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Genome-wide CRISPRi screen and proteomic profiling identify
key genes related to ferulic acid’s antifungal activity
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ABSTRACT Fungal pathogens of plants must overcome host-imposed stressors,
including antimicrobial small molecules. Ferulic acid (FA), a plant-derived phenolic
compound, induces fungal stress and cell death. To uncover genetic determinants of
FA sensitivity, we performed a genome-wide CRISPR interference (CRISPRi) screen in
Saccharomyces cerevisiae. We confirmed that FA impairs yeast growth and triggers stress
granule marker sequestration, establishing a relevant selection condition. The CRISPRIi
screen identified 194 genes involved in the FA-induced stress response and 12 whose
repression enhanced resistance. Among them, ERG9, encoding squalene synthase, was
most strongly enriched, and its repression conferred FA resistance alongside upregu-
lation of HMGT1, implicating the ergosterol biosynthesis pathway. Proteomic profiling
of FA-resistant Cochliobolus heterostrophus strains further revealed conserved upregula-
tion of ergosterol biosynthetic enzymes. FA also synergized with fluconazole, a known
ergosterol-targeting antifungal, and enhanced susceptibility in azole-resistant Candida
albicans strains, suggesting interference with ergosterol metabolism. In planta, FA
exhibited dose-dependent antifungal activity, significantly reducing C. heterostrophus
lesion formation in maize. These findings establish FA as a promising antifungal agent
that targets conserved lipid biosynthesis pathways and overcomes resistance mecha-
nisms, supporting its potential as a sustainable therapeutic and agricultural fungicide.

IMPORTANCE Fungal infections are a growing threat to human health and agriculture,
with rising antifungal resistance limiting treatment options. In this study, we used a
genome-wide screening approach to identify ferulic acid (FA), a naturally occurring
compound found in plants, as a promising antifungal agent. FA targets the same cellular
pathway as many current antifungal drugs and works especially well when combined
with fluconazole, a commonly used treatment. Remarkably, FA is also effective against
drug-resistant Candida albicans strains, offering hope for new ways to treat difficult
infections. In addition to its medical potential, FA protects maize from fungal pathogens,
highlighting its usefulness as a sustainable and environmentally friendly crop protectant.
These results suggest that FA could be developed into a versatile antifungal agent with
applications in both clinical and agricultural settings, helping address the urgent need
for new strategies to overcome antifungal resistance.

KEYWORDS antifungal resistance, CRISPR interference (CRISPRi), plant-derived
phenolic compounds, drug synergy, eco-friendly fungicides, fungal pathogens, ferulic
acid, ergosterol biosynthesis

mong the vast diversity of over 99,000 identified fungal species (1, 2), only a
select few hundred are known to cause diseases in humans (3). Notable among
these are Candida spp., Aspergillus spp., Cryptococcus spp., and Pneumocystis jirovecii
(4, 5). Moreover, certain plant pathogenic fungi, such as Magnaporthe oryzae, Botrytis
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cinerea, Puccinia spp., Fusarium spp., Blumeria graminis, Mycosphaerella graminicola, and
Colletotrichum spp., can lead to significant crop losses (6).

To address these issues, clinical antifungal drugs and agricultural fungicides have
been widely used to combat fungal pathogens (7). Clinical antifungal therapy primarily
relies on three drug classes: azoles, polyenes, and echinocandins (8). Azoles inhibit
the lanosterol 14-a-demethylase enzyme (ERG11/CYP51), causing ergosterol depletion
and toxic intermediate accumulation, which impairs fungal growth and cell division
(9-11). Resistance arises from modifications in the ergosterol pathway, including point
mutations in ERG11 and overexpression of target enzymes (12), as well as drug expul-
sion from the cell through overexpression of multidrug transporters belonging to
the ATP-binding cassette (ABC) superfamily (11, 13-16). The extensive use of antifun-
gal drugs is recognized as a major cause of worldwide antifungal resistance (17-21).
Therefore, further comprehensive research efforts addressing fungal genetics and gene
expression regulation mechanisms that facilitate antifungal resistance will contribute to
improved treatments and patient prognosis.

Additionally, agricultural fungicides have been widely used to combat fungal
pathogens and improve crop yield and quality (7). Similar to antifungal drugs, resistance
to agricultural fungicides has quickly emerged. Benzimidazoles like methyl benzimida-
zole carbamate saw resistance due to (-tubulin mutations (22-24), while succinate
dehydrogenase inhibitors and anilinopyrimidines encountered resistance via mitochon-
drial mutations and efflux mechanisms, respectively (25-28). Likewise, mutations in the
cytochrome b gene drive resistance to Qo inhibitors (Qol) (29, 30), and morpholines face
moderate risks of resistance (31, 32).

Furthermore, the use of antifungal agents in agriculture raises potential threats to
human health, with reported adverse effects on endocrine, immunological, neurological,
and carcinogenic systems (33). Importantly, dual-use antifungals, including azoles and
the recently characterized orotomides, widely employed in agriculture, may contribute
to the emergence of resistant fungal strains, posing risks to both plant and human
health (34-36). Thus, developing environmentally friendly antifungal agents is a critical
goal. One recent strategy is to apply small-molecule agents that enhance the activ-
ity of conventional fungicides or restore activity against resistant strains (37). Plant
compounds are a likely source of such agents, and plant extracts are studied for their
fungicidal potential (38, 39). Many studies employed direct-contact assays and tested
these compounds on various plants like corn, wheat, soybean, chickpea, pistachio,
peanut, and rice (40-45). Notably, these antifungal extracts, often containing phenolic
acids, terpenes, or terpenoids, exhibit remarkable diversity (46, 47). Phenolic acids
have been found to impede the growth of both filamentous fungi and yeast. While
numerous studies have explored this phenomenon, a definitive mode of action remains
elusive. Primarily investigated with the opportunistic human pathogen Candida albicans
(C. albicans), research suggests that phenolic acids may compromise cell membrane
integrity (48). Additionally, certain phenolic compounds have demonstrated the ability to
trigger apoptotic pathways in Candida spp., thereby exerting their antifungal effects (48,
49).

In filamentous fungi, the impact of phenolic acids on fungal development and
mycotoxin production has been examined in other genera. In Aspergillus spp., for
instance, a concentration of 1 mM ferulic acid (FA) inhibits growth by 30% and reduces
aflatoxin production by 50% (50). The effects of other phenolic compounds vary; for
example, salicylic acid (at concentrations of 1 and 5 mM) shows no discernible impact on
Aspergillus growth, whereas similar concentrations of thymol and cinnamic acid led to a
50% to 70% inhibition of growth (51).

FA, a common phenolic acid compound in plants, exhibits significant antibacterial
effects (52, 53). Furthermore, FA demonstrates antifungal properties. FA exhibits potent
antifungal activity against the radial growth of Fusarium graminearum, showing greater
inhibition than other prevalent cereal phenolic acids (54, 55). Moreover, FA is a major
component of maize seed pericarp extract, which suppresses Fusarium verticillioides
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growth and fumonisin B1 accumulation (56). FA's potential applications in food safety,
particularly in controlling Fusarium infections in fruits and cereal grains, have attrac-
ted considerable attention (57, 58). Moreover, Canturk et al. demonstrated a notable
synergy between FA and caspofungin against C. albicans, suggesting that this combined
treatment could offer a promising new approach to managing Candida infections (59).
The inhibitory mechanism of FA, however, remains unknown.

Herein, to systematically identify genetic determinants of FA susceptibility, we
employed a genome-wide CRISPRi screen in Saccharomyces cerevisiae. Although S.
cerevisiae is non-pathogenic, its exceptionally high transformation efficiency, robust
genetic tractability, and wealth of functional genomic tools make it an ideal model
organism for large-scale genetic screens. Our data indicate that FA exposure perturbs
the ergosterol biosynthesis pathway, as evidenced by the enhanced FA resistance
observed upon ERGY repression. ERGY repression correlated with HMG1/2 upregulation,
suggesting a compensatory response in sterol biosynthesis. To validate and extend
these findings to pathogenic fungi, we performed proteomic profiling of FA-resist-
ant Cochliobolus heterostrophus strains. Comparative proteomic analysis revealed a
conserved core resistance program involving upregulation of ergosterol biosynthesis
enzymes. Additionally, we demonstrate a potent synergistic interaction between FA
and fluconazole (FLC), significantly reducing the MIC required to inhibit C. albicans and
Candida parapsilosis (C. parapsilosis). Notably, azole-resistant C. albicans strains display
heightened sensitivity to FA treatment. Finally, FA showed, in a maize model in planta, a
dose-dependent reduction in Cochliobolus heterostrophus lesions, effectively decreasing
their count and size. These results uncover novel molecular pathways and components
affected by FA and highlight its potential utility as an antifungal agent and synergistic
enhancer of existing antifungal therapies.

RESULTS
A comprehensive genome-wide CRISPRi analysis of ferulic acid treatment

To comprehensively identify and characterize molecular pathways and resistance
mechanisms associated with FA treatment, we utilized a previously established genome-
wide CRISPRi library (Addgene #161829) (60). This system takes advantage of a single-
plasmid inducible system expressing a single gRNA and the catalytically inactive dCas9
fused to the MXI1 transcriptional repressor (60, 61). Upon induction with anhydrotetra-
cycline (ATc) of single gRNA expression, this CRISPRi system specifically represses the
expression of the gRNA target gene.

Overall, this library consists of a vast collection of gRNAs (>51,000) targeting all S.
cerevisiae genes, with 6 to 12 gRNAs per gene, allowing high-throughput screening.
gRNA depletion indicates genes required for survival under FA stress, while gRNA
enrichment reveals genes whose repression enhances FA resistance.

We first validated the response of S. cerevisiae to FA by assessing yeast growth
under increasing FA concentrations. Growth curve analysis revealed that FA progressively
inhibited S. cerevisiae growth in a dose-dependent manner. Specifically, FA reduced
growth by 6.9%, 24.5%, 48.9%, and 88.9% at concentrations of 31.25, 62.5, 125, and
250 pg/mL, respectively. At the highest concentration tested (500 ug/mL), no S. cerevisiae
growth was observed over 48 h, indicating strong inhibition or toxicity (Fig. S1).
Fluorescence confocal microscopy of Pab1-GFP and Gus1-GFP expressing strains, both
stress granule markers, revealed that FA treatment at 2.5 mM induces a dispersed and
punctate localization pattern for these proteins, in contrast to their uniform distribution
in the dimethyl sulfoxide (DMSO) control. This suggests that FA disrupts normal protein
localization and likely induces the formation of stress granules, reflecting the cellular
response to FA-induced stress. (Fig. S1). The results showed a significant reduction in S.
cerevisiae growth rate as FA concentration increased, indicating similar sensitivity to FA as
observed in Candida spp. and filamentous fungi (62).

To systematically identify genes influencing FA susceptibility, we conducted a
genome-wide CRISPRi screen in S. cerevisiae, using a pooled transformant library to
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ensure uniform gRNA representation at the start of the experiment. We subjected
approximately six million yeast cells harboring the CRISPRi library to a competitive
growth assay in SC-His medium supplemented with 250 ng/mL ATc and 2.5 mM
FA, alongside a DMSO-treated control. Cultures were grown to the stationary phase
(O.D. ~8) and subjected to three sequential rounds of dilution and regrowth to enrich for
FA-resistant populations.

To address potential biases introduced by competition among strains with differing
growth rates, we included a DMSO control condition in parallel with FA treatment. This
allowed us to distinguish FA-specific responses from general fitness defects. Plasmids
were extracted from three independent biological replicates per condition (2.5 mM FA,
DMSO control, and the initial library [Li], representing the baseline gRNA distribution
in the unexposed pooled population), and amplicon sequencing was performed to
quantify gRNA abundance across conditions (Fig. TA). Following sequencing, gRNA read
counts were analyzed using the MAGeCK pipeline. The abundance of each gRNA in
FA-treated versus DMSO-treated populations was compared to calculate fold change
and statistical significance. Gene-level scores were derived using MAGeCK's robust
rank aggregation (RRA) algorithm, which integrates data from all gRNAs targeting a
given gene. Depletion of gRNAs suggests that repression of the gene reduces cellular
fitness during FA exposure, whereas enrichment indicates that gene repression confers
a relative fitness advantage under FA treatment. This approach enabled the identifi-
cation of genes enriched or depleted under FA treatment, ensuring that observed
genetic interactions were specific to FA exposure rather than artifacts arising from strain
competition or general fitness defects.

Overall, 22,881 gRNAs were mapped in all three CRISPRi initial library biological
repeats, with an average coverage of 4.89 gRNAs per gene (Fig. S1; Table S1). Principal
component analysis showed a clear separation between FA-treated samples, DMSO
controls, and the initial library, suggesting that FA treatment alters gRNA distribution
patterns (Fig. S2B). The distribution of gRNA counts across different samples demonstra-
ted that FA treatment increased variability, with FA-treated samples exhibiting a wider
distribution and reduced median gRNA counts compared to the DMSO controls (Fig.
S2C). A high correlation is apparent between all three FA-treated samples. Thus, the
CRISPRi screen is reproducible, attested by the high correlation between biological
repeats, and demonstrates specificity, as indicated by the low correlation with the DMSO
control and initial library samples (Fig. 1B). Overall, 344 gRNAs targeting 194 genes
appeared significantly depleted, and 12 appeared enriched upon FA treatment (fold
change >2 or <-2, P value < 0.05) (Fig. 1C; Table S2).

The top ten depleted genes from the CRISPRi screen include RFX1 and MOT1
(transcription regulators), FUN26 (transmembrane transporter), YHI9 and MPD2 (unfol-
ded protein response), CCR4 and SNU56 (mRNA processing), BNR1 (actin filament
assembly), TMA17 (ribosomal function), and YNR0O42W (dubious ORF). Their reduced
activity suggests these genes are crucial for managing FA-induced stress (Fig. 1F).

Moreover, functional Gene Ontology (GO) term enrichment analysis (using Gorilla
[63]) among the 194 genes depleted upon FA treatment revealed enrichment of several
RNA expression regulation GOs such as nuclear-transcribed mRNA catabolic process,
deadenylation-dependent decay (GO:0000288), and positive regulation of RNA meta-
bolic process (GO:0051254) (Fig. S3A; Table S3). This suggests that these pathways are
important to the cellular response to FA. STRING network analysis (64) of the 194 FA-
depleted genes revealed three clusters: ribosomal biogenesis and RNA metabolism (blue:
CDC36, RHO5, STT4), mitochondrial function and stress responses (green: COX3, TCMT1,
RAS2), and mRNA processing and transport (red: NOP1, PRP43, DBP10), suggesting FA
impacts protein synthesis, metabolic processes, and RNA stability. PUF3 was central in
the network, with extensive interactions, highlighting its key role in the FA response.
Sub-central nodes included RPL8A (RNA processing), COX3 (mitochondrial function), and
CDC36 (ribosomal biogenesis). To reveal the sub-cellular localization of Puf3 upon FA
treatment, a GFP-tagged PUF3 strain was used. Puf3-GFP localization showed
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FIG 1 Comprehensive genome-wide CRISPRi analysis of S. cerevisiae response to ferulic acid.
(A) Schematic representation of the CRISPRIi library screening and competitive growth. S. cerevisiae cells
expressing a genome-wide CRISPRIi library were subjected to competitive growth in the presence of FA
or DMSO (control). The dCas9-Mxi1 system, guided by gRNAs, repressed target gene transcription upon
induction with ATc. Pooled cultures underwent serial dilutions (1:100), followed by plasmid extraction
and sequencing to assess gRNA abundance. Enrichment analysis identified genes whose repression
either increased sensitivity (depleted gRNAs) or conferred resistance (enriched gRNAs) to FA, as visualized
in the volcano plot. (B) Correlation matrix showing Pearson correlation coefficients between biological
replicates of FA-treated (FA), DMSO control (DM), and initial library samples (Li). The color scale (blue
to red) indicates the strength of correlation. (C) Volcano plot illustrates differential gRNA abundance
between FA-treated and DMSO control samples. Genes significantly depleted (blue) or enriched (orange)
are highlighted, with thresholds of log2 fold change >2 or <=2 and P value <0.05. (D) Top-ranked
genes sensitive to FA treatment. The top 10 genes with the highest RRA scores in negative selection. (E)
Top-ranked genes contributing to FA resistance. The top 10 genes with the highest RRA scores in positive
selection. (F) STRING network analysis of 194 genes depleted upon FA treatment. The network is divided
into three distinct clusters: blue, green, and red. The blue cluster primarily contains genes involved in
ribosomal biogenesis and RNA metabolism. The green cluster includes genes related to mitochondrial
function, protein degradation, and stress responses. The red cluster comprises genes associated with
mRNA processing, splicing, and transport.
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concentrated foci under FA treatment, suggesting FA affects Puf3 dynamics and may
influence its regulatory role in mitochondrial mRNA stability and stress adaptation (Fig.
1F; Fig. S3B).

FA treatment enriched several key genes, including VMAT1 (vacuolar ATPase activ-
ity), SEC11 (signal peptidase complex), YCLO12C (uncharacterized), PLP2 (phospholipid
metabolism), AAD12 (aryl-alcohol dehydrogenase), SNF4 (Snf1 kinase regulation), ATG7
(autophagy), TDA10 (unknown function), SUP35 (translation termination), YAT2 (carnitine
acetyltransferase), and RPS14A (ribosomal 40S subunit). Their increased activity suggests
important roles in the S. cerevisiae response to FA (Fig. 1D).

Examining the impact of ferulic acid on the ergosterol biosynthesis pathway

The genome-wide CRISPRi screen conducted to identify genes involved in the response
to FA revealed significant insights into the connection between FA resistance and
the ergosterol biosynthesis pathway (Fig. 2A). A top-ranked gRNA that increases FA
resistance is ERGY (log2 fold change = 8.6936, P value = 5.61E-05) (Fig. 1C and E; Table
S2). This suggests that ERGY silencing can increase FA resistance. ERG9 encodes squalene
synthase, an essential enzyme in sterol biosynthesis, and is classified as essential under
standard laboratory conditions (65, 66). Because complete gene knockout is lethal,
CRISPRI provides a critical advantage by enabling partial repression of ERG9 expression,
allowing us to investigate its contribution to FA resistance in a viable cellular background
(65, 66).

In contrast, other genes in the pathway, specifically ERG25, were significantly
depleted, underscoring that full ERG25 function is essential for survival under FA-induced
stress (Fig. 2A).

To assess the role of ERG9 in FA susceptibility, we first generated an ERG9 CRISPRIi
strain by cloning a single ERG9-targeting gRNA (Table S5) into the ampl43 plasmid
(Addgene #161830). As a control, we used an empty vector (E.V.) strain lacking a gRNA to
ensure that observed effects were due to gene silencing rather than plasmid expression.
Both plasmids were transformed into the BY4741 WT strain. Reverse transcription-
quantitative polymerase chain reaction (RT-qPCR) analysis confirmed efficient ERG9
silencing, revealing a 77% reduction in ERG9 mRNA levels upon expression of the ERG9-
targeting gRNA (Fig. 2B).

To assess the phenotypic impact of ERGY silencing, we conducted growth assays in
liquid culture, comparing the optical density (O.D.) of the ERG9 CRISPRi strain to the E.V.
control under FA treatment. ERG9 silencing conferred a significant increase in FA
resistance, as reflected by a higher O.D. compared to the control strain (Fig. 2C). Addition-
ally, spot dilution (drop) assays further confirmed that ERG9 knockdown enhanced FA
resistance, with the ERG9 CRISPRi strain displaying robust growth at FA concentrations
that inhibited the control strain (Fig. 2D; Fig. S4).

To investigate whether ERGY silencing affects the expression of upstream genes in the
ergosterol biosynthesis pathway, we performed RT-qPCR analysis on nine key upstream
genes involved in sterol biosynthesis. While most genes exhibited no significant change
in expression following ERGI silencing (ERG9 CRISPRi), we observed a twofold increase in
HMG1 and HMG2 mRNA abundance, which encode rate-limiting enzymes in sterol
precursor synthesis (Fig. 2E).

Proteomic profiling of Cochliobolus heterostrophus reveals molecular adapta-
tions to ferulic acid

To complement the CRISPRi findings in yeast, we conducted a comprehensive proteomic
analysis of strains of a plant pathogenic fungus, Cochliobolus heterostrophus, that
experimentally evolved for resistance to FA by in vitro evolution. Four independent
resistant lineages were generated by gradual adaptation to increasing FA concentrations,
exhibiting enhanced tolerance compared to the wild-type parental strain.

To characterize the underlying molecular adaptations, comparative proteomic
analyses were performed on resistant strains exposed to high (5 mM) and extreme
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FIG 2 Effect of ERGY silencing on FA resistance and upstream enzyme expression. (A) Lollipop plot
of ergosterol biosynthesis genes. Log2 fold change (FA-DMSO) obtained from MAGeCK test analysis.
Each gene response is colored based on the direction of fold change, with red indicating a negative
log-fold change and blue indicating a positive log-fold change. Asterisks denote statistical significance
levels: * <0.05, ** <0.01, and *** <0.001. (B) Reverse transcription-quantitative polymerase chain reaction
(RT-gPCR) confirmation of ERGY silencing. mRNAs were quantified by RT-gPCR analysis from three
independent biological repeats, each with three technical repeats, normalized to ACTT mRNA levels.
(C) Yeast growth assay comparing the FA resistance of the ERG9 CRISPRi strain to the empty vector
(E.V.) control. Growth was monitored in the presence of DMSO and 1.5 mM FA over 48 h. (D) Quantita-
tive analysis of Yeast drop assay. Log2 fold-change (FA-DMSO) in the ERG9 CRISPRi strain compared
to the empty vector. Error bars represent the standard error of the mean (SEM) from three independ-
ent biological repeats, and the P value was calculated by the dependent samples one-tailed t-test.
(E) Expression levels of nine upstream enzymes in the ergosterol biosynthesis pathway following ERG9
silencing. mRNAs were quantified by RT-qPCR analysis and normalized to ACT1 mRNA levels and empty
vector expression levels. The histogram presents the quantification of three independent biological
repeats, each with three technical repeats. P values were calculated by the dependent samples one-tailed
t-test.
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(10 mM) FA treatment. Protein expression profiles of resistant strains treated with FA were
compared to DMSO-treated controls (Fig. 3A and B; Table S4). Both FA conditions
revealed extensive sets of differentially enriched and depleted proteins relative to the
control.

To assess the consistency of proteomic responses across FA concentrations, we
plotted log, fold changes for proteins in 5 mM versus 10 mM FA treatments (Fig. 3C). A
strong positive correlation (R = 0.71) indicated a conserved proteomic adaptation
established during high exposure and maintained under extreme FA stress.

Functional enrichment analysis of GO terms (67) (Fig. 3D and E) revealed that
ergosterol biosynthesis represented the most significantly upregulated process in both
comparisons.

To enable cross-species functional interpretation of antifungal responses, we first
identified S. cerevisiae homologs of Cochliobolus heterostrophus proteins using BLASTP-
based sequence similarity analysis. The C. heterostrophus proteome, derived from the FA-
resistant strains, was aligned against the reference S. cerevisiae S288c proteome
(UniProtKB) using a local BLAST+ setup. For each query protein, the top yeast hit (lowest
e-value) was retained, yielding a high-confidence ortholog mapping set. The top yeast
homologs were annotated with gene names and SGD IDs, allowing integration with
ergosterol biosynthesis genes. Lollipop plots show log, fold changes in protein abun-
dance following treatment with 5 mM (Fig. 3H) and 10 mM (Fig. 3I) FA, relative to the
DMSO control. Five multiple core ergosterol biosynthesis enzymes were significantly
upregulated under 5 mM FA, including ERG25, HMG1/2, ERG13, and ERG2. Under 10 mM
FA, the effect was more pronounced, with eight proteins significantly enriched, including
ERG25, ERG5, ERG12, HMG1/2, ERG1, ERG6, and ERG13 (Fig. 3H and I). These results
highlight a coordinated upregulation of multiple enzymes across the mevalonate and
late sterol branches of the pathway in response to FA. Notably, ERG25 (N4WWQ4)
exhibited particularly high induction, with log, fold changes of 8.50 at 5 mM FA and
12.13 at 10 mM FA. These findings align with results from our genome-wide CRISPRIi
screen in S. cerevisiae (Fig. 2A).

In addition to ergosterol biosynthesis, transmembrane transport processes were
prominently enriched, underscoring the critical role of transporter proteins in mitigating
FA toxicity. ABC transporters were significantly upregulated, with CDR4 (UniProt ID:
N4X608) displaying the highest induction (log, fold-change = 8.03 at 5 mM FA; 8.05 at
10 mM FA). Similarly, a major facilitator superfamily (MFS) domain-containing protein,
N4WZP9, homologous to Candida albicans FLU1, exhibited strong upregulation (log,
fold-change = 5.96 at 5 mM FA; 4.96 at 10 mM FA), highlighting the role of efflux
mechanisms in FA resistance (Fig. 3D and E).

Analysis of protein overlap between 5 and 10 mM FA treatments (Fig. 3F)
identified 156 shared enriched proteins, indicating the existence of a conserved core
proteomic program established early during FA adaptation and maintained under
increased FA concentrations. In contrast, proteins uniquely enriched at 10 mM FA
may represent additional stress adaptations required to cope with elevated FA
exposure.

Functional enrichment analysis of proteins commonly enriched at both 5 and 10 mM
FA (Fig. 3G) further emphasized the upregulation of membrane-associated biological
processes, including sterol biosynthesis, transmembrane transport, and ion homeostasis.
These results suggest that FA resistance involves the coordinated activation of mem-
brane remodeling and efflux transport.

Evaluation of synergistic antifungal effects of ferulic acid and fluconazole
against Candida albicans and Candida parapsilosis

Based on the CRISPRi screen results, repression of ERG9 modulates FA susceptibility,
suggesting that alterations in sterol metabolism influence the cellular response to FA.
This suggests that FA has the potential to act synergistically with other antifungal agents
that also disrupt this critical pathway, enhancing their combined antifungal efficacy. To
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FIG 3 Proteomic analysis of FA-resistant Cochliobolus heterostrophus strains. (A) Volcano plot showing
differential protein abundance between resistant strains treated with 5 mM FA and DMSO control.
(B) Volcano plot showing differential protein abundance between resistant strains treated with 10 mM
FA and DMSO control. Proteins significantly enriched (red) or depleted (blue) were identified using
thresholds of —logss(P value) >1.3 and |log,(fold-change)| >1. (C) Scatter plot showing correlation of
log, fold changes between 5 mM FA and 10 mM FA treatments (R = 0.71), indicating a conserved
proteomic response. (D-E) Functional enrichment analysis of significantly enriched proteins for (D) 5 mM
FA versus DMSO and (E) 10 mM FA versus DMSO, showing —log;(P value) and fold enrichment for
selected biological processes. (F) Venn diagram illustrating the overlap of enriched proteins between
5 and 10 mM FA treatments. (G) Functional enrichment analysis of proteins commonly enriched under
both 5 and 10 mM FA conditions. (H-I) Lollipop plots show log, fold changes in protein abundance
for ergosterol biosynthesis genes in response to FA treatment, compared with DMSO control. Panel H
represents treatment with 5 mM FA; panel | shows 10 mM FA. Blue indicates significant upregulation (log,
FC > 1, P < 0.05); gray indicates non-significant changes. Asterisks denote significance: P < 0.05 (¥), P <
0.01 (**), P < 0.001 (***).

investigate whether FA enhances the antifungal efficacy of FLC, we performed a
checkerboard synergy assay using Candida albicans SC5314, the wild-type reference
strain. In the checkerboard assay, FA and FLC were serially diluted in a 96-well plate, and
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growth was measured after 48 h using ODggo. Growth inhibition was assessed relative to
the MICgq threshold, defined as 90% of the maximal OD. When tested alone, FA exhibited
an MICgg of 5 mM and FLC an MICgyq of 4 ug/mL. Under combination treatment, however,
FA's MICgq decreased to 0.625 mM and FLC'’s to 0.25 pg/mL. This co-inhibitory concentra-
tion yielded a fractional inhibitory concentration (FICgg) of 0.125 for FA and 0.0625 for
FLC, resulting in a combined FIClgy of 0.1875. Since this value is well below the estab-
lished synergy threshold of 0.5, it indicates a strong synergistic interaction between FA
and FLC against C. albicans SC5314 (Fig. 4A).

To validate this interaction across species, we performed strip-diffusion MIC assays
with C. albicans and C. parapsilosis in the presence of 2.5 mM FA. The MIC of FLC alone for
C. albicans ranged between 3 and 6 ug/mL; however, when combined with FA, FLC MIC
dramatically decreased to 0.25-0.75 pg/mL, representing an eightfold increase in
sensitivity (Fig. 4B and C). Similarly, C. parapsilosis displayed a reduction in FLC MIC from
24 to 6 ug/mL in the presence of FA (Fig. 4D and E). These results suggest a synergistic
effect between FA and FLC, likely related to FA's ability to disrupt ergosterol biosynthesis.

Furthermore, growth analyses were performed to assess the response of C. albicans
strains with known azole resistance mechanisms to FA. Three azole-resistant C. albicans
strains were tested: (i) a strain harboring engineered hyperactive alleles of TAC1 (TAC1-5,
encoding the A736V gain-of-function mutation driving CDR1/CDR2 overexpression) and
ERG11 (ERG11-5, encoding the S405F substitution that reduces fluconazole binding); (ii)
a strain expressing only ERG11-5 (68); and (iii) a fluconazole-resistant clinical isolate, T101
(69), which was isolated from a patient and exhibits resistance through an undefined
mechanism (69).

Interestingly, strains overexpressing both TAC1-5 and ERG11-5, as well as the FLC-
resistant clinical isolate, exhibited significantly greater growth inhibition in response to
FA compared to the WT strain (SC5314) or the strain overexpressing only ERG11 (Fig. 4F
and G). These results highlight the potential of FA to synergize with FLC in targeting
azole-resistant C. albicans strains, suggesting a promising avenue for enhancing antifun-
gal treatment efficacy.

In planta fungicidal efficacy of ferulic acid against the maize pathogen
Cochliobolus heterostrophus

To investigate the in planta antifungal potential of FA, we employed maize (Zea mays) as
a host system and examined the efficacy of FA in mitigating Cochliobolus heterostrophus
infection. Maize plants were pre-treated with FA at concentrations of 1.5, 2.5, and 5 mM
before being inoculated with C. heterostrophus spores. FA is abundant in maize leaves,
with an average concentration of about 0.6 mM (70) and an order of magnitude more
found in purified cell wall fractions (71). As most of the FA is bound, this is only an
estimate of the concentration to which an invading pathogen is exposed, depending on
the activity of fungal esterases releasing FA from the host cell wall. The applied concen-
trations tested are thus chosen to be in the range just above the endogenous levels and
are also in the range detected by the pathogen, inducing dephosphorylation of the
Hog1/P38 MAP kinase (72). Lesion development on the leaves was monitored 72 h post-
inoculation, and lesion parameters (count and size) were quantified using the Al-
enhanced ImagelJ software, equipped with the LabKit module for high-precision lesion
detection and measurement (Fig. 5A and B).

FA treatment significantly reduced both lesion count and lesion size in a dose-
dependent manner. At the highest concentration (5 mM), FA-treated leaves displayed a
35% reduction in the median number of lesions compared to the control group treated
with DMSO (P = 0.021, Wilcoxon rank-sum test) (Fig. 5C), indicating a strong inhibitory
effect. In parallel, the size of individual lesions in the 5 mM FA treatment group decreased
by 30% relative to the DMSO-treated controls (P = 0.01) (Fig. 5D, suggesting that FA
inhibits subsequent pathogen proliferation and expansion within the host plant. The
2.5 mM FA treatment similarly showed significant reductions in lesion count (P = 0.026)
and size (P = 0.0053), although the magnitude of these effects was less pronounced than
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FIG 4 Synergistic antifungal effects of ferulic acid and fluconazole against C. albicans and Candida parapsilosis. (A) Heatmap
of a checkerboard assay showing growth inhibition of C. albicans SC5314 in response to combinations of FA and FLC. ODggo
values are color-coded, with darker shading representing stronger inhibition. (B) Strip-diffusion assay showing the effect of
FLC (E-test strip) on C. albicans in the presence of 2.5 mM FA compared to DMSO (control). Commercial E-test strips containing
FLC were applied, and plates were incubated at 37°C for 48 h. (C) Bar plot depicting the mean MIC of FLC against C. albicans
treated with 2.5 mM FA compared to the DMSO control. Error bars represent the SEM from three independent biological
repeats, and the P value was calculated using a one-tailed t-test. (D) Strip-diffusion assay showing the effect of FLC on C.
parapsilosis in the presence of 2.5 mM FA compared to DMSO. The experimental conditions were similar to those in (A). (E) Bar
plot showing the mean MIC of FLC against C. parapsilosis treated with 2.5 mM FA compared to DMSO. (F) Growth curves
for C. albicans wild-type (WT, SC5314) and azole-resistant strains in the presence of DMSO. Strains include TACT and ERG11
hyperactive (green), ERG11 hyperactive (blue), and a clinical azole-resistant strain (purple). Growth was monitored over 24 h,
with optical density (O.D. 600) recorded at regular intervals. (G) Growth curves for C. albicans strains treated with 1.5 mM FA.

Growth was measured over 48 h, with error bars representing SEM from four independent biological repeats.
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FIG 5 In planta antifungal efficacy of FA against Cochliobolus heterostrophus on maize leaves. (A) Representative images of maize leaves treated with DMSO

(control) and FA at concentrations of 1.5, 2.5, and 5 mM. Leaves were inoculated with C. heterostrophus spores, and lesion formation was assessed after 72 h.

(B) ImageJ analysis of lesion development, with lesions detected using the LabKit Al tool. Images show processed data highlighting the detected lesions (orange)

for each treatment group. (C) Quantification of lesion count per leaf for each treatment group. FA treatment at 2.5 and 5 mM resulted in a significant reduction in

lesion count compared to the DMSO control (P < 0.05, Wilcoxon rank-sum test). Data presented as median + interquartile range (IQR). (D) Quantification of lesion

size in arbitrary units of leaf for each treatment group. FA at 5 mM significantly reduced lesion size compared to the DMSO control (P < 0.01, Wilcoxon rank-sum

test). Data are presented as median + IQR.

at 5 mM. In contrast, the 1.5 mM FA treatment did not produce statistically significant
effects on either lesion count or size, highlighting a potential threshold concentration for
FA's antifungal activity in this system.

DISCUSSION
Mechanistic insights from CRISPRi screening

Here, we take advantage of a CRISPRi screen to reveal the molecular mechanisms
triggered by FA treatment. The CRISPRi screen results provide a comprehensive
view of the cellular response to FA treatment, highlighting both the genes whose
downregulation promotes FA resistance and those essential for managing FA-induced
stress.

The results suggest that FA treatment triggers a multifaceted stress response,
involving significant metabolic reprogramming, activation of autophagy, disruption
of protein processing and mRNA stability, and impacts on ribosomal function and
cytoskeletal organization. The enrichment and depletion patterns observed provide
valuable insights into the complex adaptive strategies employed by cells to mitigate
FA-induced damage. These findings emphasize the importance of multiple cellular
pathways in managing FA stress, and future research should focus on elucidating
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the detailed molecular mechanisms underlying these responses and validating the
functional roles of the identified genes in FA tolerance.

Ergosterol biosynthesis pathway and FA resistance

The CRISPRI screen results reveal novel regulatory mechanisms within the well-charac-
terized ergosterol biosynthesis pathway, specifically implicating ERG9 silencing in FA
resistance (Fig. 2A). The CRISPRi screen identified ERG9 as the most significant determi-
nant of FA resistance (Fig. 1C and E), highlighting ERG9 silencing as a novel regulatory
mechanism within the ergosterol biosynthesis pathway, which is a major target of
antifungal drugs. ERG9 functions as a farnesyl-diphosphate farnesyl transferase, crucial
for catalyzing the synthesis of squalene by linking two farnesyl pyrophosphate molecules
within the sterol biosynthesis pathway (65, 66). In contrast, ERG25 repression led to
growth inhibition under FA treatment. These opposing phenotypes highlight distinct
mechanistic contributions of early versus late sterol biosynthesis genes to FA sensitivity.

Moreover, ERG9 silencing resulted in a twofold increase in HMG1 and HMG2 mRNA
abundance. These paralogs encode HMG-CoA reductase, catalyzing the rate-limiting
step of sterol biosynthesis (73, 74) (Fig. 2E). This highlights a previously uncharacterized
regulatory link within the established ergosterol biosynthesis pathway. This upregula-
tion could be a compensatory response to maintain sufficient flux through the sterol
biosynthesis pathway despite the downregulation of ERG9. The observed upregulation
of HMG1/2 suggests a compensatory response in sterol metabolism following ERG9
repression. These findings imply that FA susceptibility may be influenced by disrup-
tions to the ergosterol biosynthesis pathway, though a molecular target remains to be
determined. However, our data indicate that FA may act on previously uncharacterized
enzymes within this pathway, distinguishing it from conventional antifungal agents.

ERGY functions as a key branch-point enzyme in the mevalonate pathway, where
acetyl-CoA is converted into mevalonate and subsequently into farnesyl pyrophosphate
(FPP). FPP acts as a precursor for various critical cellular processes, including the
biosynthesis of dolichols, ubiquinone, heme A, isoprenylated proteins, and ergosterol
(75). We hypothesize that ERG9 silencing may redirect metabolic flux toward alternative
isoprenoid pathways, such as ubiquinone biosynthesis; however, this proposed shift
requires direct validation through sterol and isoprenoid metabolite profiling. Addition-
ally, the CRISPRI screen results identify Puf3 as a key factor in the cellular response to
FA treatment (Fig. S3). Puf3 binds to and promotes the degradation of mRNAs encoding
specific nuclear-encoded mitochondrial proteins. Additionally, Puf3 acts as a translational
repressor for genes linked to oxidative stress and plays a key regulatory role in ubig-
uinone (CoQ) biosynthesis (76-80). These observations suggest that the FA resistance
conferred by ERGY silencing involves perturbations in both ergosterol biosynthesis and
mitochondrial function.

The ergosterol biosynthesis pathway is the primary target of widely used antifungal
drugs, including azoles, yet our findings identify novel regulatory elements within this
pathway that modulate FA resistance. A second small-molecule inhibitor may potentiate
azole activity against resistant strains (81). This was recently shown for C. albicans, where
a screen for such potentiators led to 1,4-benzodiazepines (37). Our observations raise the
possibility that HMG-CoA reductase might be a target of FA, potentially opening a new
avenue to enhance azole efficacy using relatively non-toxic plant-derived antifungals.
Mutations in the sterol-sensing domain of A. fumigatus HMG-CoA confer resistance to
triazoles (82). Although the binding site of FA remains unknown, we speculate that it
might interact with the sterol-sensing domain of HMG-CoA reductase.

The proteomic profiling of FA-resistant Cochliobolus heterostrophus strains reinforces
and extends the findings from the CRISPRi screen in S. cerevisiae. Comparative analysis
revealed a consistent upregulation of ergosterol biosynthesis enzymes, including ERG2,
ERG11, ERG12, ERG13, ERG1, and HMG1/2, with particularly strong induction of ERG25.
These observations mirror the genetic sensitivity identified in yeast and underscore the
centrality of sterol metabolism in mediating FA resistance.
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Importantly, the proteomic data revealed that FA resistance is not limited to sterol
pathway remodeling. Enrichment of transmembrane transport processes, especially
ABC transporters, along with pathways involved in ion homeostasis, suggests that FA
resistance involves a coordinated adaptation that integrates membrane protection and
efflux mechanisms.

The convergence of CRISPRi and proteomic results across two phylogenetically
distinct fungal species, S. cerevisiae and C. heterostrophus, supports the notion that FA
resistance mechanisms are conserved across fungal pathogens. These findings advance
our understanding of how fungi respond to plant-derived antifungal compounds and
position ergosterol biosynthesis as a central adaptive hub, not only in model systems but
also in agriculturally relevant fungal pathogens.

Ferulic acid synergy with fluconazole

The mechanism of FA action predicted from our results suggests its potential use
as a clinical antifungal agent against human pathogenic fungi, with previous studies
confirming its minimal cytotoxicity compared to the therapeutic concentration needed
to combat Candida spp. The MIC of FA against C. albicans is 40 ug/mL (59). Importantly,
at a concentration of 300 ug/mL, FA has no adverse effects on the cell count or viability.
Furthermore, FA exhibits negligible toxicity to mammalian cell lines at 500 pg/mL (83).
We demonstrate that FA enhances FLC efficacy, suggesting a promising strategy for
overcoming antifungal resistance (Fig. 4A through E). Checkerboard synergy testing
(Fig. 4A) revealed that the MICy, of FA alone was 5 mM and for FLC was 4 pg/mL,
while in combination these values decreased to 0.625 mM and 0.25 pg/mL, respectively.
The corresponding fractional inhibitory concentration index values were FICy, (FA) =
0.125 and FICy, (FLC) = 0.0625, yielding a FICly, of 0.1875, indicative of strong synergy.

Additionally, the TAC1-5/ERG11-5 overexpressing strain and the clinical FLC-resist-
ant isolate T101 exhibited significantly greater growth inhibition upon FA exposure
compared to the wild-type strain (SC5314), while the strain overexpressing only ERG11-5
showed no comparable sensitivity (Fig. 4F and G). This suggests that overexpression of
ABC transporters may contribute to FA hypersensitivity in azole-resistant strains.

Broberg et al. reported that FA can induce the expression of ABC and MFS transporter
genes in C. heterostrophus (84), raising the possibility that FA modulates transporter
regulation in these strains. Future work should assess whether FA alters CDR1/CDR2
expression or efflux activity in resistant and wild-type Candida under FA exposure. These
findings highlight FA's potential against azole-resistant strains, though further mechanis-
tic studies are needed to confirm its interaction with drug efflux pathways.

In planta antifungal efficacy of ferulic acid

Following the demonstration of FA's antifungal effects in vitro, we sought to evaluate
its in planta efficacy as an agricultural antifungal agent. FA's in vitro antifungal activity
has been previously reported against pathogens such as Fusarium verticillioides, Fusarium
graminearum, and Sclerotium rolfsii (85-88). Additionally, Martinez-Fraca et al. found
that Fusarium verticillioides colonization was significantly lower in maize genotypes with
higher ferulic acid levels in the maize seeds’ pericarp tissue compared to those with
lower levels (56). However, to the best of our knowledge, no in planta experiments
evaluating FA's antifungal efficacy had been published prior to this study.

Our results highlight the in planta antifungal efficacy of FA against the maize
pathogen Cochliobolus heterostrophus, demonstrating a dose-dependent reduction in
lesion count and size (Fig. 5). Interestingly, FA affects both lesion count and size (Fig.
5C and D). This suggests that FA likely impairs fungal growth and expansion within the
plant. These findings indicate that FA's antifungal properties, established in vitro, extend
to in planta applications as well, reinforcing its role as a potent antifungal agent in plant
systems. The abundance of FA might be increased by breeding crop plants for this trait or
by applying FA.
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Moreover, the synergistic effects of FA with azole antifungals such as FLC, as
observed in clinical fungi, suggest that similar synergies could be explored in agricultural
contexts, possibly with agricultural azoles such as tebuconazole or prothioconazole.
Future research should prioritize field trials and molecular studies to further elucidate the
specific mechanisms by which FA impacts fungal pathogens and to evaluate its broader
application in crop protection strategies.

Conclusions

This study employed both a genome-wide CRISPRi screen in yeast and comprehen-
sive proteomic profiling of FA-resistant C. heterostrophus to delineate the molecular
mechanisms underlying the antifungal activity of FA. The screen identified multiple
cellular pathways affected by FA treatment, including ergosterol biosynthesis, mito-
chondrial function, and mRNA stability. Notably, ERG9, encoding squalene synthase,
was identified as a pivotal determinant of FA resistance, where its downregulation
significantly increased FA tolerance. Likewise, proteomic analysis of resistant C. het-
erostrophus strains confirmed the upregulation of multiple ergosterol biosynthesis
enzymes. Additionally, the RNA-binding protein Puf3 emerged as a key regulator of
the FA stress response, potentially influencing mitochondrial protein turnover and
modulating oxidative stress responses. FA exposure was also associated with disrup-
tions in autophagy, vacuolar ATPase activity, and ribosomal biogenesis. Importantly, FA
exhibited synergistic antifungal activity with FLC, markedly reducing the MIC required to
inhibit Candida spp. Moreover, C. albicans strains with azole resistance show increased
sensitivity to FA treatment.

Additionally, in our plant model, FA demonstrated in planta antifungal efficacy
against Cochliobolus heterostrophus, significantly reducing lesion count and size in a
dose-dependent manner. This suggests that FA could inhibit both the establishment
and expansion of fungal infections in plants, reinforcing its potential as an eco-friendly
antifungal agent in agricultural settings. These results elucidate key aspects of FA's
antifungal mode of action and highlight its potential as both a therapeutic agent
in combating drug-resistant human pathogens and a sustainable alternative in crop
protection.

MATERIALS AND METHODS
Strains, growth conditions, and plasmids

S. cerevisiae inducible CRISPRi Library (Addgene #161829) was transformed into DH5a
Escherichia coli, generating more than 4 M colonies. The parental S. cerevisiae strain
for all studies is BY4741 (Mat a, his3A1, leu2A0, met15A0, ura3A0); an S288C-derivative
laboratory strain. Cultures were usually grown in liquid or on plates of SCD (1x Synthetic
Complete Dropout medium with 2% glucose).

For growth curve analysis, overnight stock cultures (5 mL) were grown at 30°C
with orbital shaking at 125 rpm. Before initiating the growth experiments, 150 pL
of each overnight culture was diluted to 7.5 mL with fresh 1x SCD medium. Optical
density (OD600) measurements were taken every 30 min in continuous orbital-shaking
mode, with a shaking speed set to slow and a frequency of 559 (1 mm amplitude).
Temperature control was maintained at 30°C, unless stated otherwise. Cell growth was
assessed via light scatter measurements at 600 nm, and absorbance readings were
recorded kinetically using an Agilent BioTek Synergy H1 multimode reader. The reader
was controlled, and data were collected using an Agilent BioTek Gen5 microplate reader
and imager software.
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S. cerevisiae transformation

BY4741 cells in early exponential phase were collected (50 mL) by centrifugation at
4,000 RPM for 4 min at 25°C, washed once with sterile water, and pelleted at 4,000 RPM
for 4 min at 25°C. Pellets were resuspended in 0.4 mL of 0.1 M LiAc, and 100 pL per
transformation reaction was used. Each 100 pL fraction was pelleted and suspended in
36 uL 1 M LiAc, 5 pL ssDNA (10 mg/mL), and 64 pL plasmid or 100 pyL donor DNA from
PCR amplification and 240 pL 50% PEG. Samples were incubated for 30 min at 30°C,
followed by 20 min at 42°C. Dilutions were plated on SCD-His agar plates to estimate
the transformation efficiency, indicating a yield of 482-332 K independent transformants.
The rest of the transformation was used to inoculate 100 mL of SCD-His media and
grown for ~24 h at 30°C with shaking, at which point the OD600 increased roughly
fourfold. A new 100 mL SCD-His culture was inoculated with 400 pL of this culture, and
growth at 30°C with shaking was continued overnight. Three aliquots of 25 mL each were
taken for yeast plasmid DNA extractions.

Next-generation sequencing and data analysis

Plasmids were extracted using Zymoprep Yeast Plasmid Miniprep | from three independ-
ent biological replicates. The extracted plasmids were amplified using AMP-seq primers
in the Supplementary Data S5 using Platinum SuperFi Il Green PCR Master Mix following
the manufacturer’s protocol. Each 25 pL PCR reaction consisted of 100 ng of plasmid
library. The PCR conditions were: 98°C for 2 min for initial denaturing, then 98°C for 30 s,
54°C for 30 s, and 72°C for 30 s for five cycles, then 98°C for 30 s, 64°C for 30 s, and 72°C
for 30 s for 15 cycles, then 72°C for 2 min. Amplicon libraries were constructed simultane-
ously according to Illumina 16S Metagenomic Sequencing Library Preparation, starting
from PCR clean-up. An equal volume of the amplicon PCR reaction was taken from all
samples for the PCR clean-up. Library QC was performed by measuring library concentra-
tion using Qubit with Equalbit dsDNA HS Assay Kit (Vazyme, cat no. EQ121) and size
determination using the TapeStation 4200 with the D1000 kit (cat no. 5067-5582). All
libraries were mixed into a single tube with equal molarity. The sequencing data were
generated on Illumina NextSeq2000, using P2 100 cycles (Read1-100; Index1-8; Index2-8;
Read2-0) (Illumina, cat no. 20046811). Cutadapt was employed for sequence trimming,
followed by gRNA counting and statistical significance of each gRNA using MAGeCK
count. MAGeCKs test was used according to the MAGeCK pipeline (89, 90). Plots and
visualizations were generated in R (v4.3.2) using the ggplot2 package.

Reverse transcription-quantitative polymerase chain reaction

For RT-qPCR analysis, RNA was reverse-transcribed using the gScript cDNA Synthesis Kit
following the manufacturer’s protocol. Gene-specific expression levels were quantified
in triplicate using a 15 pL reaction volume with PerfeCTa SYBR Green FastMix ROX in a
two-step RT-PCR method, as per the manufacturer’s instructions. Primers for the target
genes were utilized (Table S5). Data analysis was conducted using the QuantStudio 1
Real-Time PCR System. Fold change was determined using either the 2740 or 2-42<)
method. All mRNA levels were analyzed from three independent biological replicates,
each with three technical replicates. Plots and visualizations were generated in R (v4.3.2)
using the ggplot2 package.

Sample preparation and mass spectrometry

C. heterostrophus FA-resistant strains were collected from CMX agar using SDS buffer (5%
SDS, 10 mM DTT, 100 mM Tris-HCI pH 7.8), boiled (95°C, 10 min), sonicated (probe,
30 s, level 5), and centrifuged (10,000 x g, RT, 10 min). Proteins were precipitated
with 80% ice-cold acetone (—20°C, overnight), washed 3x with cold 80% acetone, and
resuspended in 8.5 M urea, 400 mM ammonium bicarbonate, 10 mM DTT. Concentrations
were estimated by Bradford assay. Samples were reduced (60°C, 30 min), alkylated with
35.2 mM iodoacetamide in 100 mM ammonium bicarbonate (RT, 30 min, dark), and
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digested with modified trypsin (Promega) in 1.5 M urea, 66 mM ammonium bicarbonate,
overnight at 37°C (1:50 enzyme:substrate), followed by a second digestion (4 h, 1:100).
Peptides were desalted (Oasis HLB pElution Plate, Waters), dried, and reconstituted in
0.1% formic acid, 2% acetonitrile. Peptides were analyzed by liquid chromatography-tan-
dem mass spectrometry (Exploris 480, Thermo) with Vanquish high-performance liquid
chromatography and a 30 cm x 75 pum Reprosil C18-Aqua column. A 120 min gradient
(6%-34%) of solvent B (80% acetonitrile + 0.1% formic acid) was followed by ramping
to 99% (0.1 min) and hold (11 min) at 0.15 pL/min. MS used full scans (m/z 380-985,
120,000 resolution) and DIA (10 Da windows, 1 m/z overlap, 30,000 resolution). Data
were analyzed with DIA-NN v1.9.2 (91, 92) against the C. heterostrophus-C4-Uniprot-08-20
database (min peptide length = 7, max 1 missed cleavage, fixed carbamidomethylation
of Cys, variable N-terminal acetylation). False discovery rate (FDRs) for peptides/proteins
were set at 1%. Statistical analysis used Perseus v2.1.3.0 (93).

BLAST-based functional homology mapping

To infer functional homologs, Cochliobolus heterostrophus race T (strain C4) protein
sequences were aligned to the S. cerevisiae S288c proteome using BLASTP (BLAST+
v2.14.0). The top yeast hit per fungal protein (e-value < 1e-5) was retained. UniProtKB
identifiers were mapped to SGD systematic names and GO terms using UniProt’s
batch annotation tool. Merged data sets were filtered to Kyoto Encyclopedia of Genes
and Genomes pathway members involved in sterol biosynthesis (sce00100, sce00900,
M00102). Plots and pathway visualizations were generated in R (v4.3.2) using the
tidyverse, ggplot2, and pathview packages.

CRISPR/Cas9-mediated recombination and random mutagenesis

Homologous recombination via CRISPR/Cas9 and random mutagenesis followed
established protocols (94, 95). Cells were harvested during the early exponential phase
(50 mL) by centrifugation at 4,000 RPM for 4 min at 25°C, washed once with sterile
water, and pelleted again at 4,000 RPM for 4 min at 25°C. The resulting pellets were
resuspended in 0.4 mL of 0.1 M LiAc, and 100 pL per transformation reaction was utilized.
Each 100 L fraction was then pelleted and suspended in 40 L sterile water, 36 pL 1
M LiAc, 25 pL ssDNA (2 mg/mL), 4 mL (2 pg) plasmid, 30 pL donor DNA (100 mM stock)
(Table S3), and 240 pL 50% PEG. Samples were subjected to a 30 min incubation at 30°C
followed by 15 min at 42°C. Transformation mixtures were plated on YPG supplemented
with 100 pg/mL Hygromycin B plates. Positive colonies were harvested after 3 days and
replated on a selection medium for verification.

Antifungal susceptibility assay

The antifungal susceptibility of C. albicans strain SC5314 to FLC, both alone and in
combination with FA, was evaluated using commercial drug-embedded E-test strips.
The assay was conducted following the manufacturer’s protocol. For the strip diffusion
assays, C. albicans (4 x 10°) suspended in 0.2 mL of sterile water was spread evenly onto
yeast synthetic complete (SCD) medium plates. For the combination treatment, 2.5 mM
FA was incorporated into the SCD medium. The antifungal-embedded E-test strips were
then applied to the dried agar plates. After 48 h of incubation at 37°C, the MICs were
determined by measuring the zones of clearance around the E-test strips. Plots and
visualizations were generated in R (v4.3.2) using the ggplot2 package.

Checkerboard assay

FA and fluconazole (FLC; Sigma-Aldrich) were tested using a 96-well checkerboard broth
microdilution assay. Candida albicans strains were inoculated in SC medium, and optical
density at 600 nm was measured after 48 h incubation at 37°C. The fractional inhibitory
concentration index (FICI) was calculated as
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FICI = (MIC FA (Combo)) (MIC FLC (CombO)) _

MIC g, (alone) MIC g (alone)

In Planta antifungal efficacy of ferulic acid in maize

Plants of the hybrid maize line Royalty were grown for 3 weeks till the fourth leaf
emerged in a controlled greenhouse environment at 25°C. The third fully developed leaf
of each maize plant was treated by spraying with FA solutions at concentrations of 1.5,
2.5, and 5 mM dissolved in 0.02% Triton X-100 as a surfactant. Control plants were treated
with DMSO in 0.02% Triton X-100. After FA treatment, leaves were allowed to dry for 1
h, then inoculated with a Cochliobolus heterostrophus (race T strain C4) spore suspension
(10° spores/mL) evenly applied by spraying across the leaf surface. Following inoculation,
plants were incubated under high humidity for 24 h, followed by ambient greenhouse
conditions for 48 h. Lesion development was documented 72 h post-inoculation. Lesion
count and size were analyzed using ImageJ software with the LabKit Al tool trained on
infected leaf samples to create a classifier for lesion detection. Statistical analysis was
performed using the Wilcoxon rank-sum test. Plots and visualizations were generated in
R (v4.3.2) using the ggplot2 package.

Confocal fluorescence microscopy

Cells were induced as described and then fixed with 4% paraformaldehyde in PBST.
Following fixation, cells were rinsed three times with PBST. Imaging was performed
using a Spinning Disk confocal microscope (Yokogawa CSU-W1, Nikon) equipped with
a CFl Plan Apochromat 100x oil immersion objective (N.A. 1.45). GFP signals were
captured using 488 nm laser excitation, and emissions were detected with a high-sensi-
tivity SCMOS camera (Photometrics, PRIME-BSI, 95% QE) via NIS software. Images were
acquired in Z-stack mode with 0.2-0.4 uym intervals across 8-15 pm. Deconvolution was
applied to images of GFP-expressing strains using NIS-elements, and the NIS Denoise Al
algorithm was used for noise reduction. All data were collected under consistent imaging
conditions, including laser power, optical path, and camera exposure time.

ACKNOWLEDGMENTS

We would like to express our gratitude to Prof. Yoav Arava, Prof. Daniel Kornitzer, and
Prof. Judith Berman for kindly providing strains. NGS library preparation and sequencing
were conducted by the Technion Genomics Center, Haifa, Israel. Proteomic analysis was
conducted by the Smoler Proteomics Center at the Technion.

The Galaxy server used for some calculations is partly funded by the German Federal
Ministry of Education and Research BMBF grant 031 A538A de.NBI-RBC and the Ministry
of Science, Research and the Arts Baden-Wirttemberg (MWK) within the framework of
LIBIS/de.NBI Freiburg. This research is supported in part by ISF 927/22 and the Helmsley
Fellowships for Sustainability and Health.

AUTHOR AFFILIATIONS

'"Faculty of Sciences and Technology, Tel-Hai Academic College, Upper Galilee, Israel
’MIGAL - Galilee Research Institute, Kiryat Shmona, Israel
®Faculty of Biology, Technion - Israel Institute of Technology, Haifa, Israel

AUTHOR ORCIDs

Offri Levi [ http://orcid.org/0000-0001-5253-8257
Benjamin A. Horwitz { http://orcid.org/0000-0002-1558-4497

Month XXXX Volume 0 Issue 0

mBio

10.1128/mbio.01909-25 18

Downloaded from https://journals.asm.org/journal/mbio on 27 August 2025 by 199.203.169.25.


http://orcid.org/0000-0001-5253-8257
http://orcid.org/0000-0002-1558-4497
https://doi.org/10.1128/mbio.01909-25

Research Article

FUNDING
Funder Grant(s) Author(s)
Israel Science Foundation ISF 927/22 Benjamin A Horwitz

Leona M. and Harry B. Helmsley ~ The Helmsley Fellowships for ~ Ofri Levi
Charitable Trust Sustainability and Health

AUTHOR CONTRIBUTIONS

Ofri Levi, Conceptualization, Formal analysis, Funding acquisition, Investigation,
Methodology, Project administration, Supervision, Visualization, Writing - original draft,
Writing - review and editing | Rina Zuchman, Formal analysis, Methodology, Project
administration, Visualization | Nour Sleman, Validation, Methodology | Roni Koren,
Methodology | Hazem Khamaisi, Methodology | Benjamin A. Horwitz, Conceptualization,
Funding acquisition, Investigation, Methodology, Supervision, Writing - original draft,
Writing - review and editing

DATA AVAILABILITY

All data generated or analyzed during this study are available in the supplementary
materials. The CRISPRi Amplicon-seq data for all samples can be accessed at the
European Nucleotide Archive (ENA) under the primary accession PRJEB95957, with the

mBio

sample group ERP178710.

ADDITIONAL FILES

The following material is available online.

Supplemental Material

Supplemental Figures (mBio01909-25-s0001.docx). Figures S1 to S4.
Captions (mBio01909-25-s0002.docx). Captions for supplemental tables.
Table S1 (mBio01909-25-s0003.xlsx). sgRNA counts.

Table S2 (mBio01909-25-s0004.xlIsx). Gene summary.

Table S3 (mBi001909-25-s0005.xlsx). GO enrichment analysis.

Table S4 (mBio01909-25-s0006.xlsx). Proteomics.

Table S5 (mBio01909-25-s0007.xlsx). Oligonucleotides.

REFERENCES

1. Blackwell M. 2011. The fungi: 1, 2, 3 .. 5.1 million species? Am J Bot 8.
98:426-438. https://doi.org/10.3732/ajb.1000298

2. Redecker D, Kodner R, Graham LE. 2000. Glomalean fungi from the 9.
Ordovician. Science 289:1920-1921. https://doi.org/10.1126/science.289
.5486.1920

3. Kohler JR, Casadevall A, Perfect J. 2015. The spectrum of fungi that
infects humans. Cold Spring Harb Perspect Med 5. https://doi.org/10.110 10.
1/cshperspect.a019273

4, Selb R, Fuchs V, Graf B, Hamprecht A, Hogardt M, Sedlacek L, Schwarz R,
Idelevich EA, Becker SL, Held J, Kiipper-Tetzel CP, McCormick-Smith |, 11.
Heckmann D, Gerkrath J, Han CO, Wilmes D, Rickerts V. 2019. Molecular
typing and in vitro resistance of Cryptococcus neoformans clinical isolates
obtained in Germany between 2011 and 2017. Int J Med Microbiol 12.
309:151336. https://doi.org/10.1016/j.ijmm.2019.151336

5. Almeida F, Rodrigues ML, Coelho C. 2019. The still underestimated
problem of fungal diseases worldwide. Front Microbiol 10. https://doi.or
9/10.3389/fmicb.2019.00214 13.

6. Peng Y, LiSJ, Yan J, Tang Y, Cheng JP, Gao AJ, Yao X, Ruan JJ, Xu BL. 2021.
research progress on phytopathogenic fungi and their role as biocontrol
agents. Front Microbiol 12:670135. https://doi.org/10.3389/fmicb.2021.6
70135

7. Damalas CA, Eleftherohorinos IG. 2011. Pesticide exposure, safety issues, 14.
and risk assessment indicators. Int J Environ Res Public Health 8:1402-
1419. https://doi.org/10.3390/ijerph8051402

Month XXXX Volume 0 Issue 0

Ben-Ami R, Kontoyiannis DP. 2021. Resistance to antifungal drugs. Infect
Dis Clin North Am 35:279-311. https://doi.org/10.1016/j.idc.2021.03.003

Ostrosky-Zeichner L, Casadevall A, Galgiani JN, Odds FC, Rex JH. 2010.
An insight into the antifungal pipeline: selected new molecules and
beyond. Nat Rev Drug Discov 9:719-727. https://doi.org/10.1038/nrd307
4

Cowen LE, Steinbach WJ. 2008. Stress, drugs, and evolution: the role of
cellular signaling in fungal drug resistance. Am Soc Microbiol 7:747-764.
https://doi.org/10.1128/EC.00041-08

Shapiro RS, Robbins N, Cowen LE. 2011. Regulatory circuitry governing
fungal development, drug resistance, and disease. Microbiol Mol Biol
Rev 75:213-267. https://doi.org/10.1128/MMBR.00045-10

Xiang MJ, Liu JY, Ni PH, Wang S, Shi C, Wei B, Ni YX, Ge HL. 2013. Erg11
mutations associated with azole resistance in clinical isolates of Candida
albicans. FEMS Yeast Res 13:386-393. https://doi.org/10.1111/1567-1364
12042

Morschhéauser J, Barker KS, Liu TT, BlaB-Warmuth J, Homayouni R, Rogers
PD. 2007. The transcription factor Mrrip controls expression of the
MDR1 efflux pump and mediates multidrug resistance in Candida
albicans. PLoS Pathog 3:e164. https://doi.org/10.1371/journal.ppat.0030
164

Sanguinetti M, Posteraro B, Lass-Florl C. 2015. Antifungal drug resistance
among Candida species: mechanisms and clinical impact. Mycoses 58
Suppl 2:2-13. https://doi.org/10.1111/myc.12330

10.1128/mbio.01909-25 19

Downloaded from https://journals.asm.org/journal/mbio on 27 August 2025 by 199.203.169.25.


http://dx.doi.org/10.13039/501100003977
http://dx.doi.org/10.13039/100007028
https://www.ebi.ac.uk/ena/browser/view/PRJEB95957
https://www.ebi.ac.uk/ena/browser/view/ERP178710
https://doi.org/10.1128/mbio.01909-25
https://doi.org/10.3732/ajb.1000298
https://doi.org/10.1126/science.289.5486.1920
https://doi.org/10.1101/cshperspect.a019273
https://doi.org/10.1016/j.ijmm.2019.151336
https://doi.org/10.3389/fmicb.2019.00214
https://doi.org/10.3389/fmicb.2021.670135
https://doi.org/10.3390/ijerph8051402
https://doi.org/10.1016/j.idc.2021.03.003
https://doi.org/10.1038/nrd3074
https://doi.org/10.1128/EC.00041-08
https://doi.org/10.1128/MMBR.00045-10
https://doi.org/10.1111/1567-1364.12042
https://doi.org/10.1371/journal.ppat.0030164
https://doi.org/10.1111/myc.12330
https://doi.org/10.1128/mbio.01909-25

Research Article

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

Month XXXX Volume 0

Cowen LE, Steinbach WJ. 2008. Stress, drugs, and evolution: the role of
cellular signaling in fungal drug resistance. Eukaryot Cell 7:747-764. http
s://doi.org/10.1128/EC.00041-08

Robbins N, Caplan T, Cowen LE. 2017. Molecular evolution of antifungal
drug resistance. Annu Rev Microbiol 71:753-775.

Branco J, Ryan AP, Pinto e Silva A, Butler G, Miranda IM, Rodrigues AG.
2022. Clinical azole cross-resistance in Candida parapsilosis is related to a
novel MRR1 gain-of-function mutation. Clin Microbiol Infect 28:1655. htt
ps://doi.org/10.1016/j.cmi.2022.08.014

Ning Y, Xiao M, Perlin DS, Zhao Y, Lu M, Li Y, Luo Z, Dai R, Li S, Xu J, Liu L,
He H, Liu Y, Li F, Guo Y, Chen Z, Xu Y, Sun T, Zhang L. 2023. Decreased
echinocandin susceptibility in Candida parapsilosis causing candidemia
and emergence of a pan-echinocandin resistant case in China. Emerg
Microbes Infect 12:2153086.

Siopi M, Papadopoulos A, Spiliopoulou A, Paliogianni F, Abou-Chakra N,
Arendrup MC, Damoulari C, Tsioulos G, Giannitsioti E, Frantzeskaki F,
Tsangaris |, Pournaras S, Meletiadis J. 2022. Pan-Echinocandin Resistant
C. parapsilosis harboring an F652S Fks1 alteration in a patient with
prolonged echinocandin therapy. J Fungi (Basel) 8:931. https://doi.org/1
0.3390/j0f8090931

Perlin DS. 2011. Current perspectives on echinocandin class drugs.
Future Microbiol 6:441-457. https://doi.org/10.2217/fmb.11.19
Chowdhary A, Prakash A, Sharma C, Kordalewska M, Kumar A, Sarma S,
Tarai B, Singh A, Upadhyaya G, Upadhyay S, Yadav P, Singh PK, Khillan V,
Sachdeva N, Perlin DS, Meis JF. 2018. A multicentre study of antifungal
susceptibility patterns among 350 Candida auris isolates (2009-17) in
India: role of the ERG11 and FKS1 genes in azole and echinocandin
resistance. J Antimicrob Chemother 73:891-899. https://doi.org/10.1093
/jac/dkx480

Hawkins NJ, Fraaije BA. 2016. Predicting resistance by mutagenesis:
lessons from 45 years of MBC resistance. Front Microbiol 7. https://doi.or
9/10.3389/fmicb.2016.01814

Koenraadt H. 1992. Characterization of mutations in the beta-tubulin
gene of benomyl-resistant field strains of Venturia inaequalis and other
plant pathogenic fungi . Phytopathology 82:1348. https://doi.org/10.109
4/Phyto-82-1348

Ma Z, Michailides TJ. 2005. Advances in understanding molecular
mechanisms of fungicide resistance and molecular detection of resistant
genotypes in phytopathogenic fungi. Crop Prot 24:853-863. https://doi.
org/10.1016/j.cropro.2005.01.011

Avenot HF, Michailides TJ. 2010. Progress in understanding molecular
mechanisms and evolution of resistance to succinate dehydrogenase
inhibiting (SDHI) fungicides in phytopathogenic fungi. Crop Prot 29:643-
651. https://doi.org/10.1016/j.cropro.2010.02.019

McKay AH, Hagerty GC, Follas GB, Moore MS, Christie MS, Beresford RM.
2011. Succinate dehydrogenase inhibitor (SDHI) fungicide resistance
prevention strategy. NZPP 64:119-124. https://doi.org/10.30843/nzpp.2
011.64.5972

Mosbach A, Edel D, Farmer AD, Widdison S, Barchietto T, Dietrich RA,
Corran A, Scalliet G. 2017. Anilinopyrimidine resistance in Botrytis cinerea
is linked to mitochondrial function. Front Microbiol 8:2361. https://doi.or
9/10.3389/fmicb.2017.02361

Leroux P, Fritz R, Debieu D, Albertini C, Lanen C, Bach J, Gredt M,
Chapeland F. 2002. Mechanisms of resistance to fungicides in field
strains of Botrytis cinerea . Pest Manag Sci 58:876-888. https://doi.org/10.
1002/ps.566

Fernédndez-Ortuiio D, Torés JA, de Vicente A, Pérez-Garcia A. 2008.
Mechanisms of resistance to Qol fungicides in phytopathogenic fungi.
Int Microbiol 11:1-9. https://doi.org/10.2436/20.1501.01.38
Fernandez-Ortufio D, Torés J, De VA. 2010. The Qol fungicides, the rise
and fall of a successful class of agricultural fungicides

Fisher MC, Hawkins NJ, Sanglard D, Gurr SJ. 2018. Worldwide emergence
of resistance to antifungal drugs challenges human health and food
security. Science 360:739-742. https://doi.org/10.1126/science.aap7999
Mercer El. 1991. Morpholine antifungals and their mode of action.
Biochem Soc Trans 19:788-793. https://doi.org/10.1042/bst0190788
Munger R, Isacson P, Hu S, Burns T, Hanson J, Lynch CF, Cherryholmes K,
Van Dorpe P, Hausler WJ Jr. 1997. Intrauterine growth retardation in
lowa communities with herbicide-contaminated drinking water
supplies. Environ Health Perspect 105:308-314. https://doi.org/10.1289/
ehp.97105308

Misch EA, Safdar N. 2016. Updated guidelines for the diagnosis and
management of aspergillosis. J Thorac Dis 8:E1771-E1776. https://doi.or
9/10.21037/jtd.2016.12.76

Issue 0

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

mBio

Hof H. 2001. Critical annotations to the use of azole antifungals for plant
protection. Antimicrob Agents Chemother 45:2987-2990. https://doi.org
/10.1128/AAC.45.11.2987-2990.2001

Azevedo M-M, Faria-Ramos |, Cruz LC, Pina-Vaz C, Gongalves Rodrigues
A. 2015. Genesis of azole antifungal resistance from agriculture to
clinical settings. J Agric Food Chem 63:7463-7468. https://doi.org/10.10
21/acs.jafc.5b02728

Alabi PE, Gautier C, Murphy TP, Gu X, Lepas M, Aimanianda V, Sello JK,
Ene IV. 2023. Small molecules restore azole activity against drug-tolerant
and drug-resistant Candida isolates. MBio 14:e0047923. https://doi.org/1
0.1128/mbio.00479-23

Alvarez-Martinez FJ, Barrajon-Catalén E, Herranz-Lépez M, Micol V. 2021.
Antibacterial plant compounds, extracts and essential oils: an updated
review on their effects and putative mechanisms of action. Phytomedi-
cine 90:153626. https://doi.org/10.1016/j.phymed.2021.153626
Erhunmwunsee F, Pan C, Yang K, Li Y, Liu M, Tian J. 2022. Recent
development in biological activities and safety concerns of perillalde-
hyde from perilla plants: a review. Crit Rev Food Sci Nutr 62:6328-6340.
https://doi.org/10.1080/10408398.2021.1900060

Oliveira RC, Carvajal-Moreno M, Correa B, Rojo-Callejas F. 2020. Cellular,
physiological and molecular approaches to investigate the antifungal
and anti-aflatoxigenic effects of thyme essential oil on Aspergillus flavus.
Food Chem 315:126096. https://doi.org/10.1016/j.foodchem.2019.12609
6

Hu Z, Yuan K, Zhou Q, Lu C, Du L, Liu F. 2021. Mechanism of antifungal
activity of Perilla frutescens essential oil against Aspergillus flavus by
transcriptomic analysis. Food Control 123:107703. https://doi.org/10.101
6/j.foodcont.2020.107703

Ali F, abdul KJ, Mehmood Khan N, Mai Sci CJ, Khalig Jan A, Ali R,
Mukhtiar M, Khan S, Ali Khan S, Aziz R. 2018. Selective biological
activities and phytochemical profiling of two wild plant species,
Teucrium polium and capsicum annum from Sheringal, Pakistan:881-
887.

Khan FA, Khan S, Khan NM, Khan H, Khan S, Ahmad S, Rehman N, Aziz R.
2021. Antimicrobial and antioxidant role of the aerial parts of Aconitum
violaceum. J Mex Chem Soc 65:84-93. https://doi.org/10.29356/jmcs.v65i
1.1310

Silva O, Eduardo Miller Crotti A, Ali Khan F, Mehmood Khan N, Ahmad S,
Aziz R, Ullah I, Almehmadi M, Allahyani M, Amer Alsaiari A, Aljuaid A.
2022. Phytochemical profiling, antioxidant, antimicrobial and cholines-
terase inhibitory effects of essential oils isolated from the leaves of
Artemisia scoparia and Artemisia

Khan H, Ali F, Khan N. 2016. AS-J of the, 2016 undefined. GC-MS analysis
of fixed oil from Nelumbo nucifera Gaertn seeds: evaluation of
antimicrobial, antileishmanial and urease inhibitory activities. Edited by
F Ali Khan, N. M. Khan, and A. Shah. S Ur RahmanJournal of the Chemical
Society of Pakistan

Ojeda-Amador RM, Fregapane G, Salvador MD. 2020. Influence of
cultivar and technological conditions on the volatile profile of virgin
pistachio oils. Food Chem 311:125957. https://doi.org/10.1016/j.foodche
m.2019.125957

Hu'Y, Kong W, Yang X, Xie L, Wen J, Yang M. 2014. GC-MS combined with
chemometric techniques for the quality control and original discrimina-
tion of Curcumae longae rhizome: analysis of essential oils. J Sep Sci
37:404-411. https://doi.org/10.1002/jssc.201301102

Teodoro GR, Ellepola K, Seneviratne CJ, Koga-Ito CY. 2015. Potential use
of phenolic acids as anti-Candida agents: a review. Front Microbiol
6:1420. https://doi.org/10.3389/fmicb.2015.01420

Zore GB, Thakre AD, Jadhav S, Karuppayil SM. 2011. Terpenoids inhibit
Candida albicans growth by affecting membrane integrity and arrest of
cell cycle. Phytomedicine 18:1181-1190. https://doi.org/10.1016/j.phym
ed.2011.03.008

Holmes RA, Boston RS, Payne GA. 2008. Diverse inhibitors of aflatoxin
biosynthesis. Appl Microbiol Biotechnol 78:559-572. https://doi.org/10.1
007/500253-008-1362-0

Kim JH, Mahoney N, Chan KL, Molyneux RJ, Campbell BC. 2006.
Controlling food-contaminating fungi by targeting their antioxidative
stress-response system with natural phenolic compounds. Appl
Microbiol Biotechnol 70:735-739. https://doi.org/10.1007/500253-005-0
123-6

Borges A, Ferreira C, Saavedra MJ, Simdes M. 2013. Antibacterial activity
and mode of action of ferulic and gallic acids against pathogenic
bacteria. Microb Drug Resist 19:256-265. https://doi.org/10.1089/mdr.20
12.0244

10.1128/mbio.01909-25 20

Downloaded from https://journals.asm.org/journal/mbio on 27 August 2025 by 199.203.169.25.


https://doi.org/10.1128/EC.00041-08
https://doi.org/10.1016/j.cmi.2022.08.014
https://doi.org/10.3390/jof8090931
https://doi.org/10.2217/fmb.11.19
https://doi.org/10.1093/jac/dkx480
https://doi.org/10.3389/fmicb.2016.01814
https://doi.org/10.1094/Phyto-82-1348
https://doi.org/10.1016/j.cropro.2005.01.011
https://doi.org/10.1016/j.cropro.2010.02.019
https://doi.org/10.30843/nzpp.2011.64.5972
https://doi.org/10.3389/fmicb.2017.02361
https://doi.org/10.1002/ps.566
https://doi.org/10.2436/20.1501.01.38
https://doi.org/10.1126/science.aap7999
https://doi.org/10.1042/bst0190788
https://doi.org/10.1289/ehp.97105308
https://doi.org/10.21037/jtd.2016.12.76
https://doi.org/10.1128/AAC.45.11.2987-2990.2001
https://doi.org/10.1021/acs.jafc.5b02728
https://doi.org/10.1128/mbio.00479-23
https://doi.org/10.1016/j.phymed.2021.153626
https://doi.org/10.1080/10408398.2021.1900060
https://doi.org/10.1016/j.foodchem.2019.126096
https://doi.org/10.1016/j.foodcont.2020.107703
https://doi.org/10.29356/jmcs.v65i1.1310
https://doi.org/10.1016/j.foodchem.2019.125957
https://doi.org/10.1002/jssc.201301102
https://doi.org/10.3389/fmicb.2015.01420
https://doi.org/10.1016/j.phymed.2011.03.008
https://doi.org/10.1007/s00253-008-1362-0
https://doi.org/10.1007/s00253-005-0123-6
https://doi.org/10.1089/mdr.2012.0244
https://doi.org/10.1128/mbio.01909-25

Research Article

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Month XXXX Volume 0

Lemos M, Borges A, Teodésio J, Aratjo P, Mergulhao F, Melo L, Simdes M.
2014. The effects of ferulic and salicylic acids on Bacillus cereus and
Pseudomonas fluorescens single- and dual-species biofilms. International
Biodeterioration & Biodegradation 86:42-51. https://doi.org/10.1016/j.ib
i0d.2013.06.011

Ponts N, Pinson-Gadais L, Boutigny AL, Barreau C, Richard-Forget F. 2011.
Cinnamic-derived acids significantly affect Fusarium graminearum
growth and in vitro synthesis of type B trichothecenes. Phytopathology
101:929-934. https://doi.org/10.1094/PHYTO-09-10-0230

Shalaby S, Horwitz BA. 2015. Plant phenolic compounds and oxidative
stress: integrated signals in fungal-plant interactions. Curr Genet 61:347-
357. https://doi.org/10.1007/500294-014-0458-6

Martinez-Fraca J, de la Torre-Herndndez ME, Meshoulam-Alamilla M,
Plasencia J. 2022. In search of resistance against Fusarium Ear Rot: Ferulic
Acid Contents in Maize Pericarp Are Associated with antifungal activity
and inhibition of fumonisin production. Front Plant Sci 13:852257. https:
//doi.org/10.3389/fpls.2022.852257

Ferruz E, Loran S, Herrera M, Gimenez |, Bervis N, Barcena C, Carramifana
JJ, Juan T, Herrera A, Arifio A. 2016. Inhibition of Fusarium growth and
mycotoxin production in culture medium and in maize kernels by
natural phenolic acids. J Food Prot 79:1753-1758. https://doi.org/10.431
5/0362-028X.JFP-15-563

Liu H, Zhao H, Lyu L, Huang Z, Fan S, Wu W, Li W. 2019. Synergistic effect
of natural antifungal agents for postharvest diseases of blackberry fruits.
J Sci Food Agric 99:3343-3349. https://doi.org/10.1002/jsfa.9551

Canturk Z. 2018. Evaluation of synergistic anticandidal and apoptotic
effects of ferulic acid and caspofungin against Candida albicans. J Food
Drug Anal 26:439-443. https://doi.org/10.1016/j.jfda.2016.12.014
Momen-Roknabadi A, Oikonomou P, Zegans M, Tavazoie S. 2020. An
inducible CRISPR interference library for genetic interrogation of
Saccharomyces cerevisiae biology. Commun Biol 3:723. https://doi.org/10
.1038/542003-020-01452-9

McGlincy NJ, Meacham ZA, Reynaud KK, Muller R, Baum R, Ingolia NT.
2021. A genome-scale CRISPR interference guide library enables
comprehensive phenotypic profiling in yeast. BMC Genomics 22:205. htt
ps://doi.org/10.1186/512864-021-07518-0

Horwitz B, Zuchman R, Koren R, Ziv T, Lupu-Haber Y, Dahan N, Levi O.
2023. Cytoplasmic sequestering of a fungal stress-activated MAPK in
response to a host plant phenolic acid. Research Square. https://doi.org/
10.21203/rs.3.rs-3197235/v1

Eden E, Navon R, Steinfeld I, Lipson D, Yakhini Z. 2009. GOrilla: a tool for
discovery and visualization of enriched GO terms in ranked gene lists.
BMC Bioinformatics 10:1-7. https://doi.org/10.1186/1471-2105-10-48
Szklarczyk D, Nastou K, Koutrouli M, Kirsch R, Mehryary F, Hachilif R, Hu
D, Peluso ME, Huang Q, Fang T, Doncheva NT, Pyysalo S, Bork P, Jensen
LJ, Mering C. 2025 The STRING database in 2025. https://doi.org/10.1093
/nar/gkae1113

Jennings SM, Tsay YH, Fisch TM, Robinson GW. 1991. Molecular cloning
and characterization of the yeast gene for squalene synthetase. Proc
Natl Acad Sci USA 88:6038-6042. https://doi.org/10.1073/pnas.88.14.603
8

Fegueur M, Richard L, Charles AD, Karst F. 1991. Isolation and primary
structure of the ERG9 gene of Saccharomyces cerevisiae encoding
squalene synthetase. Curr Genet 20:365-372. https://doi.org/10.1007/BF
00317063

Huang DW, Sherman BT, Lempicki RA. 2009. Systematic and integrative
analysis of large gene lists using DAVID bioinformatics resources. Nat
Protoc 4:44-57. https://doi.org/10.1038/nprot.2008.211

Coste A, Selmecki A, Forche A, Diogo D, Bougnoux M-E, d’Enfert C,
Berman J, Sanglard D. 2007. Genotypic evolution of azole resistance
mechanisms in sequential Candida albicans isolates. Eukaryot Cell
6:1889-1904. https://doi.org/10.1128/EC.00151-07

MacCallum DM, Castillo L, Nather K, Munro CA, Brown AJP, Gow NAR,
Odds FC. 2009. Property differences among the four major Candida
albicans strain clades. Eukaryot Cell 8:373-387. https://doi.org/10.1128/E
C.00387-08

Shanmugam V, Ronen M, Shalaby S, Larkov O, Rachamim Y, Hadar R,
Rose MS, Carmeli S, Horwitz BA, Lev S. 2010. The fungal pathogen
Cochliobolus heterostrophus responds to maize phenolics: novel small
molecule signals in a plant-fungal interaction. Cell Microbiol 12:1421-
1434. https://doi.org/10.1111/j.1462-5822.2010.01479.x

Uddin MN, Hanstein S, Faust F, Eitenmdller PT, Pitann B, Schubert S.
2014, Diferulic acids in the cell wall may contribute to the suppression of

Issue 0

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

mBio

shoot growth in the first phase of salt stress in maize. Phytochemistry
102:126-136. https://doi.org/10.1016/j.phytochem.2014.02.014
Zuchman R, Koren R, Horwitz BA. 2021. Developmental roles of the Hog1
Protein phosphatases of the maize pathogen Cochliobolus heterostro-
phus. J Fungi (Basel) 7:83. https://doi.org/10.3390/jof7020083

Burg JS, Espenshade PJ. 2011. Regulation of HMG-CoA reductase in
mammals and yeast. Prog Lipid Res 50:403-410. https://doi.org/10.1016/
j.plipres.2011.07.002

Ma BX, Ke X, Tang XL, Zheng RC, Zheng YG. 2018. Rate-limiting steps in
the Saccharomyces cerevisiae ergosterol pathway: towards improved
ergosta-5,7-dien-33-ol accumulation by metabolic engineering. World J
Microbiol Biotechnol 34:55. https://doi.org/10.1007/s11274-018-2440-9
Jordd T, Puig S. 2020. Regulation of ergosterol biosynthesis in
Saccharomyces cerevisiae Genes (Basel) 11:1-18. https://doi.org/10.3390/
genes11070795

Lapointe CP, Stefely JA, Jochem A, Hutchins PD, Wilson GM, Kwiecien
NW, Coon JJ, Wickens M, Pagliarini DJ. 2018. Multi-omics reveal specific
targets of the RNA-binding protein puf3p and its orchestration of
mitochondrial biogenesis. Cell Syst 6:125-135. https://doi.org/10.1016/j.
cels.2017.11.012

Rowe W, Kershaw CJ, Castelli LM, Costello JL, Ashe MP, Grant CM, Sims
PFG, Pavitt GD, Hubbard SJ. 2014. Puf3p induces translational repression
of genes linked to oxidative stress. Nucleic Acids Res 42:1026-1041. http
s://doi.org/10.1093/nar/gkt948

Garcia-Rodriguez LJ, Gay AC, Pon LA. 2007. Puf3p, a Pumilio family RNA
binding protein, localizes to mitochondria and regulates mitochondrial
biogenesis and motility in budding yeast. J Cell Biol 176:197-207. https:/
/doi.org/10.1083/jcb.200606054

Gerber AP, Herschlag D, Brown PO. 2004. Extensive association of
functionally and cytotopically related mRNAs with Puf family RNA-
binding proteins in yeast. PLoS Biol 2:E79. https://doi.org/10.1371/journ
al.pbio.0020079

Olivas W, Parker R. 2000. The Puf3 protein is a transcript-specific
regulator of mRNA degradation in yeast. EMBO J 19:6602-6611. https://d
0i.0rg/10.1093/emb0j/19.23.6602

Stenkiewicz-Witeska JS, Ene IV. 2023. Azole potentiation in Candida
species. PLoS Pathog 19:1011583. https://doi.org/10.1371/journal.ppat.
1011583

Rybak JM, Xie J, Martin-Vicente A, Guruceaga X, Thorn HI, Nywening AV,
Ge W, Souza ACO, Shetty AC, McCracken C, Bruno VM, Parker JE, Kelly SL,
Snell HM, Cuomo CA, Rogers PD, Fortwendel JR. 2024. A secondary
mechanism of action for triazole antifungals in Aspergillus fumigatus
mediated by hmg1. Nat Commun 15:3642. https://doi.org/10.1038/s414
67-024-48029-2

Choi JH, Park JK, Kim KM, Lee HJ, Kim S. 2018. In vitro and in vivo
antithrombotic and cytotoxicity effects of ferulic acid. J Biochem Mol
Toxicol 32:22004. https://doi.org/10.1002/jbt.22004

Broberg M, Simaan H, Shmoish M, Rabner A, Karlsson M, Horwitz BA.
2021. Ferulic acid, an abundant maize phenolic, regulates ABC and MFS
transporter gene expression in the maize pathogen Cochliobolus
heterostrophus. J Plant Dis Prot 128:1383-1391. https://doi.org/10.1007/s
41348-021-00451-0

Martinez-Alvarez IG, Y. Leyva-Madrigal K, Maldonado-Mendoza IE,
E.Jaramillo-Flores M, Gonzalez-Ocampo HA. 2019. In vitro antifungal
effect of mangrove extracts on Fusarium verticillioides isolates.
pharmaceutical-sciences 81:181-187. https://doi.org/10.4172/pharmace
utical-sciences.1000497

Yan H, Meng X, Lin X, Duan N, Wang Z, Wu S. 2023. Antifungal activity
and inhibitory mechanisms of ferulic acid against the growth of
Fusarium graminearum. Food Biosci 52:102414. https://doi.org/10.1016/j.
fbio.2023.102414

Sarma BK, Singh UP. 2003. Ferulic acid may prevent infection of Cicer
arietinum by Sclerotium rolfsii. World J Microbiol Biotechnol 19:123-127.
https://doi.org/10.1023/A:1023205522032

Nguyen VDH, Nguyen TTT, Huynh TNP, Ho HH, Nguyen ATV, Trinh LTP.
2024. Effective control of Fusarium wilt on tomatoes using a combina-
tion of phenolic-rich plant extracts. Eur J Plant Pathol 170:833-850. https
://doi.org/10.1007/510658-024-02830-3

Li W, Xu H, Xiao T, Cong L, Love MI, Zhang F, Irizarry RA, Liu JS, Brown M,
Liu XS. 2014. MAGeCK enables robust identification of essential genes
from genome-scale CRISPR/Cas9 knockout screens. Genome Biol 15:554.
https://doi.org/10.1186/513059-014-0554-4

Abueg LAL, Afgan E, Allart O, Awan AH, Bacon WA, Baker D, Bassetti M,
Batut B, Bernt M, Blankenberg D, et al. 2024. The Galaxy platform for

10.1128/mbi0.01909-25 21

Downloaded from https://journals.asm.org/journal/mbio on 27 August 2025 by 199.203.169.25.


https://doi.org/10.1016/j.ibiod.2013.06.011
https://doi.org/10.1094/PHYTO-09-10-0230
https://doi.org/10.1007/s00294-014-0458-6
https://doi.org/10.3389/fpls.2022.852257
https://doi.org/10.4315/0362-028X.JFP-15-563
https://doi.org/10.1002/jsfa.9551
https://doi.org/10.1016/j.jfda.2016.12.014
https://doi.org/10.1038/s42003-020-01452-9
https://doi.org/10.1186/s12864-021-07518-0
https://doi.org/10.21203/rs.3.rs-3197235/v1
https://doi.org/10.1186/1471-2105-10-48
https://doi.org/10.1093/nar/gkae1113
https://doi.org/10.1073/pnas.88.14.6038
https://doi.org/10.1007/BF00317063
https://doi.org/10.1038/nprot.2008.211
https://doi.org/10.1128/EC.00151-07
https://doi.org/10.1128/EC.00387-08
https://doi.org/10.1111/j.1462-5822.2010.01479.x
https://doi.org/10.1016/j.phytochem.2014.02.014
https://doi.org/10.3390/jof7020083
https://doi.org/10.1016/j.plipres.2011.07.002
https://doi.org/10.1007/s11274-018-2440-9
https://doi.org/10.3390/genes11070795
https://doi.org/10.1016/j.cels.2017.11.012
https://doi.org/10.1093/nar/gkt948
https://doi.org/10.1083/jcb.200606054
https://doi.org/10.1371/journal.pbio.0020079
https://doi.org/10.1093/emboj/19.23.6602
https://doi.org/10.1371/journal.ppat.1011583
https://doi.org/10.1038/s41467-024-48029-2
https://doi.org/10.1002/jbt.22004
https://doi.org/10.1007/s41348-021-00451-0
https://doi.org/10.4172/pharmaceutical-sciences.1000497
https://doi.org/10.1016/j.fbio.2023.102414
https://doi.org/10.1023/A:1023205522032
https://doi.org/10.1007/s10658-024-02830-3
https://doi.org/10.1186/s13059-014-0554-4
https://doi.org/10.1128/mbio.01909-25

Research Article

91.

92.

Month XXXX Volume 0

accessible, reproducible, and collaborative data analyses: 2024 update.
Nucleic Acids Res 52:W83-W94. https://doi.org/10.1093/nar/gkae410
Demichev V, Messner CB, Vernardis S, Lilley KS, Ralser M. 2020. DIA-NN:
neural networks and interference correction enable deep proteome
coverage in high throughput. Nat Methods 17:41-44. https://doi.org/10.
1038/541592-019-0638-x

Messner CB, Demichev V, Bloomfield N, Yu JSL, White M, Kreidl M, Egger
AS, Freiwald A, Ivosev G, Wasim F, Zelezniak A, Jirgens L, Suttorp N,
Sander LE, Kurth F, Lilley KS, Milleder M, Tate S, Ralser M. 2021. Ultra-fast
proteomics with scanning SWATH. Nat Biotechnol 39:846-854. https://d
0i.0org/10.1038/s41587-021-00860-4

Issue 0

93.

94.

95.

mBio

Tyanova S, Temu T, Sinitcyn P, Carlson A, Hein MY, Geiger T, Mann M, Cox
J. 2016. The Perseus computational platform for comprehensive analysis
of (prote)omics data. Nat Methods 13:731-740. https://doi.org/10.1038/
nmeth.3901

Levi O, Arava Y. 2020. Expanding the CRISPR/Cas9 toolbox for gene
engineering in S. cerevisiae. Curr Microbiol 77:468-478. https://doi.org/1
0.1007/500284-019-01851-0

Levi O, Mallik M, Arava YS. 2023. ThrRS-mediated translation regulation
of the rna polymerase iii subunit RPC10 occurs through an element with
similarity to cognate tRNA ASL and affects tRNA levels. Genes (Basel)
14:462. https://doi.org/10.3390/genes14020462

10.1128/mbio.01909-25 22

Downloaded from https://journals.asm.org/journal/mbio on 27 August 2025 by 199.203.169.25.


https://doi.org/10.1093/nar/gkae410
https://doi.org/10.1038/s41592-019-0638-x
https://doi.org/10.1038/s41587-021-00860-4
https://doi.org/10.1038/nmeth.3901
https://doi.org/10.1007/s00284-019-01851-0
https://doi.org/10.3390/genes14020462
https://doi.org/10.1128/mbio.01909-25

	Genome-wide CRISPRi screen and proteomic profiling identify key genes related to ferulic acid’s antifungal activity
	RESULTS
	A comprehensive genome-wide CRISPRi analysis of ferulic acid treatment
	Examining the impact of ferulic acid on the ergosterol biosynthesis pathway
	Proteomic profiling of Cochliobolus heterostrophus reveals molecular adaptations to ferulic acid
	Evaluation of synergistic antifungal effects of ferulic acid and fluconazole against Candida albicans and Candida parapsilosis
	In planta fungicidal efficacy of ferulic acid against the maize pathogen Cochliobolus heterostrophus

	DISCUSSION
	Mechanistic insights from CRISPRi screening
	Ergosterol biosynthesis pathway and FA resistance
	Ferulic acid synergy with fluconazole
	In planta antifungal efficacy of ferulic acid
	Conclusions

	MATERIALS AND METHODS
	Strains, growth conditions, and plasmids
	S. cerevisiae transformation
	Next-generation sequencing and data analysis
	Reverse transcription-quantitative polymerase chain reaction
	Sample preparation and mass spectrometry
	BLAST-based functional homology mapping
	CRISPR/Cas9-mediated recombination and random mutagenesis
	Antifungal susceptibility assay
	Checkerboard assay
	In Planta antifungal efficacy of ferulic acid in maize
	Confocal fluorescence microscopy



