remains unknown. Our results showed that P. expansum contains three erg4
genes, including erg4A, erg4B and erg4C. The expression levels of the three genes showed differences
in the wild-type (WT) strain, and the expression level of erg4B was the highest, followed by erg4C.
Deletion of erg4A, erg4B or erg4C in the WT strain revealed functional redundancy between them.
Compared to the WT strain, erg4A, erg4B or erg4C knockout mutants reduced ergosterol levels, with
erg4B deletion having the greatest effect. Furthermore, deletion of the three genes reduced sporulation
of the strain, and Aerg4B and Aerg4C mutants showed defective spore morphology. In addition,
Aerg4B and Aerg4C mutants were found to be more sensitive to cell wall integrity and oxidative
stress. However, deletion of erg4A, erg4B or erg4C had no significant effect on colony diameter, spore
germination rate, conidiophore structure of P. expansum or pathogenicity to apple fruit. Taken together,
erg4A, erg4B and erg4C have redundant functions and are all involved in ergosterol synthesis and
sporulation in P. expansum. In addition, erg4B and erg4C contribute to spore morphogenesis, cell wall
integrity and response to oxidative stress in P. expansumi.

Keywords: Penicillium expansum; erg4s; ergosterol; growth and development; pathogenicity

1. Introduction

Penicillium expansum is an important postharvest pathogenic fungus that causes blue
mold in several temperate fruits. During colonization, the pathogen produces patulin
and citrinin in the fruit, posing a potential threat to consumer health [1]. Ergosterol is
a fungal-specific sterol found in the plasma membrane of fungi [2]. Ergosterol plays
an important role in maintaining the integrity and fluidity of cell membranes and is in-
volved in the activity of membrane proteins, transduction of signaling molecules and
various biological processes [3]. A total of 20 enzymes are involved in the synthesis of
ergosterol in Saccharomyces cerevisiae [2]. Among them, the sterol C-24 reductase, encoded
by erg4, catalyzes the conversion of ergosta-5,7,22,24-tetraenol to ergosterol in the final
step of ergosterol biosynthesis [4]. In S. cerevisiae, deletion of erg4 completely blocked
ergosterol biosynthesis, resulting in the accumulation of ergosta-5,7,22,24(28)-tetraenol,
a precursor compound of ergosterol biosynthesis [5]. In contrast, overexpression of erg4
promoted ergosterol production in S. cerevisiae [6]. Furthermore, erg4 deletion inhibited
ergosterol biosynthesis in Xanthophyllomyces dendrorhous [7]. The erg4 deletion mutant
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of Fusarium graminearum showed a decrease in mycelial growth and conidiation and pro-
duced abnormal conidia as well as lower levels of DON production. Furthermore, erg4
deletion increased the sensitivity of F. graminearum to osmotic and oxidative stress, but
inhibited ergosterol biosynthesis and virulence against wheat heads and tomato fruits [8].
In Aspergillus fumigatus, erg4A or erg4B deletion had no significant effect on ergosterol
synthesis and myecelial growth of the fungus. However, the mutant with both erg4A and
erg4B knockout showed impaired colony growth, complete blockage of ergosterol synthesis
and severe conidiation defects, but had no effect on virulence in mice [9]. Although the
erg4 gene family has been reported to regulate growth, development and pathogenicity of
S. cerevisiae and filamentous fungi, how the erg4 gene family affects growth, development,
ergosterol biosynthesis and pathogenicity of P. expansum has not been reported. Our previ-
ous results showed that P. expansum has three homologous erg4 genes, erg4A, erg4B and
erg4C [10]. Transmembrane domain analysis of the corresponding encoded proteins re-
vealed that Erg4A and Erg4C proteins contain nine transmembrane structures, while Erg4B
protein contains seven transmembrane structures. In addition, subcellular localization
results showed that Erg4A, Erg4B and Erg4C proteins were all localized to the endoplas-
mic reticulum membrane [10]. Therefore, the objectives of this study were to (1) analyze
the sequence characteristics and phylogenetic relationships of Erg4A, Erg4B and Erg4C
proteins; (2) construct erg4A, erg4B and erg4C deletion mutants and their corresponding
complementation strains; (3) determine the transcription levels of erg4A, erg4B and erg4C
and the ergosterol content in WT and mutant strains; (4) elucidate the role of the three
genes in colony growth, sporulation, spore germination rate, conidiophore development
and spore morphology of P. expansum; (5) compare the sensitivity of Aerg4A, Aerg4B and
Aerg4C mutants to osmotic stress, cell wall integrity and oxidative stress; (6) observe the
pathogenicity of the three knockout mutants on apple fruit.

2. Materials and Methods
2.1. Fungal Strains, Culture Conditions and Fruit

The WT strain of P. expansum TO01 was kindly provided by Prof. Shiping Tian, the
Institute of Botany, Chinese Academy of Sciences. The WT strain and mutants used in
this study were cultured on PDA medium for 7 days. Spore suspensions of each strain
were collected with 10 mL of sterile water (containing 0.05% Tween-20) and then filtered
through four layers of sterile gauze. A total of 100 uL of spore suspension containing
1 x 10° spores/mL of each strain was inoculated into 200 mL of Czapek Yeast Extract (CY)
liquid medium (containing 3 g NaNOs3, 1 g K;HPO,4-3H,0, 0.5 g KC1, 0.5 g MgSO4-7H, 0,
0.01 g FeSO4-7H,0, 30 g sucrose, 5 g yeast extract and 1000 mL of distilled water) and
incubated in a thermostatic shaker (200 rpm, 25 °C) for 3 days. The mycelia were then
collected for genomic DNA extraction.

Apple fruits (Malus domestica Borkh. cvs. Golden Delicious and Fuji) were harvested
from a commercial orchard in Jingtai county, Gansu Province, China.

2.2. Sequence Alignments and Phylogenetic Analysis

Amino acid sequences of Erg4 protein in different fungal species were obtained through
BLASTP searches on NCBI (http:/ /www.ncbi.nlm.nih.gov/, accessed on 15 January 2020), and
multiple sequence alignments were performed using DNAMAN 6.0 software. Phylogenetic
analysis was performed using MEGA 7.0 software, and the neighbor-joining (NJ) tree was
constructed with a bootstrap value of 1000. The conserved motif was predicted by the online
MEME program (http:/ /meme-suite.org/, accessed on 14 March 2021).

2.3. Gene Knockout and Complementation

The construction of erg4A, erg4B or erg4C knockout strains and their complementation
strains was achieved by the homologous recombination strategy (Figures S1 and S2) [11].
Briefly, the genomic DNA of the WT strain was used as a template to obtain the upstream
and downstream homologous recombination sequences (approximately 1 kb) of each gene
by PCR amplification using the specified primer pairs. The upstream and downstream
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sequences of each gene were then inserted into the pPCAMBIA1300-HPH vector to obtain the
corresponding knockout vector. The knockout vector of each gene was transformed into the
WT strain by Agrobacterium tumefaciens-mediated transformation (ATMT). Transformants
were selected with 250 ug/mL hygromycin B and identified by PCR amplification. Com-
plementation strains were obtained according to the method described by [12]. The DNA
fragment of erg4A, erg4B or erg4C was inserted into the Xball and Sacl site of vector pCNEO,
respectively. The vector was then transformed into the corresponding mutants using the
ATMT method. Transformants were selected at 250 ng/mL G-418 (Solarbio Biotechnology
Co., Ltd. Beijing, China) and confirmed by PCR amplification. All primers used to generate
mutants and complementation strains are listed in Table S1.

2.4. Gene expression Analysis

The mycelium of P. expansum cultured for 3 days was collected from the CY liquid medium
for the determination of gene expression. Total RNA was extracted using TRNzol Universal
Reagent (Tiangen Biotech, Beijing, China) according to the manufacturer’s instructions, and
then reverse transcription was performed to generate cDNA using PrimeScriptTM RT Reagent
Kit with gDNA Eraser. Real-time quantitative PCR (RT-qPCR) analyses were performed using
SYBR Premix Ex Taq (Takara Biotechnology Co., Ltd., Dalian, China). The B-tubulin gene was
used as an endogenous control for normalization. Relative expression levels were calculated
using the 2-A2Ct method [13]. Primer sequences are provided in Table S2.

2.5. Determination of Ergosterol Content

A 100-pL spore suspension containing 1 x 10° spores/mL of either the WT, knockout
mutants or complementary strains was incubated in 100 mL of CY liquid medium at
200 rpm for 3 days at 25 °C. Fresh mycelia were then collected, filtered through sterile
gauze, and then washed with sterilized water three times. Approximately 200 mg of dried
mycelia from each strain were treated with 3 mL of 25% alcoholic potassium hydroxide
and incubated at 85 °C for 1 h. Then, 1 mL of distilled water and 3 mL of pentane were
added to the mixture and vortexed for 3 min, and then kept for 10 min. The top layer
was transferred to a clear tube and evaporated at room temperature in a fume hood until
dry. Before analysis, all samples were dissolved in 1 mL of methanol and then filtered
through a 0.22 um filter membrane. Ergosterol concentrations were quantified using a
high-performance liquid chromatography (HPLC) system (Waters, Milford, MA, USA) and
detected at 282 nm [14].

2.6. Colony Diameter and Colony Morphology

A 2 uL spore suspension containing 1 x 10° spores/mL of either the WT, knockout
mutants or complementary strains was cultured on PDA medium for 7 days at 25 °C.
Colony diameters were measured by the crossover method, and the colony morphology
was recorded by photography [15].

2.7. Conidiophore Development and Spore Morphology

A 50 uL spore suspension containing 1 x 10° spores/mL of either the WT, knockout
mutants or complementary strains was spread evenly on PDA plates and then a sterilized
coverslip was inserted into the plates at an angle of approximately 45 degrees. Hyphae
were allowed to grow along the junction of the coverslip and the medium to adhere to the
coverslip. After incubation at 25 °C for 1.5 days, the conidiophore structure was observed
under a microscope (Olympus Corporation, Tokyo, Japan) [16].

A 2 uL spore suspension containing 1 x 10° spores/mL of either the WT, knockout
mutants or complementary strains was cultured on a PDA medium at 25 °C for 5 days, and
then the spores were collected with sterile water and filtered through four layers of gauze
to obtain a spore suspension. The spore suspension was centrifuged at 8000 rpm for 10 min,
and then the supernatant was discarded. The spores were fixed in glutaraldehyde solution
for 24 h, and then washed three times with PBS buffer. The spores were then dehydrated
successively with different concentration gradients of aqueous ethanol (50%, 70%, 80% and
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100%) for 15-20 min with each one. The samples were lightly adhered to a conductive
adhesive, and then dried in a vacuum. After spraying with gold, the spore morphology
was observed using a scanning electron microscope (JSM-5600LV, Tokyo, Japan) [17].

2.8. Determination of Sporulation and Spore Germination Rate

A 2 uL spore suspension containing 1 x 10° spores/mL of either the WT, knockout
mutants or complementary strains was inoculated onto PDA plates and incubated at 25 °C
for 7 days. Spores were obtained by adding 10 mL of sterile water to each plate. Sporulation
was counted using a hemocytometer r [18].

A 10 uL spore suspension containing 1 x 10° spores/mL of either the WT, knockout
mutants or complementary strains was inoculated onto PDA plates and incubated at 25 °C
for 8 h. The spore germination rate of each strain was observed under a microscope
(Olympus Corporation, Tokyo, Japan) [19].

2.9. Exogenous Stress Susceptibility Test

A 20 uL spore suspension containing 1 x 10° spores/mL of either the WT, knockout
mutants or complementary strains was grown on the PDA plates supplemented with 1 M
NacCl, 25 mg/mL Congo red (CR) or 2 mM H;0O,. After incubation at 25 °C for 7 days,
colony diameters were measured by the crossover method [20].

2.10. Pathogenicity Test

Apple fruits were soaked in a 1% sodium hypochlorite solution for 3 min and then
dried at room temperature. After surface sterilization with alcohol, three wounds (1 mm
in width, 2 mm in depth) were made on the equator of each apple fruit with a sterile
nail. Subsequently, a 10 uL spore suspension containing 1 x 10° spores/mL of either the
WT, knockout mutants or complementary strains was then inoculated into each wound.
The inoculated fruits were placed in polyethylene bags and then stored at room temperature
(22 £ 2 °C, RH 80-90%). After 7 days, the lesion diameter of the fruit was measured, and
the lesion area was calculated according to the lesion diameter. Three replicates of each
cultivar were performed, with six fruits inoculated per replicate [21].

2.11. Statistical Analysis

All the experiments were repeated at least three times. Excel 2020 was used to calculate
means and standard errors for all data. OriginPro 2023 software (Northampton, MA, USA)
was used for graphing. SPSS 26.0 software (SPSS, Inc., Chicago, IL, USA) was used to
analyze the difference significance (p < 0.05).

3. Results
3.1. Sequence Alignment and Phylogenetic Analysis of Erg4A, Evg4B and Erg4C

The sequence alignment results showed that the amino acid sequence identity be-
tween Erg4A and Erg4B, Erg4A and Erg4C, and Erg4B and Erg4C was 21.9%, 61.7% and
19.9%, respectively (Figure 1A). The higher sequence identity of Erg4A and Erg4C proteins
indicated that these two proteins may have similar biological functions in P. expansum.

The phylogenetic tree results showed that Erg4A, Erg4B and Erg4C proteins in
P. expansum were separated into two branches. Among them, the Erg4A and Erg4C proteins
were closely clustered, while the Erg4B protein and the Erg4 protein in P. italicum were
located on the same branch, with the sequence identity of 97.4% (Figure 1B). These results
showed that the Erg4A protein was closely related to the Erg4C protein, while the Erg4B
protein was closely related to the Erg4 protein in P. italicum. In addition, the members of
the erg4 gene family were identified as 7 and 10 motifs, respectively. Among them, the
Erg4A and Erg4C proteins contained 10 identical motifs, and the positional distribution of
these motifs was uniform. The Erg4B protein contained 7 motifs (Figure 1C). These results
indicated that Erg4A and Erg4C proteins may have similar functions in P. expansum due to
their similar structure.
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Figure 1. Bioinformatic analysis of Erg4A, Erg4B and Erg4C. (A) Alignment of amino acid sequences
of Erg4A, ErgdB and Erg4C from selected fungi, including A. niger, A. flavus, P. digitatum, P. expansum,
P. roqueforti, P. italicum. (B) The phylogenetic tree (neighbor-joining tree) was created using MEGA
7 software.(C) The conserved motif prediction of Erg4A, Erg4B and ErgdC by MEME program.

3.2. Transcript Levels of erg4A, erg4B and erg4C in WT and Mutants

In the WT strain, the expression levels of erg4A, erg4B and erg4C were significantly
different, with the expression level of erg4B being the highest, followed by erg4C, and the
lowest expression level was found in erg4A deletion strain. Compared to the expression of
erg4A in the WT strain, the expression levels of erg4B and erg4C were 57.9-fold and 13.1-fold
higher, respectively (Figure 2A). In the Aerg4A mutant strain, the expression level of erg4C
was 15.1-fold higher than that of erg4B (Figure 2B). In the Aerg4B mutant strain, the expression
levels of erg4A and erg4C were upregulated by 35.7% and 31.7%, respectively, compared to
the WT. There was no significant difference between the expression levels of erg4A and erg4C
in the Aerg4B mutant strain (Figure 2C). In the Aerg4C mutant strain, the expression level of
erg4A was higher than that of erg4B, which increased by 49.5-fold (Figure 2D). These results
indicate that erg4A, erg4B and erg4C had functional redundancy in P. expansum.

3.3. Effect of erg4A, erg4B and erg4C Deletion on Ergosterol Production

Compared with the WT strain, the ergosterol production in Aerg4A, Aerg4B and Aerg4C
was reduced by 40.6%, 48% and 27.9%, respectively, on day 7 of incubation, (Figure 3).
The results indicated that the deletion of erg4A, erg4B or erg4C inhibited the ergosterol
synthesis in P. expansum, with the erg4B knock-out having the most pronounced effect
among them.
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Figure 2. Transcript levels of erg4A, erg4B and erg4C in WT (A), and Aerg4A (B), Aerg4B (C) and
Aerg4C (D) mutants, respectively. Bars are the standard errors of the means. Different letters in the
columns indicate significant differences (p < 0.05).
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Figure 3. Ergosterol content of WT, erg4 mutants and complementary strains cultured in CY liquid
medium for 3 days. Bars are the standard errors of the means. Different letters in the columns indicate
significant differences (p < 0.05).

3.4. Effect of erg4A, erg4B and erg4C Deletion on Colony Morphology and Diameter

The colony morphology and colony diameter of Aerg4A, Aerg4B and Aerg4C strains
were not significantly different from the WT strain. The spores of the WT strain were
green, whereas the color of spores of the Aerg4A, Aerg4B and Aerg4C strains were lighter in
color. The Aerg4A-C, Aerg4dB-C and Aerg4C-C strains were similar in color to the WT strain
(Figure 4A,B). These results indicated that the deletion of erg4A, erg4B or erg4C resulted in
a lighter spore color of P. expansum but had no apparent effect on colony morphology and
colony diameter.
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Figure 4. Colony morphology (A) and diameter (B) of WT, erg4 mutants and complementary strains
grown on PDA medium for 7 days. Bars are the standard errors of the means. ns indicates no
significant difference (p < 0.05).

3.5. Effect of erg4A, erg4B and erg4C Deletion on Sporulation and Spore Germination Rate

Compared with the WT strain, the sporulation of Aerg4A, Aerg4B and Aerg4C mutant
strains was reduced by 40%, 44.7% and 47.1%, respectively, on day 7 of incubation. Sporu-
lation of the Aerg4A-C and Aerg4B-C strains were recovered to some extent, but it was still
lower than that of the WT strain. Sporulation was almost recovered in the Aerg4C-C strain
(Figure 5A). The spore germination rates of the Aerg4A, Aerg4B and Aerg4C mutants and the
corresponding complementary strains were not significantly different from the WT strain
(Figure 5B). These results indicated that the deletion of erg4A, erg4B and erg4C significantly
inhibited the sporulation of P. expansum but had no significant effect on spore germination.
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Figure 5. Sporulation (A) and spore germination rate (B) of WT, erg4 mutants and complementary strains
on PDA medium for 7 d and 8 h, respectively. Bars are the standard errors of the means. Different letters
in the columns indicate significant differences (p < 0.05). ns indicates no significant difference.

3.6. Effect of erg4A, erg4B and erg4C Deletion on Conidiophore Development and Spore
Morphology

The apical part of the sporangiophore of the WT strain expanded continuously and
branched several times, producing several rounds of symmetrical or asymmetrical pedicels
that produced clusters of greenish conidia at the tip. Compared with the WT strain, the
sporulation structure of Aerg4A, Aerg4B and Aerg4C strains was not significantly different,
and the hyphae were able to form normal conidial heads and produce a large number of
conidia (Figure 6A). The conidia of the WT strain were clustered, spherical or flattened.
There was no significant difference between the conidia of Aerg4A and the WT strains.
However, the conidia of the Aerg4B mutant showed obvious shrinkage, desiccation and
water loss on the surface compared to the WT strain. A few of the Aerg4C mutant conidia
showed wrinkling compared to the WT strain (Figure 6B). These results indicate that among
the three genes, the erg4B gene contributes most to the maintenance of the surface structure
of P. expansum, followed by erg4C.
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Figure 6. Conidiophore (A) and spore morphology (B) of WT, erg4 mutants and complementary
strains on the PDA medium for 1.5 days and 5 days, respectively. Red arrow indicates spore
morphological shrinkage.

3.7. Effect of erg4A, erg4B and erg4C Deletion on Osmotic Stress, Cell Wall Integrity and
Oxidative Stress
NaClis an exogenous osmotic pressure reagent, CR is an inhibitor of cell wall synthesis,

and H,O; is an oxidative stress pressure reagent. On the NaCl medium, there was no
significant difference showed between the WT and the three knockout strains (Figure 7A).
On the medium containing CR, the colony diameter of the Aerg4A strain was not different
from that of the WT strain, whereas the colony diameters of the Aerg4B and Aerg4C strains
were smaller than that of the WT strain (Figure 7B). On the medium containing H,O,, no
significant difference in colony diameter was found between the WT and Aerg4A mutant,
while the deletion of erg4B and erg4C reduced the colony diameter of P. expansum (Figure 7C).
These results suggest that both erg4B and erg4C are involved in the responses of P. expansum
to cell wall integrity and oxidative stress.
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Figure 7. Colony morphology (A) and colony diameter (B) of WT, erg4 mutants and complementary
strains after 7 days of stress treatments. Bars are the standard errors of the means. ns indicates no
significant difference. Different letters in the columns indicate significant differences (p < 0.05).

3.8. Effect of erg4A, erg4B and erg4C Deletion on Pathogenicity on Apple Fruit

Compared to the WT strain, the deletion of erg4B and erg4C slightly reduced the lesion
area of Golden Delicious and Fuji fruit, but there was no significant difference between
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them (Figure 8). These results indicated that the deletion of erg4A, erg4B or erg4C had no
significant effect on the pathogenicity of P. expansum on the apple fruits.
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Figure 8. Disease symptoms (A) and lesion area (B) of WT, erg4 mutants and complementary strains
on two apple cultivars inoculated for 7 days. Bars are the standard errors of the means. ns indicates
no significant difference.

4. Discussion

In this study, a higher amino acid sequence identity was found between Erg4A and
Erg4C proteins (Figure 1A). Erg4A and Erg4C proteins contained the same number of motifs
(Figure 1C), indicating that Erg4A protein is closely related to ErgdC protein. Therefore, we
suggest that they may play similar roles in regulating ergosterol biosynthesis in P. expansum.
Deletion of erg4A induced erg4C expression, deletion of erg4B induced erg4A and erg4C
expression, and deletion of erg4C induced erg4A expression (Figure 2). These results
suggest that a single erg4 deletion is compensated for by other erg4 genes, which is similar
to the results in A. fumigatus [9]. Therefore, we propose that erg4A, erg4B and erg4C have
redundant roles in ergosterol biosynthesis in P. expansum.

The biosynthesis of ergosterol is catalyzed by a series of enzymes encoded by the
erg gene family, using acetyl-CoA as substrate, which is a highly conserved process in
fungi. [22]. In the present study, the deletion of erg4A, erg4B or erg4C reduced ergosterol
production in P. expansum. Among the three er¢g4 genes, erg4B was more important for ergos-
terol biosynthesis in P. expansum. The result was similar to that of F. graminearum [8]. Since
erg4A, erg4B and erg4C are key genes involved in the final step of ergosterol synthesis [23],
deletion of all three genes could inhibit ergosterol synthesis. The expression of erg4B in
the WT strain was higher than that in the Aerg4A, Aerg4B and Aerg4C strains (Figure 2A),
suggesting that erg4B plays a major function in the erg4 gene family in P. expansum. There-
fore, we propose that erg4A, erg4B and erg4C are all involved in ergosterol synthesis in P.
expansum, and that these three genes independently regulate ergosterol synthesis, of which
erg4B has the most obvious effect.

Conidia are the main mode of asexual reproduction in filamentous fungi, and their
production is tightly regulated in cells [24]. In A. nidulans, the BrlA, AbaA, and WetA genes
regulate the central pathway of conidiation [25]. The BrIA gene modulates the transcrip-
tional regulation of genes involved in early sporulation development; AbaA activated by
BrlA is required for the differentiation process in the middle stage of sporulation, and WetA
activated by AbaA is essential for spore formation and maturation [26]. It has been shown
that the G protein signaling pathway plays an important role in the regulation of sporula-
tion and hyphal growth of A. fumigatus. Deletion of the Gf3-like protein gene CpcB resulted
in delayed hyphal growth and reduced sporulation of A. fumigatus [27]. In this study,
deletions of erg4A, erg4B and erg4C reduced sporulation of P. expansum (Figure 5A), which
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is consistent with the results of [8], who found that the erg4 deletion mutant formed smaller
and shorter conidia with less septation and showed a reduced conidiation. In addition, we
also found that the sporulation of Aerg4A-C and Aerg4B-C strains was lower than that of the
WT (Figure 5A). We constructed the complementary strains by transferring the target gene,
together with its own promoter and terminator, into the corresponding mutant strains by
Agrobacterium-mediated transformation. In this case, the target gene was integrated into the
genome of the mutant strain as a random insertion. We speculate that the gene inserted by
the target gene fragment may be one that has some effect on the sporulation of P. expansum,
resulting in the sporulation of the complementary strains not fully reverting to the WT level.
Previous studies have reported that the double deletion of erg4A and erg4B completely
blocked the ergosterol synthesis in A. fumigatus and caused severe sporulation defects,
while the complementary strain completely rescued the defects, indicating that ergosterol
is required for the conidiation for A. fumigatus [9]. Furthermore, transcriptome analysis
between the WT and erg knockout strains of A. fumigatus showed that defects in ergosterol
synthesis significantly downregulated central regulatory networks (BrlA, AbaA and WetA),
the genes encoding heterotrimeric G-related proteins (GpaB, RicA, GpgA, RgsA) and the
MAPK (MpkC, SakA) signaling pathway [28]. However, how erg4 regulates the expression
of genes involved in these signaling pathways has not been reported yet. Based on this
information, we hypothesize that erg4A, erg4B and erg4C deletion reduces the sporulation
of P. expansum by decreasing ergosterol levels and down-regulating the central regulatory
network as well as the heterotrimer G-related protein and MAPK signaling pathways,
whereas the details of the regulatory mechanism remain to be elucidated.

The cell wall is the first barrier of filamentous fungi to resist external stresses, and
it plays an important role in maintaining cell morphology [29]. CR is an inhibitor of cell
wall synthesis that binds mainly to chitin and -1, 4-glucan in the cell wall [30]. In this
study, Aerg4B and Aerg4C colony growth was inhibited under CR stress (Figure 7B), which
is consistent with the results in A. fumigatus [9]. In S. cerevisiae, erg deletion inhibited
ergosterol synthesis and reduced ergosterol content, leading to increased chitin synthesis
and abnormal cell wall distribution [31]. Reduced septations in conidia and mycelia were
found in F. graminearum erg4 knockout mutants, suggesting that erg4 affects cell wall
formation [8]. In S. cerevisiae, erg4 has been shown to be involved in cell wall assembly [32].
Additionally, erg4A may also be involved in the cell wall synthesis process in A. fumigatus,
as the Aerg4A mutant shows significant sensitivity to CR, indicating that erg4 plays an
important role in fungal cell wall integrity [9]. Disruption of ergosterol synthesis could
also disrupt cell wall structure [33]. Therefore, we speculate that erg4B and erg4C could
disrupt the cell wall integrity in P. expansum by inhibiting ergosterol synthesis. Furthermore,
Aerg4B and Aerg4C strains were sensitive to HyO; stress (Figure 7C), which is similar to
the results of Liu et al. [8] and Long et al. [9]. They found that the deletion of erg4 in
F. graminearum and the deletion of erg4A in A. fumigatus increased the sensitivity of the
fungi to HyO, stress [8,9]. Deletion of erg4B and erg4C reduced the levels of ergosterol,
which is an important component of the fungal cell membrane. Therefore, we hypothesized
that the deletion of erg4B and erg4C would reduce ergosterol levels in P. expansum, leading
to an increased sensitivity of cell membranes to HyO, stress.

Deletion of erg4A, erg4B or erg4C did not attenuate the pathogenicity of P. expansum on
apple fruit (Figure 8), which is similar to the finding that the deletion of erg4A or/and erg4B
did not affect the virulence of A. fumigatus to mice [9]. However, in contrast, the deletion of
erg4 in F. graminearum reduced the pathogenicity of the fungus in wheat and tomato fruits,
as only one erg4 gene is present in F. graminearum [8]. In contrast, A. fumigatus had two erg4
genes (erg4A and erg4B) with functional redundancy [9]. Therefore, we considered that
the deletion of erg4A, erg4B or erg4C did not affect the pathogenicity of P. expansum, which
was related to the functional redundancy of the family genes. Whether the double or triple
knockout of erg4A, erg4B and /or erg4C affects the pathogenicity of P. expansum requires
further verification.
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A global transcriptome analysis is of great importance to elucidate the function of
erg4A, erg4B and erg4C in P. expansum. In addition, we will construct double knockout
mutants to further elucidate the mechanism of action of these three P. expansum genes in
regulating ergosterol biosynthesis in our future study.

5. Conclusions

Deletion of erg4A, erg4B or erg4C inhibited the ergosterol levels in P. expansum, whereas
the erg4B gene had a greater effect on ergosterol biosynthesis. Deletion of erg4A, erg4B or
erg4C also reduced the sporulation of P. expansum. Furthermore, erg4B and erg4C were
involved in the spore morphology, cell wall integrity and oxidative stress response of
P. expansum. However, deletion of erg4A, erg4B or erg4C had no significant effect on colony
growth, osmotic stress of P. expansum or pathogenicity on apple fruit.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/jof9050568 /51, Figure S1: Homologous recombination strategy;
Figure S2: PCR results of gene knockout mutants of erg4s in P. expansum; Table S1: The primers
used for the construction and identification of gene deletion mutants and complementation strains;
Table S2: Primers sequences used for RT-qPCR.
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Abstract: Penicillium expansum is a main producer of patulin that causes severe postharvest decay
and food safety issues in the fruit industry. Development, pathogenicity, and patulin production
of P. expansum are strongly influenced by the PacC-pH signaling pathway. Global transcription
factor PacC regulates various fungal biological processes through a complicated molecular network.
In the present study, three Ena family genes (PeEnas), PeEnaA, PeEnaB, and PeEnaC, as important
downstream targets of PePacC, were identified in P. expansum. Deletion of PeEnaA, PeEnaB, and
PeEnaC showed little effect on mycelial growth under alkaline or high salinity conditions, but double
and triple deletion of these genes impaired the virulence of P. expansum on apple fruit. Notably,
patulin biosynthesis of P. expansum was distinctly inhibited in the deletion mutants of PeEnas. PeEnas
regulated expressions of the patulin gene cluster, AP1, CreA, Sgel, and Hog1 at the transcriptional
level and played roles in maintaining membrane potential. Overexpression of PeEnaC in APePacC
restored the patulin production defect of APePacC. Our results indicated that, as downstream targets
of PePacC, the PeEna family proteins play a crucial role in patulin biosynthesis in P. expansum.

Keywords: Ena family; fruit; mycotoxin; Penicillium expansum; blue mold

1. Introduction

Penicillium expansum, a saprophytic phytopathogen, infects numerous fruit and veg-
etable hosts and causes severe blue mold rot. It also contaminates hosts with mycotoxin
patulin, which causes food safety issues [1]. Understanding the regulatory mechanisms
of pathogenicity and patulin biosynthesis will lay the foundation for the management of
blue mold [2].

As one of the most important environmental factors, ambient pH significantly affects
pathogen development and pathogenicity [3]. P. expansum can survive over a broad range
of pH, with pH 4.0-5.0 being a conducive condition for spore germination and mycelial
growth [4]. To sense and respond to ambient pH, fungi evolve a fungal-specific Rim /Pal
signaling pathway to modulate gene expression through the activation of a key transcrip-
tion factor PacC [5]. In Aspergillus nidulans, PacC was initially identified in three forms:
PacC”?, PacC®3, and PacC? [6]. Among them, PacC? is considered the active form and is
produced by the two proteolytic cleavages of the entire length form, PacC”2. It contains
three Cys,His, zinc finger structures, and the core binding motif is 5'-GCCARG-3’ [7].
PacC regulates a variety of biological processes as a global transcription factor in fungi [8].
In P. expansum, PePacC was required for virulence, patulin production, conidiation, and
vegetative growth [9]. PacC activates multiple alkaline-expressed genes and represses acid-
expressed genes involved in transport, secondary metabolism, and cell wall degradation
under neutral to alkaline conditions in P. expansum [9-11].
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Ambient pH directly affects the charge of inorganic or organic acid ions. To main-
tain optimal cation homeostasis, cells employ diverse ion transporters. Upregulation of
transporters may restore cation homeostasis in fungi at varying pH conditions [12-14].
The fungal cation pump is a large superfamily of plasma membrane P-type ATPases
divided into five families (Types I-V) [15,16]. The Ena family proteins (Enas), correspond-
ing to typical P-type ATPases of Group IID, couple ATP hydrolysis to transport cations
against electrochemical gradients. The Ena ATPases have been recognized to be present in
bryophytes, protozoa, and fungi but not in flowering plants [17,18]. Enal/2 was originally
named in Saccharomyces cerevisiae for Latin exitus natru (sodium exit) and was shown
to mediate cellular tolerability to Na*, Li*, and alkaline pH [19]. In S. cerevisiae, Enal
plays the dominant role in Na* export [18]. In A. nidulans, three Ena orthologues (EnaA,
EnaB, and EnaC) were identified, of which EnaA and EnaB were necessary in response
to ions and alkaline pH, and EnaC was a putative pseudogene [20]. Enas were regulated
by PacC/Rim101 pathway, Crzl pathway, nutrient availability, and HOG pathway at
transcriptional or post-transcriptional levels to adapt to high pH and salt stress [13,17,20].
PacC/Rim101 pathway was significantly involved in regulating the gene expression of
Enas in response to alkaline pH stress in S. cerevisiae and A. nidulans [21].

Moreover, Enas significantly influenced the virulence of some fungal pathogens. The
absence of Enal decreased virulence in pathogenic fungi, including mammalian pathogens
Cryptococcus neoformans [22], insect pathogens Beauveria bassiana [23], and Metarhizium
acridum [14]. However, functional studies of Enas in phytopathogens have rarely been re-
ported. The aim of the present study is to investigate the functions of Enas in development,
pathogenicity, and mycotoxin production in P. expansum. Regulation of transcriptional
factor PePacC on Enas genes was also explored. Three orthologues (EnaA, EnaB, and EnaC)
of the PeEna family (PeEnas) were identified in P. expansum. PeEnas were found in response
to ambient pH and were directly regulated by the PePacC. PeEnas were involved in mycelial
growth under alkaline or high salinity conditions and virulence on apple fruit. Particularly,
the crucial role of PeEnas in patulin biosynthesis was revealed for the first time.

2. Materials and Methods
2.1. Fungal Strains and Culture Conditions

P. expansum T01 strain isolated from infected apple fruit was taken as wild-type (WT)
throughout this study [24]. APePacC was constructed in our previous study [9]. The strains
were cultured on potato dextrose agar (PDA) medium under dark conditions for 7-10 d at
25 °C. The conidia were collected and counted using the automated cell counter (Countstar
IY1200, Shanghai, China).

2.2. Phylogenetic Relationships and Conserved Domain Analysis

The amino acid sequences of EnaA (CBF71175), EnaB (CBF85251), and EnaC (CBF79858)
in A. nidulans were used as bait for PeEnaA (PEG01338), PeEnaB (PEG09496), PeEnaC
(PEG10401) in P. expansum. The initial protein sequences of Ena homologous from other
fungi were obtained from the NCBI database (http://www.ncbi.nlm.nih.gov/ (accessed
on 12 August 2021)) by BLASTP. Representation of domain organization and extension of
PeEnaA, PeEnaB, and PeEnaC were based on Pfam databases (http:/ /pfam-legacy.xfam.
org/ (accessed on 12 August 2021)). Multiple protein sequences mentioned above were
aligned using Clustal W. With MEGA 7, a Neighbor-Joining (NJ) tree was constructed, and
1000 bootstrap replicates were performed.

2.3. Mutant Generation and Complementation

P. expansum transformation was performed by Agrobacterium tumefaciens-mediated
transformation method (ATMT) [24]. The hygromycin phosphotransferase gene hph was ap-
plied as a resistance marker for single gene deletion, the neomycin resistance gene neo was
used to construct double gene deletion and complementary strains, and the nourseothricin
resistance gene nat was used to construct triple gene deletion strains. Homologous se-
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quences on both sides of the target gene (5 flanking and 3’ flanking) were amplified from
DNA in the genome and inserted into multiple cloning sites of the modified pCAMBIA1300
vector with HPH, NEO, or NAT, respectively. The primers used for gene replacement and
mutant identification are listed in Table S1. Positive transformants of PeEnaA, PeEnaB, and
PeEnaC were screened by PCR assay and further confirmed by Southern blotting assay for
single gene deletion strains (Figure S1). Full-length PeEnaA, PeEnaB, and PeEnaC fragments
were transformed into deletion mutant strains with pCAMBIA1300-NEO in constructing
complement strains.

2.4. Chromatin Immunoprecipitation Assay

To test whether PacC directly controls Enas expression, chromatin immunoprecipita-
tion (ChIP) was performed using an antibody to PacC-GFP [25,26]. Mycelia from WT-GFP
and APePacC::PePacC-GFP mutant strains were collected and immersed in 1% formalde-
hyde for 10 min under a vacuum. Genomic DNA and protein cross-linking were performed
in nuclear extraction buffer. A final concentration of 0.125 M glycine was added to the
reaction system for 5 min to stop the cross-linking reaction. The fixed material was col-
lected for nuclei extraction, as described by Wang et al. (2021) [27]. Enriched nuclei were
sonicated by fragmenting the nuclear membrane and cutting gDNA to an average size
of 500-1000 bp. A portion of the supernatant was set aside and reversed, cross-linked as
input DNA. The remaining fraction was used as immunoprecipitation (IP) by incubating
the anti-GFP antibody (ab290, dilution 1:500) with pre-blocked Dynabeads™ Protein G
(Invitrogen; 10003D) overnight at 4 °C, followed by incubating chromatin samples with the
antibody for 4 h, and subsequently with low salt buffer, high salt buffer, lithium chloride
buffer, and TE buffer to wash the magnetic beads. IP complexes were then eluted from
the magnetic beads with freshly prepared elution buffer and reversed cross-linking. The
samples were then separated from the magnetic beads by elution and reverse cross-linking.
IP DNA was extracted by the TIAN Quick Midi Purification Kit (Tiangen; DP204). The
PacC binding sites (5'-GCCARG-3' containing elements) in the promoters of the Ena genes
were analyzed with SnapGene Viewer version 6.0.2 (http:/ /www.snapgene.com (accessed
on 29 November 2021)). Regions A and B of each gene were selected as representative
regions for chromatin immunoprecipitation with qPCR (ChIP-qgPCR). Specific primers were
designed to amplify promoter regions surrounding 5'-GCCARG-3' containing elements
of immunoprecipitated DNA. The relative enrichment of each gene was calculated with
quantitative PCR determination and normalization of IP samples to input [27].

2.5. Phenotypic Analysis

Phenotypic analysis was based on Chen et al. (2018) and Xu et al. (2023) methods
with minor modifications [9,25]. All strains were cultured on a minimal medium (MM)
and adjusted to different pH values (pH 5, pH 8) using citrate—phosphate buffer (Table S2).
The colony diameters of the strains were measured by the crossover method using Vernier
calipers, and the colony morphology was recorded by photographs. The virulence assay
was performed on apple fruit (Malus domestica cv. Fuji). Four wounds (2 mm in diameter
and 5 mm in depth) were placed uniformly on the equator of each apple fruit. 5 uL of
conidial suspension (2 x 10° conidia mL~!) was transferred to each wound. Inoculated
fruit were kept at a constant temperature of 25 °C in high humidity. Lesion diameters were
measured every 2 d. To determine patulin production, 1 uL of conidial suspension (10°
conidia mL 1) of the described strain was inoculated onto a PDA medium pre-covered with
cellophane sheets (square with 1 cm sides). After 24 h of incubation, the cellophane sheets
with mycelia were transferred and floated on 1 mL Czapek yeast extract (CY) medium
buffered at pH 3, pH 5, and pH 8 with citrate-phosphate buffer (Table S2) for 36 h on a
24-well cell culture plate at 25 °C. Mycelia were collected for RNA extraction, and filtrates
were collected for patulin determination using HPLC. HPLC detection was performed
according to Li et al. [2]. The mobile phase consisted of acetonitrile and water, with a flow
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rate of 1 mL min~! (10:90, v/v), in isocratic elution mode, and the detection wavelength
was 276 nm.

2.6. Reverse Transcription and Quantitative PCR Analysis

Total RNA was extracted from aspirated mycelia using TRNzol universal reagent (Tian-
gen; DP424). The quality of RNA was assessed by utilizing 1% agarose gel electrophoresis
and staining with StarStain Red Plus Nucleic Acid Dye (GenStar, China, E110-01). More-
over, the OD260/0D280 ratio of extracted RNA was quantified between 1.8 and 2.0 using a
NanoDrop N-1000 spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA).
Reverse transcription and quantitative PCR (RT-qPCR) were carried out as previously
described [24]. The data obtained were evaluated by the AACt method, using the 3-tubulin
gene as an internal reference. A summary of qPCR primers is provided in Table S3. A
heatmap showing expression changes was generated by TBtools-II (Toolbox for Biologists)
v1.120 (https:/ / github.com/CJ-Chen/TBtools (accessed on 2 July 2022)).

2.7. Membrane Potential Assay

To analyze the fungal membrane potential, protoplasts were first prepared. The
conidial suspension of the indicated strains in CY (15 mL, 5 x 107 conidia mL~!) was
shaken for 20 h at 25 °C and the germinating mycelia were incubated in enzymatic digestion
buffer (0.8 M MgSQy, 1 % w/v Lysing Enzymes from Trichoderma (L1412, Sigma), 0.1 %
w/v Snailase (58280, Solarbio, Beijing, China)) for 2 h with gentle shaking (100 rpm) in
dark. Protoplasts were collected by centrifugation for 5 min (1500 g) and then shifted
to pH 5 or pH 8 conditions and continually shaken (100 rpm) for another 1 h. 2 mM
bis (1,3-dibutylbarbituric acid) trimethine oxonol (DiBAC4(3), Invitrogen, Carlsbad, CA,
USA) was added to the sample and incubated for 10 min at 4 °C in the dark. Fluorescence
was examined using a confocal laser scanning microscope with 488 nm excitation and
509 nm emission using a confocal Zeiss 980 laser scanning microscope with Elyra7 (Zeiss,
Oberkochen, Germany) [28,29]. Images and fluorescence measurements of the confocal data
were captured with ZEISS ZEN 3.2 (blue edition) software (Zeiss, Oberkochen, Germany)
under the same parameters.

2.8. Subcellular Localization of EnaC

Subcellular localization of PeEnaC proteins was observed as previously described [2],
and FM4-64 (Thermo Fisher Scientific, Waltham, MA, USA) was used to stain the plasma
membrane. Briefly, 5 x 107 conidia mL~! were incubated in CY medium for 15 h. Pre-
chilled FM4-64 (1 mg mL~! master mix, 1:40 dilution) was added to the 50 uL sys-
tem, and samples were incubated on ice for 15-20 min, followed by confocal imaging.
488 nm /540 nm and 516 nm/640 nm excitation/emission wavelengths were used to detect
the fluorescence of GFP and FM4-64, respectively.

2.9. Statistical Analysis

The software SPSS version 20.0 (SPSS Inc., Chicago, IL, USA) was used. Differences
among multiple groups of means were analyzed by one-way ANOVA followed by Duncan’s
multiple range test. The significance was considered when p < 0.05. For comparisons in
gene expression of PeEnaA, PeEnaB, and PeEnaC between pH 3 and 8, and DNA fragments
enrichment, a Student’s f-test was used.

3. Results
3.1. Sequence Features of Ena ATPases in P. expansum

A phylogenetic evolutionary tree was constructed to analyze the Ena homologs of
six species, including P. expansum, A. nidulans, B. bassiana, M. acridum, Colletotrichum
gloeosporioides, and S. cerevisiae. Conserved domains of Ena homologs were further analyzed
to denote their roles as P-type ATPases.
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The PeEna family has four conserved structural domains, namely the Cation_ATPase_N do-
main (I) (pfam00690), the E1-E2_ATPase domain (II) (pfam00122), the haloacid dehalogenase-like
hydrolase domain (III) (pfam00702), and the Cation_ATPase_C domain (IV) (pfam00689)
(Figure 1A). As shown in Figure 1B, the evolutionary tree constructed based on PeEna pro-
tein and its homologs was divided into four groups, with the PeEnas in P. expansum being
most closely related to orthologous proteins in A. nidulans (Figure 1B). PeEna homologous
proteins were predicted to have ten transmembrane regions and be localized in the plasma
membrane using the TOPCONS web server (Figure S2).
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Figure 1. Functional conserved domain and phylogenetic tree analysis of Ena family proteins.
(A). Functional conserved domain analysis of Ena family via Pfam database. The cation-ATPase-N
(pfam00690) domain is marked in red, the E1-E2_ATPase (pfam00122) domain is marked in green,
the halo acid dehalogenase-like hydrolase (HAD) (COG4087. pfam00702) domain is marked in blue,
and Cation_ATPase_C (pfam00689) domain is marked in yellow. (B). Neighbor-Joining phylogenetic
analysis of Ena family proteins in P. expansum and five other fungal species. MEGA 7 was used to
construct the phylogenetic tree. Bootstrap values (1000 replicates) are shown for each branch. Enas of
P. expansum are indicated in bright green.

3.2. PePacC Directly Binds to the Promoter Regions of PeEnas and Activates Transcription

As shown in Figure 2A, the expression of three PeEnas was up-regulated at pH 8.
The relative expression levels of PeEnaA, PeEnaB, and PeEnaC were extensively increased
by 7285-, 51-, and 41-fold in WT at pH 8 compared to pH 3. The deletion of PePacC
markedly suppressed the expression of these genes at pH 8. Sequence analysis of 1000
bp up-stream promoter regions of PeEna sequences revealed the presence of 6, 5, and 2
PacC binding motif (5'-GCCARG-3' Box) in PeEnaA, PeEnaB, and PeEnaC promoter regions,
respectively (Figure 2B), suggesting that the expression of PeEnaA, PeEnaB, and PeEnaC
may be regulated by PePacC. To further confirm this hypothesis, we performed ChIP-
qPCR analysis to detect whether the 5'-GCCARG-3’ motif was enriched in the promoter
region. The degree of PacC binding to promoters was expressed as the percentage of DNA
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fragments that coimmunoprecipitated with anti-GFP antibodies relative to the input DNAs.

The results showed that promoter regions of PeEnaA, PeEnaB, and PeEnaC were significantly
enriched by the anti-GFP antibody in the APePacC::PacC-GFP strain (Figure 2C). Together, it
was suggested that PePacC could bind to the promoter region and transcriptionally activate
PeEnaA, PeEnaB, and PeEnaC.
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Figure 2. PePacC binds to the PeEna genes’ promoter and activates their transcription. (A). RT-qPCR
analysis of the expression patterns of the PeEnas in WT and APePacC at pH 3 and pH 8. Error bars
represent the standard deviation of three replicates. Asterisks (**) indicate significant differences

according to Student’s t-test (p < 0.01). (B). Analysis of the promoter regions of PacC target genes.

Boxes represent elements of PacC binding motif 5'-GCCARG-3/, and numbers indicate the position
of these motifs relative to the translation start site. Red lines with capital letters represent regions
used for ChIP-qPCR. (C). ChIP-qPCR detection of the percentage of DNA fragments enriched by
anti-GFP antibody in specific regions of PeEnaA, PeEnaB, and PeEnaC relative to input DNAs. Error
bars represent standard deviation of three replicates. Asterisks (**) indicate significant differences
according to Student’s t-test (p < 0.01).

3.3. PeEnas Are Involved in the Growth and Virulence of P. expansum

Mycelial growth among single-deletion, double-deletion, and triple-deletion strains of
PeEnaA, PeEnaB, PeEnaC, WT, and APePacC strains on MM at pH 5 and pH 8 were compared
(Figure 3). The colony diameter of APeEnaABC was reduced by about 14.3% compared to
that of the WT strain when incubated at pH 8 with 1.5 M NaCl for 4 d. However, there was
no significant difference between WT and PeEnas single or double-deletion strains under
high sodium stress or alkaline pH (Figure 3C,D).

In vivo, assays on apple fruit were conducted to assess the virulence of P. expansum.

At 5 d post inoculation, lesion diameters of APeEnaBC, APeEnaAC, and APeEnaABC were
significantly reduced by 10.2-14.8% compared to WT (Figure 4A,B).
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Figure 3. Mycelial growth of WT, APePacC, and PeEnas knockout strains under different pH and
high sodium stress of P. expansum. (A,B). Colony morphology of APeEnaA, APeEnaB, APePacC,
APeEnaAB, APeEnaBC, APePacAC, APeEnaABC, WT, and APePacC (number 1-9) strains on 4 d after
inoculation at MM adjusted to pH 5 and pH 8 conditions, supplemented with 0.8 M NaCl, 1.5 M NaCl.
(C,D). Colony diameters of the indicated strains on MM media for 4 d at pH 5 and pH 8 conditions.
Error bars represent the standard deviation of three replicates. Different letters on bars indicate
significance according to One-way ANOVA followed by Duncan’s multiple range test (p < 0.05).
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Figure 4. Virulence of WT and PeEnas knockout strains on apple fruit. (A). Disease symptoms on
apple inoculated with conidia of WT, APeEnaA, APeEnaB, APeEnaC, APeEnaAB, APeEnaBC, APePacAC,
and APeEnaABC strains after inoculation. (B). Lesion diameters of the indicated strains after 5 d of
inoculation. Error bars represent the standard deviation of three independent biological replicates.
Different letters on bars indicate significance according to One-way ANOVA followed by Duncan’s
multiple range test (p < 0.05).
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3.4. PeEnas Affect Patulin Biosynthesis in P. expansum

The patulin production of WT, single-deletion, double-deletion, and triple-deletion
strains of PeEnaA, PeEnaB, and PeEnaC was assessed (Figure 5A). Compared to WT, pat-
ulin production in all deletion mutants was significantly reduced (Figure 5B). Among
APeEnaA, APeEnaB, and APeEnaC, the patulin production in APeEnaC was reduced the
most by around 56% when compared to the WT. Patulin biosynthesis was further im-
paired in double-deletion and triple-deletion strains. Patulin production in APeEnaAC and
APeEnaABC was reduced to 30.1% and 23.6% of WT, respectively (Figure 5B). In addition,
expression levels of all 15 patulin cluster genes were detected by RT-qPCR assay after
incubation for 2 d in the strains (Figure 5C). The results suggested that the expression
levels of all genes in the gene cluster were downregulated in PeEnas deficient mutants.
Furthermore, the expression levels of several known secondary metabolism regulators,
including 3 Velvet complex components, four global transcription factors, and 4 HOG
pathway members, were also evaluated. The gene expression levels of transcription factor
AP1, CreA, AreB, and Sgel, as well as vital members Hogl and Pbs2 in the HOG pathway,
were significantly decreased in PeEnas deletion mutants in contrast to WT (Figure 5C).
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Figure 5. PeEnas play a vital role in patulin production. (A). Morphologies of the WT, APeEnaA,
APeEnaB, APeEnaC, and the relevant complementation strains after 2 d of culture in CY. (B). Patulin
production of the indicated strains. Error bars represent the standard deviation of three independent
biological replicates. Different letters on bars indicate significance according to One-way ANOVA
followed by Duncan’s multiple range test (p < 0.05). (C). Heatmap showing expression changes of
15 genes in the patulin cluster (PatA-PatO), 3 coding genes in Velvet Complex, 4 coding genes of the
global transcription factor, and 4 coding genes in the HOG pathway in the indicated strains. The
change fold was based on the log, scale of relative expression ratio and was expressed as a color
gradient. Each column in the heatmap represented APeEnas to WT.

3.5. PeEnaC Rescues the Defective of Patulin Biosynthesis in APePacC

PeEnaC as a representative of the Enas was selected to construct a APePacC::PeEnaC-
GFP strain. The overexpression of PeEnaC was validated by RT-qPCR assay (Figure 6D).
Subcellular localization assay showed that PeEnaC protein was localized in the plasma
membrane as TOPCONS predicted (Figure S2) in both APeEnaC::PeEnaC-GFP and
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APePacC::PeEnaC-GFP strains (Figure 6B). Patulin production of the indicated strains was
further quantified. Patulin biosynthesis was significantly increased in APePacC::PeEnaC-
GFP compared to APePacC under both pH 5 and pH 8 conditions (Figure 6C). Moreover, ex-
pression levels of all 15 patulin cluster genes were up-regulated in PeEnaC-complementary
mutant compared to APePacC (Figure 6E).
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Figure 6. PeEnaC rescues the detective of patulin biosynthesis in APePacC. (A). Morphologies of the
WT, APePacC, and APePacC::PeEnaC-GFP in CY media at pH 5 for 2 d. (B). Subcellular localization
of PeEnaC in APeEnaC::PeEnaC-GFP and APePacC::PeEnaC-GFP strains. (C). Patulin production of
the indicated strains at pH 3, 5, and 8. (D). The gene expression analysis of PeEnaC in WT, APePacC,
and APePacC::PeEnaC-GFP strains in CY media at pH 3, 5, and 8. (E). The gene expression analysis of
patulin cluster genes of WT, APePacC, and APePacC::PeEnaC-GFP strains in CY media buffered at pH
5. Error bars represent standard deviation of three independent biological replicates. Different letters
on bars indicate significance according to One-way ANOVA followed by Duncan’s multiple range
test (p < 0.05).

3.6. PeEnas Involve in Maintaining Membrane Potential in P. expansum

The permeability of ions in the cell can be monitored by observing the cellular accu-
mulation of anionic voltage-sensitive green fluorescent oxonol DiBAC4(3) [29]. DiBAC4(3)
is highly voltage-sensitive and enters depolarized cells, where it binds to lipid-rich intra-
cellular components [30]. Compared to WT, APeEnaA, APeEnaB, APeEnaC, APeEnaABC,
and APePacC strains demonstrated a higher degree of DiBAC4(3)-binding at both pH 5
and 8 conditions (Figure 7). These results indicated that the degree of depolarization was
stronger in Enas deletion mutants and APePacC, which has a low expression of Enas.
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Figure 7. PeEnas involve in plasma membrane potential maintenance of P. expansum. (A). Membrane
potential assay using a fluorescent indicator, DiIBAC4(3), in protoplast at 20 h (control) and shifted to
pH 5 or pH 8 for 1 h. Bar = 5 um. (B). Fluorescence measurements were calculated with the ZEISS
ZEN 3.2 (blue edition) software (Zeiss, Oberkochen, Germany). Error bars represent the standard
deviation of three independent biological replicates. Different letters on bars indicate significance
according to One-way ANOVA followed by Duncan’s multiple range test (p < 0.05).

4. Discussion

In the present study, putative sodium ATPases of the Ena family were identified in
P. expansum and characterized. The P. expansum genome encodes three PeEna ATPases,
PeEnaA, PeEnaB, and PeEnaC, which is similar to that of A. nidulans [20]. It has been
reported that AnEnaA and AnEnaB play important roles in cellular Na*/K*/H" home-
ostasis, environmental adaptation, and virulence, while AnEnaC is a pseudogene in A.
nidulans [20]. We found that AnEnaC did not have a complete ATPase (pfam00122) domain
and HAD (pfam00702) domain (Figure S3). However, PeEnaC has a complete predicted
ATPase structure (PF00122), which indicates the properties of PeEnaC were more similar
to the function of typical P-type ATPases. In contrast to previous studies of Ena function,
the growth of single, double, and triple-deletion mutants of PeEnaA, PeEnaB, and PeEnaC
were unaffected in control and high salinity conditions (Figure 3). Only the triple-deletion
mutant, APeEnaABC, showed a slight decrease in colony diameter under 1.5 M Na* and
pH 8 conditions. P. expansum may have evolved other mechanisms to cope with high
salt stress. In addition, we found that double and triple-deletion of PeEnaA, PeEnaB, and
PeEnaC impaired the virulence of P. expansum on apple fruit, indicating that PeEnas may be
involved in various biological processes.

According to the previous study, gene expression of Enas was extensively regulated
to adapt to ambient pH [14,20,23,31]. PacC is the key transcription factor in the fungal-
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specific pH signaling pathway [8,32,33]. By analyzing the transcription pattern of the
PeEnas, it was found that the gene expression levels of PeEnaA, PeEnaB, and PeEnaC
were significantly increased at alkaline pH, and no gene transcription of any PeEnas was
detected in the absence of PePacC. Further, analysis of the PePacC binding motif on the
gene promoter region and ChIP-qPCR experiments demonstrated that PacC is an important
positive regulator of PeEnas gene expression (Figure 2). This result is consistent with the
previous report that Ena protein is regulated by PacC in A. nidulans (AnEnaA and AnEnaB),
F. graminearum (FgENAD), and A. fumigatus (AfEnal) [20,34,35]. Nevertheless, Rim101(PacC)
does not interact directly with the ENA1 promoter in S. cerevisiae but instead acts as a
repressor of Nrgl expression, which directly represses the ENA1 transcription [17]. The
contrary conclusion between yeast and filamentous fungi may be attributed to the variable
cis-elements of Ena orthologues generated through evolution. Fungi have evolved to use
various sensors and signaling pathways to regulate cation pump expression as each fungus
is exposed to different cation concentrations [35].

Few studies have been reported on secondary metabolism regulated by Ena ATPase
in fungi. Interestingly, our data demonstrated that biosynthesis of vital mycotoxin in P. ex-
pansum, patulin, was distinctly decreased by the single deletion of three PeEnas (Figure 5B).
Double and triple-deletion of PeEnaA, PeEnaB, and PeEnaC further impaired patulin pro-
duction, indicating that the three PeEna family genes have a synergistic effect in regulating
patulin biosynthesis. Analysis of gene expression on the patulin gene cluster suggested
that PeEnas could regulate patulin biosynthesis at the transcriptional level (Figure 5C).
In addition, the expressions of several well-known regulators, AP1, CreA, Sgel, and Hog1
genes, were significantly downregulated in PeEnas deletion mutants compared to WT,
while global Velvet complex transcription factors were not affected. In fungi, AP1-like
bZIP factor AP1 regulates oxidative stress-responsive genes and is involved in secondary
metabolism [36,37]. Hogl functions in oxidative stress tolerance and is involved in tri-
chothecene biosynthesis [38,39]. CREA ensures preferential glucose utilization by blocking
the expression of other genes required for carbon source metabolism and is a transcriptional
repressor of the carbon catabolite (CCR) [40]. Loss of function creA strains of P. expansum
do not produce patulin on apple fruit [41]. Sgel is a homologous protein of Worl and is
involved in lifestyle switching, effector expression, and regulation of secondary metabolite
biosynthesis [42]. The results suggested that PeEnas may modulate patulin biosynthesis
through a broad network in P. expansum.

PacC, as a globally regulated transcription factor, not only mediates the pH signaling
pathway but is also involved in the regulation of mycotoxin biosynthesis [8]. In A. nidu-
lans, a PacC binding motif is present in the promoter region of the aflatoxin biosynthetic
pathway-specific transcription factor AFLR and key enzyme IpnA encoding genes [43].
In P. expansum, patulin production and expression of the biosynthetic cluster were signif-
icantly down-regulated in the APePacC strain under both acidic and alkaline conditions,
indicating that PePacC positively regulates the expression of the biosynthetic gene cluster,
thereby affecting patulin production [9]. PacC binding motifs were found in the promoter
regions of nine patulin cluster genes [9], indicating that PePacC may directly regulate the
expression of patulin biosynthetic genes. In the present study, we found that PePacC could
directly regulate the expression of PeEnas, while the latter affected patulin production. In
the three PeEnas, PeEnaC demonstrated a stronger effect on patulin production compared
to PeEnaA and PeEnaB (Figure 5B). Interestingly, PeEnaC complementary experiment in
APePacC strain showed that overexpression of PeEnaC could partly restore gene expression
of the patulin cluster and patulin production of APePacC (Figure 6), indicating that PeEnas
may play important roles in the regulation of PePacC on patulin biosynthesis.

5. Conclusions

As P-type plasma membrane ATPases, Ena family proteins are important in envi-
ronmental adaptation in fungi. In the present study, three Ena family genes, PeEnaA,
PeEnaB, and PeEnaC, were identified in P. expansum. All the genes responded to ambient
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pH and were directly regulated by PePacC, the key transcription factor of the fungal pH
signaling pathway. PeEnas have little effect on mycelial growth under alkaline or high
salinity conditions but are involved in virulence in fruit and maintenance of cell membrane
potential. Notably, a crucial role of PeEnas in regulating the biosynthesis of secondary
metabolites, patulin, was reported for the first time. PeEnas affect gene expressions of
patulin cluster, AP1, CreA, Sgel, and Hogl, and play a function in the regulation of PePacC
on patulin biosynthesis. The PeEna proteins may be used as potential targets for patulin
contamination control. In addition, our results provide new insights for elucidating the
complicated regulatory network of the global transcription factor PacC.
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www.mdpi.com/article/10.3390/jof9080806/s1, Figure S1: Knockout of PeEnaA, PeEnaB, and PeEnaC
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conserved domain analysis of Ena family proteins via Pfam database; Figure S4: The melting curves
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of gene deletion, complementation and eGFP tag strains in this study; Table S2: Formulation of the
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Abstract: Geotrichum citri-aurantii (G. citri-aurantii) is one of the most important postharvest pathogens
leading to a postharvest loss of citrus by causing sour rot. In this study, the antifungal activity of trans-
2-hexenal, a natural component of essential oil, against G. citri-aurantii was evaluated. Trans-2-hexenal
treatment inhibited the mycelia growth of G. citri-aurantii with a minimum inhibitory concentration
and minimum fungicidal concentration of trans-2-hexenal at 0.50 and 1.00 pL/mL, respectively.
Moreover, trans-2-hexenal efficiently reduced the incidence of sour rot of Satsuma fruit inoculated
with G. citri-aurantii. Ultrastructural observations and Fourier transform infrared (FT—IR) results
showed that trans-2-hexenal treatment affected the cell wall and cell membrane instructions of G.
citri-aurantii. The content of p-1,3-glucan was significantly decreased after trans-2-hexenal treatment,
but the cell wall permeability was not changed. The decrease in lipid and ergosterol contents might
be responsible for this antifungal activity. Several important genes, FKS1, ERG1, ERG7, and ERG11,
showed decreasing expression levels after trans-2-hexenal treatment. Molecule-docking results also
indicated that trans-2-hexenal could join with the protein of FKS1, ERG1, ERG7, and ERG11 to impact
enzyme activities. These results demonstrated that frans-2-hexenal is a promising fungicide for
controlling sour rot of harvested citrus fruit by damaging the membrane integrity of G. citri-aurantii.

Keywords: G. citri-aurantii; trans-2-hexeanl; antifungal mechanism; cell wall; cell membrane

1. Introduction

G. citri-aurantii is a necrotrophic fungal pathogen that infects citrus fruit, and it has
the characteristics of strong infectivity, fast infectivity, and being difficult to control [1,2].
Synthetic fungicides are exclusively used to control this disease but cause serious hazardous
effects on the fruit rind, the environment, and human health [3,4]. Thus, it is necessary to
focus on developing alternatives to synthetic fungicides for handling and maintaining the
quality of citrus fruit [5-7].

Previous studies have shown that plant essential oils and their antimicrobial compo-
nents have significant inhibitory effects on many postharvest pathogenic fungi of citrus,
such as G. citri-aurantii, Penicillium digitatum, and P. italicum, and that they have the advan-
tages of safety, high efficiency, and low residue, which means they have the potential to
control postharvest diseases in citrus [8,9]. Trans-2-hexenal is a volatile component of plant
essential oil, which naturally exists in citronella oil, camphor oil, apples, and grapes. It is
an important signal molecule for plants to respond to and defend against their external
environment. Some studies have shown that trans-2-hexenal has good inhibitory effects
against Colletotrichum acutatum, Alternaria alternata, P. cyclopium, P. expansum, and Botrytis
cinerea [10-13]. In addition, trans-2-hexenal was also successfully applied in order to control
postharvest diseases such as gray mold in tomato fruits, green mold in citrus fruits, and
black rot in “Zaosu’ pears [9,14,15].

As mentioned above, several studies have shown that trans-2-hexenal is a potential
biological alternative to other preservative methods of controlling postharvest diseases,
but there are few studies related to the investigation of its exact mechanism of antifungal
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action. Studies have shown that trans-2-hexenal interferes with the cell wall structure of
fungi. For example, Arroyo et al. [10] pointed out that treatment with trans-2-hexenal
can cause obvious cracks in the cell wall, disorder cell components to a high degree,
and cause the organelle morphology to disappear and the cells to crack. Research by
Zhang et al. [13] found that the membrane permeability of P. cyclopium increased with
an increase of frans-2-hexenal concentration, resulting in the release of cell components
and the leakage of potassium ions. At the same time, the integrity of the cell membrane
of P. cyclopium was destroyed due to the decrease in the lipid content. Ma et al. [16]
showed that 1.0 uL/mL trans-2-hexenal inhibited spore germination by disrupting the
mitochondrial energy metabolism of Aspergillus flavus; the trans-2-hexenal treatment also
decreased the acetyl-CoA and ATP contents, and the mitochondrial dehydrogenases activity
increased by 65.7 £ 3.7%, 53.9 &+ 4.0%, and 23.8 £ 2.2%, respectively. However, the
antifungal activity of frans-2-hexenal against G. citri-aurantii has not been determined, and
the antifungal mechanism of trans-2-hexenal against G. citri-aurantii has not been studied.

Thus, this study aimed to (1) study the antifungal properties of trans-2-hexenal against
G. citri-aurantii in vitro and in vivo, (2) investigate the effect of the cell wall and cell mem-
brane of G. citri-aurantii in the presence of trans-2-hexenal, and (3) further explore the
possible mechanism through RT-qPCR and molecular docking.

2. Materials and Methods
2.1. Pathogen

G. citri-aurantii was provided by the Department of Biotechnology and Food Engi-
neering, Xiangtan University, Xiangtan, China. The fungus was purified and preserved
at 28 4 2 °C on potato dextrose agar (PDA). A spore suspension (5 x 10° spores/mL) in
potato dextrose broth (PDB) was prepared using a hemocytometer.

2.2. Fruit

Satsuma mandarin fruits (Citrus unshiu Marc. cv. Miyagawa Wase) were harvested on
18 October 2018 from an orchard in Xiangtan, Hunan, China. Healthy fruits of uniform size
and without scars were selected for the experiments.

2.3. Chemicals

Trans-2-hexenal (98%) was obtained from Aladdin (Shanghai, China). All the chemicals
were analytical grade.

2.4. Antifungal Activity of trans-2-Hexenal against G. citri-aurantii

The inhibition of trans-2-hexenal on the growth of G. citri-aurantii mycelia was tested
in vitro through the agar dilution method [17]. Briefly, trans-2-hexenal solutions were
prepared by dissolving the requisite amount in Tween-80 (0.5%, Aladdin, Shanghai, China)
and adding it to PDA (20 mL) to achieve the desired concentrations (0, 0.25, 0.50, 1.0, 2.0,
and 4.0 uL/mL). A 6 mm diameter mycelial disk of inoculate was cut from the actively
growing culture of the PDA plates. Then, they were placed at the center of each new Petri
plate (90 mm in diameter). The culture plates were then incubated at 28 £ 2 °C for 2 d. Each
treatment was performed in triplicate. The percentage of inhibition of mycelial growth
(MGI) was calculated according to the following formula:

MGI (%) = [(dc — dt)/(dc — 6)] x 100%

where dc (cm) is the average diameter of the control and dt (cm) is the average diam-
eter of the treatment. The lowest concentration that completely inhibited the growth
of G. citri-aurantii after 2 d of incubation was considered to be the minimum inhibitory
concentration (MIC). The minimum fungicidal concentration (MFC) was regarded as the
lowest concentration that prevented the growth of the pathogen after 4 d of incubation at
28 +£ 2 °C, indicating that more than 99.5% of the original inocula were killed.
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2.5. In Vivo Experiments of trans-2-Hexenal against G. citri-aurantii

The effect of the trans-2-hexenal on the incidence of sour rot was determined as
described previously by Dou et al. [18]. All fresh citrus fruit were surface-sterilized by
immersing in 2% sodium hypochlorite solution (v/v) for 2 min, then washed with distilled
water, wounded (depth of 3 mm and width of 3 mm) with a sterile needle, inoculated
with 20 pL of G. citri-aurantii spore suspension (10° spores mL '), and left to air-dry. After
being inoculated with G. citri-aurantii, the fruit were soaked in wax amended with trans-2-
hexenal at 1x MFC and 10x MFC. The fruit with wax and inoculated with the pathogen
inoculation was used as a control. The inoculated fruit was kept in sealed incubators at
25 £ 2 °C to ensure a high relative humidity (80-85% relative humidity). Each treatment
was performed in triplicate, and each replicate contained 20 Satsuma fruits. The incidence
rate of disease (measured by counting the number of green-mold-infected wounds) was
calculated as follows:

Number of rotten wounds

100%
Total number o f wounds x 100%

Diseaseincidence =

2.6. Scanning Electron Microscopy (SEM) of trans-2-Hexenal against G. citri-aurantii

The mycelia treated with trans-2-hexenal for 30 min, as described above, were directly
examined using a JEOL JSM-6360LV SEM instrument (JEOL, Tokyo, Japan). The hyphae
grown on PDA without trans-2-hexenal were used as a control. The procedures for the SEM
observation were described in our previous study [19].

2.7. Transmission Electron Microscopy (TEM) of trans-2-Hexenal against G. citri-aurantii

The mycelia treated with trans-2-hexenal for 30 min, as described above, were directly
examined using a transmission electron microscope (JEM-1230; JEOL Ltd., Tokyo, Japan)
operated at an accelerating voltage of 80 kV. The hyphae grown on PDA without trans-2-
hexenal were used as a control. The procedures for the TEM observation were described in
our previous study [19].

2.8. Fourier Transform Infrared (FT—IR) Spectroscopy of trans-2-Hexenal against G. citri-aurantii

The effect of trans-2-hexenal on the mycelia composition of G. citri-aurantii was ana-
lyzed using Fourier transform infrared spectroscopy (FT—IR) (Thermo Fisher Scientific,
Waltham, MA, USA) [20]. The mycelia treated with 1/2 MIC trans-2-hexenal for 30 min
were collected, frozen with liquid nitrogen, and then vacuum freeze-dried. Subsequently,
the mycelia were ground (100 mesh) to obtain uniform dried powder. The samples were
prepared using the potassium bromide-disk technique for the FT—IR detection. The scan-
ning range was 4000-400 cm ™! with the resolution of 4 cm~! and 128 separate scans. The
infrared spectrum was analyzed using Unscrambler X (Version 10.4).

2.9. Effect of trans-2-Hexenal on the Cell Wall of G. citri-aurantii

The effects of trans-2-hexenal on the cell wall integrity of G. citri-aurantii were analyzed
using calcofluor white (Sigma, St. Louis, MO, USA) staining coupled with fluorescence
microscopy. The mycelia treated with 1/2 MIC trans-2-hexenal for 0, 30, 60, and 120 min
were centrifuged at 4000x g for 10 min. The collected mycelia were stained with 10 pL of
calcofluor white stain after the addition of 10 L KOH (10%) following the manufacturer’s
instructions. The samples were observed with a fluorescence microscope (Nikon ECLIPSE
TS100, Tokyo, Metropolis, Japan). The fungal culture in PDB without trans-2-hexenal was
used as a control.

2.10. Effect of trans-2-Hexenal on the Cell Wall of G. citri-aurantii
2.10.1. Effect of trans-2-Hexenal on the Cell Wall Integrity of G. citri-aurantii

The effects of trans-2-hexenal on the cell wall integrity of G. citri-aurantii were analyzed
using calcofluor white (Sigma, St. Louis, MO, USA) staining coupled with fluorescence
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microscopy. The mycelia treated with 1/2 MIC trans-2-hexenal for 0, 30, 60, and 120 min
were centrifuged at 4000x g for 10 min. The collected mycelia were stained with 10 pL of
calcofluor white stain after the addition of 10 uL KOH (10%, Aladdin, Shanghai, China)
following the manufacturer’s instructions. The samples were observed with a fluorescence
microscope (Nikon ECLIPSE TS100, Tokyo Metropolis, Japan). The fungal culture in PDB
without trans-2-hexenal was used as a control.

2.10.2. Effect of trans-2-Hexenal on the Chitin Content of G. citri-aurantii

The chitin contents of the G. citri-aurantii treated with the 1/2 MIC trans-2-hexenal
treatments in PDB were determined using the method of Francois [21]. A total of 0.5 g
of dried mycelia was soaked in 4 mL of concentrated HCI (Soleibao, Beijing, China) at
25 °C for 24 h, then diluted with distilled water until the HCI reached a concentration of
8.5mol/L, and the solution was further digested in a boiling water bath. After cooling, it
was adjusted to neutral with 1 mol/L of NaOH (Aladdin, Shanghai, China) solution, the
volume was made constant to 100 mL, then filtered with filter paper, and the supernatant
was shaken to obtain the sample to be tested. Then, 200 pL supernatant was mixed with
400 pL acetylacetone reagent and placed in a 90 °C water bath for 1 h. After cooling to
room temperature, 4 mL absolute ethyl alcohol and 400 pL 4-dimethylaminobenzaldehyde
were added to the supernatant, the volume was fixed to 5 mL with absolute ethyl alcohol,
and it was left to stand at room temperature for 1 h. The absorbance of the solution was
measured at a wavelength of 530 nm, and glucosamine hydrochloride was used as the
standard curve.

2.10.3. Effect of trans-2-Hexenal on the -1,3-Glucan Content of G. citri-aurantii

The method of Fortwendel et al. [22] was used for the determination of -1,3-glucan.
The mycelia were washed with 0.1 mol/L NaOH solution and then freeze-dried and
ground into powder. A certain amount of powder was added to 1 mol/L NaOH solution,
ultrasonicated for 30 s, placed in a water bath at 52 °C for 30 min, and centrifuged for
5 min after cooling. A total of 50 uL of the supernatant was taken, 185 uL of aniline blue
solution was added, and it was placed in a water bath at 52 °C for 30 min and left to stand
for 30 min. The fluorescence value (excitation wavelength: 405 nm; emission wavelength:
460 nm) was measured using a fluorescence spectrophotometer (Lengguang Technology
Co., Ltd., Shanghai, China).

2.10.4. Effect of trans-2-Hexenal on the Extracellular Alkaline Phosphatase (AKP) Activities
of G. citri-aurantii

The extracellular AKP activities of the G. citri-aurantii mycelia that received different
trans-2-hexenal treatments in PDB, as described above, were assayed with a UV-2450 UV /V
spectrophotometer (Shimadzu (China) Co., Ltd., Shanghai, China) using a commercially
available kit, following the instructions. The fungal culture in PDB without trans-2-hexenal
was used as a control. Each experiment was repeated three times. The enzyme activity is
expressed as U/g prot.

2.11. Effect of trans-2-Hexenal on the Cell Membrane of G. citri-aurantii
2.11.1. Effect of trans-2-Hexenal on the Cell Membrane Integrity of G. citri-aurantii

The cell membrane integrity of the G. citri-aurantii that received different trans-2-
hexenal treatments in PDB, as described above, was analyzed using propidium iodide (PI)
staining coupled with an ECLIPSE TS100 microscope (Nikon, Tokyo Metropolis, Japan) and
F97 PRO fluorescence spectrophotometer (Lengguang Technology, Shanghai, China) [23].

2.11.2. Effect of trans-2-Hexenal on the Total Lipid Content of G. citri-aurantii

The total lipid content of G. citri-aurantii cells with trans-2-hexenal at various concentra-
tions (0 and 1/2 MIC) for 0, 30, 60, and 120 min was determined using the phosphovanillin
method [19]. The fungal culture in PDB without trans-2-hexenal was used as a control.
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2.11.3. Effect of trans-2-Hexenal on the Ergosterol Contents of G. citri-aurantii

The ergosterol contents of G. citri-aurantii cells that received different trans-2-hexenal
treatments in PDB, as described above, were determined using the HPLC method [23]. The
fungal culture in PDA without trans-2-hexenal was used as a control.

2.12. Real-Time Fluorescence Quantitative PCR (RT-gPCR) Analysis

The effects of trans-2-hexenal on the transcriptional profiles of FKS1 (the key gene that
synthesizes -1,3-glucan synthase) and genes related to ergosterol synthesis (ERG1, ERG7,
and ERG11) in G. citri-aurantii were evaluated, and the sequences were obtained from a
previous RNA-Seq of G. citri-aurantii. RNA was extracted from G. citri-aurantii cells exposed
to trans-2-hexenal at concentrations of 0 and 1/2 MIC for 0, 30, 60, and 120 min using Trizol
reagent (Invitrogen, Carlsbad, CA, USA) following the manufacturer’s instructions. Two
micrograms of DNA-free RNA were used for the reverse transcription using M-MLV
(Promega, Madison, WI, USA) with oligo dT18. The RT-qPCR was performed on a BIO-
RAD CFX Connect Thermal Cycler using FastStart Universal SYBR Green Master (Roche,
Basel, Switzerland). All primer pairs for the expression assays are listed in Table 1. The
RT-gPCR was programmed as follows: initial denaturation at 95 °C for 10 min, followed by
40 cycles of denaturation at 95 °C for 15 s and a combined annealing and extension step at
60 °C for 1 min. The 2722¢T method was used to quantify the value of every sample using
the actin gene as an internal reference [24].

Table 1. Primer pair sequences designed for validation of differentially expressed genes in control
and 1/2 MIC trans-2-hexenal treatment of G. citri-aurantii using RT-qPCR.

Gene ID Genes Primer Sequence (5'-3')

‘ FKS1-F AGGTTGAAGGCAAGCGTACTCT
CL1729.Contigl _All FKSI-R CAGGAAGTGGCTCAGGAATAGGT
Uniceneds28 All ERGI-F AAGTCCTACACCTCCAAGGCTAC
3! - ERGI-R GAATATCGGCGTCAGTGAGAACC
Unioene3819 All ERG7-F TAACGCATATCCAGGACGACCAA
8! - ERG7-R CGCACAATCTCAATTCGCTCTTC
Unicene3920 Al ERG11-F CGCCGTAAGGAAGGAAACATTGA
8! - ERGT1-R AAGACGAAGTAGCAGCCGAAGT

CL313.Contio? Actinl-F TTACGCCGGTTTCTCCCTCC

Lontg Actinl-R GACGATTTCACGCTCGGCAG

2.13. Molecular Docking

Selecting FKS1, ERG1, ERG7, and ERG11 as the receptors and using Alphafold2 (https:
/ /colab.research.google.com/github /sokrypton/ColabFold /blob/main/AlphaFold2ipynb;
accessed on 8 July 2022) for the homology modeling, the structure of the models were opti-
mized using ModRefiner (https:/ /zhanggroup.org/ModRefiner/; accessed on 8 July 2022),
and the obtained models were evaluated with SAVES v6.0 (https:/ /saves.mbi.ucla.edu/;
accessed on 20 July 2022). In this way, the three-dimensional protein structure models of
ERGI1, ERG7, ERG11, and FKS1 were obtained. The structure of the ligand small molecule
trans-2-hexenal (CID: 5281168; MF: C4H1(y0O) was obtained from the chemical structure
database of the PubChem (https:/ /pubchem.ncbi.nlm.nih.gov/; accessed on 20 July 2022)
website. Using PyMol (Version 2.5.2) to process the receptor protein, the water molecules
and metal ions were deleted. The Openbabel module in PyRx (Version 0.8) was used to
minimize the ability of the ligands. The Autodock Vina module in PyRx was used for the
molecular docking. The optimal docking model was selected according to the binding
energy. PyMol and Ligplot+ (Version 2.2.8) were used to connect the three-dimensional and
two-dimensional visual analysis of the model.
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2.14. Statistical Analyses

All data are expressed as the mean + SD (standard deviation), and they were mea-
sured using three independent replicates and analyzed using one-way analysis of variance
(ANOVA) followed by Duncan’s test. A value of p < 0.05 was considered statistically signif-
icant using SPSS statistical software package release 16.0 (SPSS Inc., Chicago, IL, USA).

3. Results
3.1. Antifungal Activity of trans-2-Hexenal against G. citri-aurantii

Table 2 shows the effect of trans-2-hexenal on the mycelial growth of G. citri-aurantii
in vitro. The results show that the mycelial growth considerably decreased with an increas-
ing trans-2-hexenal concentration and incubation time. Mycelia growth was inhibited to
different degrees at 0.25 pL/mL to 0.50 uL/mL of trans-2-hexenal. At a concentration of
0.50 uL/mL, the growth of G. citri-aurantii was completely inhibited after 2 d of incubation.
As the duration of the culture was prolonged to 4 d, 72.9 & 3.9% and 100.0 = 0.0% of the
mycelial growth was inhibited by 0.50 and 1.00 pL/mL of trans-2-hexenal, respectively.
Thus, the MIC and MFC of trans-2-hexenal were 0.50 and 1.00 pL/mL, respectively.

Table 2. Antifungal activity of trans-2-hexenal against G. citri-aurantii.

Inhibitory Rate (%)

Concentration
(uL/mL) 1d 2d 3d 4d 5d
0.25 100.0 £0.0a 53.7+52b 248 £1.7c 271 +30c¢ 232+14c
0.50 100.0 £0.0a 100.0+0.0a 90.5+1.7b 729 £39b 64.0 £ 8.7b
1.00 100.0 £0.0a 100.0+0.0a 100.04+0.0a 100.0+0.0a 100.0+0.0a
2.00 100.0 £0.0a 100.0+0.0a 100.0+0.0a 100.0£0.0a 100.04+0.0a
4.00 100.0 £0.0a 100.0+0.0a 100.04+0.0a 100.0+0.0a 100.0+0.0a

Note: Mean values £ SD (standard deviation) followed by different letters (a—c) represent significantly different
scores in the same phase (p < 0.05).

3.2. In Vivo Experiments of trans-2-Hexenal against G. citri-aurantii

trans-2-Hexenal (1x and 10x MFC) effectively reduced the decay of citrus fruit inocu-
lated with G. citri-aurantii (Table 3), and the disease progression in the inoculated citrus
fruit treated with trans-2-hexenal is presented in Figure 1. The control group began to decay
within 2 d with 11 £ 4% decay, while the citrus fruit remained healthy after treatment with
trans-2-hexenal. The citrus fruit in the 1x and 10x MFC trans-2-hexenal groups began to
rot after 3 d and 5 d of treatment, respectively. After 7 d of storage, the incidence of fruit in
the fruit wax control group reached 100%, while that in the 1 x and 10x MFC treatment
groups were only 85 + 4% and 33 £ 12%, respectively.

10xMFC \ y

Figure 1. Disease progression in inoculated citrus fruit treated with trans-2-hexenal (0%, 1x and
10x MFC) during storage at 25 + 2 °C and 80-85% RH. The data presented are the means of pooled
data. Error bars indicate the SDs of the means (1 = 20).
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Table 3. Effect of trans-2-hexenal on the incidence of Satsuma fruit inoculated with G. citri-aurantii.

Incidence Rate (%)

Treatments
1d 2d 3d 4d 5d 6d 7d
Control 0+0a 11+4a 22+4a 49+ 4a 73+0a 89+ 4a 100 +0a
1x MEFEC trans-2-hexenal 0+0a 0+0b 16 =4b 22+ 8b 60+7b 80+0b 85+4b
10x MFC trans-2-hexenal 0+0a 0+0b 0+0c 9+0c¢ 22+ 8¢ 29 +£8b 33+12c¢

Note: “a—c” indicates the difference among different treatment groups with the same storage time (p < 0.05).

3.3. Scanning Electron Microscopy (SEM) of trans-2-Hexenal against G. citri-aurantii

The effects of trans-2-hexenal on the surface morphology of G. citri-aurantii are shown
in Figure 2. The mycelia in the control group were regular in shape, uniform in thickness,
smooth on the surface, healthy, and full (Figure 2A,B). However, after the 1/2 MIC trans-
2-hexenal treatment, the surface of the mycelia became wrinkled and severely twisted,
shrank, and collapsed (Figure 2C,D). The results show that trans-2-hexenal can change the
morphology of mycelia of G. citri-aurantii.

SElI  10kV WD12mm  SS31 SEl  10kV WD12mm  SS31

SEl  10kV WD12mm  8S31 SEI  10kV WD12mm  SS31

Figure 2. SEM images of (A,B) untreated control culture of G. citri-aurantii; (C,D) culture after
incubation with the trans-2-hexenal.

3.4. Transmission Electron Microscopy (TEM) of trans-2-Hexenal against G. citri-aurantii

The effects of trans-2-hexenal on the internal morphology of G. citri-aurantii are shown
in Figure 3. In the control group, the cells were composed of uniform cell walls, cell
membranes, and cytoplasm, with uniform organelles and a complete structure (Figure 3A).
After the 1/2 MIC trans-2-hexenal treatment, the internal morphology and ultrastructure of
the G. citri-aurantii cells were destroyed, the cell walls became thicker, the cell membranes
were irregularly twisted and, in some areas, the organelle structures were disordered, and
the mitochondria were enlarged with irregular distribution (Figure 3B).
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Figure 3. TEM images of (A) untreated control culture of G. citri-aurantii; (B) culture after incubation
with the trans-2-hexenal. CW: cell wall; CM: cell membrane; MIT: mitochondrion.

3.5. FT—IR of trans-2-Hexenal against G. citri-aurantii

In the region of >3000 cm ™!, after the trans-2-hexenal treatment, the O-H expan-
sion (3775 cm™!) of alcohols in the carbohydrates shifted, suggesting that the trans-2-
hexenal treatment may change the components of the cell walls and cell membranes of
G. citri-aurantii (Figure 4). The N-H stretching (3415 cm™!) of the amino groups and amide
groups also shifted, which may be related to the Michael addition reaction between the «, -
unsaturated carbonyl groups in trans-2-hexenal and the amino groups in protein, resulting
in the degradation of the cell wall proteins. In the 2800-3100 cm ™! region, trans-2-hexenal
caused a significant shift of the C-H asymmetric stretching (2928 cm~!) in the methyl
and acyl chains, which might be related to the changes in the fatty acids caused by the
condensation of the active methylene-containing compounds with aldehydes. The amides
in the polypeptides and the protein (1584 cm~! and 1637 cm™!) in the 1500-1700 cm ™!
region all shifted, which might be related to the peroxidation and degradation of protein.
In the range of 900-1500 cm !, the peak positions at 1400 cm ! and 1077 cm ™!, correspond-
ing to fatty acids, proteins, polysaccharides, and nucleic acid, shifted after the treatment
with trans-2-hexenal, suggesting that the cell wall’s polysaccharides and nucleic acid were
affected by trans-2-hexenal.

3.6. Effect of trans-2-Hexenal on the Cell Wall of G. citri-aurantii

Figure 5A shows the effect of trans-2-hexenal on the chitin content of G. citri-aurantii.
There was no significant difference in the chitin content between the trans-2-hexenal-treated
group and the control group, suggesting that frans-2-hexenal had no effect on the chitin
content of G. citri-aurantii.

The content of B-1,3-glucan in the trans-2-hexenal-treated group was significantly
lower than that in the control group (Figure 5B). At 30 min, the trans-2-hexenal-treated
group decreased by 17.31% compared with the control group (p < 0.05), which indicates
that the content of B-1,3-glucan significantly reduced after trans-2-hexenal treatment.

The activity of extracellular AKP after trans-2-hexenal treatment had no significant
difference with the control group (p < 0.05, Figure 5C), which further indicates that trans-2-
hexenal did not damage the cell wall integrity of G. citri-aurantii.

3.7. Effect of trans-2-Hexenal on the Cell Membrane of G. citri-aurantii

According to the results of the PI staining (Figure 6A), the fluorescence value of
the mycelia treatment group after the 1/2 MIC trans-2-hexenal treatment for 60 min was
1.24 times that of the control group, which was significantly higher than that of the control
group (p < 0.05), indicating that the integrity of the cell membrane might begin to be
destroyed after 60 min.
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Figure 4. FT—IR spectra analysis of G. citri-aurantii under trans-2-hexenal treatment. (A) FT—IR
spectra of the second derivative (400-4000 cm ™ 1); (B) the second derivative of FT—IR spectra of the
nucleic acid and polysaccharide region (900—1200 cm~1); (C) the second derivative of FT—IR spectra
of the mixed region of fatty acid, protein, and polysaccharide (1200—1500 cm~1); (D) the second
derivative of FT—IR spectra of the mixed region (1500—1700 cm™1); (E) the second derivative of
FT—IR spectra of the lipid region (2800—3100 cm ™).
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Figure 5. The effects of trans-2-hexenal on the cell walls of G. citri-aurantii. (A) The chitin content
of G. citri-aurantii; (B) the -1,3-glucan content of G. citri-aurantii; (C) the extracellular AKP activity
of G. citri-aurantii. The data presented are the means of pooled data. Error bars indicate the SDs of
the means (n = 3). “a” indicated that there was no difference between different treatment groups
(p <0.05).

The effect of trans-2-hexenal on the total lipid content of G. citri-aurantii is shown in
Figure 6B. After the 1/2 MIC trans-2-hexenal treatment for 60 min, the total lipid content
was 123.8 &+ 1.6 mg/g DW, which was significantly lower than that of the control group
(185.4 + 13.3 mg/g DW) (p < 0.05), suggesting that the integrity of the cell membrane
of G. citri-aurantii was destroyed, and the cells were damaged after the 1/2 MIC trans-2-
hexenal treatment for 60 min.

The ergosterol content (3.54 £ 0.07 mg/g DW) of G. citri-aurantii was significantly
lower than that of the control group (5.89 £+ 0.24 mg/g DW) (p < 0.05) after 30 min of
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treatment with trans-2-hexenal, suggesting that trans-2-hexenal could affect the synthesis of

ergosterol (Figure 6C).
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Figure 6. The effects of trans-2-hexenal on the cell membranes of G. citri-aurantii. (A) The plasma
membrane integrity of G. citri-aurantii mycelia and mycelia fluorescence times; (B) the total lipids
contents and (C) ergosterol contents of G. citri-aurantii mycelia. The data presented are the means of
pooled data. Error bars indicate the SDs of the means (n = 3). “a,b” indicates the difference among
different treatment groups (p < 0.05).
3.8. RI-gPCR
In order to determine the effect of trans-2-hexenal on -1,3-glucan and ergosterol, the
key biosynthesis genes related to 5-1,3-glucan biosynthesis and ergosterol biosynthesis
were selected for RT-qPCR analysis. As revealed in Figure 7, the expression levels of FKS1,
ERGI1, ERG7, and ERG11 were significantly lower than the control samples in the whole
trans-2-hexenal treatment period.
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Figure 7. Changes in the expression of the B-1,3-glucan and ergosterol biosynthesis genes of
G. citri-aurantii by control and 1/2 MIC of trans-2-hexenal for 0, 30, 60, and 120 min ((A) FKSI;
(B) ERGI; (C) ERG7; (D) ERG11). (E) Ergosterol biosynthesis pathway. The data presented are the
means of pooled data. Error bars indicate the SDs of the means (1 = 3). “a,b” indicates the difference
among different treatment groups (p < 0.05).
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3.9. Molecular Docking

Using Alphafold2, FKS1, ERG1, ERG7, and ERG11 were homology modeled; then, trans-
2-hexenal was docked against the FKS1, ERG1, ERG7, and ERG11 protein, respectively
(Figure 8). The binding energies of trans-2-hexenal to the best conformations of FKS1, ERG1,
ERG7, and ERG11 were —4.9 kcal/mol, —4.6 kcal/mol, —4.1 kcal/mol, and —3.9 kcal/mol,
respectively. Because of the different binding conformations of the ligand molecules in
the conjugates, the amino acid residues around the active sites of their interactions and
the strength of their interactions were different. frans-2-Hexenal formed a hydrophobic
interaction with Ile1260, Gly1261, Ile1262, Leul263, Leul348, Tyr1587, Pro1589, Phe1868,
and Leu1867 in FKS1, while the aldehyde group (-COH) of trans-2-hexenal acted as an ac-
ceptor to form a hydrogen bond with a bond length of 2.88 A with the side chain of Gly1264
in FKS1; the binding of trans-2-hexenal to FKS1 with that hydrophobic interaction and
hydrogen bonding promote the binding of trans-2-hexenal to FKS1. trans-2-Hexenal formed
hydrophobic interactions with amino acid residues Pro399, Leu363, Leu403, Tyr81, Leu367,
Val211, Ile83, Leu92, Phe37, and Phe389 in ERG1; His724, 1le725, Glu726, Glu736, GIn127,
Tyr722, and Pro405 in ERG7; and Leu371, Val494, GIn490, Tyr493, Asn378, and GIn372
in ERG11. Hydrophobic interactions provide the main driving force for the combination
of trans-2-hexenal with ERG1, ERG7, and ERG11, which results in altered interactions
among amino acid residues within the protein molecule and plays an important role in
maintaining protein conformation.
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Figure 8. The 3D images of FKS1 (A), ERGI (B), ERG7 (C), and ERG11 (D) proteins and the 2D
interaction diagram of trans-2-hexenal with FKS1 (A), ERG1 (B), ERG7 (C), and ERG11 (D) proteins.
The dark green rod-like structure in the diagram is trans-2-hexenal, and the other color rod-like
structures are amino acid residues.

4. Discussion

G. citri-aurantii is considered one of the most important pathogens in terms of the
economic losses that hinder citrus worldwide [2,18,19]. In the present study, trans-2-hexenal
showed pronounced antifungal efficacy against G. citri-aurantii in vitro and in vivo. These
results are consistent with those of previous studies with regard to the antifungal activity
of trans-2-hexenal [9,10,13,15], indicating that the application of trans-2-hexenal is a potent
method for controlling G. citri-aurantii.

The fungal cell wall is a dynamic structure that protects cells from osmotic pressure
and other environmental stresses. It is of great significance to the growth of fungal cells. The
destruction of the cell wall’s structure easily leads to the cell’s dissolution and death. Plant
essential oils, such as tea tree essential oil, Hyssopus officinalis essential oil, cinnamaldehyde,
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and thymol, can destroy the cell wall of fungi [10,25,26]. Cinnamaldehyde mainly inhibits
the growth of G. citri-aurantii by inhibiting chitin synthesis, accelerating chitin hydrolysis,
and destroying the integrity of the cell wall [19]. In this study, trans-2-hexenal treatment
did not change the chitin content and cell wall integrity, but the §-1,3-glucan content
of G. citri-aurantii decreased significantly. These results are similar to the results of Li
et al. [27] in which o-vanillin mainly reduced the -1,3-glucan content in the cell wall of
A. flavus, but the content of chitin did not change. FKS family genes (FKS1, FKS2, and FKS3)
are the key genes that synthesize $-1,3-glucan synthase, and FKS1 is an essential gene, in
most, that can regulate 5-1,3-glucan synthase activity [28]. Garcia et al. [29] found that the
deletion of FKS1 in yeast would lead to a decrease in the glucan content and slow the growth
of the strain. The RT-qPCR results show that trans-2-hexenal decreased the expression of
FKS1, which is consistent with the decrease in the $-1,3-glucan content, indicating that the
B-1,3-glucan synthesis pathway was inhibited. Inhibitors of B-1,3-glucan synthase affect
gene expression by targeting key groups of synthases, which, in turn, leads to a decrease
in the content of -1,3-glucan in the cell wall, resulting in cell rupture and death [30].
Douglas et al. [31] found that echinocandin binds to the catalytic subunit of 5-1,3-glucan
synthase to reduce the integrity of the fungal cell wall. Molecular docking showed that
the hydrogen bond and hydrophobic interaction between trans-2-hexenal and FKS1 lead to
a change in the FKS1 protein’s structure, rotatable bond dihedral angle, and amino acid
residue side chain, which reduces its expression and interferes with the normal function
of FKS1. Trans-2-hexenal inhibited the synthesis of the cell wall by combining different
amino acid residues with the active site of FKS1 in the cell wall of G. citri-aurantii, which is
consistent with the antibacterial mechanism of eugenol and citral against P. roqueforti and
A. niger [32]. The decrease in -1,3-glucan content in the cell wall may lead to an increase
in fungal cell wall permeability, as evidenced by the increase in extracellular AKP activity
of fungi [26]. However, despite the decrease in B-1,3-glucan content, the cell wall became
thicker and the activity of extracellular AKP activity remained unchanged, suggesting that
trans-2-hexenal did not destroy the cell wall permeability of G. citri-aurantii but induced its
cell wall components to restructure, resulting in a decrease in the $-1,3-glucan content.

The integrity and fluidity of the cell membrane are crucial for the survival and growth
of fungi, and they are key points in many kinds of drug treatment [33]. The fungal
cell membrane is the protective barrier of fungal cells, and it is selective for substances
to enter and leave the cells. Therefore, damage to the integrity of the cell membrane
will cause the leakage of components, leading to cell apoptosis [34,35]. Lipids are an
important component of the cell membrane, and they play important roles in cell membrane
integrity and material transportation [36,37]. Ergosterol, as a unique component of fungal
cell membranes, plays important roles in cell membrane fluidity and membrane protein
function [38—40]. It was found that the synthesis of ergosterol in A. flavus cell membranes
was significantly inhibited after being treated with Artemisia annua essential oil; thus, the
fungal cell membranes were the main site [41]. After being treated with trans-2-hexenal,
the lipid content of G. citri-aurantii decreased at 60 min. The ergosterol content in the
treatment group decreased at 30 min, indicating that ergosterol was the primary target
of trans-2-hexenal in inhibiting G. citri-aurantii. ERG1, ERG7, and ERG11 are key genes in
the sterol biosynthesis pathway, encoding squalene epoxidase, lanosterol synthase, and
lanosterol-14-a-demethylase in the sterol biosynthesis pathway, respectively [19,42]. ERGI,
ERG7, and ERG11 in G. citri-aurantii were significantly downregulated after trans-2-hexenal
treatment, which is consistent with the results of the ergosterol content, further indicating
that the ergosterol synthesis pathway was attacked. Meanwhile, it is worth noting that
the molecular docking analysis of the formed complexes shows that the formation of
hydrophobic interactions may lead to a longer residence time of trans-2-hexenal in ERG1,
ERG?7, and ERG11, and the hydrophobic interactions may enhance the effect of trans-2-
hexenal on the ergosterol synthesis pathway. This result is consistent with that of Song
et al. [43], who found that trans-2-hexenal fumigation reduced the ergosterol content of
Botrytis cinerea and influenced ergosterol biosynthetic gene expression levels.
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5. Conclusions

In summary, trans-2-hexenal reduced the B-1,3-glucan content and ergosterol content
of G. citri-aurantii by inhibiting the expressions of related genes. With the prolongation of
the treatment time, the total lipid content decreased, and the cell membrane integrity was
further destroyed.
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Abstract: Postharvest diseases seriously restrict developments in the passion fruit industry. In
this study, we aimed to identify the postharvest pathogen affecting passion fruit, investigate its
pathogenicity, and explore relevant control methods. The pathogen was isolated from rotting passion
fruit and identified using morphological characteristics, ITS sequences, and phylogenetic tree analyses.
Additionally, preliminary studies were conducted to assess the biological characteristics of the
pathogen and evaluate the efficacy of various treatments for disease control. The fungus on the
passion fruit called B4 was identified as Diaporthe passiflorae. Optimal conditions for mycelial growth
were observed at 25-30 °C and pH 5-6, with starch as the carbon source and peptone as the nitrogen
source. Infection by D. passiflorae accelerated fruit decay, reduced the h° value of the peel, and
increased the peel cell membrane permeability when compared to the control. Notably, treatments
with appropriate concentrations of e-poly-I-lysine, salicylic acid, and melatonin showed inhibitory
effects on the pathogen’s growth in vitro and may thus be potential postharvest treatments for
controlling brown rot caused by D. passiflorae in passion fruit. The results provide a scientific basis
for the development of strategies to control postharvest decay and extend the storage period of
passion fruit.

Keywords: Passiflora caerulea; postharvest diseases; Diaporthe passiflorae; biological characteristics;
antifungal

1. Introduction

Passion fruit (Passiflora cerulean L.) is a perennial, evergreen, climbing woody vine that
originates from South America but is now widely cultivated in tropical and subtropical
regions worldwide [1]. Brazil is the world’s largest producer of passion fruit, with an annual
production of 683,000 tons in 2021, covering an area of about 45,000 hectares and generating
an income of about USD 286 million for farmers [2]. In China, passion fruit is mainly grown
in the provinces of Fujian, Hainan, Guangdong, and Guangxi [3]. In 2019, the cultivation
area of passion fruit in China was about 30,000 hectares, and the annual production was
about 600,000 tons [4]. Passion fruit produces a unique aroma for a tropical fruit, as it
contains the scents of apple, mango, pineapple, banana, lemon, and litchi fruit. Its juice
is sweet and sour, with a unique flavor, and it is known colloquially as the “king of fruit
juices” [5-7]. Passion fruit is also rich in various phenolic compounds, dietary fiber, pectin,
carotene, vitamins, and other active substances required by the human body, and it has
antioxidant, antihypertensive, antitumor, hypolipidemic, and other medicinal values [8-10].
Owing to its unique flavor and high nutritional value, passion fruit is sought after by
consumers, and the market demand for passion fruit is increasing, thereby leading to its
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high commercial value; thus, the planting area of passion fruit is increasing. For example,
the planted area of passion fruit in China increased from less than 700 hectares in 2011 to
more than 30,000 hectares in 2019, with an annual production of about 600,000 tons [4,11].

However, as passion fruit ripens during the high-temperature season and has a high
level of respiratory action [12,13], the peel can easily lose its luster and experience water
loss, shrinkage, and rotting, which makes storage challenging [14,15]. Additionally, passion
fruit is susceptible to pathogen infections that lead to fruit rot. These problems seriously
affect the quality and commercial value of passion fruit. Globally, several fungal pathogens
have been identified as causing passion fruit decays, including Diaporthe infercuda [16],
Phytophthora drechsleri [17], Phytophthora nicotianae [18], Colletotrichum brevisporum [19],
Lasiodiplodia theobromae [20], and Trichothecium roseum [21].

To improve the shelf life of passion fruit and control the occurrence of postharvest
diseases, chemical preservation treatments are currently widely used in the market [4,12,22].
However, the prolonged use of chemical fungicides can lead to a series of problems, includ-
ing the development of pathogen resistance, the contamination of the environment, and
harm to human health [23,24]. Therefore, it is necessary to find new safety strategies to
control the occurrence of postharvest diseases. e-poly-l-lysine (e-PL) is a natural preserva-
tive with easy solubility and nontoxic, harmless, and antifungal characteristics, and it has
been widely used in the food industry [25,26]. Both salicylic acid (SA) and melatonin (MT)
treatments can delay fruit senescence and help maintain the postharvest quality [27-30].
Therefore, this study aimed to isolate and identify the pathogen causing brown rot in
passion fruit, as well as its biological characteristics, and to explore the effects of e-PL, SA,
and MT treatments on the fungal pathogen in vitro.

2. Materials and Methods
2.1. Materials and Reagents

The ‘Fujian Passion Fruit No. 3’ passion fruits were collected from an orchard in
Nan’an City, Fujian Province, China, and shipped to Quanzhou on the same day. Fruits
of a uniform size, similar color, consistent maturity, no disease, no damage, and that were
apparently healthy were selected for the experiment. A total of 390 passion fruits were
selected after cleaning and subjected to the following treatments. Among them, 30 passion
fruits were used for measuring the initial fruit indicators (day 0). The remaining 360 passion
fruits were randomly divided into two groups, with 180 fruits in each group. One group
was punched, and the other group was punched and placed with 8 mm D. passiflorae plugs.
After treatment, 10 fruits were packed in polyethylene film bags (0.015 mm thick) and
stored at 25 £ 1 °C and 85% relative humidity for 6 days. In the experiment, 30 passion
fruits (3 bags) from each treatment were randomly selected every day for physiological
index analysis.

2.2. Isolation and Purification of Pathogens

Postharvest passion fruits were packed in 0.015 mm polyethylene cling film bags and
stored at 28 + 1 °C and 85% relative humidity (RH) until the onset of decay. The margins
(4 x 4 mm) between the symptomatic and healthy tissue were cut from the rotten fruit.
Then, the surfaces were disinfected and cleaned with 75% ethanol [31]. The isolated tissue
blocks were transferred to potato glucose agar (PDA) medium. Finally, the plates were
cultured at constant temperature (28 °C) and humidity (85% RH) in an artificial climate
chamber. When the colonies reached a diameter of approximately 3 cm, the mycelia at the
edges of the colonies were placed into new PDA medium for purification, and this was
repeated 3—4 times to obtain purified strains.

2.3. Morphological Identification of the Pathogen

The fungus plugs (J = 5 mm) were removed from the edge of the colony, inoculated on
the PDA medium, and cultured in the artificial climate chamber with constant temperature
(28 °C), humidity (85%), and darkness condition. The morphology of the pathogen colonies
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was observed, photographed, and recorded daily until the colonies covered the Petri dish
on the fifth day. The prepared Sabouraud agar plate was cut into several squares (1 cm?)
using a sterile inoculant needle via an aseptic procedure and placed on the agar plate [32,33].
The pathogens to be tested were inoculated on the upper part of the surrounding edge of
the agar block, and then a sterile cover glass was placed on the agar with sterile tweezers
and they were cultured at 28 °C under a plate lid. After the spores had grown on a sterile
slide, a drop of normal saline was added, and the cultured cover slide was placed on
the slide using sterile tweezers. Finally, the characteristics of the spores were observed
and photographed with a light microscope (DM2000 LED, Leica, Wetzlar, Germany).
Morphological characteristics were identified using relevant guidelines [34,35].

2.4. Pathogenicity Detection of the Pathogen

Pathogenicity testing was performed according to the method described by Chen
et al. [31]. Healthy, disease-free, mature, and uniform-sized passion fruits were selected
and washed with deionized water and dried naturally. The selected fruits were divided
into three groups of 10 fruits each. A small hole (& = 8 mm) was punched on the equatorial
surface of the passion fruit using a sterile puncher. After the wound was dried, the fungal
plug (@ = 8 mm) was inoculated, and the treatments without fungal plug inoculation were
used as the controls. The fruits were then placed in an artificial climate box with constant
conditions of 28 °C and 85% RH for preservation and photographed every day.

2.5. Molecular Biological Identification of Pathogens

DNA extraction, PCR amplification, and pathogen gene sequencing were performed
by Qingdao Yixin Testing Technology Service (Qingdao, China). The ITS, TUB, and TEF-1o
sequencing results of strain B4 were analyzed using the Basic Local Alignment Search Tool
(BLAST) in the GenBank database. Subsequently, by comparing the similarity between the
B4 strain sequence and the existing sequences in the database, the sequences with high
similarity were obtained. Finally, DNAMAN software (Version 9.0, LynnonBiosoft, Chicago,
IL, USA) was used for sequence comparison and homology analysis, and MEGA11.0 (Mega
Limited, Auckland, New Zealand) was used for neighbor-joining analysis to construct the
phylogenetic tree [36].

2.6. Biological Characteristics of the Pathogens

The biological properties were determined as described by Gui et al. [37] with slight
modifications. The pathogen was inoculated on different carbon source (D-fructose, glu-
cose, sucrose, and starch) and nitrogen source (peptone, KNOj3, and NaNO3) media. The
pathogens were also inoculated on PDA media with different pH values (4, 5, 6,7, 8, 9, 10,
and 11). The PDA medium inoculated with the pathogen was incubated in an artificial
climate chamber at 85% RH and different temperatures (20 °C, 25 °C, 28 °C, 30 °C, and
35 °C). After 4 days, the diameters of the colonies on the medium were measured using
the crossover method and then photographed and recorded.

2.7. In Vivo Assay
2.7.1. Assay of Wound Inoculation with D. passiflorae

Passion fruits of uniform size that were healthy, disease-free, ripe, and consistent were
selected. The samples were rinsed with deionized water and dried naturally. A small
wound (& = 8 mm) was made in the passion fruit with an equatorial plane using a sterile
puncher. After the wound had dried, a D. passiflorae cake with a diameter of 8 mm was
inoculated [20]. Ten fruits were randomly selected from the treatment and control groups
each day for observation. The diameters of the lesions were then measured using the
crossover method and photographed for record.
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2.7.2. Effects of D. passiflorae Inoculation on the Fruit Hue Angle

The hue angle of the fruit was determined as described by Zhao et al. [38]. Ten fruits
were randomly selected from the fruits inoculated with D. passiflorae and the control group
each day. A colorimeter (CR400, Konica Minolta, Tokyo, Japan) was used to measure
4 points on the equatorial surface of the fruit. The /#° value was recorded and averaged.

2.7.3. Effects of D. passiflorae Inoculation on Cell Membrane Permeability

The determination of the cell membrane permeability for the fruit peel followed
the method described by Shi et al. [39] with slight modifications. Thirty peels (5 mm
diameter) from ten fruits were sampled and rinsed with distilled water. Then, the peels
were transferred to a scale test tube containing 20 mL of distilled water. The peels were
then allowed to stand for 1 h, and the initial electrolyte leakage (C1) was measured using
a conductivity meter (STARTER3100C, Ohaus, Parsippany, NJ, USA). The scale test tube
of the above extract was then boiled for 20 min and allowed to cool to measure the final
electrolyte leakage (C2). The permeability of the fruit cell membranes was calculated
according to the following formula:

Cell membrane permeability (%) = (C1/C2) x 100.

2.8. Effects of e-PL, SA, and MT Treatments on the Mycelial Growth and Inhibition Rate of D.
passiflorae In Vitro

In vitro inhibition experiments were carried out with slight modifications following
the methods described by Fan et al. [40]. The ¢-PL, SA, and MT were added to the PDA
medium to give final concentrations of 0.125, 0.25, and 0.5 mg/mL of e-PL, 0.4, 0.8, 1.2,
and 1.6 mg/mL of SA, and 1, 2, 4, and 8 mg/mL of MT. Fungal plugs (& = 5 mm) were
inoculated in the middle of the medium with different concentrations. The plates were
incubated at a constant temperature (28 °C) and humidity (85% RH). Colony diameters
were measured daily using the crossover method and then photographed and recorded.

2.9. Statistical Analysis

The described parameters were all tested in triplicate. The SPSS 22.0 software (IBM
Corp, Armonk, NY, USA) was used to perform one-way ANOVA and t-tests on the ex-
perimental data. All data in the figures are expressed as average values + standard error
(n = 3). The differences between treatments are denoted by asterisks, indicating signifi-
cant (* p < 0.05) or highly significant (** p < 0.01) differences. Microsoft Office Excel 2021
(Microsoft, Chicago, IL, USA) was used to produce all graphs.

3. Results
3.1. Symptoms of Brown Rot on Passion Fruit

The changes that occurred in the freshly picked healthy passion fruits that developed
brown rot during postharvest storage are shown in Figure 1. The initial symptom of the
disease is the appearance of water-stained spots (Figure 1C), and these develop in round
pale-brown patches with expanding edges (Figure 1D). Ultimately, the color deepens and
the fruit rots completely (Figure 1E).

Figure 1. Symptoms of brown rot during postharvest storage of passion fruit: (A) 0d; (B) 6 d; (C) 8 d;
(D) 14 d; (E) 20 d.
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3.2. Morphological Identification of Pathogens

The pathogen B4 was isolated from passion fruit brown rot, using a tissue separation
method (Figure 2). When strain B4 was grown on the PDA medium, the entire plate
(90 mm) was covered within 5 days. The colonies were white, round, and concentric, the
mycelium was plush, short, and flat, and the back of the medium was yellow. Microscopic
analysis identified x-conidia and (3-conidia in the B4 samples. The x-conidia were fusiform,
single-celled, colorless, transparent, and without septa, but with an oil ball at each end.
The 3-conidia were filamentous, linear, colorless, transparent, and without septa.

Figure 2. Colony morphology and spore morphology of the strain. (A) Front side of the pathogen
after 5 days of growth. (B) Back side of the pathogen after 5 days of growth. (C) x-conidia (100x).
(D) 3-conidia (100x). Black bars represent 10 mm.

3.3. Pathogenicity Testing of Pathogens

Strain B4 was inoculated on healthy passion fruit samples and its pathogenicity
was assessed (Figure 3). One day after inoculation, white mycelium began to grow at
the inoculation mouth (Figure 3B). Three days after inoculation, the fruit had watery
brown spots, which are characteristic symptoms of brown rot (Figure 3C). Five days after
inoculation, the symptoms of brown rot on the passion fruit had increased (Figure 3D).
The initial brown spots expanded in diameter and eventually covered the entire fruit.
The brown spots in the middle of the fruit deepened in color, while the water-stained
edges continued to expand. The disease development eventually caused the fruits to rot
completely. These observations indicated that strain B4 was highly pathogenic to passion
fruit and could cause extensive rot.

Figure 3. Pathogenicity test of isolated strains on passion fruit: (A) 0d; (B) 1d; (C) 3 d; (D) 5d.

3.4. Molecular Biology of the Pathogen

According to the BLASTn analysis, strain B4 was 100% homologous to D. passi-
florae (OQ087003.1) based on the ITS sequence and 100% homologous to D. passiflorae
(MT409297.1, MT409300.1) based on the TUB sequence. Based on the TEF-1x sequence,
strain B4 showed 100% homology with D. passiflorae (MT409348.1, MT409346.1). Sequence
alignment based on the ITS, TUB, and TEF-1x genes displayed high similarity between
strain B4 and D. passiflorae (Figure 4A—C). The phylogenetic analysis of the ITS sequences
(Figure 4D) revealed that strain B4 clustered with D. passiflorae (OQ087003.1), while the
phylogenetic analysis of the TUB sequences (Figure 4E) indicated that B4 was also clustered
with D. passiflorae (MT409300.1, MT409299.1, MT409297.1). Similarly, the phylogenetic
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analysis of the TEF-1o sequences (Figure 4F) confirmed that B4 was clustered with D.
passiflorae (MT409348.1, MT409347.1, MT409346.1, OR105938.1). The phylogenetic tree was
constructed using neighbor joining on the combined dataset of the ITS, TUB, and TEF-1x
sequences. According to Figure 4G, strain B4 and D. passiflorae with different accession
numbers (MT409297.1, MT409300.1, MT409299.1) were clustered together in one branch,
which indicates that strain B4 was most closely related to D. passiflorae. Therefore, combined
with the pathogenicity test and morphological analysis, the pathogen B4 that was isolated
from postharvest brown rot on passion fruit was identified as D. passiflorae.
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Figure 4. Molecular biological identification of isolated pathogen. (A) Sequence alignment based
on rDNA-ITS sequence. (B) Sequence alignment based on TUB sequence. (C) Sequence alignment
based on TEF-1x sequence. (D) Phylogenetic tree constructed for strain B4 based on rDNA-ITS
sequence. (E) Phylogenetic tree constructed for strain B4 based on TUB sequences. (F) Phylogenetic
tree constructed for strain B4 based on TEF-1« sequence. (G) Construction of a phylogenetic tree of
strain B4 based on multiple sequences of rDNA-ITS, TUB, and TEF-1«. Branches including isolates
obtained from the passion fruit are represented by red boxes.

3.5. Biological Characterization of D. passiflorae

D. passiflorae could grow in all four carbon sources tested and there were significant
differences in the growth rates of the colonies (Figure 5A). The colonies grew relatively
slowly on the control medium without sucrose and faster on the medium with the four
carbon sources tested. Starch was used as the carbon source in the medium for the faster
growth of the colonies. Mycelia developed, and the diameters of the colonies observed
in the culture on day 4 were 39.56 £ 2.03 mm. Starch was determined to be the best
carbon source.

D. passiflorae could grow on all three test nitrogen source media (Figure 5B). The
colonies grew faster on the medium with peptone as the nitrogen source and the colony
diameters were 78.83 & 0.25 mm on day 4, which was highly significant (p < 0.01) when
compared with the other experimental groups. The growth rate of the colonies was slowest
on the base medium without sodium nitrate (control), as they were only 5 mm in diameter
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on day 4. These results show that peptone is the best nitrogen source for the growth of D.
passiflorae colonies.
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Figure 5. Biological characterization of D. passiflorae. (A) C-source. (B) N-source. (C) pH. (D) Tem-
perature. The different letters above the columns indicate that the data were significantly different
(p < 0.05) between groups.

D. passiflorae could grow in a pH range of 4-11. At a pH of >8, the growth rate of
the mycelia was slow, and the colony diameters were small and sparse. At pH 5, the
colony growth rate was the fastest, and the colony diameters were 71.83 + 1.59 mm.
Compared with the other experimental groups with pH values > 8, the difference was
significant (p < 0.05). At pH values of 5 and 6, there were no significant differences
between the experimental groups (Figure 5C). These results showed that the growth of the
passionflower colonies was suitable under acidic conditions, whereas it was inhibited under
alkaline environments.

D. passiflorae grew at all five temperature gradients (Figure 5D). The colonies grew
fastest at 25-30 °C, and the colony diameters were 78.26-81.3 mm after incubation for
4 days. However, the colony growth was slowest at 35 °C, and the colony diameters were
16.50 £ 0.24 mm after incubation for 4 days. These results showed that 25-30 °C was the
optimum temperature range for the growth of D. passiflorae.
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3.6. In Vivo Assay
3.6.1. Effects of D. passiflorae on Spot Diameter

The diameters of the brown rot spots on the passion fruits inoculated with D. passiflorae
increased with the storage time (Figure 6A,B). Compared to the control, the diameters of
the brown rot spots were significantly (p < 0.05) larger in the passion fruits inoculated
with D. passiflorae at 2—6 d after harvest and reached a highly significant (p < 0.01) level
at 3-6 d. The diameters of the diseased spots on the fruits inoculated with D. passiflorae

rapidly increased at 2 d, while the fruit lesions in the control group started only at 6 d.

Additionally, on day 6, the diameters of the passion fruit disease spots in the control group
were 93% smaller than those in the inoculated D. passiflorae group.
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Figure 6. Effects of inoculation with D. passiflorae on fruit lesion diameter, #° value, and cell membrane
permeability. (A) Symptoms of passion fruit brown rot. (B) Disease spot diameter. (C) h° value.
(D) Cell membrane permeability. The marks * and ** represent the significant differences (p < 0.05 or
p < 0.01) between the control group and the D. passiflorae inoculated passion fruits on each storage
day. (A) Control samples; (e) D. passiflorae samples.

3.6.2. Effects of D. passiflorae Inoculation on the Fruit Hue Angle of Passion Fruit

The color change of the passion fruit was measured using the value of the hue angle.
The postharvest passion fruit surface h° values continued to decline with the storage time,
with the fruit gradually turning from green to yellow (Figure 6C). Compared to the control,
the surface h° values of the passion fruits inoculated with D. passiflorae were lower at days
4-6 and the differences were significant (p < 0.05) on days 4 and 6. Additionally, when
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compared with day 0, the h° values of the fruits inoculated with D. passiflorae on day 6 were
reduced by 24%.

3.6.3. Effects of D. passiflorae Inoculation on Cell Membrane Permeability

The cell membrane permeability of the passion fruits increased with the storage time
and showed a trend similar to that for the lesion diameter. Compared with the control
group, the cell membrane permeability of the passion fruit inoculated with D. passiflorae
was higher than that of the control group (Figure 6D). Additionally, it reached a highly
significant level (p < 0.01) within 2-6 days. The cell membrane permeability of the control
group was 29% on day 6, which was 46% lower than that with the D. passiflorae inoculation.

3.7. Effects of e-PL, SA, and MT on the Mycelial Growth of D. passiflorae In Vitro

The ¢-PL, SA, and MT treatments significantly (p < 0.05) inhibited the growth of the
mycelia of D. passiflorae. As the concentrations of ¢-PL, SA, and MT increased, the mycelial
growth rate decreased continuously, and their inhibitory effects increased (Figure 7). The
control group was completely overgrown on day 5, while the groups treated with the e-PL,
SA, and MT were not. The inhibition rates of 0.125, 0.25, and 0.50 mg/mL of e-PL on the D.
passiflorae were 54%, 79%, and 95%, respectively (Figure 7D). The inhibition rates of 0.4, 0.8,
1.2, and 1.6 mg/mL of SA on the D. passiflorae were 45%, 53%, 75%, and 88%, respectively
(Figure 7E). The inhibition rates of 1, 2, 4, and 8 mg/mL of MT on the D. passiflorae were
29%, 53%, 65%, and 74%, respectively (Figure 7F). Therefore, e-PL, SA, and MT all inhibited
the growth of D. passiflorae, and e-PL exhibited the best inhibitory effect (Table 1).
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Figure 7. Effects of different concentrations of (A,D) e-poly-l-lysine, (B,E) salicylic acid, and
(CF) melatonin on the mycelial growth and inhibition rate of D. passiflorae at 5 d in vitro. The
different letters above the columns indicate that the data were significantly different (p < 0.05)
between groups.
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Table 1. Inhibition effects of e-poly-l-lysine (e-PL), salicylic acid (SA), and melatonin (MT) on
D. passiflorae.

The Concentration of ¢-PL (mg-mL~1) The Concentration of SA (mg-mL~1) The Concentration of MT (mg-mL-71)
0.125 0.25 0.5 0.4 1.2 1.6 2 4 8
Di(érirrln;‘;er 86.00 4 0.00 43.68 & 2.71 222,54 +2.21 ¢ 9.13 + 0.70 9 52.08 + 2.02 > 44.98 & 0.40 € 26.66 + 0.08 9 14.90 £ 0.46 © 65.59 + 6.17 2 45.19 £ 1.22°34.77 4 0.64 427.22 + 0.56 ©
Inhibition
rate 0+£0.00 52254473 78354210 9490+ 122 44.62+336 5296 £0.66 7451 +0.14 88.35+0.76 25204328 50.26 +1.88 63.25+0.96 72.57 £+ 0.84

(%)

Different letters indicate significant differences (p < 0.05) between different concentrations in the same group.

4. Discussion

Passion fruit is a tropical fruit that is highly sought after by consumers owing to its
high nutritional and medicinal values [7,9,41], and it is consequently widely cultivated in
China. However, because of the susceptibility of passion fruit to various diseases, it has
a short shelf life, which negatively impacts its commercial value. Based on the treatment
method used and environmental conditions, microbial infections may occur after harvest,
resulting in postharvest rot [42]. Pathogens can enter from various parts of the fruit, such as
mechanically damaged wounds or the stomata. In the early stages of disease, spots appear
only on the peel; however, with the passage of time, the pathogen spreads in the fruit and
then gradually into the pulp, resulting in fruit rot. During the early stages of brown rot in
passion fruit, the only symptom is small brown lesions that appear on the peel (Figure 1).
However, the diameters of these lesions gradually increase over time and, finally, the whole
fruit decays completely. Diaporthe infercuda [16], Phytophthora drechsleri [17], Phytophthora
nicotianae [18], Colletotrichum brevisporum [19], Lasiodiplodia theobromae [20], and Trichothecium
roseum [21] have previously been reported as the causal agents of postharvest rot in passion
fruit. However, in this study, D. passiflorae was isolated as the dominant pathogen causing
brown rot in passion fruit. Microscope analysis showed that the B4 colonies were white
and fluffy with short mycelia, and further evaluations revealed that they had x-conidia and
[-conidia (Figure 2). The morphological analysis showed that the conidia of strain B4 were
similar to those previously reported for Diaporthe [43]. The fruit pathogenicity of B4 was
further tested, and the results demonstrated that the fruits inoculated with the B4 strain all
showed symptoms of disease consistent with those of brown rot under natural conditions
in passion fruit (Figure 3). Additionally, the IDNA-ITS gene sequences obtained via PCR
amplification were analyzed for homology and a phylogenetic tree was constructed. Finally,
combining the results of the morphological analysis, pathogenicity tests, and molecular
identification, the dominant strain B4 was identified as D. passiflorae. Notably, D. passiflorae
has previously been isolated from kiwifruit [44], but its role in causing postharvest decay
in passion fruit has not been previously reported.

The effects of environmental factors on the growth of the fungal pathogen have been
studied through its biological characteristics. Fu et al. [45] found that the optimal tempera-
ture range for Phomopsis mangiferae Ahmad growth was 25-30 °C. Yan et al. [46] found that
the optimum carbon source for Diaporthe eres growth was starch and the optimum nitrogen
source was peptone. In a recent study, Ariyawansa et al. [47] identified six Diaporthe species
associated with leaf spot disease of C. sinensis in Taiwan tea fields, and found that the
optimal temperature for mycelium growth was 25-30 °C, with a preference for growth in a
low-acid—-alkaline medium. In this study, through experiments employing different carbon
and nitrogen sources, acid and alkaline conditions, and temperatures, the preference and
growth requirements of the D. passiflorae strain to specific environments were analyzed. The
results showed that D. passiflorae could thrive in an acidic environment at room temperature.
We found that starch is the most suitable carbon source for its growth, while peptone is the
preferred nitrogen source. The observations in this study are consistent with those of Fu
et al. [45], Yan et al. [46], and Ariyawansa et al. [47].

Infection with pathogens can cause fruit diseases and rot [48]. Gong et al. [49] and Sun
et al. [50] found that the fruit lesion diameter and cell membrane permeability increased
after fungal infection. In the study, the lesion diameter (Figure 6B) and the cell membrane
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permeability (Figure 6D) of fruit inoculated with D. passiflorae increased and the decay
symptoms were more pronounced, while the chromaticity 1° values decreased (Figure 6C).
Fruits uninoculated with D. passiflorae were not diseased on day 5 and maintained good-
quality characteristics (Figure 6).

The development of the fruit industry has been seriously restricted by reductions in
the commercial value of fruit due to microbial infection. Chemical fungicides have thus
been widely used in fruit preservation to help maintain fruit quality and extend storage
periods [24]. However, the long-term, irrational use of chemical fungicides can cause
irreversible damage to human health and the environment [51]. Therefore, it is essential
that we identify safe and effective treatment methods to inhibit the growth of pathogens
and maintain fruit quality [52]. As a safe and nontoxic antifungal agent, e-PL is widely
used in food processing [53]. In recent years, it has been shown that e-PL treatments can
effectively inhibit the occurrence of postharvest disease in fruit. For example, the e-PL
treatment could effectively inhibit the occurrence of postharvest blue mold disease in apple,
and it had an inhibitory effect on Penicillium expansum in vitro [26]. Additionally, e-PL
was found to have significant antifungal activity in vitro and could significantly inhibit
the colony growth and spore germination of Alternaria alternata [54]. Similarly, SA and
MT treatments could inhibit pathogen infection and thus maintain high fruit quality. SA
treatments could reduce pathogen infections in mandarin fruit during cold storage and
thus help maintain higher fruit quality [55]. It was found that the SA treatment could result
in the protein leakage and lipid damage of the pathogen, thereby inhibiting the activity
of P. expansum in vitro [56]. The occurrence of litchi downy blight was reduced and the
resistance of litchi fruit was improved via the MT soaking treatment after harvest [57].
Meanwhile, it was found that the MT treatment of tomato fruits could suppress gray mold
caused by Botrytis cinerea [58].

In the present work, the inhibitory effects of e-PL, SA, and MT on D. passiflorae were
studied. The results showed that 0.125 mg/mL ¢-PL, 0.4 mg/mL SA, and 1 mg/mL
MT could effectively inhibit the growth of D. passiflorae in vitro, and the inhibitory effect
enhances with the increase in concentrations.

5. Conclusions

In summary, this study showed that the brown rot of passion fruit is caused by
D. passiflorae. The infection with this pathogen causes significant postharvest disease.
Furthermore, the research has clarified that the growth conditions of the fungal pathogen
were determined by the biological characteristics of D. passiflorae. Moreover, the ¢-PL,
SA, and MT treatments inhibited the growth of D. passiflorae in vitro, among which the
0.5mg/mL e-PL treatment had the best inhibition effect. These findings not only improve
our understanding of D. passiflorae, the passion fruit brown rot pathogen, but also provide
valuable information for effective disease management.
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