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Abstract
Redox-active molecules can function as potent redox-cyclers in fungi that contribute to the
disruption of cellular redox homeostasis. Using Saccharomyces cerevisiae as a screening tool,
we determined how the redox-active 2-hydroxy-4-methoxybenzaldehyde (2H4M) compound
negatively affected both the antioxidant and cell wall integrity systems of fungi, indicating a
crosstalk between the two systems under 2H4M-induced stress. The crosstalk contributes to
the fungal defense against redox-active molecules, suggesting that it could be an effective
target for antifungal treatment.

The redox-active polyene drug natamycin has also been used in food and crops for
control of foodborne- and agricultural fungal pathogens. Studies indicated that invasive
fungal infections in humans by Candida, Aspergillus and other species, could be acquired
from contaminated food or nutritional supplements. Because such additive/fungicides might
trigger the emergence of human pathogens that are cross-resistant to multiple polyenes
(amphotericin B, nystatin, natamycin) via the food source, we examined the antifungal
efficacy of natamycin against mycotoxin-producing, heat-resistant and invasive fungi. We
observed differential susceptibility of the test strains to natamycin at both high and low
acidic pH values. Our data provide information that could improve the safe and effective use
of natamycin as an antifungal agent, thus enhancing food safety and public health.

Keywords: 2-Hydroxy-4-methoxybenzaldehyde; Fungal pathogens; Polyenes; Redox
molecules; Stress signaling
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Introduction
• One of the antifungal mechanisms of certain drugs involves oxidative stress response in

fungal pathogens, which further contributes to the death of target fungi. Therefore,
these types of drugs have been defined as oxidative stress drugs. Examples include
polyenes such as amphotericin B (AMB) or nystatin. While AMB is known as a fungicidal
drug which causes ion leakage, studies reported that ergosterol binding and pore
formation in the fungal membrane was not the sole mechanism of AMB activity
(Palacios et al., 2007). Instead, oxidative stress triggered by AMB could be one of the
contributing mechanisms for AMB fungicidality.

• Redox-active molecules possessing both antioxidant and prooxidant potential, such as
benzaldehyde analogs or sulfur-containing compounds, can be potent redox-cyclers in
fungi and inhibit fungal growth by interfering with cellular redox homeostasis or the
function of redox-sensitive components (Guillen and Evans, 1994; Jacob, 2006).

• For example, the natural phenolic compound gentisic acid has antioxidant or fungicidal
activity, which is dependent on the levels of dose of the molecule applied and also
whether chemically induced oxidative stress is present. Data showed that lower doses
of gentisic acid relieved oxidative stress, while higher doses of gentisic acid has
antifungal activity when cells are not under oxidative stress, through disruption of
cellular redox homeostasis (Next page).
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Natural Redox Molecules As Antifungal Alternatives: 
Prevention of Drug Resistance

q Background: Natural redox molecules possess both antioxidant and prooxidant activity
• Gentisic acid (2,5-Dihydroxybenzoic acid); aspirin metabolite
• Wild type, sod2D (mitochondrial superoxide dismutase mutant)
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• Lower doses of gentisic acid relieved oxidative stress (H2O2)

• Higher doses of gentisic acid has antifungal activity when cells are not under 
oxidative stress, through disruption of cellular redox homeostasis
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• Recently, the redox-modulatory anti-protozoal drug chloroquine (CQ) has shown to
trigger the crosstalk between the antioxidant and cell wall integrity systems in the
model fungus Saccharomyces cerevisiae (Baranwal et al., 2014). The CQ-induced stress
was transmitted to both HOG1 (antioxidant) and SLT2 (cell wall integrity) signaling
systems, namely, Mitogen-Activated Protein Kinase (MAPK) pathways (Saccharomyces
Genome Database, 2020).

• CQ inhibited S. cerevisiae growth in a dosage-dependent manner, where the
phosphorylated HOG1 MAPK enzyme translocated (from the cytosol) to the nucleus to
activate glycerol synthesis. The SLT2 MAPK system was then activated to regulate the
cell wall damage-induced defense responses (Baranwal et al., 2014).

• We previously identified the natural product 2-hydroxy-4-methoxybenzaldehyde
(2H4M) that targets cell wall integrity system of fungi (Kim et al., 2015). Fungi treated
with 2H4M exhibited acute growth inhibition, while the sensitivity was alleviated by
sorbitol. 2H4M should also serve as a potent redox-cycler in fungal pathogens by
disrupting redox homeostasis and/or redox-sensitive structures.

• The crosstalk between the HOG and cell wall integrity systems has been documented
further in: (a) Candida albicans where both HOG and Cek1 (cell wall construction)
pathways were necessary to counteract the osmotic stress (Herrero-de-Dios et al.,
2014), (Next page)
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• (b) Pyrenophora graminea (phytopathogen) for which the pgpbs, a HOG pathway
MAPK kinase (MAPKK) gene, was required for both osmotic stress and cell wall
integrity response (Liang et al., 2019), and (c) Aspergillus fumigatus for which both
SakA and MpkC (oxidative stress MAPKs) are necessary for the phosphorylation of
MpkA (cell wall integrity MAPK) during cell wall damage; under the cell wall stress,
SakA physically interacts with the MpkA (Mattos et al., 2020).

• One Health approach acknowledges that human, animal and environmental health
are closely linked (Hernando-Amado et al., 2019). Studies indicated that invasive
fungal infections in humans by Candida, Aspergillus and other species, could be
acquired from contaminated food or nutritional supplements. Natamycin, the only
US FDA-approved drug for curing ophthalmic fungal infections, is also used in the
food and agricultural industries for the prevention of foodborne- or environmental
fungal pathogens.

• The drug efficacy and/or pathogen susceptibility to drugs are often dependent on pH
conditions, such as treatment of vaginal C. albicans (Chaillot et al., 2017). Therefore,
determining the efficacy of the polyene drug natamycin in high and low acidic pH
values mimicking food matrices is necessary for effective control of foodborne- or
environmental fungi.
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q Example: A. fumigatus azole resistance involves TR34/L98H mutations in CYP51A
• AZOLE DRUGS inhibit CYP51A, a cytochrome P450 enzyme involved in fungal membrane

biosynthesis
• CYP51A TR34/L98H mutations: Identified first in > 90% of azole resistant A. fumigatus in European

countries, subsequently in the United States (CDC 2018)
TR34/L98H: two mutations, a 34-bp insertion in the CYP51A gene promoter region & Leu to His substitution at the codon 98 of CYP51A gene

• AZOLE FUNGICIDES: MoA similar to azole drugs; environmental selection pressure for A. fumigatus
pan-azole resistance

• More than 25% of total fungicide sales are azoles

Development of A. fumigatus azole resistance 

Long-term exposure to clinical azole 
drugs

Long-term application of azole 
fungicides

CDC

Voriconazole
(Drug)

Tebuconazoel
(Fungicide)

One health:
Human, animal & environmental health are closely linked
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Results and Discussion

• The compound-induced yeast gene deletion bioassays use heterozygous gene deletion
mutants of S. cerevisiae that are susceptible to a particular compound, thus identifies both
the candidate compound and its possible gene targets (Giaever et al., 1999).

• Agar plate S. cerevisiae dilution bioassay: wild type (BY4741 MAT a his3Δ1 leu2Δ0 met15Δ0
ura3Δ0), 25 mutants (Gene description, next page) to assess effects of the most potent
benzaldehydes targeting the cell wall integrity system with a structure–activity relationship
(Kim et al., 2015); 0.5 to 7.0 mM benzaldehydes.

• The level of yeast growth (5 to 7 days of incubation):
Score ‘0ʹ—no colonies were visible from any of the dilutions,
Score ‘1ʹ—only a colony from the spot with the undiluted cells (106 cells),
Score ‘2ʹ only colonies from the spots with the undiluted (106) and 105 cells were
visible, etc., whereas
Score ‘6ʹ—colonies were visible from all dilution spots.

• Therefore, each unit (1 to 6) of numerical difference was equivalent to a 10-fold difference
in the sensitivity of the yeast strain to the benzaldehydes applied. Results showed the
differential susceptibility of yeast strains at the representative concentrations enough to
detect the distinctive susceptibilities of the mutants. (Next page)

2-Hydroxy-4-methoxybenzaldehyde (2H4M)
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Gene or Open 
Reading Frame

Protein

GLYCOGEN    
METABOLISM
GPH1 a Glycogen phosphorylase

GDB1 a Glycogen debranching 
enzyme

UGP1 a UDP-glucose 
pyrophosphorylase (UGPase)

YHL012W Paralog of UGP1
PGM2 a Phosphoglucomutase 

(Paralog of PGM1)
PGM1 Phosphoglucomutase
C6
METABOLISM
YDR516C a Early Meiotic Induction 2 

(EMI2)

HXK2 a Hexokinase 2
HXK1 Hexokinase 1
GLK1 Glucokinase
PGI1 Phosphoglucose isomerase

TREHALOSE 
METABOLISM
TPS3 a Trehalose-6-phosphate 

synthase/phosphatase 
regulatory subunit 

TPS1 a Trehalose-6-P 
synthase/phosphatase 
complex synthase subunit

TPS2 a Trehalose-6-P 
synthase/phosphatase 
complex phosphatase 
subunit

NTH2 a Neutral trehalase

ATH1 a Acid trehalase

NTH1 a Neutral trehalase

GLUCOSAMINE 
METABOLISM
GFA1 Glutamine:Fructose-6-

phosphate amidotransferase

GNA1 Glucosamine-6-phosphate 
acetyltransferase

PCM1 Phosphoacetylglucosamine 
mutase 

QRI1 a UDP-N-acetylglucosamine 
pyrophosphorylase

CHITIN 
BIOSYNTHESIS
CHS5 Chitin synthase-related 
CHS1 Chitin synthase I
CHS3 Chitin synthase-related

CHS2 Chitin synthase

Characteristics of sugar metabolism genes examined in this study
(Saccharomyces Genome Database)

a Stress-regulated genes.
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Sensitive Response of Cell Wall Integrity System Mutants to 2-Hydroxy-4-
methoxybenzaldehyde (2H4M) 

bck1D, MAPK kinase kinase (MAPKKK); slt2D, MAPK; gph1D, tps1D, hxk2D; See slide 10

2-Hydroxy-4-methoxybenzaldehyde (mM)

Sensitive
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Table 1. Sensitive responses of the cell wall integrity/sugar metabolism mutants to six 
benzaldehydes determined at the representative concentrations. a
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Sensitive Response of Cytosolic Superoxide Dismutase Mutant to 2H4M

sod1D, cytosolic superoxide dismutase; sod2D, mitochondrial superoxide dismutase; 
glr1D, glutathione reductase; yap1D, redox-responsive transcription factor

Sensitive
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• While the redox-active 2H4M could directly disrupt the fungal cell wall components, the
prooxidant characteristic of 2H4M also induces cellular oxidative stress, for which
cytosolic superoxide dismutase (SOD1) plays an important role for fungal defense by
scavenging the cytosolic superoxide radicals.

• Fungal mutants lacking key genes in these systems, such as antioxidant and cell wall
integrity MAPK mutants, are highly susceptible to 2H4M. Crosstalk between the
antioxidant and cell wall integrity MAPK systems: The two MAPK systems are positively
coordinated to counteract various stresses in S. cerevisiae (Rodriguez-Pena et al., 2010).

• For instance, the sequential activation of the HOG and cell wall integrity pathways has
been determined during the yeast adaptation to zymolyase-treated cell wall stress. This
cell wall-degrading enzyme activates both HOG1 and SLT2 MAPKs. The increased
phosphorylation in SLT2 was through the ‘transmembrane osmo-sensor’ branch of the
HOG1 MAPK pathway, which also required the upstream essential components of the cell
wall integrity pathway such as MAPK kinase (MAPKK), MAPKK kinase (MAPKKK), protein
kinase C1, etc. (Rodriguez-Pena et al., 2010).

2H4M: Mechanisms of Action
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Promotion of One Health Using Natural Redox Molecules as Fungicide Alternatives: 
Prevention of the Development of Azole Resistance of Human Fungal Pathogens in the Environment  

q Redox molecule BA-2 as a heat-sensitizer
• Co-application of BA-2 & mild heat achieved complete inhibition of fungal growth on the surface of cabbage seeds

(Brassica rapa Pekinensis) inoculated with A. flavus 3357
• Potential alternatives to the seed sanitizing fungicides azoles, Thiram, etc.

q Redox molecule BA-1 as an antifungal & herbicide alternatives; fumigant activity
• BA-1 possesses both fungicidal & herbicidal characteristics; can lower pesticide burden in the crop fields
• Potential usage during early season soil solarization for both fungal pathogen & weed control

q Redox molecule BA-3 for overcoming fungicide resistance
• BA-3 prevents the development of fludioxonil resistance of stress signaling mutants (such as MAPK mutants) when co-applied
• BA-3 modulates the susceptibility of fungal antioxidant system to the co-treatment

No BA-1     BA-1 (1.6 M)

No germinationGermination

Matrix
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0.0              3.0
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No      Fludioxonil    Fludioxonil +          
treatment    50 uM BA-3, 6 mM

Wild type

* MAPK
mutant

SensitiveResistant

Overcoming
fungicide 
resistance

* MAPK: Mitogen-Activated Protein Kinase

BA-3

Aspergillus sp.
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Results and Discussion
Natamycin (NAT)

• Natamycin (polyene drug) binds to ergosterol in fungal cell membrane, which inhibits
cellular activity including membrane fusion, fission processes, endocytosis, plasma
protein complexes (Lakhani et al., 2019).

• We evaluated the usage of natamycin, the only US FDA-approved drug for curing
ophthalmic fungal infections, also in the food and agricultural industries for the
prevention of foodborne- or environmental fungal contaminations.

• In the human pathogen A. fumigatus, the antifungal activity of natamycin was higher at
pH 5.6 (low acidity) than at pH 3.5 (high acidity) (Figure 3).

• Whereas, natamycin showed higher antimycotic activity at pH 3.5 (high acidity) when
compared to that observed at pH 5.6 (low acidity) in the foodborne fungal contaminants,
thus showing opposite trends to that determined in A. fumigatus (Figure 3).
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Utility of natamycin in food and agricultural industries for control of fungi
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Figure 3. Antifungal activity of natamycin is higher at pH 5.6 (low acidity) than at pH 3.5 (high
acidity) in the human pathogen A. fumigatus. However, natamycin showed higher antimycotic
activity at pH 3.5 when compared to that observed at pH 5.6 in the foodborne fungi such as A.
flavus, A. parasiticus and N. fischeri, thus showing opposite trends compared to that
determined in A. fumigatus.
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Screening natural, redox molecules for rapid elimination of invasive fungal 
pathogens, such as A. fumigatus, from food sources, thus promoting ‘One Health’

Commercial food matrices:
e.g., organic fruit juices

(pH 3.0 – 3.5)
Redox-active molecules

+
Fungi (Aspergillus, Penicillium, Neosartorya)

Compound screening

REDOX-1

2.5 hrs

Other compounds or
commercial fungicides screened

> 24 hrs

Hours required to achieve > 99.9% fungal death

Effective candidate
compound Less effective

IN PROGRESS:
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• Redox-active natural compounds, such as 2H4M, could serve as potent antifungal
candidates where targeting cellular antioxidant and cell wall integrity systems is the
proposed mechanism of action.

• The cytosolic oxidative stress signals, such as superoxide radicals (O2
−), triggered by 2H4M

are transmitted to activate the cell wall integrity pathway (via MAPK system), which then
contributes to the maintenance of cell wall integrity.

• The crosstalk functions as a fungal defense against redox-active drugs/compounds or
environmental stressors, thus could be an effective target for antifungal treatment.

• The oxidative stress drug natamycin showed promise for preserving foods by targeting the
antioxidant system of fungal pathogens or contaminants.

• Differential susceptibility of fungi to natamycin was observed, where lower antifungal
potency of natamycin was determined in the invasive pathogen A. fumigatus at the low
acidic condition (which mimics commercial food matrices).

• The Redox-1, a redox-active molecule from compound screening could achieve rapid
elimination of fungi; showing higher activity at lower pH. Identification of industry
application which can promote One Health is currently underway.
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