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Abstract: Chalcones are a class of flavonoids possessing a variety of biological activities, including
antimicrobial, antioxidant effects and characteristics of easy coatings with other composite materials.
Therefore, chalcones and their derivatives have potential use in the control of postharvest diseases for
preservative and fresh-keeping. In this work, the effects of 2',4'-dichloro-chalcone on the in vitro growth and in
vivo pathogenicity of F. tricinctum and T. roseum were investigated. The results showed that 100 uM of 2',4'-
dichloro-chalcone strongly inhibited mycelial growth and conidial production of F. tricinctum (32.3%) and T.
roseum (65.2%) in vitro. This treatment also significantly inhibited the expansion of potato dry rot from F.
tricinctum (48.6%) and apple rot spot from T. roseum (36.2%). The incubation of F. tricinctum and T. roseum
conidia with this agent for 2 h increased their cell membrane permeability by 25% and 22.5%, respectively and
conidial membrane permeability by 41.7 and 65.4%, respectively. This treatment also significantly inhibited the
total respiration rate and activated the cyanide-resistant respiratory pathway in both pathogens. Protein
immunoblotting showed that the treatment increased alternative oxidase (AOX) levels after 4 h in F. tricinctum
and T. roseum by 52.76 and 39.13%, respectively. Conclusion: 100 uM 2',4'-dichloro-chalcone significantly
inhibited mycelial growth and spore production in F. tricinctum and T. roseum in vitro and reduced their
pathogenicity in postharvest potato and apple crops. Further analysis indicated that 2',4'-dichloro-chalcone
disrupted the integrity of cell membranes and the mitochondrial respiratory electron transport chain which
leaded to ROS burst and oxidative stress, AOXs were induced directly or indirectly, and the cyanide resistant

respiratory pathway was activated. The in vitro growth and pathogenicity of F. tricinctum and T. roseum were
inhibited.

Keywords: antifungial activity; chalcone; cyanide-resistant respiration; Fusarium tricinctum;
Trichothecium roseum

1. Introduction

Fusarium tricinctum and Trichothecium roseum are important fungal pathogens of various plant
diseases worldwide. F. tricinctum infests many cereal crops, vegetables, and traditional Chinese
medicinal plants including rice, wheat, barley, maize, potato, lily and licorice. [1-6]. T. roseum infests
a wide range of fruits and vegetables such as apples, peaches, melons and tomatoes [7-10], causing
severe preharvest and postharvest rots. Infection by F. tricinctum and T. roseum not only leads to a

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.
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reduction in product quality, but also to increased food safety risks through their production of toxic
and carcinogenic mycotoxins, including trichothecenes, zearalenones and fumonisins [11]. Currently,
chemical fungicides are commonly used in the postharvest control of these two pathogens, which can
have negative impacts on the development of fungal resistance and environmental pollution [12].
Therefore, there is a need for the development of alternative and environmentally safe means for
postharvest disease prevention during storage of important crop products.

Chalcones are natural class of open-chain flavonoids that are widely found in edible or medicinal
plants [13]. The presence of active a, B-unsaturated carbonyl functional groups (-CO-CH=CH-) in
their molecular structure and the delocalized active m-electrons in the aryl ring provide for a variety
of biological activities such as antioxidant, antitumor and anti-inflammatory effects [14]. Several
studies have found that chalcones have a significant inhibitory activity against fungi and bacteria
[15]. The phenolic groups in chalcones show high affinities for some microbial proteins and can
therefore selectively inhibit microbial growth and development [16,17]. Lépez et al. (2001) found that
chalcone derivatives inhibited the activity of enzymes involved in yeast cell wall synthesis and
significantly inhibited yeast growth [18]. Lopez et al. (2020) found that chalcone had a strong
inhibitory effect on root rot and fruit blight caused by Oomycetes [19]. Tsukiyama et al. (2002) isolated
licorice chalcone A from licorice root and showed its significant inhibitory effect on the growth of
Bacillus subtilis [6]. Natural chalcones and chalcone derivatives have emerged as preferred
biomolecules that are safe and efficient alternatives to chemical fungicides. The antimicrobial effects
of natural chalcones have motivated the study of chalcone structures and the synthesis of new
chalcone derivatives for the enhancement of their antibacterial effects [20]. Wang et al. (2023) found
that chalcones containing the triazole structure were all inhibitory to bacterial growth, particularly
against Staphylococcus aureus [21]. Génesis et al. (2020) found that three allyl-structured chalcones had
a strong inhibitory effect on the growth of the fungal pathogen, Mycobacterium avium [19]. Liu et al.
(2017) synthesized halogenated chalcone aminothiourea Schiff bases with good inhibitory activities
against tyrosinase and fungal growth [22]. Meaningfully, chalcone compounds are easy coatings with
film-forming material. 3-Hydroxy-4-methoxy was prone to polymerize with high density
polyethylene, low density polyethylene, polypropylene, and polyurethane, polymers form polymeric
biofilms which presented significantly decrease of bacterial adhesion to the biofilms, thereby 3-
Hydroxy-4-methoxy significantly inhibiting food contamination caused by foodborne pathogenic
bacteria [23]. Phloretin containing dihydrochalcone structure was easy to polymerize with polyvinyl
alcohol/polyacrylic acid to form a film, which significantly reduces the adhesion of bacteria on fresh
cutting pork and has a good antibacterial effects [24]. However, the inhibitory effects of chlorinated
chalcones on pathogenic fungi have been less characterized.

The objective of this study was to assess the effects of 2'4'-dichloro-chalcone on the
pathogenicities of F. tricinctum and T. roseumn during the postharvest storage of potatoes and apples,
respectively, and to provide mechanistic insight into its antifungal action. The results provide a
meaningful theoretical basis for chalcone bioactive molecules to be used as film preservation
materials.

2. Materials and Methods

2.1. Biological materials and test reagents

The F. tricinctum and T. roseum tested were isolated from potato tubers and apple fruits with
typical symptoms of dry rot and mold heart disease, respectively by the post-harvest laboratory of
the College of Food Science and Engineering, Gansu Agricultural University. Species identification
of fungi was conducted by the ITS DNA sequences. Isolated fungal DNA was extracted with a fungal
genomic DNA extraction Kit (Solarbio, Beijing, China) and PCR amplification of their ITS regions
were carried out using the ITS gene- rot symptoms and from apples with typical specific primers ITS1
5'-TCCGTAGGTGAACCTGCGG-3', and ITS4 5'-TCCTCCGCTTATTGATATATGC-3' with reference
to the method of Schoch et al. (2012) [25]. The sequencing results were queried against the National
Center for Biotechnology Information (NCBI) database using BlastP [26], and sequence similarities of
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>99% was used to choose the reference sequences. The phylogenetic analysis was conducted using
MEGA 11.0 software (https://www.megasoftware.net) using Clustal W for sequence alignment and
the neighbor joining (NJ) method for sequence clustering. The phylogenetic tree of F. tricinctum and
T. roseum isolates are shown in Figure 1B and 1C. The identified pathogens were cultivated in potato
dextrose agar (PDA) medium for future use.
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Figure 1. Chemical structure of 2',4'-dichloro-chalcone (A); Phylogenetic trees of F. tricinctum (A) and
T. roseum isolates (B).

Minitubers of potatoes (Solanum tuberosum L. cv. Atlantic) were purchased from Gansu Yihang
Potato Industry Co., LtD in September 2022 and used to obtain mature tubers in a virus-free, mini
potato planting greenhouse. Apple fruits tested (Malus Mill cv. Fuji) were purchased from the local
market. The potatoes and apples were dried for 4 h, then refrigerated at 4 + 1°C with a relative
humidity of (80+5)% to test for the development of F. tricinctum or T. roseum, respectively.

The 2',4'-dichloro-chalcone (CAS No. 19672-60-7; molecular structure is shown in Figure 1A) and
was purchased from Shanghai Yuanye Biological Company. Potassium cyanide (analytically pure)
was obtained from Professor Shijun Bao (College of Animal Medicine, Gansu Agricultural
University).

2.2. Methods

2.2.1. Configuration of 2',4'-dichloro-chalcone stock solution and dosing medium preparation

A stock solution of 0.1 M 2',4'-dichloro-chalcone, was prepared by dissolving 0.27 g in 500 uL of
DMSO, 100 pL Tween 80 and 400 uL of anhydrous ethanol (Figure 2). The same solution without
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2',4'-dichloro-chalcone was prepared for use as a negative control. Both solutions were stored at 4 °C
and used within 7 d.
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Figure 2. The preparation of the chalcone stock solution and preparation of PDA medium containing
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the agent.

2.2.2. Preparation of spore suspension of F. tricinctum and T. roseum

F. tricinctum and T. roseum were cultured on PDA medium for 7 d at 25°C and their conidia
collected by agitation in 10 mL sterile water for 15 s. The conidial suspension was filtered through
two layers of sterile gauze, then counted using a hemocytometer and adjusted to 1 x 105 CFU/mL in
sterile water for subsequent experiments.

2.2.3. Determination of the effects of 2',4'-dichloro-chalcone on F. tricinctum and T. roseum mycelial
growth and sporulation

Five uL of 1x106 CFU/mL spore suspension was inoculated onto solid PDA plates containing 0,
1, 10 or 100 pM 2',4'-dichloro-chalcone and incubated at 28 °C. The average diameter (n = 3) of each
colony was measured every 24 h and the growth inhibition (%) of mycelial growth relative to the
control was calculated according to the following formula:

Colony diameter(control) — Colony diameter(Treated) 1
Colony diameter (Control) ( )

Mycelial growth inhibition (%) =

The spore count from plates was determined with a hemocytometer as in section 2.2.2 after 7 d
of culture (n = 5). The relative inhibition of sporulation was calculated from the following formula:

Number of control spores(control) —Number of treated spores(Treated)

Inhibition of Spore productlon (%) Number of control spores(control) (2)

2.2.4. The effects of 2',4'-dichloro-chalcone on hyphal cell membrane permeability

A 1 cm diameter sterile punch was used to collect three mycelial samples (about 1 g of mycelium
per sample) that were rinsed in water, incubated in 10 mL deionized water for 0, 30, 60, 90 or 120 min,
then centrifuged to collect the supernatant for conductivity measurements with a DS-307A
conductivity meter (Shanghai Youke Instrument Co. Ltd., China). The cell membrane permeability
was calculated according to the following formula:

Conductivity before water bath

Cell membrane permeability (%) = x 100 3)

Final conductivity
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2.2.5. Kinetics of oxygen consumption rates in total and cyanide resistant respiration in F.
tricinctum and T. roseum

The oxygen consumption rates of total and cyanide resistant respiration were measured
essentially according to Xu et al. (2021) [27]. Twenty pL of 106 CFU/mL spore suspensions were added
into 30 mL potato dextrose broth (PDB) and cultured in an orbital shaker at 28°C and 160 rpm (QYC-
2102C, Shanghai Shengke Instrument Equipment Co. Ltd, China) at 28°C. After 24 h, 2',4'-dichloro-
chalcone was added to either 1, 10 or 100 uM and incubated further. Two mL of the culture solution
was taken after a further 4 and 8 h for measurement of oxygen consumption rates with a Clark oxygen
electrode (Oxygraph+, Hansha Scientific Instrument Co. Ltd., UK) at a constant temperature of 25 °C
and expressed as nmol(O2)/mL/min. The total oxygen consumption rates without inhibitors (RIt)
were determined. 1 mM KCN was added to determine the contribution from the cytochrome
respiration pathway (Rlcyt). 1 mM KCN and 1 mM salicylhydroxamic acid were added to measure
the residual oxygen consumption rate (RIres). The rate of cyanide-resistant respiration (Rlalt) was
subsequently determined from Rlcyt-Rires [28].

2.2.6. Protein immunoblotting analysis of AOX expression in F. tricinctum and T. roseum

To facilitate the collection of mycelia, 2 puL of 1x10¢ CFU/mL spore suspension was placed on
cellophane in contact with PDA medium and incubated at 25°C for 3—4 days. Protein extracts of the
mycelium were prepared by incubating the collected mycelia in 50 mM Tris.HCI (pH 6.8) containing
x mM -mercepto-ethanol and 2% (w/v) SDS at 40 °C for 30 min and clarified by centrifugation at
10000 g for 5 min. Proteins were separated by 12% SDS-PAGE and transferred to nitrocellulose
membranes (0.22 mm pore size) using the procedure described by Affourtit [29]. Filters were washed
in TBST and incubated for 1 h at room temperature with 1:1,000 anti-AOX and anti-actin monoclonal
antibodies (Agrisera, Vannis, Sweden). Following a wash in TBST, filters were incubated with HRP-
labeled secondary antibody (Proteintech, Wuhan Sanying, Hubei, China) and the immunoblots
developed with ECLTM Western Blotting Detection Reagents GE Healthcare (Sigma-Aldrich, St.
Louis, MO, USA). The intensity of the detected bands was determined from their grey scale values
AOX using Image ] software (https://imagej.nih.gov/ij/) followed by normalization of AOX intensity
with respect to that of the actin reference.

2.2.7. Measurement of ROS production in F. tricinctum and T. roseum

The production of ROS was detected based on the method of Xin et al. (2021) [30]. Briefly, 1 x 10°
CFUs were introduced into 1 mL PDB containing either 0, 10 or 100 uM 2',4'-dichloro-chalcone.
After16 h of incubation, the fungal cultures were washed three times in PBS (pH 7) by centrifugation
at 5,000 x g for 10 min, then resuspended in 30 uL of 30 ug/mL of dichloro-dihydrofluorescein
diacetate (DCFH-DA) and incubated for 15 min at 28 °C. The hypha were then washed twice by
centrifugation, resuspended in 1 mL PBS (pH 7) for 1 h for signal development and the ROS levels
determined by fluorescence spectrophotometry (U-LH100-3, Shanghai Yongke Optical Instrument
Co. Ltd.) with 488 nm excitation and 500-600 nm emission filters.

2.2.8. Determination of F. tricinctum and T. roseum pathogenicities in vivo

The pathogenicity of F. tricinctum was determined in potato, while that of T. roseum was
determined in apple using the methods established by Zhu et al. (2023) [31] and Ge et al. (2015) [32],
respectively. Briefly, tubers and fruits of uniform size and no mechanical injuries or symptoms of
disease were selected for testing. The selected samples of each were surface sterilized with 2% sodium
hypochlorite solution for 2 min, rinsed in in running water then dried naturally. The halved potato
and intact apple samples were immersed in sterile water containing 0, 1, 10 or 100 uM 2',4'-dichloro-
chalcone solution for 10 min, then air-dried for 4 h before inoculation with 20 uL of F. tricinctum or
T. roseum spore suspension (1x10¢ CFU/mL), respectively, and incubation in sterile boxes (RH=70%)
at room temperature in the dark. The expansion of the mycelial diameter (disease progression) was
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monitored and the symptoms of disease were photographed. from 2 to 20 d on a daily basis. The
inhibition rate of disease diameter was calculated according to the following formula:

Diameter of spots (control)—Diameter of spots (treated)

(4)

Inhibition of disease spot growth (%) =

Diameter of spots (control)

2.3. Statistical analysis

All experiments were repeated three times, and all data were calculated as mean and standard
error (+SE). ANOVA tests utilized were used to test statistical significance where P< 0.05 was
considered as significant.

3. Results

3.1. Effect of 2',4"-dichloro-chalcone on mycelial growth of F. tricinctum and T. roseum.

As shown in Figure 3, 2',4'-dichloro-chalcone significantly inhibited mycelial growth of both
pathogens on PDA medium (A, D). The effects on mycelial growth was low (2.5-7.2%) and
insignificant at 1 and 10 pM, but clearly significant at 100 uM, inhibiting F. tricinctum by 32.3% after
7 d and T. roseum by 22.8% after 8d (P <0.05) (B, C and E, F, respectively).

The hyphae of F. tricinctum cultivated on control PDA plates were slender and relatively highly
branched, indicating a strong growth ability (G), while the mycelium grown under 100 uM 2',4'-
dichloro-chalcone (H) consisted of thinner and twisted hyphae with relatively fewer branches which
were restricted to the hyphal apices, indicating a poorer growth ability. Under control conditions, T.
roseum presented uniformly thin hyphae with a smooth, slender surface and a pointed apical tip (I).
However, in the presence of 100 uM 2',4'-dichloro-chalcone, the hyphae produced showed increased
branching, but were of uneven thickness and showed blunt or enlarged apices (J). The results
indicated that 2'.4'-dichloro-chalcone inhibited mycelium growth and colony formation in F.
tricinctum and T. roseum with substantial effects on the hypha growth and morphology.
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Figure 3. The effects of 2',4'-dichloro-chalcone on colony growth and hypha morphology of F.
tricinctum (A-C, G, H) and T. roseum (D-F, L, J). (A, D) Representative examples of colony sizes after 7
d growth. (B, E) Mycelial growth curves (diameter). (C, F) The calculated growth inhibition by 2',4'-
dichloro-chalcone. Representative examples of mycelial morphology grown under control conditions
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(G, I) and with 100 uM 2',4'-dichloro-chalcone (H, J). The error bars in panels in panels B-F represent
the standard error of three replicate assays. Different letters above the bars represent significant
differences between treatments (P < 0.05).

3.2. Effect of 2',4"-dichloro-chalcone on spore production in F. tricinctum and T. roseum

Significant effects (P < 0.05) of 2',4'-dichloro-chalcone on sporulation were observed at 100 pM
for both pathogens, resulting in 64-65% decrease in conidial production from both pathogens (Figure
4). The lower concentrations of 2',4'-dichloro-chalcone tested (1 or 10 pM) showed smaller (22-36%)
and less significant effects.
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Figure 4. The effect of 2',4'-dichloro-chalcone on sporulation in F. tricinctum (A, B) and T. roseum (C,
D). (A, C) Spore production capacity under control conditions. (B, D) Inhibition of sporulation (%).
Vertical bars indicate the standard error of three replicate assays. The error bars in panels in panels
A-D represent the standard error of three replicate assays. Different letters above the bars represent
significant differences between treatments (P < 0.05).

3.3. Effect of 2',4"-dichloro-chalcone on membrane permeability of F. tricinctum and T. roseum

The membrane permeability of intact hyphae can be measured through their effect on the
conductivity of incubating solutions [33]. Figure 5 shows that 2',4'-dichloro-chalcone at 100 uM
significantly enhanced the membrane permeability (P < 0.05) in the two pathogens, while lower
concentrations produced smaller and insignificant effects.
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Figure 5. The effect of 2',4'-dichloro-chalcone on membrane permeability in F. tricinctum and T.
roseum. (A) F. tricinctum. (B) T. roseum. Vertical bars indicate the standard error of three replicate
assays. Different letters above the bars represent significant differences between treatments (P < 0.05).

3.4. Effect of 2',4"-dichloro-chalcone on the oxygen consumption rates in respiratory pathways of F.
tricinctum and T. roseum

The total oxygen consumption rate largely reflects the activity of the respiratory pathway in
aerobic fungi and the relative contributions from total and cyanide-resistant respiration is reflected
in the electron distribution in the mitochondrial respiratory chain. Relative to control conditions, the
total oxygen consumption rate in F. tricinctum and T. roseum was slightly reduced by 1 and 10 uM
2',4'-dichloro-chalcone, but reduced by 32% and 25% at 100 puM, respectively (Figure 6A, D). In
contrast, the oxygen consumption rate in the cyanide-resistant respiration pathway was increased by
42-43% in response to 100 uM 2',4'-dichloro-chalcone treatment in the two pathogens (B, E). The
cyanide-resistant respiration rate was significantly induced (P<0.05). For clarity, the ratio of cyanide-
resistant respiration to total respiration is shown in panels C and F. The results indicated that 2',4'-
dichloro-chalcone significantly inhibited the total respiration rate but activated an increased
contribution from cyanide-resistant respiration in both pathogens.
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Figure 6. The effect of 2',4'-dichloro-chalcone on oxygen consumption rates in total and cyanide-
resistant respiration pathways in F. tricinctum (A, D) and T. roseum (B, E). For clarity, the ratios of
cyanide-resistant respiration to total respiration in F. tricinctum and T. roseum are shown in panels C
and F, respectively. Vertical bars indicate the standard error of three replicate assays. Different letters
above the bars represent significant differences between treatments (P < 0.05).

3.5. Effect of 2',4"-dichloro-chalcone on the oxygen consumption rates in respiratory pathways of F.
tricinctum and T. roseum

AOX is the terminal oxidase of the cyanide resistant respiratory pathway and its expression at
the protein level reflects the activity of cyanide resistant respiratory pathway [34]. As shown in Figure
7, AOX was highly increased in response to 10 and 100 uM 2',4'-dichloro-chalcone in both F. tricinctum
and T. roseum. These results are consistent with the increased contribution of the cyanide-resistant
respiration pathway to total respiration shown in Figure 6, panels B and E.
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Figure 7. The effect of 2',4'-dichloro-chalcone on AOX levels in F. tricinctum (A, B) and T. roseum (C,
D). The immunoblots are shown in panels A and C. The grey-scale values of AOX are shown in panels
B and D. The values presented were normalized with respect to actin. Vertical bars indicate the
standard error of three replicate assays. Different letters above bars indicate significant differences
between the treatments (P < 0.05).

3.6. Effect of 2',4"-dichloro-chalcone on ROS accumulation in F. tricinctum and T. roseum

The levels of intracellular ROS was assayed by fluorescence spectroscopy using the fluorescent
probe, DCFH-DA. As shown in Figure 8, Relative to the control group, 100 puM 2',4'- dichloro-
chalcone significantly increased the intracellular ROS levels in F. tricinctum and T. roseum conidia by
41.7 and 65.4%, respectively, whereas 10 uM 2',4'- dichloro-chalcone induced lesser, but significant
increases of 25 and 38.2%, respectively. No significant effects were with 1uM 2',4'- dichloro-chalcone.
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Figure 8. The effect of 2',4"- dichloro-chalcone on intracellular ROS levels in conidia of F. tricinctum
(A) and T. roseum (B). ROS were detected using DCFH-DA as a fluorescent probe. Vertical bars
indicate the standard error of three replicate assays. Differing letters above bars indicate significantly
differences between the treatments (P < 0.05).

3.7. Effect of 2',4"-dichloro-chalcone on the pathogenicities of F. tricinctum and T. roseum

The effect of 2',4'- dichloro-chalcone on the pathogenicities of F. tricinctum and T. roseum were
assessed by colony growth (disease spot diameter) after their inoculation onto the cut surface of
potatoes and apples, respectively. Under control conditions, F. tricinctum displayed faster growth
kinetics, achieving an average disease spot size of 19.38 mm after 7 d (Figure 9A). In contrast, the
development of T. roseum was relatively slower, achieving 10.77 mm after 20 d (D). The pre-
inoculation treatment of potatoes and apples with 10 or 100 uM 2',4'- dichloro-chalcone significantly
inhibited disease spot development from both pathogens (A, D). After 7 d, 10 and 100 uM 2'4'-
dichloro-chalcone was observed to inhibit F. tricinctum spot development by 19.3 and 48.6%,
respectively (B, C), while after 20 d, T. roseum spot diameter was reduced by 26.4 and 36.3%,
respectively (E, F). The results indicate that 100 uM 2',4'-dichloro-chalcone treatment could effectively
reduce product damage from potato dry rot and apple rot spot by inhibiting their pathogenicity.
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Figure 9. The effect of 2'4- dichloro-chalcone treatment on disease spot development from F.
tricinctum (A-C) and T. roseum (D-F). (A, D) The diameter of disease spots. (B, E) The inhibition of
disease spot development. (C, F) The effect of 2',4'- dichloro-chalcone treatment on the disease spots.
Vertical bars indicate the standard error of three replicate assays. Differing letters above each time
point represent significant differences (P < 0.05).

4. Discussion

Chalcones are members of the flavonoid family, are precursors for the synthesis of flavonoids
and isoflavones in plants. Due to their content of active a and  unsaturated carbonyl functional
groups, they are chemically very reactive, and have been used as safe and efficient alternative
chemical fungicides for the control of postharvest diseases [35]. However, the fungicidal activity of
chalcone derivatives with different substituents varies greatly. Previous studies have reported that
chalcone derivatives with halogen substituents were highly fungicidal [36,37]. Therefore, the aim of
this study was to investigate the inhibitory effect of 2',4'-dichloro-chalcone on postharvest fungal
pathogens, to explore its inhibitory mechanism and to provide a theoretical basis for the use of
chlorinated chalcones in the postharvest preservation of fruits and vegetables.

Tests of 2',4" - dichloro-chalcone against the pathogens F. tricinctum and T. roseum showed it had
inhibitory effects on mycelium growth and sporulation (Figures 3 and 4). This is consistent with
previous research, which demonstrated that the growth of Candida glabrata and Trichophyton
interdigitatum were inhibited by 12.5 pg/mL non-alkylated chalcone derivatives containing 2-bromine
or 2-chloride subunits [38]. Kumar et al. (2013) also found that 0.1 mg/mL chalcone compounds
containing p-fluorinated substituents in the benzene ring usually showed high antimicrobial activity
[39]. However, our results indicated that 2',4'-dichloro-chalcone showed significant inhibitory effects
against F. tricinctum and T. roseum at 100 uM, which is substantially lower than the reported
inhibitory concentrations required for these other halogenated chalcone derivatives.

Changes in the permeability of cell membranes in response to treatments can provide an
important measure of membrane integrity [28]. In this study, 100 uM 2',4'- dichloro-chalcone was
observed to rapidly increase the cell membrane permeability of F. tricinctum and T. roseum conidia,
indicating the cell membrane integrity was substantially compromised (Figure 5). It has been
reported that phenolic chalcones can destroy the integrity of the cell membrane of Gram-negative
and Gram-positive bacteria [40]. Chalcone compounds have also been reported to show high affinity
to the cell membrane of Staphylococcus aureus and that their binding results in loss of cell membrane
integrity [41].
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In addition to normal respiration via the cytochrome respiratory pathway, the cyanide-resistant
respiratory pathway can operate when normal respiration is compromised, in which AOX functions
as the terminal mitochondrial oxidase in fungi. Studies have indicated that AOX was induced in
unfavorable conditions to activate cyanide-resistant respiration as a survival mechanism [42]. AOX
can also regulate the response of fungi to oxidative stress to reduce the oxidative stress damage to
cells [43]. In addition, AOX also plays a role in determining the fungal susceptibility to some
fungicides [44]. It has been shown that Quinol oxidation-inhibiting fungicides (such as Azoxystrobin,
Kresoxim-methyl, Metominostrobin) acted on the fungal mitochondrial respiratory complex III, with
inhibition of fungal growth, but that AOX expression affected this response [45]. Xu et al. (2013)
reported that the expression of AOX in Sclerotinia sclerotiorum reduced its sensitivity to Azoxystrobin
but could increase the sensitivity to Procymidone [46]. Consistent with these earlier reports, our
results showed that the total respiratory rate of F. tricinctum and T. roseum was gradually inhibited
after treatment with 100 pM 2',4'- dichloro-chalcone, while the cyanide-resistant respiratory rate and
AOX levels were increased (Figures 6 and 7).

ROS are mainly generated by the mitochondrial respiratory chain in fungi, and unregulated ROS
accumulation can enhanced the oxidative stress and damage to cell components, resulting in reduced
cell viability [47,48]. ROS accumulation can also disrupt mitochondrial functions [49]. Some
researchers have found that quinoline chalcone derivatives significantly induced ROS accumulation
in Candida albicans, with damage to the mitochondrial membrane and inhibition of growth [50]. The
2-hydroxychalcone treatment can also promote the production of ROS in dermatophytes, leading to
fungal cell apoptosis and necrosis [51]. Synthetic coumarin-chalcone was reported to inhibit
thioredoxin reductase, induce significant ROS accumulation and activate the mitochondrial
apoptosis pathway [52]. In this study, 2',4"-dichloro-chalcone treatment was also found to promote
ROS accumulation in F. tricinctum and T. roseum (Figure 8).

Zhan et al. (2016) found that the host contents of pyrimidinyl chalcones compounds reduced
infection by Rhizoctorzia solani, Physolospora piricola, Fusarium graminearum, and Bipolaris maydis vitro
[63]. Our results showed that 2'4'-dichloro-chalcone treatment significantly reduced the
pathogenicities of F. tricinctum and T. roseum in potato and apple, respectively (Figure 9).

AOX is the terminal oxidase of the cyanide resistant respiratory pathway in the fungal
mitochondrial respiratory chain and can reduce mitochondrial dysfunction caused by the excessive
production of ROS [54]. During excessive ROS is accumulation, oxidative and functional damage to
the mitochondrial membrane can occur, ultimately resulting depressed respiration and overall
physiological status of the cell [55], with a substantial decrease in the fungal growth rate and
pathogenicity [56]. Singh et al. (2021) reported that an excessive intracellular ROS accumulation
induces the expression of AOX and an increase in the cyanide-resistant respiration rate of Ascochyta
rabiei, resulting in inhibition of the mycelial growth, spore production and cell vitality [57], which is
consistent with our results. Therefore, 2',4'-dichloro-chalcone affects the integrity of cell membranes,
thereby affecting the mitochondrial respiratory electron transport chain, leading to a large production
of ROS, directly or indirectly inducing the expression of AOX, activating the cyanide resistant
respiratory pathway, and affecting bacterial growth and pathogenicity. The inhibition mechanism of
chlorinated chalcones against pathogen fungi still needs to be further analyzed at the molecular level.

5. Conclusions

Our results showed that 100 uM 2',4'-dichloro-chalcone significantly inhibited mycelial growth
of F. tricinctum and T. roseum in vitro and in vivo. This occurred with significant reductions in
sporulation, altered hypha morphology and reductions in cell membrane integrity. This treatment
also enhanced intracellular ROS levels, together with higher levels of AOX and the activation of the
alternative respiratory pathway, indicating respiratory stress. This study suggested that 2'4'-
dichloro-chalcone has significant antifungal activity against F. tricinctum and T. roseum.
characteristics of film formation of 2',4'-dichloro-chalcone and other chlorinated chalcones should be
further investigated as alternative film-forming materials for the postharvest preservation of fruits
and vegetables.
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