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Revealing Antifungal Activity of Plant-Derived Compounds and Resistance Mechanisms of Key Antifungal Drugs Using Genome-wide CRISPRi Screen

Abstract
Fungal pathogens pose significant threats to agriculture and human health, necessitating the development of effective and eco-friendly antifungal strategies. This research proposal aims to investigate the antifungal properties of plant-derived phenolic compounds using a genome-wide CRISPR interference (CRISPRi) screen. By identifying genes linked to antifungal resistance and characterizing fungal responses to these compounds, we aim to uncover the genetic basis of resistance to widely used antifungal drugs. Our approach involves constructing an extensive CRISPRi library targeting all S. cerevisiae genes and employing high-throughput screening to reveal resistance mechanisms.
The primary objectives are to: (1) Identifying plant-derived antifungal agents, (2) Develop an unbiased genome-wide screen of genes linked to antifungal resistance, (3) Characterize fungal responses to plant-derived antifungal compounds, (4) Understanding the genetic and molecular basis of antifungal resistance to the most used antifungal drugs, (5) Enhance drug synergy for an expanded antifungal toolkit , (6) In-Vivo fungicidal efficacy of Plant-derived-compounds against plan pathogens. 
This study will advance our understanding of antifungal resistance mechanisms and contribute to the development of eco-friendly antifungal therapies. By analyzing gene expression changes and pathway disruptions caused by these compounds, we aim to provide a comprehensive understanding of their modes of action.
The significance of this research lies in its potential to improve treatment strategies in agricultural and clinical settings, promoting sustainable practices and enhancing human health. Ultimately, this study aims to pave the way for novel antifungal agents and drug synergy that are both effective and environmentally responsible.
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Research Program
a. Scientific background
The fungal kingdom comprises over 99,000 identified species, encompassing molds, yeasts, mushrooms, and polypores [1,2]. Despite their vast diversity, only a select few hundred fungal species 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 species, such as Magnaporthe oryzae, Botrytis cinerea, Puccinia spp., Fusarium spp., Blumeria graminis, Mycosphaerella graminicola, and Colletotrichum spp., can lead to significant crop losses of 10-20% annually [6]. To address this issue, agricultural fungicides and clinical antifungal drugs have been widely used to combat fungal pathogens [7]. 
Clinical antifungal therapy primarily relies on 4 drug classes: polyenes, azoles, echinocandins and the pyrimidine analogue 5-flucytosine [8]. 
Azoles inhibit the lanosterol 14-α-demethylase enzyme (ERG11), causing ergosterol depletion and toxic intermediate accumulation, which impairs fungal growth and division [9–11]. Resistance arises from modifications in the ergosterol pathway, including point mutations in ERG11 and overexpression of target enzymes [12–14], as well as drug expulsion from the cell through overexpression of Multidrug transporter of ABC superfamily [15–19].
Polyenes interact with ergosterol, altering membrane permeability and forming ion-leaking pores, which disrupts essential cellular processes [20–24]. Resistance often involves mutations in ergosterol biosynthesis genes, altering the sterol composition of the fungal cell membrane [25–28]. Chaperones like Hsp70 and Hsp90, along with catalase, have been linked to polyene resistance, possibly by stabilizing mutated cell regulators and mitigating oxidative damage [26,29–31]
Echinocandins target 1,3-β-D-glucan synthase, reducing cell wall synthesis and effectively treating invasive candidiasis, particularly azole-resistant Candida spp. [32]. Resistance typically involves mutations in FKS1 gene, leading to reduced susceptibility and cross-resistance among echinocandins [33,34]. Certain Candida spp. have natural polymorphisms in FKS genes, resulting in higher minimum inhibitory concentrations (MICs) to echinocandins [35,36]. Echinocandins can still inhibit glucan synthase in some resistant strains at therapeutic levels, suggesting sequential treatment with azoles may be beneficial based on susceptibility results [37].
The extensive use of these antifungal drugs is recognized as a major cause of worldwide antifungal resistance [38–42]. Therefore, further comprehensive research efforts addressing Fungi's genetic and gene expression regulation mechanisms that facilitate antifungal resistance will contribute to improved treatments and patient prognosis.
Likewise, agricultural fungicides have been widely used to combat fungal pathogens and improve crop yield and quality [7]. Nevertheless, the use of antifungal agents in agriculture raises potential threats to human health and the environment, with reported adverse effects on endocrine, immunological, neurological, and carcinogenic systems [43]. Importantly, Azole fungicides, widely employed in agriculture, may contribute to the emergence of azole-resistant strains, posing risks to both plant and human health [44–47]. Thus, developing environmentally friendly antifungal agents is a critical goal. 
Plant extracts are studied for their fungicidal potential [48,49]. Many studies employed direct-contact assays and tested these compounds on various plants like corn, wheat, soybean, chickpea, pistachio, peanut, and rice [50–55]. Notably, these antifungal agents, often phenolic acids, terpenes, or terpenoids, exhibit remarkable diversity [56,57]. 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. Certain phenolic compounds have demonstrated the ability to trigger apoptotic pathways in Candida, thereby exerting their antifungal effects [58]. 
In filamentous fungi, the impact of phenolic acids on fungal development and mycotoxin production has been examined in other genera. In Aspergillus species, for instance, a concentration of 1 mM Ferulic acid (FA) inhibits growth by 30% and reduces aflatoxin production by 50% [59]. 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, 2-isopropyl-5-methylphenol, led to a 50% to 70% inhibition of growth [60].
FA, a common phenolic acid compound in plants, exhibits significant antibacterial effects [61,62]. Furthermore, FA demonstrates antifungal properties. FA exhibits potent antifungal activity against F. graminearum radial growth compared to other prevalent phenolic acids in cereals [63,64]. Moreover, FA is a major component of maize seed pericarp extract, which suppresses F. verticillioides growth and fumonisin B1 accumulation [65]. FA's potential applications in food safety, particularly in controlling Fusarium infections in fruits and cereal grains, have attracted considerable attention [66,67]. Moreover, Canturk Z. et. al, demonstrated a notable synergy between FA and Caspofungin against C. albicans, suggesting that these combined treatments could offer a promising new approach to managing Candida infections[68]. However, the precise inhibitory mechanism of FA remains unknown.
Exploring the genetic and molecular mechanisms behind the antifungal properties of plant-derived compounds is crucial for developing effective strategies to combat pathogenic fungi. This research proposal focuses on genome-wide CRISPRi-based characterization of Plant-derived compounds as antifungal agents that can target fungi that developed resistance to synthetic antifungal drugs in Saccharomyces cerevisiae (S. cerevisiae), a model organism for fungal research.
Although S. cerevisiae is not pathogenic, studying antifungal resistance mechanisms in this model organism can provide valuable insights applicable to pathogenic fungi. The CRISPRi system enables genome-wide unbiased investigation of genetic factors and molecular pathways involved in antifungal resistance at a molecular level.
The proposed research aims to address existing limitations in understanding the comprehensive genetic factors and molecular pathways of Plant-derived compounds as antifungal agents in an unbiased manner. By employing a genome-wide CRISPRi-based approach, this study offers high-throughput screening and selective gene inhibition, providing a comprehensive understanding of Plant-derived compounds as antifungal agent's mode of action and antifungal resistance. By elucidating these mechanisms, valuable insights can be gained, enabling the development of effective strategies to combat antifungal resistance in both agricultural and clinical settings.


b. Research aims and significance
This research proposal is designed with six primary objectives. 
1. Identifying Plant-Derived Antifungal Agents
2. Developed an unbiased genome-wide screening of genes linked to antifungal resistance.
3. Characterization of fungal response to Plant-derived antifungal compounds.
4. Understanding the Genetic and Molecular Basis of Antifungal Resistance to the Most Used Antifungal Drugs.
5. Enhancing Drug Synergy for an Expanded Antifungal Toolkit.
6. In-Vivo Fungicidal Efficacy of Plant-derived-compounds Against plan Pathogens
This research proposal holds profound significance in advancing our understanding of antifungal resistance and molecular pathways in response to antifungal agents, with a particular emphasis on plant-derived phenolic compounds as environmentally friendly antifungal agents. Through an unbiased screening of genes linked to antifungal resistance and plant-based antifungal compounds. This study has the potential to unveil novel insights into Plant-derived compounds as antifungal agents and, moreover, reviling unknown antifungal drugs resistance mechanisms. Furthermore, the findings may pave the way for the development of new antifungal agent combinations targeting the resistance pathway, including those based on plant-derived compounds. This research holds immense potential for improving treatment strategies in clinics and agriculture and food production, contributing to fungal biology, and promoting environmental responsibility.
c. Detailed experimental plan (with preliminary data):
1) Identifying Plant-Derived Antifungal Agents
Our goal is to identify and characterize plant-derived compounds with potent and environmentally friendly antifungal properties. In the last few decades, numerous studies have identified plant extract with antifungal properties (Table 1).
Table 1: Efficacy of Plant Extracts and Essential Oils Against Various Fungal Species
	Plant Species (Part Used)
	Fungi Species
	Application method
	References

	Neem (Azadirachta indica) (Leaves, Seeds)
	Colletotrichum musae, Botryodiplodia theobromae, Pestalotiopsis theae, Fusarium oxysporum f. sp. lycopersici, Colletotrichum gloeosporioides, Alternaria solani, Candida spp., Pythium spp., Rhizopus stolonifer
	Plant Extract
	[69–75]
	Cinnamon (Cinnamomum verum) (Bark)
	Candida spp., Aspergillus flavus, Trametes versicolor, Lenzites betulina, Laetiporus sulphureus, Rhizopus nigricans, Aspergillus flavus, Penicillium expansum, Aspergillus niger
	Essential Oil
	[76–80]
	Clove (Syzygium aromaticum) (Buds)
	Candida spp., Aspergillus fumigatus, Trichophyton rubrum
	Essential Oil
	[81–83]
	Thyme (Thymus vulgaris) (Leaves)
	Fusarium oxysporum, Pythium aphanidermatum, Rhizoctonia solani (, Aspergillus spp., Candida spp., dermatophyte, Rhizopus oryzae 
	Plant Extract & Essential Oil
	[84–89]

We will use a comprehensive approach that combines purification techniques, high-throughput screening, and mechanistic studies. First, we use AXXSense Compound collections, a proprietary collection of approximately 100,000 individual test samples, consisting of 11,500 pure natural compounds (NatPure), 63,000 purified fractions (PreFrac), and 21,200 pre-purified extracts (Advanced Extracts) (https://axxsense.com/compound-collections/). We will use Plant sub-library with approximately 3,200 extracts, derived from nearly 3,100 individual plants. These plant extract libraries will undergo high-throughput screening using plate reader (Synergy H1 Microplate Reader) to measure antifungal activity against Candida albicans (strain SC5314) and Cochliobolus heterostrophus (race T strain C4)[image: תמונה שמכילה טקסט, צילום מסך, תרשים, תצוגה  התיאור נוצר באופן אוטומטי]
Figure 1: Fungi response to Plant-derived compounds. 
High-throughput plate reader assays measure antifungal activity against Saccharomyces cerevisiae, Candida albicans, and Cochliobolus heterostrophus. Absorbance determines IC50 and MIC to identify effective antifungal agents.




Second, promising crude plant extracts will purify using CombiFlash chromatography, ensuring the isolation of high-purity bioactive compounds. These purified compounds will then undergo high-throughput screening using plate reader to measure their antifungal activity (Figure 1).
In vitro, antifungal assays, including broth microdilution and agar diffusion, will be conducted on Candida albicans and Cochliobolus heterostrophus. These assays will establish minimum inhibitory concentrations (MICs) and assess the potency of each compound. To elucidate the mechanisms of action, CRISPRi screens, RNA-Seq and qRT-PCR will provide insights into gene expression changes and pathway disruptions caused by each compound.
2) Development of an unbiased genome-wide screen of genes linked to antifungal resistance
To design a genome-wide screening approach to uncover genes correlated with resistance to plant-derived compounds, we constructed a comprehensive CRISPRi library. 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 [90,91]. Upon induction with ATc of gRNA expression, this CRIPSRi 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. This library covers a broad range of genetic targets, allowing high-throughput screening of gene function in response to Plant-derived compounds and antifungal drugs. By subjecting pooled populations of cells containing the CRISPRi library to antifungal agent treatment, we can monitor the abundance of each gRNA during competitive growth (Figure 2). 
The depletion or enrichment of specific gRNAs will serve as indicators of essential genes or genes that interact with the antifungal agent, respectively, unveiling the molecular pathways associated with response to plant-derived compounds that promote antifungal resistance. [bookmark: _Hlk171254318][image: ]
Figure 2: Schematic of CRISPRi library competitive growth experiment. Cells expressing the dCas9-Mxi and gRNA expression plasmids are competitive growth with or without antifungal agents. Upon guide induction, dCas9-Mxi binds target gene promoters and reduces transcription.


3) Characterization of fungal response to Plant-derived antifungal compounds.
Plant-derived antifungal compounds identified in Aim 1 will be further characterized using CRISPRi screening to elucidate their molecular mechanisms of action and potential resistance pathways. For example, we have characterized the molecular mechanism of Ferulic Acid (FA) and its potential role in antifungal resistance.
[bookmark: _Hlk166151661]First, we validated the response of yeast to FA by measuring yeast growth under increasing FA concentrations. The results showed a significant reduction in yeast growth rate as FA concentration increased, indicating similar sensitivity to FA as observed in Filamentous fungi. For conducting a genome-wide assessment of FA resistance, we exposed 6 million cells harboring the CRISPRi library to a competitive growth assay in SC-His with ATc (250 ng/ml) supplemented with 2.5 mM FA, alongside a DMSO control. Each culture reached a stationary phase (O.D ~8) and underwent three rounds of dilution to selectively enrich FA-resistant strains. Plasmids were extracted from three independent biological replicates for each condition (2.5 mM FA, DMSO, and Initial library), and amplicon sequencing libraries for each sample were generated by PCR using 100 ng of plasmid as a template. The construction of amplicon libraries followed the Illumina 16S Metagenomic Sequencing Library Preparation protocol, and sequencing was performed using the Illumina NextSeq2000 platform (P2 100 cycles). Data analysis was carried out using the MAGeCK pipeline [92]. 
Overall, 22,881 gRNAs were mapped in all 3 CRISPRi initial library biological repeats, with an average of 4.29 gRNAs per gene. A high correlation is apparent between all 3 FA-treated samples. Thus, the CRISPRi screen is reproducible, attested by the high correlation between biological repeats, and highly specific, apparent from the low correlation with the DMSO control and initial library samples (Figure 3A). [image: תמונה שמכילה טקסט, תרשים, צילום מסך, תוכנית  התיאור נוצר באופן אוטומטי]
Figure 3: CRISPRi-seq library: (A) Correlation matrix illustrating the relationship between different parameters. The color bar represents the Pearson correlation coefficient. (B) Volcano plot showing differential gRNA abundance in FA-treated versus DMSO control samples. Genes were considered significantly enriched with a fold-change <-2 or >2 and p-value <0.05. (C) Top-ranked genes sensitive to FA treatment. The top 10 genes with the highest Robust Rank Aggregation (RRA) scores in negative selection. (D) Top-ranked genes contributing to FA resistance. The top 10 genes with the highest RRA scores in positive selection. (E) Gene Ontology (GO) term enrichment analysis of the depleted genes, highlighting biological processes regulation that are crucial for FA resistance.



[bookmark: _Hlk159493473]Overall, 344 gRNA silencing 194 genes appeared significantly depleted and 12 genes appeared enriched upon FA treatment (Fold-change >2, p-value <0.05) (Figure 3 B). 
Functional Gene Ontology (GO) term enrichment analysis (using Gorilla [93]) among the 194 genes that 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 metabolic process (GO:0051254) (Figure 3 E). This suggests that these genes are important to the cellular response to FA.
Examining the Impact of Ferulic acid on Ergosterol Biosynthesis Pathway
[bookmark: _Hlk167627095]The genome-wide CRISPRi screen conducted to identify genes involved in the response to FA revealed significant insights into the ergosterol biosynthesis pathway (Figure 4A). A top-ranked gRNA that increases FA resistance is ERG9 (log2 Fold-change= 8.6936, p-value = 5.61E-05) (Figure 3 B, D). This suggests that ERG9 silencing can increase FA resistance. ERG9 is a farnesyl-diphosphate farnesyl transferase, that catalyzes the synthesis of squalene by linking two farnesyl pyrophosphate molecules in the sterol biosynthesis pathway [94,95]. Other genes in the pathway, such as ERG25 showed significant depletion, highlighting its necessity for coping with FA-induced stress (Figure 4A). The significant changes in ERG9 and ERG25 suggest that these genes play crucial roles in the cell's ability to manage FA treatment.
Initially, we confirmed ERG9 silencing through RT-qPCR, revealing a notable 77% decrease in ERG9 expression (Figure 4B). Yeast growth assay, compare the FA resistance of ERG9 CRISPRi strain against Empty Vector (E.V) control, observed that silencing ERG9 conferred significantly increased resistance to FA, as indicated by higher optical density (OD 600) readings compared to the control (Figure 4C). Moreover, yeast drop assay clearly indicated that ERG9 silencing significantly enhances FA resistance (Figure 4D). 
We proposed that ERG9 silencing might modulate the expression of ergosterol biosynthesis upstream enzymes. Subsequently, we evaluated the expression levels of 9 upstream enzymes through RT-qPCR. While the expression of most ergosterol biosynthesis enzyme-encoding genes remained unaltered following ERG9 silencing, both Hmg1/2 paralogs exhibited a two-fold upregulation (Figure 4E). This suggests a potential mechanism wherein FA may inhibit Hmg1/2, a rate-limiting step in ergosterol biosynthesis.


[image: ]
Figure 3: Effect of ERG9 silencing on FA resistance and upstream enzyme expression
(A) CRISPRi results for ergosterol biosynthesis genes in S. cerevisiae. The graph shows the log2 fold change (FA-DMSO) from the MAGeCK test for all gRNAs targeting each gene. ERG9 displays the most significant change among the targeted genes. (B) RT-qPCR confirmation of ERG9 silencing. mRNAs were quantified by RT-qPCR analysis from three independent biological repeats, each with three technical repeats, normalized to ACT1 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 hours. (D) Quantitative analysis of Yeast drop assay. log2 fold change (FA-DMSO) in the ERG9 CRISPRi strain compared to the Empty Vector. Error bars represent SEM from three independent 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.


4) Understanding the Genetic and Molecular Basis of Antifungal Resistance to the Most Used Antifungal Drugs 
We will implement a series of comprehensive and detailed experimental approaches to elucidate the genetic and molecular foundations underpinning the most widely used antifungal drugs resistance (Table 2).
Table 2: Common Antifungal Drugs: Targets, Mechanisms of Action, and Resistance Mechanisms
	Drug Name
	Active Against
	Mechanism of Action
	Resistance Mechanism
	References

	Fluconazole
	Candida spp., Cryptococcus spp., Histoplasma spp., Paracoccidioides spp.
	Inhibits ergosterol synthesis by targeting lanosterol 14α-demethylase.
	Overexpression of efflux pumps (MDR1, CDR1), ERG11 mutations (F105L, Y132H, K143R), permeability barriers, reversible resistance, energy-dependent drug efflux, fluconazole sequestration by vacuoles, and defective purine-cytosine permease reducing drug uptake
	[96–104]

	Terbinafine
	Dermatophytes (Trichophyton spp.)
	Inhibits squalene epoxidase, blocking ergosterol synthesis.
	Squalene epoxidase gene mutations (Leu393Phe, Phe397Leu).
	

	Amphotericin B
	Candida spp., Aspergillus spp., Cryptococcus spp.
	Binds to ergosterol, forms pores in the fungal cell membrane.
	Altered ergosterol biosynthesis, reduced drug binding (ERG3 and ERG6 gene mutations).
	[114–117] 

	Itraconazole
	Aspergillus spp., Candida spp., Cryptococcus spp.
	Inhibits ergosterol synthesis by targeting lanosterol 14α-demethylase.
	Efflux pump overexpression, target site mutations (CYP51A mutations: G54E, M220I).
	


Firstly, by employing CRISPRi library, we will methodically dissect the mechanisms of action for antifungal drugs that are frequently utilized in clinical settings. 
To achieve high-throughput and unbiased screening, we will subject pooled populations of yeast cells containing the CRISPRi library to various antifungal drugs treatments (Table 2). By monitoring changes in the abundance of each gRNA during competitive growth, depletion or enrichment of specific gRNAs will highlight essential genes or those interacting with antifungal drugs, thus revealing molecular pathways implicated in fungicidal action and resistance.
Subsequently, candidate genes identified through the CRISPRi library screening will undergo rigorous validation. Genetic engineering using the CRISPR/Cas9 system and molecular biology tools will specifically manipulate these genes to investigate downstream mechanisms. This approach will elucidate the intricate interplay of genetic factors and molecular pathways, uncovering novel targets and strategies to overcome antifungal resistance and potentially extend these findings to fungal pathogens.
We will employ Candida spp. (C. albicans, C. glabrata, and C. parapsilosis) as models for human pathogenic fungi, and Cochliobolus heterostrophus as a model for plant pathogenic fungi. We aim to further investigate the molecular pathways revealed by our CRISPRi screen. The genetic manipulation techniques and molecular tools for these pathogenic fungi are well-established and characterized.
5) Expanding Antifungal Strategies Through Drug Synergy: Enhancing the Efficacy of Existing Antifungal Toolkit
Importantly, synergy testing will evaluate the interactions between plant-derived compounds and existing antifungal drugs using checkerboard assays and time-kill curves, identifying synergistic combinations that enhance antifungal efficacy and overcome resistance. 
For each plant-derived antifungal compound identified (Aim 1) and characterized for its molecular mechanism of action (Aim 4), we will assess its synergistic potential in combination with commonly used antifungal drugs. This evaluation will involve systematic testing to determine whether the compound enhances the efficacy of standard antifungal agents, thereby contributing to improved therapeutic strategies.
For example, our CRISPRi screen suggests that FA inhibits ergosterol biosynthesis by inhibition of HMG-CoA (Figure 3, Figure 4). This indicates a possible synergistic interaction with another antifungal agent that targets ergosterol biosynthesis. 
Hence, to assess whether ferulic FA could potentiate the antifungal activity of fluconazole, we performed strip-diffusion MIC assays with Candida albicans and Candida parapsilosis in the presence of 2.5 mM FA. The MIC of fluconazole alone for C. albicans ranged between 3 and 6 μg/mL, but when combined with FA, this MIC dramatically decreased to 0.25–0.75 μg/mL, representing an eight-fold increase in sensitivity (Figure 5A, 5B). Similarly, C. parapsilosis displayed a reduction in fluconazole MIC from 24 μg/mL to 6 μg/mL in the presence of FA (Figure 5C, 5D). These results suggest a synergistic effect between FA and fluconazole, likely related to FA's ability to disrupt ergosterol biosynthesis.
Furthermore, growth curve analyses were conducted to evaluate the response of C. albicans strains with known azole resistance strains, including overexpression of TAC1 and ERG11, to FA. Interestingly, strain overexpresses both TAC1 and ERG11 and fluconazole-resistant clinical strain exhibited significant higher growth inhibition when exposed to FA compared to WT (SC5314) or strain overexpresses only ERG11 (Figure 5 E,F). These findings underscore the potential of FA to enhance fluconazole efficacy against azole-resistant strains.

[image: ]
Figure 5: Synergistic antifungal effects of ferulic acid and fluconazole against Candida albicans and Candida parapsilosis
(A) Strip-diffusion assay showing fluconazole (E-test strip) effect on Candida albicans with 2.5 mM ferulic acid (FA) versus DMSO (control), incubated at 37°C for 48 hours. (B) Bar plot of mean fluconazole MIC against C. albicans treated with 2.5 mM FA versus DMSO, with error bars showing SEM from three biological repeats (P-value from one-tailed t-test). (C) Strip-diffusion assay for Candida parapsilosis with 2.5 mM FA versus DMSO under the same conditions as (A). (D) Bar plot of mean fluconazole MIC against C. parapsilosis treated with 2.5 mM FA versus DMSO. (E) Growth curves for wild-type C. albicans (SC5314) and azole-resistant strains (TAC1/ERG11, ERG11 overexpression, clinical strain) in DMSO, measured over 24 hours (OD600). (F) Growth curves for C. albicans strains treated with 1.5 mM FA over 48 hours, with SEM from four biological repeats.

6) [bookmark: _Hlk179275870]In-Vivo Fungicidal Efficacy of Plant-derived-compounds Against Plant Pathogens
Finally, we will assess the in-vivo fungicidal efficacy of the plant-derived compounds identified in Aim 1 using maize as a model system and Cochliobolus heterostrophus as the pathogen. This experiment is crucial to determining the practical antifungal potential of these compounds in an agriculturally relevant context.
Preliminary results with Ferulic Acid (FA) have already shown promising antifungal activity. Maize leaves were treated with FA at concentrations of 1.5, 2.5, or 5 mM dissolved in DMSO and 0.02% Triton X-100. After treatment, leaves were inoculated with C. heterostrophus spore suspension (10⁵ spores/mL). Infection developed under high humidity conditions for 24 hours, followed by ambient humidity for 48 hours.[image: ]
Figure 6: In-vivo antifungal efficacy of Ferulic Acid (FA) against Cochliobolus heterostrophus on maize leaves.
(A) Representative images of maize leaves treated with DMSO (control) and FA at concentrations of 1.5 mM, 2.5 mM, and 5 mM. Leaves were inoculated with C. heterostrophus spores, and lesion formation was assessed after 72 hours. (B) ImageJ analysis of lesion development, with lesions detected using the LabKit AI 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 mM and 5 mM resulted in a significant reduction in lesion count compared to the DMSO control (p < 0.05, Wilcoxon rank-sum test). Data are presented as median ± IQR. (D) Quantification of lesion size in arbitrary units (AU) 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.

Lesion development was analysed using ImageJ software, with lesion detection enhanced by the LabKit AI tool. The tool's classifier, trained on infected leaves, enabled precise quantification of lesion count, size, and percentage coverage (Figure 6). 
FA treatment demonstrated a clear dose-dependent reduction in both lesion count and size, with 5 mM FA showing the strongest antifungal effect (Figure 6C,D). These findings suggest that FA can inhibit both the establishment and expansion of fungal infection.
We expect that other plant-derived compounds will similarly demonstrate strong antifungal effects. Compounds that significantly reduce lesion count and size will be prioritized for further development as eco-friendly antifungal agents. This in-vivo analysis will complement the mechanistic insights from Aim 3, confirming the practical relevance of these compounds for use in sustainable agricultural practices.
d. Expected results and possible pitfalls
This project is designed to explore the antifungal activity of plant-derived phenolic compounds and uncover the molecular mechanisms of fungal resistance using advanced genome-wide CRISPRi screening. The following outlines the expected results for each objective, along with potential pitfalls and strategies to mitigate them:
Identification of Plant-Derived Antifungal Agents: The high-throughput screening will focus on the Plant sub-library, which contains approximately 3,200 extracts derived from 3,100 plant species. We anticipate identifying novel plant-derived compounds with strong antifungal activity. This will enable the discovery of environmentally sustainable antifungal agents with therapeutic potential.
Potential Pitfalls: A primary challenge could be loss of bioactivity during the purification process. Such limitations may stem from the complexity of the mixtures or instability of the active compounds. To address this, we will implement optimized extraction and purification protocols, including high-performance liquid chromatography (HPLC) and CombiFlash chromatography, to maintain the stability of bioactive compounds. 
Characterization of Fungal Responses to Antifungal Compounds: We expect that plant-derived compounds will trigger distinct molecular responses in fungal cells, particularly in pathways related to stress responses. This objective aims to elucidate the mechanisms by which fungi adapt or resist these compounds, providing a molecular understanding of their antifungal action.
Potential Pitfalls: The complexity of fungal adaptation may present difficulties, as multiple pathways could be redundantly involved in resistance, making it challenging to pinpoint specific molecular targets. Additionally, the anticipated molecular pathways might not align with observed phenotypic responses. To address these challenges, a combination of transcriptomic, proteomic, and metabolomic profiling will be employed to capture a comprehensive picture of cellular responses. Genetic validation through CRISPR-mediated knockdowns or knockouts will provide additional insights into the role of specific genes in mediating resistance or adaptation.
Genetic and Molecular Basis of Resistance to Conventional Antifungal Drugs: We aim to uncover genetic mechanisms conferring resistance to widely used antifungal drugs, such as azoles and echinocandins. By integrating plant-derived antifungal agents with conventional therapies, we expect to identify novel pathways that can overcome drug resistance.
Potential Pitfalls: The mechanisms of resistance could prove more intricate and multifactorial than anticipated, involving numerous compensatory genetic pathways. Such complexity may make it difficult to isolate individual targets for therapeutic intervention. In response, we will employ systems biology approaches to integrate data from CRISPRi screens with transcriptomic and interactomic analyses, enabling the mapping of genetic networks responsible for drug resistance. This approach will allow for a deep understanding of resistance mechanisms and identification of key regulatory nodes that may serve as novel drug targets.
Synergistic Drug Combinations: We anticipate identifying synergistic interactions between plant-derived antifungal agents and conventional antifungal drugs, enhancing the efficacy of existing treatments against resistant fungal strains. Initial data suggest that ferulic acid (FA) may potentiate the activity of fluconazole by inhibiting ergosterol biosynthesis.
Potential Pitfalls: Not all drug combinations may demonstrate synergistic effects, and in some cases, antagonism may occur. To mitigate this risk, systematic checkerboard assays and time-kill curves will be employed to rigorously quantify drug interactions, using the fractional inhibitory concentration (FIC) index to assess synergy. In cases where antagonism is observed, alternative combinations or different dosing regimens will be explored. 
Conclusion: This research employs cutting-edge genome-wide CRISPRi technology and multi-omic analyses to investigate the antifungal properties of plant-derived compounds and the mechanisms of fungal resistance. While technical challenges such as off-target effects, bioactivity loss, and complex resistance mechanisms may arise, these will be mitigated using advanced molecular and biochemical validation techniques. This project is poised to make significant contributions to both clinical and agricultural antifungal strategies, fostering the development of eco-friendly and potent antifungal therapies.

e. Available facilities
My lab is located in the Helmsley Science Building in Tel Hai College, which accommodates groups working on different aspects of molecular and cellular biology. The lab has a working space of ~?? m2 that includes all necessary equipment for standard molecular biology studies, including incubators and shaker-incubators, freezers, refrigerated and non-refrigerated centrifuges, a microscope, plate reader spectrophotometer and tissue culture hood. The shared equipment in MIGAL includes ……. 
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