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ABSTRACT: Bacillus subtilis is commonly used as a biocontrol bacterium owing to its strong antifungal activity, broad-spectrum
inhibition, and general safety. In this study, the inhibitory effects of volatile organic compounds (VOCs) produced by B. subtilis CF-3
on Colletotrichum gloeosporioides, a major destructive phytopathogen of litchi anthracnose, were analyzed using proteomics and
transcriptomics. Differentially expressed genes (DEGs) and proteins (DEPs) indicated that the inhibition of C. gloeosporioides by B.
subtilis CF-3 VOCs downregulated the expression of genes related to cell membrane fluidity, cell wall integrity, energy metabolism,
and production of cell wall-degrading enzymes. Particularly, those important DEGs and DEPs related to the ergosterol biosynthetic
and biosynthesis of unsaturated fatty acids are most significantly influenced. 2,4-di-tert-butylphenol, a characteristic component of B.
subtilis CF-3 VOCs, also showed a similar effect on C. gloeosporioides. Our results provide a theoretical basis for the potential
application of B. subtilis CF-3 in the postharvest protection of fruits and vegetables.
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B INTRODUCTION inhibit the growth of postharvest pathogens of fruits and
vegetables. In our previous study, the B. subtilis strain CF-3,
which is used as a biocontrol agent, was isolated and
identified.'"* VOCs from the B. subtilis CF-3 fermentation

Postharvest diseases are one of the main causes of postharvest
loss of fruit and vegetable crops. The most prominent plant
pathogenic fungi that cause postharvest rot include Botrytis ’ ) s
spp., Penicillium spp.,” Aspergillus spp.,” Alternaria spp.,’ broth show considerable antifungal effects.™
Fusarium spp.," Colletotrichum spp.,* and Monilinia spp.* pounds possibly generated by CF-3 are listed in the Table S1.
Among them, Colletotrichum spp. is a considerably pathogenic Furthermore, 2,4-di-tert-butylphenol (DTBP) was found to be

The com-

fungus that infects fruits. Owing to its wide host range and a vital VOC component of the B. subtilis CF-3 fermentation
rapid growth, Colletotrichum spp. causes anthracnose spot and broth, which showed strong inhibitory effects on the plant
rot symptoms in fruits, which results in significant economic pathogenic fungus Colletotrichum gloeosporioides.'” Compared
losses.™ Currently, anthracnose is predominantly treated or with the nonvolatile antifungal substances, VOCs are more
prevented using chemical fungicides such as copper oxy- likely to exert antifungal activity via air and soil. Moreover,
chloride, cupric hydroxide, benomyl, methyl thiophanate, VOCs do not easily produce drug resistance and do not
carbendazim, thiabendazole, and difenoconazole.” Although damage the environment.'® Looking forward to the application
chemical pesticides have played an important role in the prospect of VOCs, it can be combined with the modified
control of plant diseases, their use is associated with risks, atmosphere storage in order to achieve anticorrosion.
including the accumulation of toxic compounds that are However, the present research on VOCs of their antifungal
potentially dangerous to humans and the environment, which mechanism is relatively rare. Most of the VOC research reports
has become a major concern. Furthermore, an increasing focused on the action of their nutritional spatial competition as
number of pathogen strains shows resistance to fungicides.” well as in vitro inhibition of spore germination. The study on

As an alternative to chemical fungicides for counteracting the prevention and control of biocontrol mechanisms of

anthracnose, antagonistic microorganisms may be used for
culture control.” Several species of the genus Bacillus have been
reported to inhibit the growth of several plant pathogens and
have been used increasingly as biological control agents against
plant pathogens.'’ Previous studies indicated that Bacillus
subtilis are known for their ecofriendly nature, generally
recognized as safe, and show a broad inhibitory spectrum
against postharvest pathogens of fruits.'' Moreover, recent
studies reported that B. subtilis can produce not only
antibiotics and antifungal proteins'> but also a series of
volatile organic compounds (VOCs),"> which can effectively

postharvest diseases of fruits and vegetables is not yet
thorough. The clear antifungal mechanism will be more
conducive to the precise development of efficient biocontrol

Received: February 1, 2021
Revised:  April 13, 2021
Accepted: April 13, 2021
Published: April 26, 2021

© 2021 American Chemical Society https://doi.org/10.1021/acs.jafc.1c00640

W ACS Publications 5267 J. Agric. Food Chem. 2021, 69, 52675278


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ke+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zhen+Qin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shiyuan+Wu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Pengyu+Zhao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chaoying+Zhen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Haiyan+Gao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jafc.1c00640&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jafc.1c00640?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jafc.1c00640?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jafc.1c00640?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jafc.1c00640?goto=supporting-info&ref=pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jafc.1c00640/suppl_file/jf1c00640_si_001.pdf
https://pubs.acs.org/toc/jafcau/69/17?ref=pdf
https://pubs.acs.org/toc/jafcau/69/17?ref=pdf
https://pubs.acs.org/toc/jafcau/69/17?ref=pdf
https://pubs.acs.org/toc/jafcau/69/17?ref=pdf
pubs.acs.org/JAFC?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.jafc.1c00640?rel=cite-as&ref=PDF&jav=VoR
https://pubs.acs.org/JAFC?ref=pdf
https://pubs.acs.org/JAFC?ref=pdf

Journal of Agricultural and Food Chemistry

pubs.acs.org/JAFC

agents. In particular, there are few research studies that focus
on its molecular mechanism. This will slow down the research
and development of its biological control agents.

With the next-generation sequencing (NGS) technology,
RNA sequencing has been used extensively in the under-
standing of biolo(gical and physiological processes of many
fungal species.””’ Tandem mass tag (TMT)-based quantita-
tive proteomics has been widely used and has been proven to
be a reliable method for determining protein expression
levels.””” As gene expression is also regulated by post-
transcriptional modification and translation processes, addi-
tional proteomic analysis is also imperative for a complete
comprehension of the molecular mechanisms.”> Proteomics
and transcriptomics are increasingly used in the study of
postharvest fruit diseases, which are also essential for the
complete understanding of the molecular mechanisms of
postharvest disease control.”*™*

In this study, we assessed the antifungal mechanism of
fermentation broth VOCs of B. subtilis CF-3 and its
characteristic component DTBP on C. gloeosporioides using
transcriptomics and proteomics. Our results revealed that the
mechanisms of VOCs produced by B. subtilis CF-3 affect
transcriptional regulation, protein expression, and metabolic
pathways of C. gloeosporioides, which provides a theoretical
basis for the development of biological control agents.

B MATERIALS AND METHODS

Strain. B. subtilis CF-3 (registered in the China Center for Type
Culture Collection; CCTCC M 201612S) was isolated from
fermented bean curd and was identified at the Laboratory of Food
Safety and Quality Control.”” To produce fermentation broth, B.
subtilis CF-3 was cultivated on Luria-Bertani (LB) solid medium at 37
°C for 24 h, gently scraped off using an inoculation loop, transferred
to 100 mL of LB liquid medium in a conical flask, and cultivated at 37
°C in a rotary shaker at 150 rpm for 24 h. The concentration of the
solution was adjusted to 10°® colony-forming units (CFU)/mL, after
which it was stored until use.

C. gloeosporioides was obtained from the Institute of Environment
and Plant Protection, Chinese Academy of Tropical Agricultural
Sciences (registered in Agricultural Culture Collection of China;
ACCC 36351) and was cultured at 28 °C on potato dextrose agar
medium (PDA) before use in experiments.

The method about the plate enthalpy test described by Arrebola et
al”” and Jiang et al.”® was used to assess the inhibitory effects of
VOCs produced by B. subtilis CE-3 on C. gloeosporioides. Briefly, 20
uL of 10% CFU/mL B. subtilis CF-3 fermentation broth (VOC group)
and 1 mol/L DTBP (DTBP group) were evenly spread on solid LB
medium. Distilled water (20 yL) was used as control. Subsequently,
we punched out a culture plug (7 mm diameter) from the agar of the
fungal cultures that were incubated for 7 days, and then, we placed the
culture plug at the center of a PDA medium plate. Then, the LB solid
medium was inverted and placed on the fungus-attached PDA solid
medium, and Petri dishes were sealed using parafilm to reduce the
loss of VOCs. The cultures were incubated in an electrothermal
incubator at 28 °C for 7 days, after which the pathogenic fungal
mycelium was harvested and stored at —80 °C until RNA isolation.
Each treatment was performed in triplicate.

RNA Isolation and Sequencing Library Preparation. Total
RNA of mycelia was extracted from the control group, VOC
treatment group, and DTBP treatment group. RNA isolation was
performed using Trizol reagent (Invitrogen, New Jersey, USA)
following the manufacturer’s instructions. RNA concentrations were
measured using a NanoDrop 2000 spectrophotometer (Thermo
Fisher Scientific, Waltham, USA). RNA integrity was assessed using
the RNA Nano 6000 Assay Kit of the Agilent Bioanalyzer 2100
system (Agilent Technologies, Santa Clara, CA, USA). One
microgram RNA per sample was used as input for sequencing library
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preparation. cDNA libraries were produced using an NEB Next Ultra
RNA Library Prep Kit (New England Biolabs, Inc., Ipswich, USA) for
IMumina following the manufacturer’s instructions. PCR products
were purified (Agencourt AMPure XP System; Beckman Coulter,
Brea, CA, USA), and library quality was assessed using an Agilent
Bioanalyzer 2100 system (Agilent Technologies, Santa Clara, CA,
USA). Finally, the cDNA libraries were sequenced on a flow cell using
an Ilumina HiSeq 2500 sequencing platform (Biomarker Tech,
Beijing, China). For each treatment, three samples were prepared in
parallel for transcriptomics analysis.

Transcriptomics Bioinformatic Analysis. Raw data were
quality-filtered [Q values (<30) higher than 30%] to retain only
clean reads. The fragments per kilobase of transcript per million
fragments mapped (termed FPKM®®) were used to calculate gene
expression levels. Before analysis of differential gene expression, read
counts of each library were adjusted using a scaling normalization
factor with the edgeR package, and differential expression analysis of
two samples was performed using the EBSeq R package.”® Regarding
differentially expressed genes (DEGs), differential expression was
determined as DEGs with fold change > 2 and FDR < 0.01 as
screening criteria.

An in-depth analysis based on DEGs was performed, including
comparison using the Blast2GO program and the NCBI non-
redundant protein database (http://www.geneontology.org), imple-
mented by the Kolmogorov—Smirnov test based on the topGO R
package Enrichment analysis of gene ontology (GO) of DEGs, using
KOBAS®' software to statistically test the enrichment of DEGs in the
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway.

Validation of RNA Sequencing. To validate the results of RNA
sequencing, 12 DEGs (six downregulated and six upregulated DEGs
from each of the two treatments) were selected for real-time reverse
transcription PCR (RT-PCR). Total RNA was extracted from each
sample using Trizol reagent (Invitrogen). RNA was quantified using a
NanoDrop2000 spectrophotometer (Thermo Fisher Scientific,
Waltham, USA), and integrity was assessed by agarose gel
electrophoresis. cDNA was synthesized using MasterMix (TaKaRa,
Dalian, China). RT-PCR was performed using a TB Green qPCR Kit
(TaKaRa, Dalian, China) with the following thermocycling
conditions: 95 °C for 30 s, followed by 40 cycles of 95 °C for 5 s
and 60 °C for 30 s. After the reaction was completed, the
amplification curve and melting curve of the RT-PCR were
constructed, and the data were analyzed. All samples were tested in
triplicate. The target genes and the respective PCR primers are shown
in Table S2.

Protein Extraction, Quantification, and Liquid Chromatog-
raphy with Tandem Mass Spectrometry Analysis. A protein
extraction kit (MYP1900, MesGenBiotech, Tianjin, China) was used
to extract the total protein from the samples. A BCA Protein Assay kit
(Beyotime Biotechnology, Shanghai, China) was used to determine
protein concentrations, and SDS-PAGE was performed to verify
protein quality. Protein digestion, peptide desalting, and TMT
peptide labeling were carried out using samples that met the quality
requirements.

Reconstituted peptide solutions were used for liquid chromatog-
raphy with tandem mass spectrometry (LC—MS/MS) analysis, and
each sample fraction was injected once for a total of 15 mass
spectrometric analysis. An appropriate amount of peptide was taken
from each sample and was chromatographically separated using the
nanoflow liquid chromatography system EASY-nLC 1200 (Thermo
Fisher Scientific, Waltham, USA). The mobile phase was a mixture of
water containing 0.1% formic acid and acetonitrile with 0.1% formic
acid, isocratically delivered by a pump at a flow rate of 300 nL/min.
The elution gradient was as follows: 0—2 min, 4—7% B; 2—67 min,
7-20% B; 67—79 min, 20—35% B; 79—81 min, 30—90% B; 81—90
min, 90% B. After peptide separation, a Q-Exactive Plus mass
spectrometer (Thermo Fisher Scientific, Waltham, USA) was used for
data-dependent acquisition mass spectrometry. The following settings
were used: analysis time: 90 min, detection method: positive ion, and
precursor ion scanning range: 300—1800 m/z. The mass-to-charge
ratio of peptides and fragments of peptides was collected according to
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Figure 1. Effect of treatment groups on C. gloeosporioides growth, genes, and proteins. (A) B. subtilis CF-3 inhibited the growth and germination of
C. gloeosporioides. C. gloeosporioides in the plates, treated with distilled water, B. subtilis CF-3 fermentation broth VOCs, and DTBP. (B) Numbers of
DEGs in both treatment groups. (C) Numbers of DEPs in both treatment groups.

the following method: 20 fragment maps were collected after each full
scan. The following settings were used: first-level mass spectrometry
resolution: 70,000 at m/z 200, AGC target: 1 X 10° first-level
maximum IT: 50 ms; secondary mass spectrometry resolution: 35,000
at m/z 200, AGC target: 1 X 10°, secondary maximum IT: 50 ms,
MS2 activation type: HCD, isolation window: 1.6 Th, normalized
collision energy: 35.

Proteomics Bioinformatic Analysis. The original LC—MS/MS
raw files were imported into the search engine Sequest HT in
Proteome Discoverer software (version 2.2) for database retrieval.
The database used for the database search was Uniprot. C.
gloeosporioides_ GCS_15380_201181122.fasta, which was obtained
from the protein database on the website https://www.uniprot.org/
uniprot/?query=taxonomy:474922, and 15,380 proteins were used.

The functional annotation of C. gloeosporioides protein database is
limited; therefore, we selected multiple related species for protein
database comparison (using BLAST). Based on the results of the
database search and functional protein comparison, we used the
corresponding GENE ID/Symbol obtained by the comparison for the
subsequent bioinformatic analysis.

The threshold for differential protein expression was a fold change
of >1.2 or <0.83 and P < 0.05 in the respective statistical test.
Annotations of biological functions of proteins mainly involve protein
ontology (GO) annotation®* and KEGG biological pathway analysis**
(termed KEGG pathway). GO annotation was performed using
Blast2GO software for comparison within the nonredundant NCBI
protein database (http://www.geneontology.org). Biological pathway
classification and grouping of identified proteins were performed
using the KEGG database (http:/ /www.genome.jp/kegg/ ). Annota-
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tion of biological functions of proteins is predominantly based on the
extraction of information from GO and KEGG. Statistical analysis of
GO and KEGG enrichment data was carried out using Fisher’s exact
test, and FDR correction for multiple testing was performed.

B RESULTS

Effects of B. subtilis CF-3 VOCs on C. gloeosporioides
Growth. To explore the in vitro biocontrol effects of
fermentation broth VOCs of B. subtilis CF-3 on fungal
pathogens, colony sizes, and morphology of C. gloeosporioides
were documented 7 days after inoculation. As shown in Figure
1A, the circular diameters of C. gloeosporioides colonies were
only 30 and 26 mm, respectively, after treatment with B. subtilis
CF-3 VOCs and DTBP. C. gloeosporioides mycelium of the
control treatment covered almost the entire plate (68 mm)
after 7 days of cultivation, whereas in both treatments, C.
gloeosporioides growth was strongly inhibited. Mycelia from
these cultures were further examined using omics techniques.

Overview of Transcriptome and RT-PCR Validation.
High-throughput RNA sequencing produced 111.22 Gb of
clean sequence data. The GC content of all samples exceeded
53%. The Q30 base percentage was at least 92.86%. Bulk
sequencing statistics are summarized in Table S3. The
sequencing data were of adequate quality and were considered
suitable for further analysis. To validate gene expression data
obtained from RNA sequencing, we selected 12 DEGs (6

https://doi.org/10.1021/acs jafc.1c00640
J. Agric. Food Chem. 2021, 69, 5267—5278


https://www.uniprot.org/uniprot/?query=taxonomy:474922
https://www.uniprot.org/uniprot/?query=taxonomy:474922
http://www.geneontology.org
http://www.genome.jp/kegg/
http://pubs.acs.org/doi/suppl/10.1021/acs.jafc.1c00640/suppl_file/jf1c00640_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jafc.1c00640?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jafc.1c00640?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jafc.1c00640?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jafc.1c00640?fig=fig1&ref=pdf
pubs.acs.org/JAFC?ref=pdf
https://doi.org/10.1021/acs.jafc.1c00640?rel=cite-as&ref=PDF&jav=VoR

Journal of Agricultural and Food Chemistry

pubs.acs.org/JAFC

1935
9936

193
993

molecular function

biological process cellular component

C Statistics of Pathway Enrichment
alpha-Linolenic acid metabolism
Valine, leucine and isoleucine biosynthesis{
Pyruvate metabolism qvalue

Purine metabolism 1.00

Phenylpropanoid biosynthesis 0.75

Glycine, serine and threonine metabolism 0.50

Fructose and mannose metabolism 0.25

Cysteine and methionine metabolism | ] 0.00
Carbon metabolism

Carbon fixation in photosynthetic organisms - Diff
Carbapenem biosynthesis - « down
Biosynthesis of amino acids = up&down

Alanine, aspartate and glutamate metabolism

2-Oxocarboxylic acid metabolism gene_number

Phenylalanine metabolism ® 10
RNA polymerase { ® 20
Starch and sucrose metabolism @ 30
Nitrogen metabolism @ 40
Galactose metabolism u
Ribosome biogenesis in eukaryotes { o

3
Rich factor

Number of genes

2134

EEmDE
Al [9936

213
993

Number of genes

©n

biological process cellular component molecular function

D Statistics of Pathway Enrichment

Tyrosine metabolism

Phosphatidylinositol signaling system
gene_number

e 5
® 10
® 15
@ 20
@® 2

Glutathione metabolism
Glycerophospholipid metabolism
Galactose metabolism
Carbon fixation in photosynthetic organisms {
Vitamin B6 metabolism
Pyruvate metabolism
Carotenoid biosynthesis { qualue
Biosynthesis of unsaturated fatty acids 1.00
Phenylalanine, tyrosine and tryptophan biosynthesis { 075

ABC transporters 4
i 0.50

0.25
& 000

Fatty acid metabolism Diff

Steroid biosynthesis {
Starch and sucrose metabolism

Nitrogen metabolism

Ether lipid metabolism
P * down

alpha-Linolenic acid metabolism
P! *  up&down

Amino sugar and nucleotide sugar metabolism | |

Inositol phosphate metabolism | ]

15 20 30

25
Rich factor

Figure 2. Functional annotation of DEGs. (A) Gene Ontology (GO) enrichment analysis for DEGs of the VOCs group. (B) GO enrichment
analysis for DEGs of the DTBP group. (C) KEGG pathway enrichment scatter plot of DEGs in the VOCs group. (D) KEGG pathway enrichment
scatter plot of DEGs in the DTBP group. Treatments are represented using different colors.

downregulated and 6 upregulated DEGs) to quantify
expression levels using RT-PCR. RNA sequencing and RT-
PCR analysis showed consistent expression trends for each of
the analyzed candidate genes (Figure S1), suggesting that the
transcriptomic data were adequate for further functional
analysis and mechanistic interpretation.

DEGs were identified by comparing RNA sequence data
from the VOCs and DTBP treatment with that of the control
group. In total, 2781 DEGs (1384 upregulated and 1397
downregulated genes) were observed in the VOC treatment
and 3406 DEGs (1272 upregulated and 2134 downregulated
DEGs) in the DTBP treatment (Figure 1B). Comparing the
two groups of DEGs, there were 1229 DEGs in total, of which
1090 showed the same trend and 139 produced opposite
trends.

Functional Annotation of DEGs. Based on GO func-
tional analysis, the identified DEGs were classified into three
major categories: molecular functions, cellular components,
and biological processes (Figure 2A,B). In the VOC treatment
(Figure 2A), 1935 DEGs (999 upregulated and 936 down-
regulated DEGs) were identified using GO functional analysis.
In the category of molecular functions, “catalytic activity” (673
upregulated and 535 downregulated DEGs) was the most
frequent term, followed by “transporter activity” (64
upregulated and 71 downregulated DEGs) and “binding”
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(364 upregulated and 420 downregulated DEGs). In the
category of cellular components, the most highly enriched
terms were “cell” (463 upregulated and 483 downregulated
DEGs), “cell part” (461 upregulated and 483 downregulated
DEGs), “organelle” (283 upregulated and 307 downregulated
DEGs), “membrane” (218 upregulated and 201 downregulated
DEGs), and “membrane part” (134 upregulated and 136
downregulated DEGs). In the category of biological processes,
they were the metabolic processes (675 upregulated and 587
downregulated DEGs), cellular processes (522 upregulated
and 519 downregulated DEGs), and single-organism processes
(487 upregulated and 386 downregulated DEGs). Figure 2A,B
shows that differential genes are classified similarly in the two
treatments. As shown in Figure 2B, there were 2134 DEGs
(852 upregulated and 1282 downregulated), whereas in the
DTBP treatment, there were slightly more DEGs than in the
VOC treatment.

Pathway significance enrichment analysis uses pathways in
the KEGG database as a unit and uses hypergeometric testing
to identify pathways that are significantly enriched in DEGs
compared to the entire genomic background.”* In the VOC
treatment, 412 DEGs were annotated to 105 KEGG pathways.
In the DTBP treatment, 354 DEGs were annotated to 110
KEGG pathways. These particular pathways are associated
with metabolism, cellular processes, and genetic information

https://doi.org/10.1021/acs jafc.1c00640
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Figure 3. Functional annotation of DEPs. (A) Gene Ontology (GO) enrichment analysis for DEPs of the VOCs group. (B)GO enrichment

analysis for DEPs.

processing. The scatter charts (Figure 2C,D) show the top 20
pathways with the lowest significant Q value among the
significantly enriched pathways. In the VOC treatment, the
most dominant pathways included glycolysis and gluconeo-
genesis, ribosome biogenesis in eukaryotes, fatty acid
degradation, biosynthesis of unsaturated fatty acids, and
nitrogen metabolism (Figure 2C). In the DTBP treatment,
the most enriched pathways were involved in the biosynthesis
of unsaturated fatty acids, nitrogen metabolism, fatty acid
metabolism, steroid biosynthesis, ABC transporters, and
glycerophospholipid metabolism.

Overview of Quantitative Proteome. Protein concen-
trations of the control, VOCs, and DTBP treatments are
shown in Table S4. SDS-PAGE was used to assess the integrity
of the extracted proteins (Figure S2). Mass spectrometry
identification results are shown in Table S5. The number of
Peptide-Spectrum Match was identified as 49,552; 13,692
peptides were identified as characteristic peptides, and 3963
proteins were identified, of which 3750 were quantitative
proteins. Proteome Discoverer software was used to
qualitatively and quantitatively calculate TMT-labeled proteo-
mics data. The threshold for differential expression was a
protein level difference > 1.2 at P < 0.05. As shown in Figure
1C, 565 differentially expressed proteins (DEPs) were
screened in the VOC treatment (289 upregulated and 276
downregulated DEPs), and 831 DEPs were observed in the
DTBP treatment (378 upregulated and 453 downregulated
DEPs) compared with the control group.

Functional Annotation of DEPs. GO analysis was
conducted to identify significantly enriched GO functional
groups. In the VOC treatment (Figure 3A), DEPs were
categorized according to biological processes, cellular compo-
nents, and molecular functions. In the biological processes, the
small-molecule metabolic process was the most frequent term,
followed by the single-organism metabolic process and
organonitrogen compound metabolic process. In the cellular
component category, the most mainly enriched terms were
cells, cell parts, cytoplasm, and cell periphery. Those terms
about catalytic activity, oxidoreductase activity, and small-
molecule binding were mainly significantly enriched. Figure 3B
shows the GO statistics of significant enrichment of significant
DEPs in the DTBP treatment. The terms mainly enriched in
biological processes were single-organism process, single-
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organism cellular process, single-organism metabolic process,
and response to stimulus. In the cellular component category,
the most mainly enriched terms were cytoplasm, cytoplasmic
part, cell periphery, and intracellular nonmembrane-bounded
organelle. In molecular functions, the terms were mainly
enriched regarding binding, oxidoreductase activity, and anion
binding.

Figure 4A,B shows the KEEG enrichment pathway of DEPs
in the VOC and DTBP treatment. 565 DEPs in the VOC
treatment involved 212 pathways, which were mainly enriched
regarding metabolic pathways including carbohydrate metab-
olism (AA), energy metabolism (AB), lipid metabolism (AC),
nucleotide metabolism (AD), amino acid metabolism pathway
(AE), and ribosome pathways predominantly associated with
translation (BB) (Figure 4A). 831 DEPs in the DTBP
treatment were associated with 258 pathways. DEPs were
mainly enriched in the metabolism pathway involved in energy
metabolism (AB), lipid metabolism (AC), xenobiotics
biodegradation and metabolism (AK), genetic information
processing pathway associated with ribosomes (BB), and
protein processing in the endoplasmic reticulum (BC) (Figure
4B).

Integrated Analysis of Transcriptome and Proteome.
To estimate the reproducibility of the TMT-based quantitative
proteomics and RNA sequencing results, linear regression
analysis based on the log2-transformed protein ratios or gene
coverage depth was performed for pairwise comparison of the
two experimental replicates. The observed R* values revealed a
relatively strong linear correlation between the two exper-
imental replicates in both quantitative proteomics and RNA
sequencing. Correlation analysis was performed on DEPs and
the corresponding genes in the VOC and DTBP treatments.
The abscissa indicates the expression of the corresponding
differential protein, and the ordinate indicates expression of the
differential gene; red color indicates significantly upregulated
genes and proteins in common, green means downregulation
in common, and R* values are 0.28 and 0.51, respectively
(Figure SA,B). Proteomics provided corroborating, or at least
supplementary, results regarding transcriptomics.”> In the
VOC treatment, 182 proteins were associated with the
transcriptome, among which 137 showed the same trend and
4S5 showed the opposite trend; 309 proteins in the DTBP
treatment were associated with the transcriptome. Similar
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Figure 4. (A) KEGG pathway enrichment scatter plot of DEPs. (B) KEGG pathway enrichment scatter plot of DEPs in the DTBP group.
Treatments are represented using different colors.
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Figure S. DEGs and DEPs correlation analysis. (A) VOCs group transcriptome and proteome shared DEGs and DEPs correlation analysis. (B)
DTBP group transcriptome and proteome shared DEGs and DEPs correlation analysis. (C) Venn diagram showing unique and shared DEGs and
DEPs in the VOCs group. (D) Venn diagram showing unique and shared DEGs and DEPs in the DTBP group.

trends were observed in 56 proteins, whereas opposite trends
were observed in 253 proteins (Figure SC,D). The
corresponding differential genes showed relatively weak
correlation patterns, but judging from the number of common
genes/proteins, the number of the same trend is far more than
the number of the opposite trend, so the two can be shared
together analysis.

B DISCUSSION

B. subtilis is a bacterium with a wide antimicrobial spectrum
that can be used for eco-friendly biocontrol.>>~*” Moreover,
the use of fermentation broth VOCs of B. subtilis has been
proposed as a potential control method to counteract
postharvest fruit diseases.”® The underlying antifungal
mechanism of B. subtilis VOCs must be elucidated in order
to assess the potential for further applications. In general,
biocontrol mechanisms of these microbes involve the
suppression of host pathogens or boosting of immune
responses through induced systemic resistance.”” However,
there were few studies that have examined the antifungal
effects of VOCs produced by B. subtilis, and most previous
studies are limited to preliminary screening and assessments of
antifungal effects. In the current study, the growth of C.
gloeosporioides was substantially inhibited by B. subtilis VOCs
and DTBP in vitro. The antifungal effects of fermentation broth
VOC:s of B. subtilis CF-3 on the postharvest pathogenic fungus
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C. gloeosporioides were further analyzed using transcriptomics
and proteomics.

The cell wall and the cell membrane help maintain the shape
of the cell by increasing its mechanical resistance. The fungal
cell wall is essential for sustaining cell morphology and
protecting the cell from mechanical damage. It contains three
types of major macromolecules including mannoproteins, S-
glucan, and chitin.** Chitin is one of the major macro-
molecules in the cell wall.* We found that several pathways
associated with cell wall biogenesis, such as amino sugar and
nucleotide sugar metabolism as well as starch and sucrose
metabolism, were considerably affected by B. subtilis CF-3
VOCs and DTBP. The important cell wall integrity genes
encoding for chitin synthase (CGGCS_5023, CGGCS_1349,
CGGCS_2120, CGGCS_4249, and CGGCS_5530) were
downregulated (Table 1, spot 1—5). Also, the genes encoding
glucanase (CGGCS_1733, CGGCS_ 71, CGGCS_ 10517,
and CGGCS_6080) were all downregulated (Table 1, spot 6—
9). In addition, some proteins (L2FJB1 and L2GAQS)
encoding chitin and glucanase were downregulated at the
protein level (Table 2). In a previous study, we found that B.
subtilis CF-3 VOC treatment could cause shrinkage and
rupture in the hyphae of C. gloeosporioides. The structure,
observed using microscopy, indicated that B. subtilis CF-3
VOC treatment resulted in shrunken and vacuole-forming cell
organelles and deteriorated the cell wall, thereby inhibiting the
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Table 1. Main DEGs in C. gloeosporioides after Treatment with B. subtilis CF-3 VOCs and DTBP*

log2FC
protein names gene ID VOCs/control DTBP/control KEGG_pathway
Cell Wall

1 chitin synthase CGGCS_5023 -1.07 —1.64 amino sugar and nucleotide sugar metabolism (ko00520)

2 chitin synthase CGGCS_1349 -1.99 —1.89 amino sugar and nucleotide sugar metabolism (ko00520)

3 chitinase 3 CGGCS_S5530 —2.08 -1.13 amino sugar and nucleotide sugar metabolism (ko00520)

4 chitin synthase CGGCS_2120 —3.41 —4.48 amino sugar and nucleotide sugar metabolism (ko00520)

N chitin synthase CGGCS_4249 -2.39 -1.14 amino sugar and nucleotide sugar metabolism (ko00520)

6 cellulose-growth-specific protein ~ CGGCS5_1733 —2.87 -2.09 starch and sucrose metabolism (ko00500)

7 glucan-f-glucosidase CGGCS_71 —-1.41 —3.08 starch and sucrose metabolism (ko00500)

8 glucan-f-glucosidase CGGCS5_10517 -1.25 —1.38 starch and sucrose metabolism (ko00500)

9 endo-p-glucanase CGGCS_6080 —1.03 —1.54 starch and sucrose metabolism (ko00500)

Cell Membrane

10 cytochrome P450 CGGCS_2390 —1.08 - steroid biosynthesis (ko00100)

11 cytochrome P450 CGGC5_12188 —1.08 - steroid biosynthesis (ko00100)

12 delta(24)-sterol reductase CGGCS_5850 -1.17 - steroid biosynthesis (ko00100)

13 cytochrome P450 CGGCS_3125 —1.10 - steroid biosynthesis (ko00100); sesquiterpenoid and triterpenoid
biosynthesis (ko00909)

14 tetrahydroxynaphthalene CGGC5_9 -1.42 —2.84 fatty acid biosynthesis (ko00061); biotin metabolism (ko00780);

reductase biosynthesis of unsaturated fatty acids (ko01040); fatty acid
metabolism (ko01212)

1S acyloxidase CGGCS_10911 —1.53 —1.36 fatty acid degradation (ko00071); a-linolenic acid metabolism
(ko00592); biosynthesis of unsaturated fatty acids (ko01040);
fatty acid metabolism (ko01212); peroxisome (ko04146)

16  delta(12) fatty acid desaturase CGGCS_3774 —1.28 —1.48 biosynthesis of unsaturated fatty acids (ko01040); fatty acid
metabolism (ko01212)

17 sterol 24-C-methyltransferase CGGCS_12108 —1.40 -1.30 steroid biosynthesis (ko00100)

18  methylsterol monooxygenase CGGCS_13692 —1.02 1.13 steroid biosynthesis (ko00100)

19  sterol 24-C-methyltransferase CGGCS_1442 —2.16 —2.21 steroid biosynthesis (ko00100)

20  cytochrome P450 CGGC5_696 —1.80 -3.73 steroid biosynthesis (ko00100)

21  lanosterol 14-a-demethylase CGGCS_8471 —-1.22 —1.28 steroid biosynthesis (ko00100)

Energy Metabolism

22 mitochondrial chaperone besl CGGCS_7365 -1.73 -2.99 -

23 cytochrome ¢ CGGCS_5334 —1.08 - sulfur metabolism (ko00920)

24 cytochrome ¢ peroxidase CGGCS_7083 —1.06 -1.78 biosynthesis of unsaturated fatty acids (ko01040)

25  malate dehydrogenase CGGCS_11211 —1.31 —1.30 citrate cycle (TCA cycle) (ko00020); cysteine and methionine
metabolism (ko00270); pyruvate metabolism (ko00620);
glyoxylate and dicarboxylate metabolism (ko00630)

26  hexokinase CGGCS_5179 -1.99 —1.08 glycolysis/gluconeogenesis (ko00010); fructose and mannose
metabolism (ko00051); galactose metabolism (ko00052)

27  hexokinase CGGCS_6991 —1.88 -1.38 glycolysis/gluconeogenesis (ko00010); fructose and mannose
metabolism (ko00051); galactose metabolism (ko00052)

28  plasma membrane H*-ATPase CGGCS_1052 —1.67 oxidative phosphorylation (ko00190)

pmal

29  plasma membrane ATPase CGGCS_2913 —1.18 -1.34 oxidative phosphorylation (ko00190)

30 nitrate reductase CGGCS5_20S55 -2.29 - nitrogen metabolism (ko00910)

31  nitrate transporter CGGCS_5489 —1.67 -2.17 nitrogen metabolism (ko00910)

CWDEs

32 pectate lyase CGGCS_1824 -1.36 - pentose and glucuronate interconversions (ko00040)

33 pectate lyase CGGCS_11629 —1.69 =3.11 pentose and glucuronate interconversions (ko00040)

34 pectate lyase CGGCS_13439 —2.95 —4.90 pentose and glucuronate interconversions (ko00040)

35 cellulase CGGCS_1300 —-3.82 - fructose and mannose metabolism (ko00051)

(glycoside hydrolase family S)

a« »

: this gene is not DEGs in this group.

growth of C. gloeosporioides.* Therefore, the cell wall integrity
of C. gloeosporioides was damaged after treatment with VOCs.

The lipid composition of fungal cell membranes and their
content are also important factors of cell membrane integrity.
Lipids have many important functions, such as increasing the
stability of the cell membrane, regulating its fluidity, and
reducing permeability to water-soluble substances."” The
integrity of fungal cell membranes is closely related to the
content of unsaturated fatty acids. If the cell membrane lacks
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unsaturated fatty acids or if the saturated fatty acid content is
too high, the cell membrane may lose elasticity and membrane
fluidity, and the cell ruptures subsequently.””**** The
expression levels of some genes involved in cell membrane-
related pathways were affected by B. subtilis CF-3 VOC and
DTBP treatments. Those pathways mainly include fatty acid
degradation, fatty acid biosynthesis, biosynthesis of unsatu-
rated fatty acids, fatty acid metabolism, and steroid biosyn-
thesis. Among them, the genes associated with fatty acid
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Table 2. Main DEPs in C. gloeosporioides after Treatment
with B. subtilis CF-3 VOCs and DTBP*

PFC
uniprot ID protein name VOCs/con. DTBP/con.

1 L2GAQ8  glucan-f-glucosidase 0.4611 0.4840

2 L2FJB1 chitin synthase activator 0.2978 0.8347

3 L2FPPO  FAD dependent 0.4011 0.4973
oxidoreductase
superfamily protein

4 L2FPI1 FAD dependent 0.4966 0.5243
oxidoreductase
superfamily protein

S L2FMV1  FAD binding domain 0.5089 0.5657
protein

6 L2FM08  FAD dependent 0.4312 0.7194
oxidoreductase

7 L2FKP7 NADPH-dependent 0.3979 0.8191
D-xylose

8 L2FD86  mitochondrial cytochrome 0.6550
b2

9 L2FQQ1  mannose-6-phosphate 0.7277
isomerase

10  L2FXK6  malic enzyme 0.7853

““.”: this protein is not DEPs in this group.
degradation [CYPS1 (CGGCS_2390), WSPI

(CGGCS_12188), DWHI (CGGCS5_5850), ERGI
(CGGCS_3125), THRI (CGGCS5_9), and POXI1
(CGGCS_10911)] were downregulated (Table 1, spot 10—
15). FAD2 mainly encodes A-12 fatty acid dehydrogenase,
which is related to the synthesis of linolenic acid. In addition,
linolenic acid is an unsaturated fatty acid and one of the main
fatty acids in C. gloeosporioides. It plays a vital role in
maintaining cell membrane fluidity.** In our results, the key
gene related to FAD2 (CGGCS_3774) was downregulated
(Table 1, spot 16). This can affect the fluidity of the cell
membrane (Figure 6). Ergosterol (ERG) is a principal sterol
component of the fungal cell membrane. Generally, a decrease
in the ERG content results in osmotic imbalance, disruption of
cell growth, and proliferation.‘“”47 B. subtilis CE-3 VOCs and
DTBP affected the expression of ERG biosynthesis genes,
thereby compromising the membrane integrity of C.
gloeosporioides. After B. subtilis CF-3 VOC treatment, ERG4
(CGGCS_12108, CGGCS_13692), ERG6 (CGGCS_1442),
ERGI11 (CGGCS_696), and ERG25 (CGGCS_8471) were
downregulated (Table 1, spot 17—21), suggesting that the
integrity of the cell membrane may have been compromised.

Pinto et al.* reported that 1,2-dihydroxy xanthone had high
antibacterial activity as well as reduced the ERG contents of
Trichophyton mentagrophytes, Aspergillus fumigatus, Candida
albicans, and Cryptococcus neoformans. Wang et al.?® treated C.
albicans with MAF-14, and the genes (ERG11, ERGI, and
ERGS) involved in the ERG biosynthesis pathway were under-
expressed. Our previous results suggested that B. subtilis CF-3
VOCs can significantly decrease cell membrane fluidity and
integrity, resulting in the changes of indexes.*” In the present
results, the inhibition of ERG biosynthesis and the decrease in
the unsaturated fatty acid content can lead to the decrease in
membrane fluidity and function of C. gloeosporioides.

Energy metabolism is a basic characteristic of life. Some
antifungal substances can inhibit the growth and pathogenicity
of pathogenic fungi by destroying the relevant pathways of
fungal energy metabolism.”” Mitochondria are the primary
sites of aerobic respiration in eukaryotic cells. They generate
energy for cellular functions through oxidative phosphorylation
and the tricarboxylic acid (TCA) cycle and also play a crucial
role in regulating apoptosis.”’ Mitochondria are important
organelles, and mitochondrial dysfunction causes cell death.”’
Several genes associated with mitochondrial functions were
downregulated in Penicillium digitatum treated with citral.”® In
our study, several genes such as BCS1 (CGGCS5_7365), CYC1
(CGGCS5_5334), and CCP1 (CGGCS_7083) were down-
regulated (Table 1, spot 22—24). The destruction of
mitochondrial structure will affect the energy metabolism of
fungi, resulting in the inhibition of the growth of C.
gloeosporioides. The pathways such as nitrogen metabolism,
oxidative phosphorylation, glycolysis and gluconeogenesis, the
TCA cycle, and pyruvate metabolism were significantly
affected by the B. subtilis CF-3 VOCs and DTBP treatments.
Those pathways are mainly involved in energy metabolism.
Phyllosticta citricarpa treated with VOCs released by
Saccharomyces cerevisiae affected the enzymes related to
energy-generating pathways, particularly glycolysis and the
TCA cycle.’” In our results, expression of these key genes
[MDH1 (CGGCS_11211), hxkA (CGGCS_5179,
CGGCS_6991), pma-1 (CGGCS_1052, CGGCS_2913),
NIA (CGGCS_2055), and crnA (CGGCS_5489)] was
significantly downregulated (Table 1, spot 25—31) in the
fungus after VOC and DTBP treatments. In addition,
according to our results, some proteins (L2FPPO, L2FPIl,
L2FEMV1, L2FMO08, L2FKP7, and L2FD86) were down-
regulated at the protein level (Table 2). Those DEPs mainly
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Figure 6. Pathway of biosynthesis of unsaturated fatty acids in C. gloeosporioides.
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Figure 7. General overview of the effect of B. subtilis CF-3 VOCs treatment on C. gloeosporioides. The red arrows indicate downregulation of DEGs

and DEPs.

concentrated in the oxidoreductase activity. They can affect the
energy production of fungi. Taken together, VOC and DTBP
treatments significantly inhibited energy production processes
in fungal cells.

In the process of mutual recognition of plant hosts and
pathogens, pathogenic fungi can secrete cell wall-degrading
enzymes (CWDEs), mainly including cellulase, pectinase,
cutinase, and so on. Cellulase, pectinase, and cutinase play
an important role in anthracnose.”>** Therefore, CWDEs are
important components of plant pathogenic fungi.””*® Pectate
lyase (PL) is common in plant pathogenic bacteria, fungi, and
nematodes;>’ moreover, it is an important pathogenic factor
that degrades the host cell wall and increases the susceptibility
of plants to pathogens.”® The important genes associated with
PL coding, plyD (CGGCS_1824), plyE (CGGCS_11629),
and plyF (CGGCS_13439) were found to be downregulated
in both analyses (Table 1, spot 32—34). Many DEGs
associated with multiple CWDEs were downregulated in the
VOC and DTBP treatments. Furthermore, cellulase-related
gene [manA (CGGCS_1300)] was also downregulated (Table
1, spot 35). Downregulation of these genes can inhibit C.
gloeosporioides, which corresponds to weakening of the ability
of C. gloeosporioides to infect the host. The result indicates that
VOCs can reduce C. gloeosporioides virulence by inhibiting the
secretion of some extracellular enzymes.

In conclusion, transcriptomic and proteomic analysis were
complementary approaches to investigate inhibition effects of
B. subtilis CE-3 VOCs on the postharvest pathogenic fungus C.
gloeosporioides (Figure 7). The results showed that B. subtilis
CF-3 VOCs inhibited important fungal pathways, mainly
including effects on cell membranes, cell wall synthesis and
energy metabolism. In addition, downregulation of genes
encoding CWDEs may substantially weaken the ability of C.
gloeosporioides to infect the host. We concluded that the

disruption of the growth and development by B. subtilis CF-3
VOCs contributes to its antifungal activity against C.
gloeosporioides. Our results provide important insights for
revealing the mechanisms underlying the inhibitory effects of
B. subtilis CF-3 VOCs on fungal growth, which may be of use
for future applications.
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