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Abstract: To prevent citrus decay caused by Geotrichum citri-aurantii, 12 natural products were isolated
from two endophytic fungi, in which cytosporone B was shown to have excellent bioactivity for
control of G. citri-aurantii with median effect concentration (EC50) of 26.11 µg/mL and minimum
inhibitory concentration (MIC) of 105 µg/mL, and also significantly reduced the decay of sugar orange
during the in vivo trials. In addition, cytosporone B could alter the morphology of G. citri-aurantii
by causing distortion of the mycelia and loss of membrane integrity. Differentially expressed genes
(DEGs) between cytosporone B-treated and -untreated samples were revealed by Illumina sequencing,
including 3540 unigenes. Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes
(KEGG) analyses showed that most DEGs were related to metabolic production and cell membrane.
These findings suggest cytosporone B is a promising biological preservative to control citrus decay
and reveal the action mechanism of cytosporone B in relation to the destruction of the fungal cell
membrane at both morphological and molecular levels.
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1. Introduction

Citrus is one of the most important fruit crops with a global production of 146.4 million tons in
2016 [1]. Each year, over 25% of produced citrus fruits are lost by postharvest decay, much of which is
caused by fungal infections [2]. Fungal infection may occur in a wound of citrus due to poor handling,
packaging or storage conditions.

Citrus sour rot is one of the most serious citrus diseases caused by a heterothallic fungus
Geotrichum citri-aurantii with the teleomorph of Galactomyces citri-aurantii [3]. Iminoctadine tris
(albesilate) is the leading commercially applied fungicide for control of G. citri-aurantii in China,
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but long-term use of a single synthetic fungicide may induce pathogen resistance against many
site-specific fungicides [4]. It is also well-recognized that the use of chemical and synthetic fungicides
to control plant pathogens has many disadvantages and limitations, especially with respect to
environmental and residual issues. Hence, previous studies have focused on the application of
natural products for the control of G. citri-aurantii, demonstrating that essential oils and/or plant
organic extracts can be effective in preventing postharvest citrus sour rot diseases [5,6] and that
yeasts secreting hydrolytic enzymes have great potential for control of G. citri-aurantii [7]. Indeed,
microbial, plant and animal-derived compounds have been proposed as potential alternatives to
synthetic fungicides for reducing the decay of postharvest citrus [8,9].

Cytosporone B is a fungal polyketide chemical that was first isolated from an endophytic fungus
Cytospora sp. and was shown to have a wide range of antitumor and antimicrobic activities [10].
Cytosporone B was previously reported as an effective SPI-1 (Serine Protease Inhibitor-1) inhibitor
that may have potential in drug development against antibiotic-resistant Salmonella [11]. Recently,
cytosporone B was used as a specific agonist of NR4A1 (Nuclear Receptor Subfamily 4 Group A
member 1) to successfully treat mice infected with the influenza virus, suggesting its capacity for
regulating inflammatory and immune response [12]. Furthermore, cytosporone B may serve as a novel
antifibrotic agent for fibrosis in the vocal folds [13]. Even though cytosporone B has been demonstrated
to exhibit diverse biological activities, its mode of action remains to be investigated. It was only
reported that the molecular mechanism of cytosporone B is associated with inflammatory disease.
For example, Zhan et al. (2008) showed that cytosporone B physically binds to nuclear orphan receptor
Nur77 resulting in the stimulation of its transcriptional activity and increased expression of NR4A1 [14]
and that treatment with cytosporone B for mice infected with IAV (Influenza A virus) reduced the lung
viral loads and significantly improved pulmonary function, in part due to the stimulation of type 1 IFN
(Interferon) synthesis in the presence of AMs (Alveolas macrophage) [12]. However, the mechanism of
the action of cytosporone B against plant pathogens has never been reported.

Recently, RNA-Seq technology has been developed to reveal the presence and amount of
RNA in an organism during development and/or under different conditions. The development
of RNA-Seq technology has launched a novel approach for investigating the action mechanisms of
antifungal compounds. For example, the action mechanism of 2-phenylethanol against Penicillium
italicum, a pathogen of citrus blue mold, has been studied using RNA-Seq, showing that a number of
essential pathways associated with the cell cycle and cell death participate in inhibiting P. italicum [15].
RNA-seq was applied to determine the transcriptomic response of Cronobacter sakazakii to garlic-driven
organosulfur compounds, ajoene and diallyl sulfide under the sublethal concentrations [16]. To the
best of our knowledge, the present work is the first report on the expression profile of the genes in
G. citri-aurantii under the cytosporone B treatment.

In the present study, four octaketides, three aromatic compounds, two monoterpenes, and three
polyketides were isolated from two endophytes Phomopsis phyllanthicola A658 and Cytospora rhizophorae
A761. All of these compounds were evaluated against G. citri-aurantii in vitro. Furthermore, the most
active compound (cytosporone B) was further investigated for the protective effect on orange fruit
suffering from G. citri-aurantii infection. In addition, RNA-seq was used to systematically study the
genotypic difference of G. citri-aurantii under the cytosporone B treatment. This study demonstrated
an effective phytopathogenic fungal inhibitor, cytosporone B that may have a novel mode of action.

2. Materials and Methods

2.1. General Experiment Procedures

The NMR spectra were acquired using a Bruker Avance 500 MHz MHz NMR spectrometer with
TMS as an internal standard (Bruker, Fallanden, Switzerland). ESIMS data were collected on an
Agilent Technologies 1290-6430A Triple Quad LC/MS (Agilent Technologies, Palo Alto, CA, USA).
Preparative HPLC separations were carried out using a YMC-pack ODS-A column (250 × 20 mm,
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5 µm, and 12 nm, YMC Co., Ltd., Kyoto, Japan). Semi-preparative HPLC separations were performed
utilizing a YMC-pack ODS-A/AQ column (250 × 10 mm, 5 µm, and 12 nm, YMC Co., Ltd., Kyoto,
Japan) and a YMC-pack Cellulose-SB column (250 × 10 mm, 5 µm, and 12 nm, YMC Co., Ltd., Kyoto,
Japan). Column chromatography were performed with silica gel (200–300 mesh, Qingdao Marine
Chemical Inc., Qingdao, China) and Sephadex LH-20 (Amersham Biosciences, Uppsala, Sweden),
respectively. Thin-layer chromatography (TLC) was conducted with precoated glass plates GF-254
(Merck KGaA, Darmastadt, Germany).

2.2. Fungi and Culture

G. citri-aurantii was isolated from rotten citrus fruit and kindly provided by Pro. Hu MY
(South China Agricultural University, Guangzhou, China). The fungus was maintained in a potato
dextrose agar (PDA) culture medium at 28 ◦C. The endophytic fungal strains Phomopsis phyllanthicola
A658 and Cytospora rhizophorae A761 were isolated from the tissues of Pogostemon cablin and Morinda
officinalis, respectively, which are widely cultivated in Guangdong province and are well known as
“Guang Huo Xiang” and “Ba Ji Tian” in traditional Chinese medicine. The plant tissues were cut to
0.5 × 0.5 cm2 segments. The segments were surface-sterilized by immersing them in 75% ethanol for
20 s followed by treatment with 0.01% mercury solution for 60 s. Then, the segments were washed
in sterile water (60 s) and plated on potato dextrose agar (PDA) medium amended with 40 mg/L
ampicillin and 40 mg/L kanamycin. Petri dishes were incubated in a biochemical incubator at 28 ◦C
and observed for 10 days.

The strain A761 was isolated from the leaves of Morinda officinalis, which was collected from
Gaoyao city of Guangdong province in January 2015. The strain was identified by sequence analysis
of rRNA ITS (internal transcribed spacer) region. The sequence of ITS region of the fungus A761
has been submitted to GenBank (Accession No. KU529867). By using BLAST (nucleotide sequence
comparison program) to search the GenBank database, A761 was found to have 99.5% similarity with
Cytospora rhizophorae M225 (Accession No. KR056292). The strain A658 was isolated from the stems of
Pogostemon cablin, which was collected from Yangchun city of Guangdong province, China, in October
2012. The strain was identified by sequence analysis of rRNA ITS region. The sequence of ITS region
of the fungal strain A658 has been submitted to GenBank (Accession No. KF498871). By using BLAST
(nucleotide sequence comparison program) to search the GenBank database, A658 was found to have
99.80% similarity with Phomopsis phyllanthicola A6 (Accession No. EF488373). The strain A658 and
A761 were preserved at the Guangdong Provincial Key Laboratory of Microbial Culture Collection
and Application, Guangdong Institute of Microbiology.

2.3. Fermentation, Extraction, and Isolation

P. phyllanthicola A658 and C. rhizophorae A761 were cultured in a potato dextrose broth (PDB,
potato 20%, glucose 2%, K2HPO4 0.3%, MgSO4•7H2O 0.15%, vitamin B 10 mg/L). The A658 and A761
fungi were maintained in a potato dextrose agar (PDA) medium at 28 ◦C for 5 days, and then three
pieces (0.5 × 0.5 cm2) of mycelial agar plugs were inoculated into 20 × 500 mL Erlenmeyer flasks,
each containing 250 mL of PDB. After 4 days of incubation at 28 ◦C on a rotary shaker at 120 rpm,
25 mL samples of A761 and A658 were aseptically transferred into a total of 100 flasks (1000 mL
capacity) each containing 500 mL of PDB. The subsequent liquid cultivation was performed for 7 days
at 28 ◦C and 120 rpm on a rotary shaker.

Each culture (50 L) of A658 and A761 were centrifuged to provide the broth (supernatant)
and mycelia (precipitate), respectively. The broth was exhaustively extracted with EtOAc four
times, and then, the ethanolic extracts were combined and evaporated under reduced pressure at a
temperature not exceeding 40 ◦C to yield the dark brown gum (20 g) of A658 and (26 g) of A761.

The crude EtOAc extract of A658 was subjected to silica gel column chromatography
(n-hexane/EtOAc, 1:0→0:1, v/v) to afford five fractions (Fr.1–Fr.5). Fr. 2 was subjected to CC
on Sephadex LH-20 (CH2Cl2/MeOH, 1:1, v/v) to yield three subfractions Fr.2-1 to Fr. 2-3. Fr.2-1
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was purified by silica gel flash column chromatography (n-hexane/EtOAc, 5:1→1:1, v/v) and
semiprep-HPLC (MeOH/H2O, 67:33, v/v, 3 mL/min) to give compounds 6 (2.0 mg, tR = 8.0 min) and
10 (4.0 mg, tR = 10.5 min). Fr. 2-2 was further purified by silica gel flash column chromatography
(n-hexane/EtOAc, 5:1→2:1, v/v) to yield compound 1 (120.0 mg) and Fr 2-2-1. Fr. 2-3 was
further purified by silica gel flash column chromatography (n-hexane/EtOAc, 5:1→1:1, v/v) to
yield compound 5 (5.0 mg) and Fr.2-3-2. Fr.2-2-1 was further purified by silica gel flash column
chromatography (n-hexane/EtOAc, 5:1→1:1, v/v) to yield Fr. 2-2-1-1. Fr. 2-2-1-1 was further purified
by semiprep-HPLC (MeOH/H2O, 45:54, v/v, 3 mL/min) to give three subfractions, Fr.2-2-1-1-1 to
Fr.2-2-1-1-3. Fr.2-2-1-1-1 was further purified by semiprep-HPLC (MeOH/H2O, 60:40, v/v, 3 mL/min)
to afford compounds 8 (20 mg, tR = 11.0 min) and Fr.2-2-1-1-1-1. Fr.2-2-1-1-1-1 was further purified by
semiprep-HPLC (AcOH/H2O, 34:66, v/v, 3 mL/min) to give 7 (5.0 mg, tR = 8.3 min) and 9 (5.0 mg,
tR = 11.8 min). Fr.2-3-2 was further purified by semiprep-HPLC (MeOH/H2O, 46:54, v/v, 3 mL/min)
to afford compounds 11 (2.0 mg, tR = 15.3 min) and 12 (20 mg, tR = 17.0 min).

The crude EtOAc extract of A761 was subjected to reversed-phase silica gel C18 (MeOH/H2O,
30%→100%) column chromatography to afford 6 fractions (Fr.1–Fr.6). Fr. 5 was further subjected
to CC on Sephadex LH-20 (MeOH) and was followed by silica gel column chromatography and
semiprep-HPLC (ACN/H2O, 50:50, v/v, 3 mL/min) to obtain compounds 2 (4.0 mg, tR = 7.2 min), 3
(10 mg, tR = 8.3 min), and 4 (6.0 mg, tR = 9.0 min).

2.4. Bioassays

2.4.1. In Vitro Assays

The in vitro assays were conducted with two-step tests. First, each isolated compound was tested
at the concentration of 50 µg/mL to determine the compound that showed the highest effectiveness for
restraining the mycelial growth of G. citri-aurantii according to our previous report [17]. Second,
the fungicidal activity of cytosporone B, which was the most efficient compound, was further
determined by inhibiting the radial growth of fungi on PDA in the presence of a series of concentrations
(2, 4, 8, 16, 32, and 64 µg/mL). The fungicide prochloraz was used as a positive control, while the
negative control containing 0.1% (v/v) DMSO was utilized in this experiment. The inhibition
ratio (%) of colony growth was recorded as follows: [(average diameter of control − average diameter
of treatment)/average diameter of control] × 100. The experiment was performed in triplicate.
Minimum inhibitory concentration (MIC) was tested by microscopic observation of mycelial growth in
96-well microtiter plates as reported by Karim et al. (2017) [18].

2.4.2. In Vivo Assays

The in vivo bioactivity of cytosporone B against G. citri-aurantii was analyzed for a sugar orange.
The citrus fruits without physical injuries and visual infections were chosen for the in vivo assays.
Prior to the experimental use, the fruits were wiped by cotton with 75% ethanol and then air-dried.
By using a sterile needle, each fruit was wounded (5 mm deep and 2 mm wide) at four positions
in both sides of the equator. Then, the fruits were dipped for 5 min in the cytosporone B solution
(250 µg/mL and 500 µg/mL), prochloraz solution (250 µg/mL and 500 µg/mL) and sterile distilled
water (negative control). Then, 10 µL of a spore suspension (1 × 106 conidia/mL) was pipetted into
each wound, and the fruits were placed into an incubator to maintain stationary temperature (25 ◦C)
and relative humidity (~95%) for 5 days. Each treatment was replicated three times with 20 fruits per
replication. The decay rate was calculated as follows:

Decay rate (%) = [(number of rotten wounds/number of total wounds)] × 100.
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2.5. Scanning Electron Microscopy

The surface hyphal morphology of G. citri-aurantii was observed by scanning electron microscopy
(SEM) according to our previous reports [14].

2.6. Determination of Cytoplasmic Membrane Integrity

A 0.5 mL (107 spores/mL) conidial suspension of G. citri-aurantii was incubated in potato
dextrose (PD) liquid medium (1.5 mL) containing different concentrations of cytosporone B (0, 25, 50,
and 100 µg/mL) at 28 ◦C for 2.5 h. The spores were collected by centrifugation at 8000 g for 5 min at
room temperature and were stained with 10 µg/mL propidium iodide (PI; Sigma-Aldrich) for 15 min
at 37 ◦C. After removing the supernatant by centrifugation, and washing twice with phosphate-buffer
saline (PBS), the concentration of the conidial suspensions was determined with a hemacytometer and
adjusted to 106 spores/mL with PBS. The spores were observed, and the images were collected using a
Leica TCS SP8 X (Leica, Solms, Germany) white light laser confocal microscope.

2.7. Transcriptional Analysis

2.7.1. RNA Extraction and Illumina Sequencing

G. citri-aurantii was cultured in a liquid PDA medium with a median lethal dose of cytosporone B
(26.11 µg/mL) for 5 days, and then the mycelia were collected for total RNA extraction using HiPure
Fungal RNA Mini Kit (Magen, Guangzhou, China). NanoDrop 2000 (Thermo Scientific, Wilmington,
DE, USA), Qubit 2.0 (Carlsbad, CA, USA) and Aglient 2100 (Agilent Technologies, CA, UAS) were
used to evaluate the quantity, quality, and integrity of the total RNAs. The qualified RNA was frozen
in liquid nitrogen immediately and then stored at −80 ◦C. Three biological replicates for the treatment
and control were collected, respectively.

For RNA-seq, the RNAs were enriched by magnetic beads with Oligo (dT) and then mixed with
the fragmentation buffer to prepare their short fragments. cDNA library was synthesized using the
mRNA fragments and random hexamer primers. For quality control, Agilent 2100 Bioanaylzer and
ABI StepOnePlus Real-Time PCR System were used for the quantitative and qualitative analysis of the
sample library. The libraries were sequenced by HiSeqX-ten (Illumina, Santiago, CA, USA), with a
read length of 150 bp. Clean reads were obtained by removing the reads containing adaptors or
unknown nucleotides larger than 5%. The raw data have been stored in the NCBI Sequence Read
Archive database with the accession number of PRJNA487514.

2.7.2. Sequence Assembly, Annotation, and Expression Analysis

Due to the lack of the reference genome for G. citri-aurantii, the de novo transcriptome was
combined and assembled by using the clean data from all of the above samples according to the
Trinity methods [19]. The filtered unigenes were estimated based on the percentage of mapped
reads in each library, read length distribution, and saturation analysis of the mapped reads. Then,
the unigenes were annotated with BLAST against the database of NR (NCBI nonredundant protein
database, http://www.ncbi.nlm.nih.gov/), GO (Gene Ontology, http://www.geneontology.org/),
COG (Clusters of Orthologous Groups, http://clovr.org/docs/clusters-of-orthologous-groups-cogs/),
and KEGG (Kyoto Encyclopedia of Genes and Genomes, http://www.genome.jp/tools/kaas/)
databases. RPKM (reads per kilobase of exon model per million mapped reads) was utilized to
quantify the gene expression level [20]. Pearson’s correlation coefficient (PCC) was calculated to
measure the linear correlation among the samples [21]. DESeq was adopted to analyze the differential
expression of genes (DEGs) [22]. A gene with the P-value of 0.05 and log2 (fold change) of 2 was
considered to be significantly differently expressed between the two conditions.

http://www.ncbi.nlm.nih.gov/
http://www.geneontology.org/
http://clovr.org/docs/clusters-of-orthologous-groups-cogs/
http://www.genome.jp/tools/kaas/
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2.8. Quantitative Real-Time PCR Analysis

Total RNA was extracted from cytosporone B treated and untreated samples as described
above. The total RNA was treated with DNaseI (Takara, Shiga, Japan) and then subjected to reverse
transcript to cDNA using a reverse transcription system (Takara, Shiga, Japan). The quantitative
real-time PCR (qRT-PCR) was performed using an Applied Biosystems 7500 Real-time PCR system
(Applied Biosystems) with SYBR Premix Ex Taq (Takara, Shiga, Japan). Each reaction contained 20 ng
of the first-strand cDNA as the template, in a total reaction mixture volume of 20 mL. The following
conditions were used for amplification: 95 ◦C for 20 s, 40 cycles of PCR amplification at 95 ◦C for 10 s,
60 ◦C for 30 s, and 70 ◦C for 1 s. Gene-specific primers, shown in Supplementary file 1, were used
for detecting the relative quantification of each gene, and β-Actin was used as an internal control for
normalization. The qRT-PCR expression levels were compared based on the mean of three independent
experimental replicates. Calculation of the relative expression level was performed using the 2–∆∆CT

method [23].

2.9. Statistical Analysis

Graphpad software 5.0 (La Jolla, CA USA) was used to perform statistical analysis using Tukey’s
test with the p-values ≤ 0.05 considered as statistically significant.

3. Results

3.1. Structure Identification of Compounds 1–12

The phytochemical study on the EtOAc extract of the fungi Phomopsis phyllanthicola A658 and
Cytospora rhizophorae A761 resulted in the isolation of the twelve known compounds (Figure 1),
including four octaketides—cytosporone B (1) [10], cytosporone M (2) [24], dothiorelone A
(3), and dothiorelone B (4) [25]; three aromatic compounds— 4-hydroxybenzaldehyde (5) [26],
2-p-acetoxyphenylethanol (6) [27], and 3-phenylpropane-1,2-diol (7) [28]; two monoterpenes,
—(–)-(1R,2R,3S,4R)-p-menthane-1,2,3-triol (8) [29] and (3R,4aR,5S,6R)-6-hydroxyl-5-methylramulosin
(9) [30]; and three polyketides—nectriapyrone A (10) [31], phomopyronol (11) [28], and nectriapyrone
D (12) [32].

Spectroscopic data for four octaketides:
Cytosporone B (1): pale yellow oil; 1H NMR (500 MHz, CDCl3): δ 6.27 (d, J = 2 Hz, H-4, 6), 4.21

(2H, q, J = 7.0 Hz, H-17), 3.81 (2H, s, H-2), 2.84 (2H, t, J = 7.0 Hz, H-10), 1.69 (m, H-11), 1.30 (8H, m,
H-12-H-15), 1.30 (3H, t, J = 7.0 Hz, H-18), 0.89 (3H, t, J = 7.0 Hz, H-16); 13C NMR (125 MHz, CDCl3):
171.9 (C-1), 40.6 (C-2), 136.4 (C-3), 116.9 (C-4), 160.6 (C-5), 103.2 (C-6), 163.7 (C-7), 112.7 (C-8), 206.9
(C-9), 43.5 (C-10), 25.0 (C-11), 29.2 (C-12), 29.1 (C-13), 31.7 (C-14), 22.6 (C-15), 14.1 (C-16), 61.7 (C-17),
14.0 (C-18).

Cytosporone M (2): colorless oil; 1H NMR (500 MHz, CD3OD): δ 6.28 (d, J = 2.3 Hz, H-4), 6.27
(d, J = 2.3 Hz, H-6), 3.72 (m, H-15), 3.60 (2H, s, H-2), 2.93 (2H, t, J = 7 Hz, H-10), 1.65 (2H, m, H-11),
1.35-1.40 (6H, m, H-12, 13, 14), 1.16 (3H, d, J = 6.2 Hz, H-16); 13C NMR (125 MHz, CD3OD): 172.6 (C-1),
43.8 (C-2), 135.6 (C-3), 119.8 (C-4), 158.4 (C-5), 101.4 (C-6), 160.0 (C-7), 110.4 (C-8), 207.6 (C-9), 43.8
(C-10), 39.0 (C-11), 31.7 (C-12), 25.3 (C-13), 38.7 (C-14), 67.2 (C-15), 22.1 (C-16), 50.9 (OMe).

Dothiorelone A (3): amorphous powder; 1H NMR (500 MHz, CD3OD): δ 6.28 (d, J = 2.3 Hz, H-4),
6.22 (d, J = 2.3 Hz, H-6), 4.13 (q, J = 7.1 Hz, H-17), 3.72 (m, H-15), 3.60 (2H, s, H-2), 2.93 (2H, t, J = 7.1
Hz, H-10), 1.64 (2H, m, H-11), 1.26-1.33 (6H, m, H-12, 13, 14), 1.26 (3H, t, J = 7.1 Hz, H-18), 1.16 (3H, d,
J = 6.2 Hz, H-16); 13C NMR (125 MHz, CD3OD): 173.5 (C-1), 40.5 (C-2), 135.6 (C-3), 111.7 (C-4), 161.3
(C-5), 102.3 (C-6), 159.8 (C-7), 121.7 (C-8), 208.9 (C-9), 45.2 (C-10), 25.5 (C-11), 30.5 (C-12), 26.7 (C-13),
40.0 (C-14), 68.5 (C-15), 23.5 (C-16), 61.8 (C-17), 14.5 (C-18).

Dothiorelone B (4): colorless oil; 1H NMR (500 MHz, CD3OD): δ 6.28 (d, J = 2.3 Hz, H-4), 6.21 (d,
J = 2.3 Hz, H-6), 4.13 (2H, q, J = 7.1 Hz, H-17), 3.60 (2H, s, H-2), 3.46 (m, H-14), 2.95 (2H, t, J = 7.1 Hz,
H-10), 1.65 (2H, m, H-11), 1.39-1.50 (6H, m, H-12, 13, 14), 1.26 (3H, t, J = 7.1 Hz, H-18), 0.95 (3H, d,
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J = 5.3 Hz, H-16); 13C NMR (125 MHz, CD3OD): 172.2 (C-1), 41.6 (C-2), 135.6 (C-3), 110.4 (C-4), 159.9
(C-5), 101.4 (C-6), 158.4 (C-7), 110. (C-8), 207.5 (C-9), 43.8 (C-10), 25.2 (C-11), 29.2 (C-12), 36.4 (C-13),
72.4 (C-14), 29.7 (C-15), 9.9 (C-16), 60.5 (C-17), 29.6 (C-18).

The chemical structures of all of the compounds are shown in Figure 1, and additional NMR
(Nuclear Magnetic Resonance) spectra data are provided in Figures S1–S25.
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3.2. In Vivo and In Vitro Activity of Cytosporone B

As shown in Figure 2a, some of the isolated compounds showed high growth inhibition to
G. citri-aurantii, among which the inhibition ratio of cytosporone B (compound 1) reached 63.4%
which was similar to that of the positive control. The inhibition efficiency of cytosporone B
against G. citri-aurantii showed a dose-dependent behavior with the EC50 = 26.11 µg/mL, while the
commercialized fungicide prochloraz has EC50 =18.92 µg/mL (Figure 2b). Additionally, the MICs were
evaluated as 105 µg/mL and 95 µg/mL for cytosporone B and prochloraz, respectively. Moreover,
cytosporone B showed a promising protection effect on sugar orange inoculated with G. citri-aurantii,
suggesting that the in vivo control efficiency of cytosporone B at the concentration of 500 µg/mL was
comparable to that of prochloraz at the concentration of 250 µg/mL (Figure 3).
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3.3. Membrane Integrity of G. citri-aurantii under the Treatment of Cytosporone B

To investigate the mechanism of cytosporone B induced inhibition for G. citri-aurantii, propidium
iodide (PI) was used to determine the membrane integrity of G. citri-aurantii upon exposure to
cytosporone B. PI is a fluorescent dye that cannot penetrate an intact plasma membrane, and, therefore,
can only enter a damaged plasma membrane and show red fluorescent under UV excitation. As shown
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in Figure 4a, few spores were stained by PI in the control sample, while the number of PI stained spores
increased following the cytosporone B treatment, suggesting a close correlation between the fraction of
the spores that lost the membrane integrity and the cytosporone B dosage. Furthermore, SEM images
showed the morphological structural damages suffered by G. citri-aurantii after the cytosporone B
treatment (Figure 4b). These results suggested that cytosporone B may inhibit mycelial growth of
G. citri-aurantii by causing cell wall and plasma membrane disturbance, and finally, cytosporone B led
to the spore death of G. citri-aurantii.

Biomolecules 2019, 9, x FOR PEER REVIEW 10 of 17 

correlation between the fraction of the spores that lost the membrane integrity and the cytosporone B 
dosage. Furthermore, SEM images showed the morphological structural damages suffered by G. 
citri-aurantii after the cytosporone B treatment (Figure 4b). These results suggested that cytosporone 
B may inhibit mycelial growth of G. citri-aurantii by causing cell wall and plasma membrane 
disturbance, and finally, cytosporone B led to the spore death of G. citri-aurantii. 

 
Figure 4. Plasma membranes of the spores that were damaged by cytosporone B represented by red 
fluorescence (a); scanning electron microscopy of hypha and spores of G. citri-aurantii underlying the 
treatment of cytosporone B (b); and negative control (c). 

3.4. Transcriptome Sequencing and DGEs Analysis of G. citri-aurantii 

Illumina sequencing was carried out by sequencing by the synthesis principle, resulting in the 
generation of 150,414,078 clean reads with the Q30 of more than 86.94% (Table S1). After assembling, 
55,906 unigenes were obtained with the N50 of 1130 (Table S2). Among these, 37,302 unigenes were 
annotated by the above-mentioned BLAST (Supplementary file 3, Table S3). The statistical analysis 
showed that the two samples from cytosporone B-treated or -untreated G. citri-aurantii showed good 
correlation (R2 >0.8); hence, these were utilized for the subsequent DGEs analysis. A total of 3540 
DGEs were found between the two groups, in which 1412 unigenes were significantly upregulated 
and 2128 unigenes were downregulated (Figure S1), suggesting cytosporone B was biased in favor of 
inhibiting the gene expression. Among the DEGs, the top three COG function classifications were 
amino acid transport and metabolism (158); carbohydrate transport and metabolism (134); and 
translation, ribosomal structure, and biogenesis (123), except that of the general function prediction 
only (Figure S2). The top three KOG function classifications were posttranslational modification, 
protein turnover, chaperones (192); signal transduction mechanisms (145), and amino acid transport 

Figure 4. Plasma membranes of the spores that were damaged by cytosporone B represented by red
fluorescence (a); scanning electron microscopy of hypha and spores of G. citri-aurantii underlying the
treatment of cytosporone B (b); and negative control (c).

3.4. Transcriptome Sequencing and DGEs Analysis of G. citri-aurantii

Illumina sequencing was carried out by sequencing by the synthesis principle, resulting in the
generation of 150,414,078 clean reads with the Q30 of more than 86.94% (Table S1). After assembling,
55,906 unigenes were obtained with the N50 of 1130 (Table S2). Among these, 37,302 unigenes were
annotated by the above-mentioned BLAST (Supplementary file 3, Table S3). The statistical analysis
showed that the two samples from cytosporone B-treated or -untreated G. citri-aurantii showed good
correlation (R2 >0.8); hence, these were utilized for the subsequent DGEs analysis. A total of 3540
DGEs were found between the two groups, in which 1412 unigenes were significantly upregulated
and 2128 unigenes were downregulated (Figure S1), suggesting cytosporone B was biased in favor
of inhibiting the gene expression. Among the DEGs, the top three COG function classifications
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were amino acid transport and metabolism (158); carbohydrate transport and metabolism (134);
and translation, ribosomal structure, and biogenesis (123), except that of the general function prediction
only (Figure S2). The top three KOG function classifications were posttranslational modification,
protein turnover, chaperones (192); signal transduction mechanisms (145), and amino acid transport
and metabolism (124), except that of general function prediction only (Supplementary file 3, Figure S3).
The GO description showed that the most significant terms were the nutrient reservoir activity,
growth, and extracellular matrix part (3, Figure S4). All the annotated genes were mapped to the
terms in the KEGG database to find the significantly enriched genes associated with the metabolic
or signal transduction pathways. Thirty-one DEGs in terms of nitrogen metabolism, 17 DEGs
in terms of glyoxylate and dicarboxylate metabolism, and 6 DEGs in terms of ubiquinone and
other terpenoid-quinone biosynthesis were identified as predominant enrichment processes in the
comparison of cytosporone B treated versus untreated G. citri-aurantii (Figure 5).
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3.5. Identification of Genes Related to Amino Acid Synthesis and Metabolism

Based on the above gene functional annotation, it was shown that genes associated with amino
acid synthesis and metabolism might be closely related to G. citri-aurantii under the treatments.
As shown in supplementary file 4, 128 unigenes were annotated to amino acid transport and
metabolism, of which 109 and 19 unigenes were significantly inhibited and induced, respectively,
by cytosporone B. In addition, 10 of these genes were randomly chosen for qPCR analysis, and six
of them were successfully amplified in the experiments. As shown in Figure 6, c27184 annotated as
aromatic amino acid aminotransferase I was downregulated 2.38-fold, c26973 annotated as glutamine
synthethase was downregulated 8.18-fold and c27242 annotated as glutamate dehydrogenase was
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downregulated 6.09-fold, and only c27638 annotated as histidinol dehydrogenase was upregulated
1.47-fold, which was an opposite result to that obtained for RNA-Seq.Biomolecules 2019, 9, x FOR PEER REVIEW 12 of 17 
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3.6. Identification of Genes Related to Signal Transduction Mechanisms

Signal transduction may also play essential roles in cytosporone B induced growth inhibition
of G. citri-aurantii. As shown in Supplementary file 5, 174 unigenes were annotated to the signal
transduction mechanisms, of which 163 and 11 unigenes were significantly inhibited and induced by
cytosporone B, respectively. Ten of these genes were randomly chosen, and all successfully amplified
in qPCR experiments. For example, the expressions of c22418, c28014, and c28250 were inhibited in the
treated samples, which was confirmed by qPCR in agreement with the RNA-Seq results (Figure 6).
In the case of the MAPK signaling pathway, six of seven unigenes were downregulated, and only
c14704—annotated as phosphatidylinositol signaling—was upregulated 3.0-fold in the cytosporone B
treated samples compared to the control samples (Figure 6).

4. Discussion

The emergence of microorganism resistance is the main reason for the continuous development
of new fungicides. Prochloraz, an imidazole fungicide, is widely used to control the growth of
fungi in China. Hence, it was used as a positive control in this study; however, the extensive use of
prochloraz has given rise to the significant development of drug-resistant strains. Hellin et al. (2018)
reported that a tebuconazole-adapted Fusarium culmorum strain had developed cross-resistance to
all demethylation inhibitors including prochloraz [33]. P. digitatum, a severe postharvest disease of
citrus fruit, has developed high resistant to prochloraz in Hubei Province, China [34]. Therefore, it is
still necessary to discover new chemicals as an alternative for the management of plant pathogens.
Phomopsis is an important phytopathogenic genus that contains more than 900 species according to
the wide range of hosts [35]. In the present study, to search for active antifungal lead compounds
as efficient fungicides for reducing decay of postharvest citrus, the chemical constitution study on
the culture broth of endophytes P. phyllanthicola A658 and C. rhizophorae A761 led to the isolation of
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12 natural products with four octaketides, three aromatic compounds, two monoterpenes, and three
polyketides. The biological evaluation toward the inhibition of G. citri-aurantii clarified that most of
these isolated natural compounds showed potent antifungal activity at the concentration of 50 µg/mL.
In particular, cytosporone B exhibited a significant growth inhibition with the potency similar to that
of the commercialized fungicide prochloraz (Figures 2 and 3). Moreover, the yield of compound 1 was
120 mg/50 L, indicating that such compound could be scaled for production purposes.

The results from the antifungal screening toward G. citri-aurantii also demonstrated a preliminary
structure–activity relationship, wherein octaketides were confirmed to be the predominating
components responsive for the potent antifungal activity of the endophytes P. phyllanthicola A658 and
C. rhizophorae A761. Moreover, the hydroxyl functionality in the acyl chain of cytosporone B derivatives
was observed to play a critical role in their antifungal activity, and its existence would tend to decrease
the antifungal potency of cytosporone B dramatically. However, the location of the hydroxyl group and
the simple replacement of the ethyl moiety by the methyl moiety in the ester group for the cytosporone
B derivative appeared to have little influence on the antifungal potency (2-4). These results imply
an inverse relationship between the strength of the fungal activity and the existence of the hydroxyl
functionality in the acyl tails on the cytosporone B derivatives.

To investigate the mechanism of cytosporone B-induced growth inhibition of G. citri-aurantii,
the integrity of the plasma membrane of G. citri-aurantii after the cytosporone B treatment was
evaluated. Previous studies indicated that chemicals against Botrytis cinerea could destroy the integrity
of the plasma membrane, such as boron [36] and cinnamic acid [37]. Our results showed that the
effect was positively correlated with the number of spores that lost membrane integrity and the
concentrations of cytosporone B, suggesting that an increasing amount of spores were killed with the
increased cytosporone B dosage. In addition, SEM images of G. citri-aurantii exposed to cytosporone
B showed marked morphological changes including hyphal cell membrane collapsing and cell lysis.
It was reported that some biological or abiotic substances with antimicrobial activity could cause similar
symptoms, such as Lactobacillus harbinensis against Yarrowia lipolytica [38] and stilbene derivatives
against phytopathogenic fungi [39]. These results suggested for the first time that cytosporone B
showed antimicrobial activity against G. citri-aurantii by disrupting the cell membrane integrity and
causing the leakage of cell components.

To develop novel antifungal agents, it is essential to understand the mechanism of their actions at
a molecular level. To date, it has been reported that cytosporone B can be an effective SPI-1 inhibitor
in antibiotic-resistant Salmonella [11] and stimulate Nur77-dependent transactivational activity to
inhibit cancer cell growth [40]. However, there is no molecular evidence regarding its mode of
action for fungi; our results suggest that cytosporone B could affect the expression of a very large
number of genes in G. citri-aurantii and that these genes were significantly clustered to metabolic
production and cell membrane (Figure 5 and Figures S2–S4), especial in the category of amino
acid transport and metabolism and signal transduction mechanisms. We infer that cytosporone
B may change the production of secondary metabolites in G. citri-aurantii, because transport and
metabolism of amino acids play several critical roles for providing organic nitrogen to the biosynthesis
of essential metabolites in organisms. For example, aromatic amino acid aminotransferase I (c27184)
that was significantly inhibited in the cytosporone B treated samples has been demonstrated to be
related to 2-phenylethanol [41] and tyrosol biosynthesis [42]. The downregulation of glutamine
synthethase (c26973) may account for the decreased production of bioactive secondary metabolites
in G. citri-aurantii, because it was reported that glutamine synthethase plays an important role
in the production of fusaristatin A in Fusarium graminearum [43] and for spinosad production in
Saccharopolyspora spinosa [44]. A total of 109 unigenes associated with amino acid transport and
metabolism were significantly downregulated in the cytosporone B treated samples, especially some
unigenes c26669, c25801, and c24950 associated with the integral component of membrane were
completely inhibited in the samples (supplementary file 4), suggesting cytosporone B may severely
disorder protein metabolism and integrity of cell membrane in G. citri-aurantii, and this should be one
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of the reasons for the cytosporone B caused death of G. citri-aurantii. However, further investigation of
the exact mode of action is needed.

Targeting a signal transduction protein was considered as a novel strategy for developing
potential drugs for medically important fungi [45]. For an example, histidine kinase (HK) is a
transmembrane protein that plays a role in signal transduction and that can be phosphorylated
by ATP upon receiving intra and extracellular signals in bacteria, archaea, fungi, and plants; but HK is
not found in humans. Hence, it could be an important target for drug discovery in human pathogenic
microorganism [46]. Here, four putative HK has significantly downregulated the expression in the
cytosporone B treated samples, suggesting that cytosporone B may be an inhibitor of HK. Indeed,
this capability of cytosporone B can be used for the control of the virus and bacterial infections [11,12].
However, further functional verification of the relationship between cytosporone B and the putative
receptor in this signaling cascade must be studied.

In conclusion, for the first time, we revealed that cytosporone B has a promising effect on the
control of citrus decay caused by G. citri-aurantii that is comparable to that of the commercialized
fungicide prochloraz. In addition, cytosporone B led to a large number of genes changing their
expression levels in G. citri-aurantii, including 1412 upregulated unigenes and 2128 downregulated
unigenes, suggesting that the mode of action of cytosporone B is possibly associated with multiple
interacting genes that would be beneficial for counteracting the development of resistance in
G. citri-aurantii. However, similar to the resistance risk assessment for prochloraz, it is inferred
that G. citri-aurantii may mutate the genes in the pathway of amino acid and carbon metabolism to
increase the resistance toward cytosporone B. Our research provides an essential molecular basis for
the application and management of a novel fungicide, cytosporone B.
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http://www.mdpi.com/2218-273X/9/4/125/s1
http://www.mdpi.com/2218-273X/9/4/125/s1


Biomolecules 2019, 9, 125 15 of 17

References

1. FAOSTAT Database. Available online: http://www.fao.org/faostat/en (accessed on 1 October 2017).
2. Schirra, M.; D’Aquino, S.; Cabras, P.; Angioni, A. Control of postharvest diseases of fruit by heat and

fungicides: Efficacy, residue levels, and residue persistence. A review. J. Agric. Food Chem. 2011, 59,
8531–8542. [CrossRef]

3. Butler, E.; Fogle, D.; Miranda, M. Galactomyces citri-aurantii a newly found teleomorph of Geotrichum
citri-aurantii—The cause of sour rot of citrus fruit. Mycotaxon 1988, 33, 197–212.

4. Sparks, T.C.; Hunter, J.E.; Lorsbach, B.A.; Hanger, G.; Gast, R.E.; Kemmitt, G.; Bryant, R.J. Crop Protection
Discovery: Is Being the First Best? J. Agric. Food Chem. 2018, 66, 10337–10346. [CrossRef]

5. Xu, S.X.; Li, Y.C.; Liu, X.; Mao, L.J.; Zhang, H.; Zheng, X.D. In vitro and in vivo antifungal activity of
a water-dilutable cassia oil microemulsion against Geotrichum citri-aurantii. J. Sci. Food Agric. 2012, 92,
2668–2671. [CrossRef] [PubMed]

6. Karim, H.; Boubaker, H.; Askarne, L.; Talibi, I.; Msanda, F.; Boudyach, E.H.; Saadi, B.; Ait Ben Aoumar, A.
Antifungal properties of organic extracts of eight Cistus L. species against postharvest citrus sour rot.
Lett. Appl. Microbiol. 2016, 62, 16–22. [CrossRef] [PubMed]

7. Ferraz, L.P.; Cunha, T.D.; da Silva, A.C.; Kupper, K.C. Biocontrol ability and putative mode of action of yeasts
against Geotrichum citri-aurantii in citrus fruit. Microbiol. Res. 2016, 188–189, 72–79. [CrossRef] [PubMed]

8. Droby, S.; Wisniewski, M. The fruit microbiome: A new frontier for postharvest biocontrol and postharvest
biology. Postharvest Biol. Technol. 2018, 140, 107–112. [CrossRef]

9. Bafort, F.; Parisi, O.; Perraudin, J.P.; Jijakli, M.H. The Lactoperoxidase System: A Natural Biochemical
Biocontrol Agent for Pre-and Postharvest Applications. J. Phytopathol. 2017, 165, 22–34. [CrossRef]

10. Brady, S.F.; Wagenaar, M.M.; Singh, M.P.; Janso, J.E.; Clardy, J. The cytosporones, new octaketide antibiotics
isolated from an endophytic fungus. Org. Lett. 2000, 2, 4043–4046. [CrossRef] [PubMed]

11. Li, J.; Lv, C.; Sun, W.; Li, Z.; Han, X.; Li, Y.; Shen, Y. Cytosporone B, an inhibitor of the type III secretion system
of Salmonella enterica serovar typhimurium. Antimicrob. Agents Chemother. 2013, 57, 2191–2198. [CrossRef]

12. Egarnes, B.; Blanchet, M.R.; Gosselin, J. Treatment with the NR4A1 agonist cytosporone B controls influenza
virus infection and improves pulmonary function in infected mice. PLoS ONE 2017, 12, e0186639. [CrossRef]
[PubMed]

13. Hiwatashi, N.; Mukudai, S.; Bing, R.; Branski, R.C. The effects of cytosporone-B, a novel antifibrotic agent,
on vocal fold fibroblasts. Laryngoscope 2018. [CrossRef]

14. Zhan, Y.; Du, X.; Chen, H.; Liu, J.; Zhao, B.; Huang, D.; Li, G.; Xu, Q.; Zhang, M.; Weimer, B.C.; et al.
Cytosporone B is an agonist for nuclear orphan receptor Nur77. Nat. Chem. Biol. 2008, 4, 548–556. [CrossRef]
[PubMed]

15. Liu, P.; Cheng, Y.; Yang, M.; Liu, Y.; Chen, K.; Long, C.A.; Deng, X. Mechanisms of action for 2-phenylethanol
isolated from Kloeckera apiculata in control of Penicillium molds of citrus fruits. BMC Microbiol. 2014, 14,
242. [CrossRef]

16. Feng, S.; Eucker, T.P.; Holly, M.K.; Konkel, M.E.; Lu, X.; Wang, S. Investigating the responses of Cronobacter
sakazakii to garlic-drived organosulfur compounds: A systematic study of pathogenic-bacterium injury
by use of high-throughput whole-transcriptome sequencing and confocal micro-raman spectroscopy.
Appl. Environ. Microb. 2014, 80, 959–971. [CrossRef] [PubMed]

17. Gong, L.; Li, T.; Chen, F.; Duan, X.; Yuan, Y.; Zhang, D.; Jiang, Y.M. An inclusion complex of eugenol into
β-cyclodextrin: Preparation, and physicochemical and antifungal characterization. Food Chem. 2016, 196,
324–330. [CrossRef]

18. Karim, H.; Boubaker, H.; Askarne, L.; Cherifi, K.; Lakhtar, H.; Msanda, F.; Boudyach, E.H.; Ait Ben Aoumar, A.
Use of Cistus aqueous extracts as botanical fungicides in the control of Citrus sour rot. Microb. Pathog. 2017,
104, 263–267. [CrossRef]

19. Grabherr, M.G.; Haas, B.J.; Yassour, M.; Levin, J.Z.; Thompson, D.A.; Amit, I.; Adiconis, X.; Fan, L.;
Raychowdhury, R.; Zeng, Q.; et al. Full length transcriptome assembly from RNA Seq data without a
reference genome. Nat. Biotechnol. 2011, 29, 644–652. [CrossRef] [PubMed]

20. Mortazavi, A.; Williams, B.A.; McCue, K.; Schaeffer, L.; Wold, B. Mapping and quantifying mammalian
transcriptomes by RNA-Seq. Nat. Methods 2008, 5, 621–628. [CrossRef] [PubMed]

http://www.fao.org/faostat/en
http://dx.doi.org/10.1021/jf201899t
http://dx.doi.org/10.1021/acs.jafc.8b03484
http://dx.doi.org/10.1002/jsfa.5686
http://www.ncbi.nlm.nih.gov/pubmed/22696430
http://dx.doi.org/10.1111/lam.12507
http://www.ncbi.nlm.nih.gov/pubmed/26458008
http://dx.doi.org/10.1016/j.micres.2016.04.012
http://www.ncbi.nlm.nih.gov/pubmed/27296964
http://dx.doi.org/10.1016/j.postharvbio.2018.03.004
http://dx.doi.org/10.1111/jph.12532
http://dx.doi.org/10.1021/ol006680s
http://www.ncbi.nlm.nih.gov/pubmed/11112639
http://dx.doi.org/10.1128/AAC.02421-12
http://dx.doi.org/10.1371/journal.pone.0186639
http://www.ncbi.nlm.nih.gov/pubmed/29053748
http://dx.doi.org/10.1002/lary.27361
http://dx.doi.org/10.1038/nchembio.106
http://www.ncbi.nlm.nih.gov/pubmed/18690216
http://dx.doi.org/10.1186/s12866-014-0242-2
http://dx.doi.org/10.1128/AEM.03460-13
http://www.ncbi.nlm.nih.gov/pubmed/24271174
http://dx.doi.org/10.1016/j.foodchem.2015.09.052
http://dx.doi.org/10.1016/j.micpath.2017.01.041
http://dx.doi.org/10.1038/nbt.1883
http://www.ncbi.nlm.nih.gov/pubmed/21572440
http://dx.doi.org/10.1038/nmeth.1226
http://www.ncbi.nlm.nih.gov/pubmed/18516045


Biomolecules 2019, 9, 125 16 of 17

21. Schulze, S.K.; Kanwar, R.; Gölzenleuchter, M.; Therneau, T.M.; Beutler, A.S. SERE: Single-parameter quality
control and sample comparison for RNA-Seq. BMC Genom. 2012, 13, 524. [CrossRef] [PubMed]

22. Robinson, M.D.; Oshlack, A. A scaling normalization method for differential expression analysis of RNA-seq
data. Genome Biol. 2010, 11, R25. [CrossRef] [PubMed]

23. Livak, K.J.; Schmittgen, T.D. Analysis of relative gene expression data using Real-Time quantitative PCR and
the 2–∆∆CT Method. Methods 2001, 25, 402–408. [CrossRef] [PubMed]

24. von Delius, M.; Le, C.M.; Dong, V.M. Rhodium-phosphoramidite catalyzed alkene hydroacylation:
Mechanism and octaketide natural product synthesis. J. Am. Chem. Soc. 2012, 134, 15022–15032. [CrossRef]
[PubMed]

25. Xu, Q.Y.; Wang, J.F.; Huang, Y.J.; Zheng, Z.H.; Song, S.Y.; Zhang, Y.M.; Su, W.J. Metabolites from a mangrove
ednophyitc fungus Dothioreall sp. Acta Oeeanol. Sin. 2004, 23, 541–547.

26. Shubina, L.K.; Makar’eva, T.N.; Denisenko, V.A.; Stonik, V.A. 4-Hydroxybenzaldehyde from the baikal
sponge Lubomirskia baicalensis. Chem. Nat. Comp. 2005, 41, 93–94. [CrossRef]

27. Singh, D.; Kumar, R.; Chaudhuri, P.K. A New phenolic compound from the flowers of Jasminum multiflorum.
Chem. Nat. Comp. 2014, 50, 48–49. [CrossRef]

28. Weber, D.; Gorzalczany, S.; Martino, V.; Acevedo, C.; Sterner, O.; Anke, T. Metabolites from endophytes of
the medicinal plant Erythrina crista-galli. Zeitschrift für Naturforschung C 2005, 60, 467–477. [CrossRef]

29. Sassa, T.; Kenmoku, H.; Sato, M.; Murayama, T.; Kato, N. (+)-Menthol and its hydroxy derivatives,
novel fungal monoterpenols from the fusicoccin-producing Fungi, Phomopsis amygdali F6a and Niigata
2. Biosci. Biotechnol. Biochem. 2003, 67, 475–479. [CrossRef]

30. El-Beih, A.A.; Kato, H.; Ohta, T.; Tsukamoto, S. (3R,4aR,5S,6R)-6-Hydroxy-5-methylramulosin: A new
ramulosin derivative from a marine-derived sterile mycelium. Chem. Pharm. 2007, 55, 953–954. [CrossRef]

31. Abrell, L.M.; Cheng, X.C.; Crews, P. New nectriapyrones by salt water culture of a fungus separated from an
Indo-Pacific sponge. Tetrahedron Lett. 1994, 35, 9159–9160. [CrossRef]

32. Gong, T.; Zhen, X.; Li, B.J.; Yang, J.L.; Zhu, P. Two new monoterpenoid a-pyrones from a fungus Nectria sp.
HLS206 associated with the marine sponge Gelliodes carnosa. J. Asian Nat. Prod. Res. 2015, 17, 633–635.
[CrossRef]

33. Hellin, P.; King, R.; Urban, M.; Hammond-Kosack, K.E.; Legrève, A. The adaptation of Fusarium culmorum to
DMI fungicides is mediated by major transcriptome modifications in response to azole fungicide, including
the overexpression of a PDR transporter (FcABC1). Front. Microbiol. 2018, 9, 1385. [CrossRef]

34. Wang, J.; Yu, J.; Liu, J.; Yuan, Y.; Li, N.; He, M.; Qi, T.; Hui, G.; Xiong, L.; Liu, D. Novel mutations in CYP51B
from Penicillium digitatum involved in prochloraz resistance. J. Microbiol. 2014, 52, 762–770. [CrossRef]

35. Udayanga, D.; Liu, X.; McKenzie, E.H.C.; Chukeatirote, E.; Bahkali, A.H.A.; Hyde, K.D. The genus Phomopsis:
Biology, applications, species concepts and names of common phytopathogens. Fungal Divers. 2011, 50,
189–225. [CrossRef]

36. Qin, G.Z.; Zong, Y.Y.; Chen, Q.L.; Hua, D.L.; Tian, S.P. Inhibitory effect of boron against Botrytis cinerea on
table grapes and its possible mechanisms of action. Int. J. Food Microbiol. 2010, 138, 145–150. [CrossRef]

37. Zhang, Z.; Qin, G.; Li, B.; Tian, S. Effect of cinnamic acid for controlling gray mold on table grape and its
possible mechanisms of action. Curr. Microbiol. 2015, 71, 396–402. [CrossRef]

38. Mieszkin, S.; Hymery, N.; Debaets, S.; Coton, E.; Le Blay, G.; Valence, F.; Mounier, J. Action mechanisms
involved in the bioprotective effect of Lactobacillus harbinensis K.V9.3.1.Np against Yarrowia lipolytica in
fermented milk. Int. J. Food Microbiol. 2017, 248, 47–55. [CrossRef] [PubMed]

39. Jian, W.; He, D.; Xi, P.; Li, X. Synthesis and biological evaluation of novel fluorine-containing stilbene
derivatives as fungicidal agents against phytopathogenic fungi. J. Agric. Food Chem. 2015, 63, 9963–9969.
[CrossRef]

40. Wu, J.; Liu, J.; Jia, R.; Song, H. Nur77 inhibits androgen-induced bladder cancer growth. Cancer Investig.
2013, 31, 654–660. [CrossRef] [PubMed]

41. Hirata, H.; Ohnishi, T.; Ishida, H.; Tomida, K.; Sakai, M.; Hara, M.; Watanabe, N. Functional characterization
of aromatic amino acid aminotransferase involved in 2-phenylethanol biosynthesis in isolated rose petal
protoplasts. J. Plant. Physiol. 2012, 169, 444–451. [CrossRef] [PubMed]

42. Xue, Y.; Chen, X.; Yang, C.; Chang, J.; Shen, W.; Fan, Y. Engineering Eschericha coli for enhanced tyrosol
production. J. Agric. Food Chem. 2017, 65, 4708–4714. [CrossRef] [PubMed]

http://dx.doi.org/10.1186/1471-2164-13-524
http://www.ncbi.nlm.nih.gov/pubmed/23033915
http://dx.doi.org/10.1186/gb-2010-11-3-r25
http://www.ncbi.nlm.nih.gov/pubmed/20196867
http://dx.doi.org/10.1006/meth.2001.1262
http://www.ncbi.nlm.nih.gov/pubmed/11846609
http://dx.doi.org/10.1021/ja305593y
http://www.ncbi.nlm.nih.gov/pubmed/22938187
http://dx.doi.org/10.1007/s10600-005-0084-0
http://dx.doi.org/10.1007/s10600-014-0863-6
http://dx.doi.org/10.1515/znc-2005-5-616
http://dx.doi.org/10.1271/bbb.67.475
http://dx.doi.org/10.1248/cpb.55.953
http://dx.doi.org/10.1016/0040-4039(94)88453-6
http://dx.doi.org/10.1080/10286020.2015.1040778
http://dx.doi.org/10.3389/fmicb.2018.01385
http://dx.doi.org/10.1007/s12275-014-4112-2
http://dx.doi.org/10.1007/s13225-011-0126-9
http://dx.doi.org/10.1016/j.ijfoodmicro.2009.12.018
http://dx.doi.org/10.1007/s00284-015-0863-1
http://dx.doi.org/10.1016/j.ijfoodmicro.2017.02.013
http://www.ncbi.nlm.nih.gov/pubmed/28244372
http://dx.doi.org/10.1021/acs.jafc.5b04367
http://dx.doi.org/10.3109/07357907.2013.853077
http://www.ncbi.nlm.nih.gov/pubmed/24299210
http://dx.doi.org/10.1016/j.jplph.2011.12.005
http://www.ncbi.nlm.nih.gov/pubmed/22236980
http://dx.doi.org/10.1021/acs.jafc.7b01369
http://www.ncbi.nlm.nih.gov/pubmed/28530096


Biomolecules 2019, 9, 125 17 of 17

43. Hegge, A.; Lønborg, R.; Nielsen, D.M.; Sørensen, J.L. Factors influencing production of fusaristatin A in
Fusarium graminearum. Metabolites 2015, 5, 184–191. [CrossRef] [PubMed]

44. Yang, Q.; Ding, X.; Liu, X.; Liu, S.; Sun, Y.; Yu, Z.; Hu, S.; Rang, J.; He, H.; He, L.; et al. Differential proteomic
profiling reveals regulatory proteins and novel links between primary metabolism and spinosad production
in Saccharopolyspora spinosa. Microb. Cell Fact. 2014, 13, 27. [CrossRef] [PubMed]

45. Li, X.; Hou, Y.; Yue, L.; Liu, S.; Du, J.; Sun, S. Potential targets for antifungal drug discovery based on growth
and virulence in Candida albicans. Antimicrob. Agents Chemother. 2015, 59, 5885–5891. [CrossRef] [PubMed]

46. Tiwari, S.; Jamal, S.B.; Hassan, S.S.; Carvalho, P.V.S.D.; Almeida, S.; Barh, D.; Ghosh, P.; Silva, A.; Castro, T.L.P.;
Azevedo, V. Two-component signal transduction systems of pathogenic bacteria as targets for antimicrobial
therapy: An overview. Front. Microbiol. 2017, 8, 1878. [CrossRef] [PubMed]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.3390/metabo5020184
http://www.ncbi.nlm.nih.gov/pubmed/25838075
http://dx.doi.org/10.1186/1475-2859-13-27
http://www.ncbi.nlm.nih.gov/pubmed/24555503
http://dx.doi.org/10.1128/AAC.00726-15
http://www.ncbi.nlm.nih.gov/pubmed/26195510
http://dx.doi.org/10.3389/fmicb.2017.01878
http://www.ncbi.nlm.nih.gov/pubmed/29067003
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	General Experiment Procedures 
	Fungi and Culture 
	Fermentation, Extraction, and Isolation 
	Bioassays 
	In Vitro Assays 
	In Vivo Assays 

	Scanning Electron Microscopy 
	Determination of Cytoplasmic Membrane Integrity 
	Transcriptional Analysis 
	RNA Extraction and Illumina Sequencing 
	Sequence Assembly, Annotation, and Expression Analysis 

	Quantitative Real-Time PCR Analysis 
	Statistical Analysis 

	Results 
	Structure Identification of Compounds 1–12 
	In Vivo and In Vitro Activity of Cytosporone B 
	Membrane Integrity of G. citri-aurantii under the Treatment of Cytosporone B 
	Transcriptome Sequencing and DGEs Analysis of G. citri-aurantii 
	Identification of Genes Related to Amino Acid Synthesis and Metabolism 
	Identification of Genes Related to Signal Transduction Mechanisms 

	Discussion 
	References

