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Abstract: Botrytis cinerea, a necrotrophic phytopathogenic fungus with a wide host
range, causes severe postharvest gray mold and huge economic losses worldwide.
Conventional chemical fungicides easily induce multidrug resistance in field isolates,
while the natural monoterpene volatile L-carvone exhibits broad-spectrum antifungal
activity. However, the comprehensive molecular mechanism by which L-carvone
suppresses B. cinerea remains unclear. In this study, mycelia of B. cinerea were
treated with L-carvone at ECso concentration with sterile water as blank control.
RNA-seq transcriptome and HS-SPME-GC-MS untargeted metabolome sequencing
were performed to systematically dissect molecular responses via integrated omics
analysis. A total of 1,531 DEGs were identified, including 347 upregulated and 1,184
downregulated genes. Upregulated DEGs were enriched in sulfur metabolism,
cysteine and methionine metabolism involved in transient antioxidant response,
whereas downregulated DEGs mainly participated in cell membrane lipid
biosynthesis, carbon energy metabolism, phytotoxin synthesis and conidiation. A total
of 246 DAMs were screened. Antioxidant terpenoids including y-cadinene, carvacrol
and camphene were significantly accumulated, while lipid precursors for cell
membrane assembly and toxic botrydial-derived aldehydes were drastically reduced.
L-carvone simultaneously blocked phytotoxin biosynthesis, ergosterol membrane
formation, vegetative growth and asexual reproduction of B. cinerea. The fungus only
activated short-term ROS scavenging and xenobiotic efflux pathways, whereas the
long-term glutathione-dependent antioxidant system was suppressed, leading to
irreversible oxidative damage. This study reveals the multi-target antifungal
mechanism of L-carvone at transcriptional and metabolic levels, providing theoretical
support for green control of gray mold and the development of botanical fungicides

with novel modes of action.

Key words: Botrytis cinerea, L-carvone, VOCs, RNA-seq, Metabolomic
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Introduction

Botrytis cinerea i1s a necrotrophic phytopathogenic fungus capable of infecting more
than 1,400 plant species and causing gray mold, ranking among the most destructive
plant pathogens worldwide!?. The pathogen inflicts severe damage during crop
growth and postharvest storage, resulting in global economic losses approaching USD
100 billion annually. B. cinerea possesses sophisticated pathogenicity mechanisms
and secretes multiple virulence factors including cell wall-degrading enzymes, growth
regulators, phytotoxins, reactive oxygen species (ROS), oxalic acid and plant immune
suppressors to facilitate host infection’. For decades, gray mold management has
heavily depended on conventional synthetic fungicides*. However, B. cinerea features
short reproduction cycles, massive spore production and rapid genetic variation,
making it a pathogen with a high risk of fungicide resistance®. Under persistent
chemical selection pressure, field isolates of B. cinerea have developed severe single
and multi-drug resistance to nearly all mainstream fungicides, including
benzimidazoles, dicarboximides and succinate dehydrogenase inhibitors, which
drastically reduces field control efficacy®. Therefore, exploring novel bio-based
antifungal molecules and developing chemical-free green control strategies is of great
practical significance.

Plant volatile organic compounds (VOCs), endogenous secondary metabolites, exert
potent inhibitory effects on diverse phytopathogenic fungi. Terpenoid VOCs suppress
fungal viability via multiple modes of action, including disrupting cell membrane
integrity, disturbing intracellular redox homeostasis, inhibiting spore germination and
hyphal growth, and downregulating virulence-related gene expression’™.
Glucosinolate breakdown VOCs released by Brassicaceae plants inhibit B. cinerea
growth and elucidated the molecular mechanism whereby transporter proteins mediate
fungal tolerance to VOC stress'®. Origanum vulgare essential oil and its dominant
constituent carvacrol exert strong growth suppression against B. cinerea via
disrupting membrane integrity, triggering cytoplasmic leakage and excessive ROS

accumulation; carvacrol exhibits far higher antifungal efficiency than thymol and
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crude oregano oil'!. Terpenoid volatiles from lemongrass, thyme and oregano
essential oils damage the cell membrane of B. cinerea and effectively reduce gray
mold incidence in strawberry fruits'?. In underground ecosystems, root-emitted
volatile terpenes and aldehydes suppress soil-borne pathogens such as Fusarium spp.
and Rhizoctonia solani, and VOC fumigation reshapes soil pathogenic fungal
communities'?.

Blends of essential oil VOCs strongly inhibit multiple postharvest brown rot
pathogens including Monilinia fructicola, which are more sensitive to terpenoid
volatiles than B. cinerea'*. Beyond direct antagonism against pathogens, certain
alcohol and ester VOCs can activate host defense pathways and enhance fruit
resistance to gray mold'®. L-carvone, a natural monoterpene VOC, exhibits
broad-spectrum antifungal activity and high volatility. It embeds into the phospholipid
bilayer of fungal cell membranes to impair membrane fluidity and integrity, increase
membrane permeability and trigger intracellular leakage; it also induces massive ROS
accumulation, disrupts biofilm formation and suppresses germ tube development!®.
Compared with phenolic volatiles such as carvacrol and thymol, L-carvone causes
less irritation and exhibits superior gas-phase diffusion stability, making it more
suitable for closed fumigation control'’. Previous study evaluated the antifungal
activity of five VOCs against multiple phytopathogens and found that carvone inhibits
mycelial growth of Fusarium spp. in a dose-dependent manner'®. Carvone fumigation
disrupts membrane structure and mitochondrial function to suppress the growth of B.
cinerea, Penicillium expansum and Monilinia fructicola, and significantly alleviates
postharvest gray mold of fruits and vegetables!!. L-carvone inhibits vegetative growth
and asexual reproduction of B. cinerea, damages membrane structure and
physiological function, induces irreversible oxidative injury and attenuates fungal
virulence'®. Previous studies have validated the antifungal efficacy of carvone, yet
they are limited to superficial physiological indicators such as colony growth,
membrane damage and oxidative stress, without clarifying the comprehensive

molecular mechanism underlying carvone-mediated inhibition of fungal viability.
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In the present study, integrated transcriptome and metabolome profiling was
performed to characterize molecular alterations in B. cinerea under L-carvone stress.
This study aims to elucidate the molecular mechanism by which L-carvone suppresses
growth and virulence of B. cinerea, advance the understanding of antibacterial
mechanisms of natural monoterpenoids, and provide a theoretical foundation for

developing botanical fungicides with novel modes of action.

Materials and Methods

Fungal culture and sample preparation

The Botrytis cinerea strain used in this study was isolated and preserved by the
Laboratory of Plant Pathology, College of Agronomy, Xinyang Agriculture and
Forestry University. Standard L-carvone (Aladdin Biochemical Technology Co., Ltd.,
Shanghai, China) was stored at 4 °C.

B. cinerea were cultured on PDA medium for 3—4 d, followed by treatment with
L-carvone at the ECso concentration and continuous dark incubation at 25 °C for
another 3—4 d. Sterile distilled water treatment served as the blank control group
(BCCK), while the L-carvone treatment group was designated BCEC. Three
biological replicates were set for transcriptome sequencing, and five biological
replicates for metabolome sequencing. Mycelial samples from the control and
treatment groups were collected into pre-cooled 1.5 mL centrifuge tubes, snap-frozen
in liquid nitrogen and stored at —80 °C.

RNA extraction and strand-specific RNA library preparation

Total RNA was extracted using the mirVana miRNA Isolation Kit (Ambion) following
the manufacturer’s protocol. RNA integrity was evaluated using an Agilent 2100
Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA). The samples with an
RNA integrity number (RIN) > 7 were subjected to subsequent analysis. The libraries
were constructed using the TruSeq Stranded mRNA LT Sample Prep Kit (Illumina,
San Diego, CA, USA) according to the manufacturer’s protocol. These libraries were
then sequenced on the Illumina sequencing platform (HiSeq 2000), and 125 bp/150 bp

paired-end reads were generated.
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Quality control and mapping

Transcriptome sequencing and analysis were conducted by Yuanxin Biomedical Co.,
Ltd. (Shanghai, China). The raw reads were processed using Trimmomatic!®. The
reads containing poly-N and low-quality reads were removed to obtain clean reads.
The clean reads were then mapped to the reference genome (B05.10) using HISAT22°.
Gene-level and transcript-level quantification, analysis of differentially expressed
genes (DEGs), cluster analysis, GO and KEGG enrichment

Gene expression levels were quantified as FPKM values using StringTie software.
Significantly differentially expressed genes (DEGs) were identified using the
estimateSizeFactors and nbinomTest functions in the DESeq package (2012)*!. Genes
with |log:FC| > 1 and FDR < 0.05 were defined as DEGs. DEGs were annotated
against the GO and KEGG databases®*?*, and hypergeometric tests were applied to
identify significantly enriched functional pathways. Hierarchical clustering of DEGs
was performed to visualize gene expression patterns. GO and KEGG pathway
enrichment analyses of DEGs were implemented in R based on hypergeometric
distribution®. For transcript-level quantification, read counts and FPKM values of
protein-coding transcripts were calculated using Bowtie2?¢ and eXpress?’.
Metabolome sequencing

Volatile metabolites were extracted via headspace solid-phase microextraction
(HS-SPME). Desorption of volatile organic compounds was conducted at the GC inlet
(Agilent 8890) under splitless mode at 250 °C for 5 min. Metabolite identification and
quantification were performed using GC-MS (Agilent 8890/7000D) equipped with a
DB-5ms capillary column (30 m x 0.25 mm x 0.25 um). Helium was used as carrier
gas at a constant linear velocity of 1.2 mL/min. The temperature program was set as
follows: hold at 40 °C for 3.5 min, ramp to 100 °C at 10 °C/min, ramp to 180 °C at

7 °C/min, ramp to 280 °C at 25 °C/min, and hold at 280 °C for 5 min. Mass spectra
were acquired under electron ionization (EI) mode at 70 eV. The quadrupole mass
detector, ion source and transfer line were maintained at 150 °C, 230 °C and 280 °C,
respectively. Selected ion monitoring (SIM) mode was adopted for metabolite

identification and quantification.
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Metabolome data analysis

Metabolite data from the BCCK and BCEC groups were normalized, followed by
principal component analysis (PCA) implemented via the prcomp function in base R
(v4.1.2). Orthogonal projections to latent structures-discriminant analysis (OPLS-DA)
was performed using the R package MetaboAnalystR (v1.0.1). Metabolites satisfying
VIP > 1, |log2FC| > 1.0 and P-value < 0.05 were defined as significantly differential
abundant metabolites (DAMs). All annotated metabolites were mapped to the KEGG
Compound database and subsequently linked to the KEGG Pathway database?*2*.
Metabolite set enrichment analysis (MSEA) was conducted, and hypergeometric tests
were used to determine the statistical significance of enriched metabolite sets.
Results

Transcriptome profiling of RNA-Seq data

Raw RNA-seq reads were quality-filtered to remove empty reads, adapter sequences
and low-quality sequences, generating a total of 69.67 GB clean data. For the BCCK
group, the average clean reads and clean bases were 78.80 million and 11.40 Gb,
respectively, with an average error rate of 0.03%, mapping rates ranging from 96.00%
t0 96.22%, and Q30 values between 93.24% and 93.38%. For the BCEC group, the
average clean reads and clean bases reached 81.57 million and 11.82 Gb, with an
average error rate of 0.03%, mapping rates from 96.34% to 96.53%, and Q30 values
ranging from 93.41% to 93.50% (Table 1). These results indicated low base error
rates, high mapping ratios and high Q30 values across both groups, confirming
qualified sequencing data for subsequent transcriptome analysis.

Sequencing saturation curves were plotted to evaluate the reliability of gene detection
under different sequencing depths, as genes with high expression levels reach
saturation more readily than low-expression transcripts. The average total number of
detected genes was 13,199 in the BCCK group and 13,062 in the BCEC group (Fig.
S1).

Gene expression boxplots based on log2(FPKM + 1) illustrated global transcript
distribution patterns across samples. The median and interquartile ranges of gene

expression were consistent within biological replicates of each group, while obvious
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shifts were observed between groups, indicating reliable biological reproducibility
and altered transcriptional profiles of B. cinerea under L-carvone stress (Fig. 1a).
Sample correlation heatmaps revealed high correlation coefficients within groups and
low correlation coefficients between groups (Fig. 1b). PCA showed complete
separation of samples from distinct treatments, with PC1 and PC2 explaining 56.17%
and 24.93% of total transcriptional variation, respectively (Fig. 1c). Collectively,
these results demonstrated that L-carvone drastically reshapes the transcriptome of B.
cinerea. Using the thresholds |log:FC| > 1 and FDR < 0.05, a total of 1,531 DEGs
were identified, consisting of 347 upregulated and 1,184 downregulated genes (Table
S1). The number of downregulated DEGs was approximately 3.4-fold higher than
upregulated DEGs (Fig. 1d), suggesting global transcriptional suppression of B.
cinerea upon L-carvone exposure. Hierarchical clustering of all DEGs revealed highly
consistent expression patterns among the three biological replicates within each group
(Fig. 2).

Functional Enrichment of DEGs via KEGG and GO Analysis

KEGG enrichment revealed that upregulated DEGs were significantly enriched in
global metabolic pathways, sulfur metabolism, and cysteine and methionine
biosynthesis (Fig. 3a). Sulfur metabolism and cysteine/methionine metabolism
constitute the core antioxidant and detoxification network of B. cinerea against
exogenous stress; these pathways are transcriptionally activated to eliminate
intracellular ROS and alleviate oxidative damage under terpenoid VOC stress'®%.
Downregulated DEGs were predominantly enriched in starch and sucrose metabolism,
glycerolipid metabolism, peroxisome biogenesis and amino acid biosynthesis (Fig.
3b). Inhibition of carbon metabolism restricts energy supply for fungal growth;
impaired glycerolipid metabolism blocks membrane lipid biosynthesis and
compromises membrane integrity; suppressed peroxisome biogenesis weakens
long-term antioxidant capacity'!?’. In summary, L-carvone triggers rapid activation of
emergency defense pathways in B. cinerea, while core pathways supporting
vegetative growth, energy metabolism and membrane biogenesis remain persistently

repressed.
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GO functional enrichment showed that upregulated DEGs were significantly enriched
in oxidoreductase activity, cofactor binding and catalytic activity (Fig. 4a). Induction
of oxidoreductase genes reflects activation of antioxidant and detoxification
machinery to counteract L-carvone stress*’. Downregulated DEGs were highly
enriched in plasma membrane, transmembrane transporter activity and membrane
component terms (Fig. 4b), demonstrating severe impairment of membrane structure
and transmembrane transport functions'!.

Analysis of Key Significantly Differentially Expressed Genes

Key genes involved in phytotoxin biosynthesis, damage repair and vegetative
development were summarized in Table 2. The master transcription factor for
botrydial biosynthesis BcBOT6, along with key biosynthetic enzyme genes BcBOT1
and BcBOT2*'-34, cell wall-degrading enzyme genes Bcpgl, Bepg?2 and Becel 13738,
and conidiation regulatory genes Bcconl and Becon2***! were all significantly
downregulated. These results indicated that L-carvone blocks botrydial synthesis,
suppresses host cell wall degradation and asexual reproduction, and markedly
attenuates fungal virulence.

For oxidative stress response, long-term detoxification genes including the
rate-limiting glutathione synthesis gene Bcmet16, glutathione synthetase BcGCL and
glutathione peroxidase BcGPX were significantly repressed®*4>%, In contrast, genes
responsible for transient ROS scavenging and xenobiotic efflux, including BcSODI,
BcCATI, BcGSTI and BcatrO, were significantly upregulated®®4>#4, This pattern
indicated that B. cinerea can only initiate short-term emergency responses to
eliminate ROS and extrude terpenoid compounds, lacking sustained capacity to resist
persistent oxidative injury.

Genes essential for vegetative development, including ergosterol biosynthetic genes
BcERG7, BcERG12, BcERG27, fatty acid synthase BcFASI®, cytoskeletal genes
BcactA* and BcTUBI", and polar hyphal growth GTPase BcCDC42*, were
uniformly downregulated. By contrast, cell wall repair genes Bcchsl and BcFKS were

slightly upregulated®®#°, This transcriptional shift revealed that carbon and sulfur



257

258

259

260

261

262

263

264

265

266

267

268

269

270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

286

metabolic resources are redirected toward stress response, severely limiting
membrane biogenesis, hyphal elongation and conidiation.

Metabolome Profiling and Global Sample Differentiation

Metabolite composition analysis provides an intuitive overview of global metabolite
distribution across samples. Overlapping total ion chromatograms (TICs) of QC
samples confirmed stable mass spectrometry detection signals (Fig. S2). Global
metabolite classification revealed that metabolites of B. cinerea were primarily
composed of hydrocarbons, heterocyclic compounds and lipids (Fig. 5). PCA was
performed to assess global metabolic variation between groups. PC1 and PC2
explained 56.85% and 11.72% of total metabolic variance, respectively. Samples from
BCEC and BCCK groups formed distinct clusters without overlap, with tight
aggregation within each group reflecting excellent biological reproducibility (Fig. 6a).
OPLS-DA results were consistent with PCA observations (Fig. 6b), collectively
verifying that L-carvone drastically remodels the metabolome of B. cinerea.

DAMSs were screened using the criteria 0.5 < fold change < 2, P-value < 0.05 and VIP >
1. A total of 306 metabolites showed no significant abundance changes, while 246
metabolites were identified as DAMs (Table S2), including 166 significantly
upregulated and 80 significantly downregulated metabolites (Fig. 7a). Hierarchical
clustering heatmaps of DAMs showed clear separation between BCEC and BCCK
groups with consistent metabolite profiles within replicates (Fig. 7a), confirming
profound metabolic reprogramming triggered by L-carvone fumigation.

KEGG Pathway Enrichment of DAMs

All 246 annotated DAMs were mapped to the KEGG database for pathway
enrichment analysis. DAMs were predominantly enriched in phenylalanine
metabolism and biosynthesis of secondary metabolites, two core pathways mediating
resistance to exogenous antifungal agents and oxidative damage in B. cinerea™.
Coenzyme biosynthesis pathways were also significantly enriched (Fig. 8).
Upregulation of cofactor and mitochondrial antioxidant precursor metabolism
indicated global perturbation of cellular redox networks and altered substrate supply

for oxidoreductase reactions’!. These metabolomic results demonstrated that
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L-carvone mainly targets secondary metabolism and redox homeostasis modules in B.
cinerea.

Analysis of Key Significantly Differential Abundant Metabolites

Key DAMs associated with phytotoxin biosynthesis, stress damage repair and
vegetative development were summarized in Table 3. Under L-carvone stress, the
core toxic unsaturated aldehydes trans,trans-2,4-decadienal and (E)-2-octenal**3
were significantly reduced, while phytotoxin precursors including 4-hydroxybenzoic
acid, phenylacetic acid and decanal accumulated as compensatory intermediates®>%’.
Inhibition of toxic aldehyde synthesis has been reported in B. cinerea treated with
benzothiazole, which interferes with central carbon metabolism and suppresses toxin
precursor production to retard hyphal growth and virulence®. Consistent with this
previous report, benzothiazole was significantly accumulated in the BCEC group.
Antioxidant metabolites including y-cadinene, carvacrol, camphene and dipropyl
disulfide®*+3254% a5 well as the membrane repair metabolite
I-methyl-4-(1-methylethyl)cyclohexanol, were markedly upregulated, revealing the
metabolic response of B. cinerea to L-carvone-induced oxidative stress and
membrane injury. In contrast, lipid precursors essential for cell membrane biogenesis
and conidiation, namely (1-methylethylidene)cyclohexane and
3,7,7-trimethylbicyclo[4.1.0]heptane, were significantly depleted®”*>*2, Meanwhile,
metabolites supporting amino acid synthesis and cell wall maintenance, including
(2,2,6-trimethylbicyclo[4.1.0]hept-1-yl)methanol, 1,2,3,5-tetramethylbenzene and
biphenyl, were accumulated as compensatory metabolites*®*”>*¢, These metabolic
shifts demonstrated that L-carvone disrupts central carbon metabolism of B. cinerea,
redirecting metabolic flux from vegetative growth and development toward stress
defense.

Discussion

The necrotrophic pathogen Botrytis cinerea possesses a broad host range and
frequently causes destructive gray mold outbreaks under low-temperature postharvest

storage conditions, leading to massive postharvest economic losses via secretion of

necrogenic phytotoxins'~’. Reliance on chemical fungicides has selected for
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multi-cross resistant field isolates with persistent loss of control efficacy; additionally,
fungicide residues accumulate along food chains and disrupt fruit and vegetable
microecology, posing severe threats to ecological safety and human health!%%8. Plant
terpenoid volatile oils exhibit unique advantages including zero residual risk and
multi-target antifungal activity, simultaneously disrupting fungal membrane synthesis,
intracellular redox homeostasis and phytotoxin metabolism, making them ideal
eco-friendly alternatives to synthetic fungicides’®. Previous physiological studies
confirmed that food-grade L-carvone suppresses vegetative growth and asexual
reproduction of B. cinerea, damages membrane structure and physiological function,
induces irreversible oxidative injury and attenuates fungal virulence’. Herein,
integrated RNA-seq and metabolome analyses systematically characterized the
inhibitory mechanism of L-carvone from three perspectives: phytotoxin biosynthesis,
stress damage repair and vegetative growth, providing empirical evidence for
developing novel botanical fungicides.

RNA-seq generated a total of 69.67 GB clean data and revealed global transcriptional
remodeling in L-carvone-treated B. cinerea, with 347 upregulated and 1,184
downregulated DEGs (Fig. 1; Table S1), confirming overall transcriptional
suppression of fungal growth. Hierarchical clustering of DEGs verified highly
consistent transcriptional profiles within biological replicates of each group (Fig. 2).
KEGG enrichment demonstrated that upregulated DEGs were enriched in sulfur
metabolism and cysteine/methionine biosynthesis for transient ROS clearance'%>°,
whereas downregulated DEGs were enriched in carbon energy metabolism,
glycerolipid biosynthesis and peroxisome pathways essential for sustained growth and
membrane integrity'!?’. These transcriptional patterns are consistent with the
molecular responses of B. cinerea exposed to tea tree oil and aldehyde volatiles®>#S.
GO annotation revealed enrichment of oxidoreductase, cofactor binding and catalytic
activity among upregulated DEGs (Fig. 4a), while downregulated DEGs were

overrepresented in plasma membrane, transmembrane transport, extracellular region,

hydrogen peroxide metabolism and secondary biosynthetic processes (Fig. 4b).
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Widespread repression of membrane and transport-related genes confirmed severe
impairment of membrane biogenesis and nutrient translocation.

Metabolome profiling indicated that global metabolites of B. cinerea were dominated
by hydrocarbons, heterocyclic compounds and lipids (Fig. 5). PCA and OPLS-DA
collectively confirmed profound metabolic shifts upon L-carvone exposure (Fig. 6). A
total of 246 DAMs were identified, comprising 166 upregulated and 80
downregulated metabolites (Fig. 7a), and hierarchical clustering validated distinct
metabolic signatures between treatment and control (Fig. 7b). KEGG enrichment of
DAMs highlighted secondary metabolism and redox pathways as primary targets of
L-carvone, consistent with transcriptome observations (Fig. 8).

Botrydial, a sesquiterpenoid phytotoxin that induces host necrosis, relies on the
bipartite biosynthetic cluster transcriptionally controlled by the Zn(II).Cyss
transcription factor BcBOT6; BcBOT?2 catalyzes core skeleton cyclization and
BcBOTI mediates oxidative modification, and loss of any of these genes drastically
reduces necrogenic virulence***°. Transcriptome data showed significant
downregulation of BcBOT1, BcBOT?2 and BcBOT6 under L-carvone stress.
Metabolome analysis revealed depletion of mature toxic aldehyde derivatives
trans,trans-2,4-decadienal and (E)-2-octenal, despite mild accumulation of aromatic
and aliphatic toxin precursors including 4-hydroxybenzoic acid, phenylacetic acid and
decanal. Blockage of downstream oxidative modification prevents complete
maturation of toxic aldehydes®?. Moreover, cell wall-degrading enzyme genes Bcpgl,
Bcpg? and Becell were significantly repressed® 8, Combined transcriptomic and
metabolomic evidence demonstrated that L-carvone simultaneously blocks two core
virulence pathways: phytotoxin biosynthesis and host cell wall penetration.

Terpenoid volatile exposure triggers massive ROS burst in B. cinerea, which activates
two distinct antioxidant systems: short-term emergency detoxification and long-term
glutathione-dependent defense**%’. Transcriptome data showed significant induction
of BeSOD1, BcCAT1, BcGSTI and BcatrO, which mediate instantaneous ROS
scavenging and extracellular efflux of xenobiotics to mitigate acute oxidative

damage***. However, key genes governing sulfur assimilation and glutathione
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synthesis (Bcmet16, BcGCL, BcGPX) were uniformly repressed. Bcmet16 catalyzes
rate-limiting sulfate reduction for cysteine and glutathione production; BcGCL
encodes the rate-limiting enzyme for glutathione biosynthesis; BcGPX utilizes
reduced glutathione to detoxify lipid peroxides. Collectively, these three genes
constitute a sustained antioxidant barrier repairing membrane lipid oxidation®.
Persistent suppression of this pathway eliminates long-term antioxidant capacity,
leading to cumulative irreversible lipid peroxidation.

Ergosterol, a unique sterol in fungal membranes essential for fluidity, barrier function
and transmembrane transport, represents a canonical target of monoterpenoid
compounds®*°!- All three core ergosterol biosynthetic genes BcERG7, BcERG12 and
BcERG27 were transcriptionally repressed, accompanied by drastic depletion of
upstream terpenoid precursors (1-methylethylidene)cyclohexane and

3,7, 7-trimethylbicyclo[4.1.0]heptane in the metabolome, confirming direct inhibition
of sterol biosynthesis by L-carvone. Following membrane damage, B. cinerea
redirects global carbon flux toward compensatory cell wall reinforcement. Transcript
upregulation of chitin synthase Bcchsl and glucan synthase BcFKS corresponded to
elevated metabolites (2,2,6-trimethylbicyclo[4.1.0]hept-1-yl)methanol,
1,2,3,5-tetramethylbenzene and biphenyl, which participate in polysaccharide
cross-linking to thicken the outer cell wall and reduce xenobiotic penetration®®37,
Nevertheless, cell wall chitin and glucan only form the outer structural layer and
cannot compensate for membrane leakage and organelle injury caused by ergosterol
deficiency, ultimately leading to retarded hyphal growth and drastically reduced
conidiation. Transcriptional repression of conidiation markers Bcconl and Bccon?2
further validated this phenotypic outcome®**.

Actin and microtubules form the fungal cytoskeleton, supporting hyphal elongation,
vesicular trafficking and conidiation; impaired cytoskeleton biosynthesis results in
abnormal hyphal morphology and growth arrest**. In this study, cytoskeletal genes
BcactA, BcTUBI and polar growth GTPase BcCD(C42 were all significantly

downregulated, revealing the molecular basis of L-carvone-mediated growth

suppression in B. cinerea.
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In conclusion, integrated transcriptome and metabolome analyses demonstrated that
L-carvone simultaneously suppresses phytotoxin biosynthesis, membrane lipid
metabolism and vegetative reproduction of B. cinerea, resulting in attenuated fungal
growth and virulence. This study provides multi-omics evidence elucidating the
multi-target antifungal mechanism of L-carvone and lays a theoretical foundation for

integrated green control of gray mold disease.
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Figure legends.

Figure 1. Global transcriptome profiling of B. cinerea under L-carvone fumigation.
(A) Boxplot of normalized gene expression distribution across all samples. (B)
Sample correlation heatmap. (C) PCA score plot of transcriptional profiles; red dots
represent BCCK group, blue dots represent BCEC group. (D) Volcano plot of DEGs;
red dots = significantly upregulated genes, blue dots = significantly downregulated
genes, gray dots = non-significant genes.

Figure 2. Hierarchical clustering heatmap of all DEGs. Red indicates upregulated
transcripts, green indicates downregulated transcripts.

Figure 3. KEGG pathway enrichment of DEGs. (A) Enrichment results of
significantly upregulated DEGs. (B) Enrichment results of significantly
downregulated DEGs.

Figure 4. GO functional enrichment of DEGs. (A) GO enrichment for upregulated
DEGs. (B) GO enrichment for downregulated DEGs.

Figure 5. Classification of all detected metabolites in B. cinerea.

Figure 6. Metabolomic shifts of B. cinerea induced by L-carvone fumigation. (A)
PCA score plot of metabolome data; pink = BCEC treatment group, blue = BCCK
control group. (B) OPLS-DA score plot; pink = BCEC treatment group, blue = BCCK
control group.

Figure 7. Screening and hierarchical clustering of DAMs. (A) Volcano plot of DAMs;
red = upregulated DAMs, green = downregulated DAMs, gray = non-significant
metabolites. (B) Hierarchical clustering heatmap of DAMs; green corresponds to
BCEC group, red corresponds to BCCK group.

Figure 8. KEGG pathway enrichment analysis of significantly differential abundant
metabolites.

Figure S1. Sequencing saturation curves of transcriptome data. (A—C) Biological
replicates of BCCK group; (D-F) Biological replicates of BCEC group.

Figure S2. Overlapped total ion chromatograms (TICs) of QC samples for

metabolome analysis.
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Table Captions

Table 1. Summary statistics of RNA-seq sequencing data.

Table 2. List of key significantly differentially expressed genes.

Table 3. List of key significantly differential abundant metabolites.

Table S1. List of significantly differentially expressed genes between BCCK and
BCEC groups.

Table S2. List of significantly differential abundant metabolites between BCCK and

BCEC groups.
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Table 1. Summary statistics of RNA-seq sequencing data.

Clean Clean Error Total Q30 GC Gene
Samples

reads bases rates %  mapped % % Numbers
BCCK1 85.05Mb 12.21 Gb 0.03 96.21% 93.38 47.63 13,166
BCCK2 78.72Mb 11.41 Gb 0.03 96.22% 93.24 46.74 13,337
BCCK3 72.62Mb 10.60 Gb 0.03 96.00% 93.35 47.55 13,094
BCECl 87.97Mb 12.75Gb 0.03 96.53% 9341 47.19 13,258
BCEC2 7651 Mb 11.13 Gb 0.03 96.34% 93.50 47.84 12,724
BCEC3 80.24Mb 11.57Gb 0.03 96.38% 9343 47.07 13,203




Table 2. List of key significantly differentially expressed genes

Gene_id Name Regulate Significant
gene-BCIN_01g00140 BcBOT6 down yes
gene-BCIN_01g00150 BcBOT2 down yes
gene-BCIN_01g00160 BcBOTI down yes

Toxin  gene-BCIN_01g02510 Bepgl down yes
related  gene-BCIN_01g02520 Bcepg? down yes
gene-BCIN_01g02710 Bccell down yes
gene-BCIN_01g03010 Bcconl down yes
gene-BCIN_01g03020 Bccon2 down yes
gene-BCIN_01g01450 BcatrO Up yes
gene-BCIN_01g04230 Bcmetl16 down yes
gene-BCIN_01g04240 BcGCL down yes
Damage
gene-BCIN_01g04250 BcGPX down yes
repair
gene-BCIN_01g02150 BcSOD1 UP yes
gene-BCIN_01g02160 BcCATI UP yes
gene-BCIN_01g03890 BcGSTI UP yes
gene-BCIN_01g00210 BcERG7 down yes
gene-BCIN_01g00220 BcERGI2 down yes
gene-BCIN_01g00230 BcERG27 down yes
Growth
gene-BCIN_01g00310 BcFASI down yes
related
gene-BCIN_01g02010 BcactA down yes
gene-BCIN_01g02020 BcTUBI down yes

gene-BCIN_01g02030 BcCD(C42 down yes




Table 3. List of key significantly differential abundant metabolites

R Regulate  Significant

(2E,47)-2,4-Decadienal down yes
(E)-2-Octenal down yes
Toxin Benzothiazole down yes
related 4-hydroxy-Benzoic Acid down yes
Benzeneacetic acid down yes
Decanal down yes
y-Cadinene down yes
Carvacrol Up yes

Damage
) Camphene down yes

repair

1-methyl-4-(1-methylethylidene)-Cyclohexanol UP yes
Dipropyl disulfide Up yes
(1-methylethylidene)-Cyclohexane UP yes
3,7,7-trimethyl-Bicyclo[4.1.0]heptane down yes

Growth
(2,2,6-Trimethyl-bicyclo[4.1.0])-methanol down yes

related
1,2,3,5-tetramethyl-Benzene down yes
Biphenyl Up yes
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