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aphthoquinone regulated
molecular alternation of Fusarium proliferatum
revealed by high-dimensional biological data†

Jiajia Yang,‡a Xuewei Xia,‡a Meixia Guo,b Li Zhong,a Xiaoyong Zhang,c Xuewu Duan,d

Jun Liu*e and Riming Huang *a

Fungi Fusarium proliferatum and the toxins it produces are hazardous to agricultural plants, animals, and

human health. However, there is a lack of more effective and environment-friendly natural anti-F.

proliferatum agents. In the search for natural anti-fungal agents, we found that naturally originated 2-

methoxy-1,4-naphthoquinone (MNQ) with a minimal inhibitory dose of 8.0 mg L�1 possessed a potential

inhibitory effect on F. proliferatum. The results of transcriptomic, proteomic, and metabolomic reveal

a total of 1314 differential expression genes (DEGs, 873 up-regulated and 441 down-regulated), 259

differential expression proteins (DEPs, 104 up-regulated and 155 down-regulated), and 86 differential

accumulation metabolites (DAMs, 49 up-regulated and 37 down-regulated) in MNQ-induced F.

proliferatum. Further, the correlation analysis of transcriptomic, proteomic, and metabolomic indicated

that these DEGs, DEPs, and DAMs were co-mapped in the pathways of glyoxylate and dicarboxylate

metabolism, glycine, serine, and threonine metabolism, and pyruvate metabolism that linked to the TCA

cycle. Furthermore, the key DEGs of the significantly co-mapped pathways were verified with qPCR

analysis, which was related to the permeability of the cell membrane of F. proliferatum. Thus, these

findings will provide fundamental scientific data on the molecular shifts of MNQ-induced F. proliferatum.
1 Introduction

Fungi exist extensively in nature; some of these can seriously
harm agricultural plants and the toxins they produce are
harmful to animal and human health.1 Fusarium proliferatum,
belonging to the Fusarium genus, is a worldwide fungal path-
ogen that can parasitize a variety of other plants, such as maize,
onion, sorghum, pearl millet, and date palm,2–5 and the fumo-
nisins it produces also pose a potential threat to agricultural
product safety.6 At present, industrial fungicides are used to
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manage Fusarium as agricultural techniques and biological
methods only give little alleviation from the disease.7 Fusarium
is only controlled with a few industrial fungicides. However,
these widely used chemical fungicides are limited by several
serious problems,8 such as serious residual toxicity, the devel-
opment of drug resistance, environmental pollution, and health
hazards. Natural products as prospective safe fungicides have
lately gotten a lot of interest because of their low toxicity or non-
toxicity when compared to synthetic commercial fungicides.9,10

Therefore, it is urgent to nd anti-fungal drugs with more
effective and less poisonous to defend against F. proliferatum.

2-Methoxy-1,4-naphthoquinone (MNQ) (Fig. 1) is a phyto-
chemical found in the Impatiens balsamina Linn,11 as well as
a marine microbe Nocardiopsis alba.12,13 MNQ has shown anti-
Helicobacter pylori capabilities comparable to that of amoxicillin,14

and have shown anti-pruritic,15 anti-inammatory16 and anti-
Fig. 1 Chemical structure of 2-methoxy-1,4-naphthoquinone (MNQ).
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fungal17 qualities in previous research. Although some research
on the antibacterial mechanisms of MNQ such as anti-Penicillium
italicum and anti-P. digitatum has been reported,13,18 the anti-F.
proliferatum action and molecular mechanisms of MNQ have yet
to be investigated. Therefore, the specic molecular details
behind the alterations in the genes, proteins, and metabolites in
F. proliferatum treated with MNQ should be studied.

In this research, the inhibitory impact and molecular details
of MNQ on F. proliferatum were elucidated via high-dimensional
biodata including transcriptomics, proteomics, and untargeted
metabolomics, which can give details of differently enriched
genes, differently enriched proteins, and differently enriched
metabolites of F. proliferatum treated with MNQ. Furthermore,
the key differently enriched genes related to the pathways of
glyoxylate and dicarboxylate metabolism, glycine, serine, and
threonine metabolism, and pyruvate metabolism were veried
using qPCR. These analyzed data will aid in hypothesizing the
anti-F. proliferatum activity of MNQ, which is benecial for
developing MNQ as a natural precursor of an environment-
friendly anti-fungal agent.

2 Materials and methods
2.1 Microorganism and minimum inhibitory concentration
(MIC) tests

F. proliferatum applied in this research was provided by the South
China Botanical Garden, Chinese Academy of Sciences
(Guangzhou, China). F. proliferatum was maintained in PDA
(HuanKai Microbial, China) at 28 �C. Effects of MNQ ($98%,
Sigma, USA) on the mycelial growth of F. proliferatum were
determined in vitro by the MIC test.19,20 PDA (10 mL) was poured
into a sterile Petri dish with a diameter of 60 mm and measured
amounts of MNQ (dissolved in DMSO) were added to PDA media
to give desired concentrations of 0.0, 0.5, 1.0, 2.0, 4.0, 8.0, 16.0,
and 32.0mg L�1. The spores of F. proliferatumwere washed down
with sterile water from the PDA plate and diluted to a concen-
tration of 1 � 107 conidia per mL. Then, the above 10 mL of
conidial suspensions were evenly smeared onto the surface of
each plate. Finally, all the culture plates were treated for 48 hours
at 28 �C. Three biological replicates were conducted.

2.2 MNQ treatment

2 mL of the diluted spore suspension (1 � 107 conidia per mL)
was inoculated in the 200 mL Czapek's broth medium (CB, 30 g
L�1 sucrose, 3 g L�1 NaNO3, 1 g L�1 K2HPO4, 0.5 g L�1

MgSO4$7H2O, 0.5 g L�1 KCl, 0.01 g L�1 FeSO4, pH 7.2). The
conical asks with spores were incubated at 28 �C with 140 rpm,
which were shaken for sporulation in the dark. Aer 48 h of
cultivation, the suspensions were then treated by MNQ at two
concentrations (0 and 5 mg L�1) and incubated at 28 �C with
140 rpm for another 48 h for molecular analyses. Ultimately, the
mycelium was washed by PBS for omics analysis.

2.3 Transcriptome proling

The Trizol reagent (Invitrogen, CA, USA) was used to extract
total RNA from frozen mycelium. The stability and
15134 | RSC Adv., 2022, 12, 15133–15144
concentration of RNA were determined using the Nano-
Photometer® spectrophotometer (Implen, CA, USA), Qubit® 2.0
uorometer (Life Technologies, CA, USA), and Agilent Bio-
analyzer 2100 system. RNA Library Prep Kit (Illumina, CA, USA)
was used to create cDNA libraries for sequencing from 3 mg of
total RNA. The library fragments were puried using the
AMPure XP system to identify cDNA fragments with a length
preference of 250–300 bp. The cDNA libraries were then
enriched using PCR amplication, and the quality of the cDNA
libraries was determined using the Agilent Bioanalyzer 2100
system. Finally, the Illumina platform was used to sequence the
cDNA libraries, providing paired-end reads of 125 bp/150 bp.

All downstream analyses were based on clean readings,
which were trimmed from the raw data. The read counts map-
ped to each gene were counted using FeatureCounts v1.5.0-p3.
Then, depending on the length of the gene and the number of
reads mapped to it, the fragments per kilobase per million
(FPKM) of each gene was determined.21 The Benjamini and
Hochberg strategy for controlling the false discovery rate was
used to alter the p-value for the comparison of the reads per
kilobase per million (RPKM) between the treatment and the
control groups. Differentially expressed genes were classied as
those with an adjusted p-value < 0.05 and jlog 2 fold changej > 1.

2.4 Proteomics experiments

As previously indicated, the mycelium was treated for complete
protein extraction.22 In a nutshell, 200 mL of pre-chilled lysis
solution (4% SDS, 100 mM DTT, 150 mM Tris–HCl, pH 8.0) was
added to the mycelium. A homogenizer was used to smash the
mycelium, which was then placed in boiling water for 5 min. The
ultrasonically broken dissolved products were then returned to
boiling water for another 5 min. The supernatant was then
collected and evaluated using the BCA Protein Assay Kit (Bio-Rad,
CA, USA) following centrifugation at 14 000 rpm for 15 min. The
proteins were then digested with trypsin (Promega, WI, USA), and
the peptide concentration was determined using a 280 nm UV
light spectral density. Each sample's peptide was desalted using
C18 Cartridges (Sigma, MO, USA), then vacuum centrifuged and
reconstituted in 0.1% (v/v) triuoroacetic acid. A Q Exactive mass
spectrometer coupled to an Easy nLC (Thermo Fisher Scientic,
MA, USA) was used to examine the peptides. The mass spec-
trometry data were compared to the NCBI F. proliferatum ET1
database and processed and quantied using a MaxQuant
1.3.0.5.23 Protein abundance was estimated using the normalized
spectral protein intensity (LFQ intensity), and the statistical
signicance of the data was determined using Student's t-test.
Proteins with a p-value < 0.05 and fold change > 2.0 (up-regulated)
or fold change < 0.5 (down-regulated) were dened as differentially
expressed.

2.5 Metabolomics analysis

The samples were homogenized in water before being
combined in a 1 : 1 mixture of methanol and acetonitrile. The
materials were then homogenized twice more using ultra-
sonication at 4 �C for 30 min each time. The mixture was
centrifuged for 20 min (14 000 rcf, 4 �C) aer being stored at
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 MIC of MNQ against F. proliferatum (48 h).
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View Article Online
�20 �C for 1 hour to remove the protein. The supernatant was
collected and then dried in a vacuum centrifuge. The samples
were re-dissolved in 100 mL acetonitrile/water (1 : 1, v/v) solvent
for LC-MS analysis. Quality control (QC) samples were created
by pooling 10 mL of each sample and analyzing them together
with the other samples to monitor the instrument's stability
and repeatability. The QC samples were introduced regularly. In
Shanghai Applied Protein Technology Co., Ltd., analyses were
carried out utilizing a UHPLC (1290 Innity LC, Agilent Tech-
nologies) linked to a quadrupole time-of-ight (AB Sciex Tri-
pleTOF 6600). A 2.1 mm � 100 mm ACQUIY UPLC BEH 1.7 mm
column (Waters, Ireland) was used to examine samples for
HILIC separation. The mobile phase in both the positive and
negative ESI modes contained A ¼ 25 mM ammonium acetate
and 25 mM ammonium hydroxide in water, as well as B ¼
acetonitrile. For 1 min, the gradient was 85% B, linearly lowered
to 65% in 11min, reduced to 40% in 0.1 min and held for 4 min,
and then raised to 85% in 0.1 min with a 5 minute re-
equilibration interval. The following were the electrospray
ionization (ESI) source conditions: Ion Source Gas1 (Gas1) was
set to 60, Ion Source Gas2 (Gas2) was set to 60, curtain gas (CUR)
was set to 30, source temperature was set to 600 �C, and Ion-
Spray Voltage Floating (ISVF) was set to �5500 V. The instru-
ment was congured to acquire across the m/z range 60–
1000 Da in MS alone acquisition, and the accumulation time for
Time-off-Flight Mass Spectrometer (TOF MS) scan was set at
0.20 s per spectra. The instrument was congured to acquire
across the m/z range 25–1000 Da in auto MS/MS acquisition,
and the accumulation time for product ion scan was set at 0.05 s
per spectra. Information dependent acquisition (IDA) with high
sensitivity mode was used to obtain the product ion scan. The
following settings were used: collision energy (CE) was set to
35 V with 15 eV; declustering potential (DP) was set to 60 V (+)
and �60 V (�); isotopes inside 4 Da were excluded; candidate
ions to monitor each cycle: 10.

2.6 RT-qPCR analysis

Total RNA Kit (Gbcbio, China) was used to extract total RNA
from each sample, and the RNA concentration was determined
using a Nanodrop 2000C spectrophotometer (Thermo Scien-
tic, USA). Hiscript II 1st Strand cDNA Synthesis Kit (Vazyme,
China) was used to make the rst-strand cDNA template. The
genes' relative expression levels were chosen at random. The
reaction system was SYBRgreen real-time PCR super Mix (Mei5
Biotechnology, China) and PCR conditions were 95 �C for 15 s,
55 �C for 15 s, 72 �C for 42 s, 40 cycles. NCBI was used to design
the primers (Table S2†). The expression levels of the target
genes were determined using the 2�DDCt technique, with
histone H3 served as an internal reference gene.

2.7 Malondialdehyde (MDA) and H2O2 content analysis

The Malondialdehyde Assay Kit (Solarbio, China) was used to
determine MDA concentration in 0.1 g powders from F. pro-
liferatum using the thiobarbituric acid (TBA) technique. Spec-
traMax i3x determination of absorbance and calculation of
MDA content according to the instructions were carried out. On
© 2022 The Author(s). Published by the Royal Society of Chemistry
a fresh weight basis, the MDA content was given as mmol g�1.
Hydrogen Peroxide Assay Kit (Solarbio, China) was used to
evaluate the H2O2 concentration in 0.1 g powders from F. pro-
liferatum. Finally, the H2O2 content was determined using
SpectraMax i3x according to the instructions. On a fresh weight
basis, the H2O2 content was represented as mmol g�1.
2.8 Relative electrical conductivity analysis

F. proliferatum was inoculated in PDA dishes and cultured for
48 h. Aer that, F. proliferatummycelium blocks were obtained by
punching holes in the well-growing colonies with a 5 mm
perforator. Mycelium blocks were put into a beaker containing
20 mL 8 mg L�1 MNQ solution and 20 mL deionized water,
respectively. MNQ solution was added as the treatment group
and deionized water as the control group. The electrical
conductivity of F. proliferatum was measured with a conductivity
meter aer 0 h and 2 h treatment. The beaker should be fully
shaken before measurement. Aer 10 h treatment, the beaker
was heated in boiling water for 5 min and the electrical
conductivity was measured again. The calculation formula of
relative conductivity is as follows: C (relative conductivity)¼ (C�
C0)/(D � C0) � 100%, where C0 represents the conductivity of 0 h
treatment, C represents the conductivity of 2 h treatment, and D
represents the conductivity of 10 h treatment and heating.
3 Results
3.1 Effects of MNQ on F. proliferatum

As depicted in Fig. 2, the minimum inhibitory concentration
(MIC) of MNQ was found to be 8.0 mg L�1 because F. pro-
liferatum grew at 4.0 mg L�1 and did not grow at 8.0 mg L�1. To
establish the optimal timing for mycelium control and extrac-
tion, a concentration of MNQ of 8.0 mg L�1 was used to treat F.
proliferatum within the MIC range. According to MIC, F. pro-
liferatum was treated with the control group without MNQ and
the treatment group with 8.0 mg L�1 MNQ. The ndings indi-
cated that the growth of F. proliferatum in the treatment group
was slow and the color of the culture medium was yellow, while
the growth of F. proliferatum in the control group was faster and
the color of the culture medium was green. Subsequently, the
anti-microbial mechanism of MNQ was studied according to
the MIC of MNQ against F. proliferatum.
RSC Adv., 2022, 12, 15133–15144 | 15135
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3.2 Transcriptomic analysis

A total of 15 319 genes were detected in the control and treat-
ment groups. Based on the padj < 0.05 and jlog 2 fold changej > 1
for the signicance of different standards, screening different
genes between the treatment group (T1, T2, and T3) and the
control group (C1, C2, and C3) was done. As shown in Fig. 3A,
a total of 1314 DEGs were screened, with 873 being up-regulated
and 441 being down-regulated. The cluster analysis of different
genes in the treatment group and the control group can more
intuitively describe the situation of different genes in F. pro-
liferatum. The DEseq normalized value of the differentially
expressed genes was taken as the expression level, and the
expression level was normalized. Clustering results were ob-
tained by hierarchical clustering analysis; different clustering
information is presented in different colors, with the red
portion representing the up-regulated gene and another part
representing the down-regulated gene (Fig. 3B). Different genes
in the same group may have the same function or the same
biological characteristics. The similarity of DEGs within the
groups was higher, and the trend was opposite between the
groups.
Fig. 3 (A) Volcano maps of differentially expressed genes; (B) hierarchica
control group and the treatment group; (C) enriched GO terms of total

15136 | RSC Adv., 2022, 12, 15133–15144
3.2.1 Gene ontology (GO) annotation. As the GO enrich-
ment data illustrates in Fig. 3C, based on signicant enrich-
ment analysis (p < 0.05) of the total DEGs and the up-regulated
DEGs in the MNQ treated F. proliferatum, the genes primarily
changed the catalytic activity of the enzymes and oxidor-
eduction reactions. Simultaneously, the oxidation–reduction
process, cofactor binding, FMN binding, as well as cellular
detoxication may all have a role in inhibiting F. proliferatum
proliferation.

3.2.2 Kyoto encyclopedia of genes and genomes (KEGG)
annotation. The KEGG pathway research was applied to the
different genes of the treatment group and the control group,
and 20 pathways with the highest signicant enrichment were
selected to create a scatter KEGG pathway plot (Fig. 3D). A total
of 1314 DEGs were enriched into 37 signaling pathways (p <
0.05), including 11 pathways of energy and carbon metabolism,
10 pathways of amino acid metabolism, and 6 pathways of
substance degradation and secondary metabolite synthesis,
indicating that MNQ has a stronger impact on the energy and
carbon metabolism genes, as well as amino acid metabolism
genes. As shown in the scatter diagram of the total differentially
l cluster analysis was conducted for the DEGs, C and T represented the
DEGs; (D) enriched KEGG pathways of total differential genes (top 20).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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expressed genes KEGG pathway (Fig. 3D), MNQ treatment
showed the most signicant enrichment effect on the metabolic
pathways with 121 differentially expressed genes involved in
this pathway. As shown in the scatter diagram of the up-
regulated genes KEGG pathway (Fig. S1a†), the up-regulated
genes were involved in 22 signaling pathways aer MNQ treat-
ment (p < 0.05), including microbial metabolism in diverse
environments, starch and sucrose metabolism, galactose
metabolism, as well as glyoxylate and dicarboxylate metabo-
lism. There were 20, 13, 9, and 6 differential genes involved in
these pathways, respectively.

As shown in the scatter diagram of the down-regulated genes
KEGG pathway (Fig. S1b†), the down-regulated genes were
involved in 21 signaling pathways aer MNQ treatment (p <
0.05), which were contained in the biosynthesis of secondary
metabolites, carbon metabolism, alanine, aspartate and gluta-
mate metabolism, tyrosine metabolism, valine, leucine and
isoleucine degradation, and pyruvate metabolism. There were
16, 9, 8, 6, 5, and 5 differential genes involved in these pathways,
respectively. Most of the pathways related to up-regulation
genes belong to carbohydrate metabolism, while the majority
of pathways related to down-regulation genes belong to amino
acid metabolism.
3.3 Proteomics analysis

In the control and treatment groups, a total of 2627 proteins
were found. Based on the fold change > 2 or fold change < 0.5,
and p < 0.05 for the signicance of the different standards,
screening the control group (C) and the treatment group (T)
gave the difference between the proteins. As shown in Fig. 4A,
a total of 259 DEPs were screened, among which 104 were up-
regulated and 155 were down-regulated. In general, aer MNQ
treatment, the number of down-regulated proteins in F. pro-
liferatum was more than the up-regulated proteins. Clustering
results were obtained by hierarchical clustering analysis;
different clustering information is presented in different colors,
where the red part and the blue part represent the up and down-
regulated proteins, respectively (Fig. 4B). Different proteins in
the same group may have the same function or the same bio-
logical characteristics.

3.3.1 GO annotation. All the different proteins between the
treatment group and the control group were mapped to the GO
database, and the number of proteins in each term was counted
to nd the signicantly changed terms (FDR < 0.05). As shown in
Fig. 4C, aer MNQ treatment, the functions of DEPs enriched in
BP were mainly related to nucleic acid transcription and amino
acid metabolism. For example, the positive regulation of nucleic
acid-templated transcription involved 10 different proteins, and
the aspartate family amino acidmetabolic process involved 6 and
the sulfur amino acid metabolic process involved 5. The func-
tions of differential proteins enriched inMF aremainly related to
the terms of cofactor binding, transition metal ion binding, FMN
binding, and transcription factor binding, which involve 31, 17,
6, and 4 different proteins, respectively. However, the functions
of DEPs enriched in cellular component (CC) are mainly related
to the terms of cyclin-dependent protein kinase holoenzyme
© 2022 The Author(s). Published by the Royal Society of Chemistry
complex and serine/threonine protein kinase complex, which
just involve 2 and 2 different proteins, respectively. The biological
functions of differential genes' enrichment were mainly the
catalytic activity and oxidoreduction activity, while the biological
functions of DEPs enrichment were mainly transcriptional
regulation and substance binding, indicating that MNQ treat-
ment may cause different changes in genes and proteins.

3.3.2 KEGG annotation. In the DEPs of the treatment and
the control groups, a total of 130 pathways were activated.
However, only two pathways, namely, cysteine and methionine
metabolism, and riboavin metabolism, were signicantly
enriched, which involved 8 and 3 differential proteins, respec-
tively (p < 0.05). In addition, the pathways such as ribosome,
glycine, serine, and threonine metabolism, tryptophan metab-
olism, drug metabolism-other enzymes, RNA transport, galac-
tose metabolism, glyoxylate and dicarboxylate metabolism, and
drug metabolism-cytochrome P450 were also affected by MNQ
(Fig. 4D). DEGs were enriched in amino acid metabolism and
carbohydrate metabolism pathways, while DEPs were enriched
in amino acid metabolism and nucleic acid metabolism path-
ways. These ndings showed that MNQ may inhibit the growth
of F. proliferatum by altering the amino acids, nucleic acids, and
carbohydrate metabolism.

3.4 Combined analysis of transcriptomics and proteomics

To compensate for data difficulties caused by a lack of data, noise,
or other variables in a single piece of data, multiple sets of data
must be integrated and analyzed. At the same time, the reciprocal
verication of various sets of data resources can decrease the false
positives created by a single set of analyses. First, we conducted
a transcriptome and proteome correlation study. We discovered
2230 genes linked to the protein; however, only 44 of them were
DEGs. We discovered that 1819 proteins remained unchanged,
and their transcription levels remained consistent. Among the
1314 DEGs, there were 1118 DEGs with no proteinmatches in the
proteome data and 152 DEGs with no alterations in their protein
products. Only 44 of the 259 DEPs had substantial transcriptional
alterations, whereas 214 had no variations in their transcription
levels (Fig. 4E). The changes in these 259 DEP levels might be
inuenced by post-transcriptional mechanisms. Although
proteins changed less in the proteomic (259) than the tran-
scriptomic (1314) region, the fraction of DEPs (259/2230) was
greater in the transcriptome (1314/15 321). Our proteome exhibits
limited association with the transcriptome, which is consistent
with various prior research on the mismatch between tran-
scriptomes and proteomes. The biological functions of differen-
tial gene enrichment were mainly in the catalytic activity and
oxidoreduction activity, while the biological functions of differ-
ential protein enrichment were mainly in transcriptional regula-
tion and substance binding, indicating that MNQ treatment may
cause different changes in genes and proteins.

3.5 Metabolomics analysis

3.5.1 Multi-dimensional statistical analysis. PCA and
OPLS-DA models were used for multi-dimensional statistical
analysis to evaluate the test reliability aer the original data
RSC Adv., 2022, 12, 15133–15144 | 15137
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Fig. 4 (A) Volcanomaps of differentially expressed proteins; (B) the DEPs were subjected to hierarchical cluster analysis, C and T represented the
control group and the treatment group, respectively; (C) enriched GO terms (the rich factor was represented by the number above the bar, and
the color of the bar reflects the value of p); (D) enriched KEGG pathways of total differential proteins; (E) Venn diagram of all the detected genes,
DEGs, all the detected proteins, and DEPs. (F-C) Control group, (F-T) treatment group.
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were preprocessed. In the PCA score graph, t[1] represented the
rst principal component in the abaxial coordinate, and t[2]
represented the second principal component in the vertical
coordinate. Meanwhile, the model is more stable and reliable
when the R2X value is more close to 1 (Fig. 5A and B). In the
OPLS-DA score graph, t[1] represented the rst principal
component in both the abaxial and vertical coordinates;
15138 | RSC Adv., 2022, 12, 15133–15144
meanwhile, the model was more stable and accurate when the
R2Y and Q2 values were closer to 1 (Fig. 5C and D). In the PCA
model, the R2X value in the positive and negative ion modes
was 0.508 and 0.621, respectively (Table 1). In the OPLS-DA
model, the R2Y value in the positive and negative ion modes
was 0.995 and 0.995; meanwhile, the Q2 value in the positive
and negative ion modes was 0.773 and 0.760, respectively (Table
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (A and B) PCA score graph: positive modes (A) and negative modes (B); (C and D) OPLS-DA score graph: positive modes (C) and negative
modes (D); (E) enriched KEGG pathways of differential metabolites; (F and G) hierarchical cluster heat map of differential metabolites in the
positive mode (F) and the negative mode (G); (H) enriched KEGG pathways of both transcriptome and metabolomics; (I–K) H2O2 content (I),
malondialdehyde (MDA) content (J) and relative electrical conductivity (K). (F-C) represented the control group, and (F-T) represented the
treatment group. * meant p < 0.05.
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1). These data meant that both the models were stable and
reliable, which could fully explain the difference between the
treatment and the control groups.
Table 1 PCA and OPLS-DA model parameters

Model

PCA OPLS-DA

R2X R2Y Q2

Positive mode 0.508 0.995 0.773
Negative mode 0.621 0.995 0.760

© 2022 The Author(s). Published by the Royal Society of Chemistry
Differential metabolites were screened according to the
Variable Importance for the Projection (VIP) in the OPLS-DA
model: VIP > 1 and p < 0.1. On account of the signicantly
different metabolites of the samples between the two groups,
the rationality of the identied metabolites was assessed. The
connection between F. proliferatum and the metabolites in F.
proliferatum was claried by hierarchical cluster analysis. This
approach was conducive to researching the changes in the
candidate metabolic processes and the accurate selection of
marker metabolites (Fig. 5F and G). As shown in Table S1,†
a total of 86 differential accumulation metabolites (DAMs, 49
RSC Adv., 2022, 12, 15133–15144 | 15139
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Table 2 RT-qPCR verification

Gene name RT-qPCR Transcriptome

Glutathione S-transferase (GST) 33.65 2.52
Formate dehydrogenase (FDH) 28.15 3.83
Catalase (CAT) 8.34 3.98
5-Oxoprolinase 5.65 3.17
Glutathione reductase (GR) 4.07 2.00
Formamidase 3.33 1.47
Peroxidase 0.59 �2.41
Phosphoenolpyruvate carboxykinase (PEPCK) 0.38 �1.62
Glycine hydroxymethyltransferase (glyA) 0.30 �1.88
Acetyl-CoA synthetase (ACS) 0.24 �1.64
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up-regulated and 37 down-regulated) were screened, which can
be divided into 8 categories, which are carbohydrates, lipids,
amino acids, nucleic acids, peptides, cofactors/vitamins,
energy, and others. Many differential metabolites belong to
the carbohydrates and lipids categories.

3.5.2 KEGG annotation. On the different metabolites in the
treatment and control groups, a KEGG pathway research was
applied, and a total of 95 pathways were involved in the differ-
ential metabolites, and 41 pathways were signicantly enriched
(p < 0.05), including 9 material transport and signal trans-
duction pathways, 7 amino acid metabolism pathways, 7
carbohydrate metabolism pathways, 3 lipid metabolism path-
ways, 3 nucleic acid metabolism pathways, 2 cofactors and
vitamin metabolism pathways. Among them, the cAMP signal
pathway, cGMP-PKG signal pathway, as well as the phospho-
transferase system, were involved in material transport and
signal transduction pathways. Alanine, aspartate, and gluta-
mate metabolism pathway, arginine biosynthesis pathway,
glycine, serine, and threonine metabolism pathway, as well as
arginine and proline metabolism pathway, were involved in
amino acid metabolism pathways. Galactose metabolism
pathway, fructose and mannose metabolism pathway, as well as
pentose and glucuronate interconversions pathway were
involved in carbohydrate metabolism pathways, which also
included citrate cycle pathway, glyoxylate and dicarboxylate
metabolism pathway, and pyruvate metabolism pathway. The
biosynthesis of unsaturated fatty acids pathway, linoleic acid
metabolism pathway, and glycerolipid metabolism pathway was
involved in the lipid metabolism pathways. The top 20 pathways
with the most signicant enrichment are shown in Fig. 5E.
3.6 Combined analysis and validation of omics

3.6.1 RT-qPCR verication of DEGs in metabolism path-
ways. Differential genes, proteins, and metabolites were
respectively enriched into 37, 2, and 41 metabolic pathways (p <
0.05). Glyoxylate and dicarboxylate metabolism pathway,
glycine, serine and threonine metabolism pathway, and pyru-
vate metabolism pathway were enriched in both transcriptome
and metabolomics (Fig. 5H) and presented in proteomics
(Fig. 4D).

To verify whether MNQ treatment can promote these
metabolism pathways of F. proliferatum, we selected a total of 10
15140 | RSC Adv., 2022, 12, 15133–15144
differential genes as the key genes from the transcriptome
result for RT-qPCR verication, which were involved in the
pathways above. As shown in Table 2, among them, glutathione
S-transferase (GST), formate dehydrogenase (FDH), catalase
(CAT), 5-oxoprolinase, glutathione reductase (GR), and for-
mamidase were up-regulated at the mRNA level, which is
consistent with the transcriptome results. Peroxidase, phos-
phoenolpyruvate carboxykinase (PEPCK), glycine hydrox-
ymethyltransferase (glyA), and acetyl-CoA synthetase (ACS) were
down-regulated at the mRNA level, which is consistent with the
transcriptome results. It suggests that the effects of MNQ on F.
proliferatum were related to the pathways of glyoxylate and
dicarboxylate metabolism, glycine, serine and threonine
metabolism, and pyruvate metabolism.

3.6.2 Permeability verication of cell membrane. Accord-
ing to the integrated analysis of multiple omics results, the
catalase (CAT) activity may be caused by excessive H2O2.24 As
a major enzyme for the elimination of H2O2, CAT was involved
in several biological pathways including glyoxylate and dicar-
boxylate metabolism.25 H2O2 can cause membrane lipid oxida-
tion, while malondialdehyde (MDA) is the product of
membrane lipid peroxidation, which is an important indicator
for the identication of membrane peroxidation.26 The perme-
ability of the cell membrane will be changed and the perme-
ability of cell contents will increase when the membrane
structure was destroyed, which will lead to an increase in the
relative electrical conductivity.27 Therefore, it is necessary to
further determine the H2O2 content, the MDA content, and
relative conductivity of F. proliferatum to clarify the inhibition
mechanism of MNQ on F. proliferatum. As shown in Fig. 5I–K,
the H2O2 content was considerably greater in the treatment
group than in the control group but the MDA content and
relative electrical conductivity were decreased in the treatment
group.
4 Discussion

MNQ could be considered as a natural anti-microbial agent
from its ability to inhibit F. proliferatum. In this study, MIC was
used as an indicator to identify the activity against F. pro-
liferatum. Previous studies have found that tebuconazole is one
of the most widely used anti-fungal compounds in agriculture
in many European nations to control fungal diseases in cereals
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Mechanism diagram of the TCA cycle, glyoxylate cycle, pyruvate metabolism and glycine, serine, and threonine metabolism. Down-
regulated genes are displayed as green, and up-regulated genes are displayed as red. ACS, acetyl-CoA synthetase; glyA, glycine hydrox-
ymethyltransferase; PEPCK, phosphoenolpyruvate carboxykinase; Pyk, pyruvate kinase.
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and other crops, and it is particularly efficient against Fusarium
species.28,29 The MIC value of tebuconazole fungicide on F.
proliferatum was greater than 10 mg mL�1.7,30 Compared with
tebuconazole, we found that the inhibition effect depends on
the concentration of MNQ. F. proliferatum was completely killed
by MNQ at the concentration of 8 mg L�1, which may be more
effective and safer. Through the multi-omics analysis of GO and
KEGG enrichment, we found that it had a high proportion of
correlation with glyoxylate and dicarboxylate metabolism
pathway, glycine, serine and threonine metabolism pathway,
and pyruvate metabolism pathway.
4.1 TCA cycle of F. proliferatum affected by MNQ

From the RT-qPCR data of DEGs, we proved that the pathway of
MNQ on F. proliferatum was related to the pathways of glyoxylate
and dicarboxylate metabolism, glycine, serine, and threonine
metabolism, and pyruvate metabolism. Based on the existing
studies, these pathways were all found to be related to energy
metabolism and the TCA cycle, which were required to decrease
acetyl-CoA and provide the reducing equivalents involved in
creating ATP.18,31–34

In the glyoxylate and dicarboxylate metabolism pathway, the
genes of catalase (CAT), formate dehydrogenase (FDH), and
formamidase were up-regulated, while glycine hydroxymethyl-
transferase (glyA) and acetyl-CoA synthetase (ACS) were down-
regulated. Also, the differential metabolites included succi-
nate, citrate, and glyceric acid. Succinate and citrate are
important intermediates in both the glyoxylate cycle and TCA
cycle (Fig. 6), which is the most efficient way to obtain energy in
vivo, and the ultimate metabolic pathway for carbohydrates,
© 2022 The Author(s). Published by the Royal Society of Chemistry
lipids, and amino acids.35,36 By the down-regulated differential
metabolite citrate, both the glyoxylate cycle and TCA cycle may
be restrained. The glyoxylate cycle, such as the TCA cycle, starts
with the conversion of oxaloacetate and acetyl-CoA to iso-
citrate.37,38 Some microorganisms can use dicarboxylate as
a material to synthesize dicarboxylate and tricarboxylic acid
through the glyoxylate and dicarboxylate metabolism pathway,
and can also make acetate into acetyl-CoA catalyzed by ACS to
supplement compounds in the TCA cycle. At the same time, in
microorganisms, the exchange of lipids and sugars can be
carried out through the glyoxylate and dicarboxylate metabo-
lism pathway. Lipid metabolites will be converted to acetyl-CoA
via b-oxidation, and then passed through the glyoxylate and
dicarboxylate metabolism pathway, as well as the TCA cycle, to
generate energy.39 From the results of this study, the TCA cycle
can be restrained by the down-regulated of acetyl-CoA synthe-
tase, which may play role in the glyoxylate and dicarboxylate
metabolism pathway and the TCA cycle.

The production and catabolism of the proteinogenic amino
acids required for protein synthesis were involved in glycine,
serine, and threonine metabolism. There were several routes for
these amino acids, starting with threonine, which can be broken
into glycine and acetaldehyde by threonine aldolase.40,41 Glycine
hydroxymethyltransferase (glyA) may convert glycine to serine,
a reversible and interchangeable process. Then, serine may turn
into the TCA cycle by combining with oxaloacetate.42,43 From the
results of RT-qPCR, glycine was inhibited to turn into serine with
the down-regulated glyA so that the TCA cycle may not be acti-
vated by the glycine, serine, and threonine metabolism pathways.
Oxaloacetate is likely to be converted by phosphoenolpyruvate
carboxykinase (PEPCK) to phosphoenolpyruvate (PEP) in the
RSC Adv., 2022, 12, 15133–15144 | 15141
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pyruvate metabolism pathway.44 Pyruvate kinase (Pyk) is an
important enzyme for converting PEP to pyruvate and ATP. The
decrease in PEPCK causes the inhibition of pyruvate and ATP
production. Pyruvate is the starting substrate for the TCA cycle
and plays a central role in the intermediary metabolism.45,46 From
the results of RT-qPCR, the TCA cycle and pyruvate metabolism
may be inhibited by the down-regulated PEPCK. As shown in
Fig. 6, the effect ofMNQon F. proliferatumwas achievedmainly by
the disruption of the TCA cycle with the effect of glyoxylate and
dicarboxylate metabolism, glycine, serine, and threonine metab-
olism, and pyruvate metabolism.
4.2 Permeability of cell membrane of F. proliferatum
affected by MNQ

The transcriptome results showed that the genes of catalase
(CAT), glutathione reductase (GR), and glutathione S-trans-
ferase (GST) in F. proliferatum aer MNQ treatment were up-
regulated. The proteomics results showed that catalase (CAT)
was increased. The metabolomics results showed that 13 lipids
including a-linolenic acid and linoleic acid were increased, and
10 nucleic acids including adenine, uracil, cytosine, guanosine,
and cytidine were increased.

According to the ndings, we revealed that MNQ treatment
caused F. proliferatum to produce a large number of unsaturated
fatty acids, which resulted in the formation of a large amount of
H2O2 and led to the breakdown of genetic materials; further-
more, it caused the nucleic acids to increase. Due to excessive
H2O2, the catalase activity was accelerated, which inuenced the
glyoxylate and dicarboxylate metabolism pathway. H2O2 is
a relatively stable intracellular reactive oxygen species (ROS)
that can be converted into hydroxyl radicals catalyzed by
enzymes. Hydroxyl radicals have high oxidizing power that
promotes cell depletion.47 The increase in the intracellular ROS
can cause oxidative damage, which changes the biological
structure and function of macromolecular substances such as
DNA, lipids, and proteins.48 The intracellular ROS can be
eliminated by metabolites such as glutathione, ascorbic acid,
and carotenoids.49,50 5-Oxoproline is an amino acid that is an
intermediary in the production and catabolism of glutathione.
As a result, glutathione can be catabolized by the up-regulated
of 5-oxoprolinase,51 which means that the down-regulation of
glutathione reduces ROS inhibition.

As the results showed, to eliminate H2O2 in the cells, catalase
(CAT), glutathione reductase (GR), and other enzymes in F.
proliferatum were up-regulated. Fatty acids are one of the
essential components of the cell membrane. Unsaturated fatty
acids such as linolenic acid and linoleic acid will produce H2O2

and free radicals, damaging the structure of the cell
membrane.52 The permeability of the cell membrane will be
changed and the permeability of the cell contents will increase
when the membrane structure was destroyed, which will lead to
an increase in the relative electrical conductivity.27 However,
metabolites such as betaine, L-proline, succinate, and 2-iso-
propylmalic acid increased, altering the membrane lipid per-
oxidation and osmotic pressure, resulting in reduced MDA
concentration and relative electrical conductivity in the
15142 | RSC Adv., 2022, 12, 15133–15144
treatment group compared to the control group. Betaine has
a similar chemical structure to amino acids and acts as a buffer
against osmotic stress. When the osmotic pressure changes,
cells can produce or absorb betaine to maintain normal osmotic
pressure to prevent water shunting out of cells and salt inva-
sion. At the same time, betaine can improve the potassium and
sodium pump function of the cell membrane.53 Interestingly,
proline is an osmotic protectant that can regulate the osmotic
potential, remove ROS, stable proteins, and subcellular struc-
ture.54,55 The increase in the proline is also the reason for the
lower MDA content and relative electrical conductivity in the
treatment group compared with the control group.

5 Conclusion

Overall, our present investigation revealed that MNQ had
a signicant anti-F. proliferatum activity with an MIC value of
8.0 mg L�1. Combining the analysis by transcriptome-
proteomic-metabolomic, glyoxylate, and dicarboxylate metabo-
lism pathway, glycine, serine, and threonine metabolism
pathway, and pyruvate metabolism pathway, which were
enriched in three omics, were all correlated with the TCA cycle
pathway. Thus, we conrmed that the mRNA of the TCA cycle
and the gene of transcriptome were on the same trend by RT-
qPCR. Moreover, by verifying the content of H2O2, MDA, and
relative electrical conductivity; it was proved that MNQ treat-
ment inuenced glyoxylate and dicarboxylate metabolism
pathway, which also affected the structure and permeability of
the cell membrane. According to the above results, we specu-
lated that the inhibition mechanism of MNQ on F. proliferatum
is due to excessive unsaturated fatty acids promote the
production of H2O2 by the cells, which affects the permeability
of the cell membrane and leads to the degradation of genetic
material, thus inhibiting the growth and reproduction of F.
proliferatum. Thus, these ndings will contribute to a further
understanding of the molecular details of MNQ against F. pro-
liferatum, which are benecial for improving MNQ as
a precursor of an environment-friendly anti-fungal agent.
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