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Abstract: Colletotrichum gloeosporioides causes citrus anthracnose, which seriously endangers the
pre-harvest production and post-harvest storage of citrus due to its devastating effects on fruit quality,
shelf life, and profits. However, although some chemical agents have been proven to effectively
control this plant disease, little to no efforts have been made to identify effective and safe anti-
anthracnose alternatives. Therefore, this study assessed and verified the inhibitory effect of ferric
chloride (FeCls) against C. gloeosporioides. Our findings demonstrated that FeCls could effectively
inhibit C. gloeosporioides spore germination. After FeCls treatment, the germination rate of the spores
in the minimum inhibitory concentration (MIC) and minimum fungicidal concentration (MFC)
groups decreased by 84.04% and 89.0%, respectively. Additionally, FeClz could effectively inhibit the
pathogenicity of C. gloeosporioides in vivo. Optical microscopy (OM) and scanning electron microscopy
(SEM) analyses demonstrated the occurrence of wrinkled and atrophic mycelia. Moreover, FeCls
induced autophagosome formation in the test pathogen, as confirmed by transmission electron
microscopy (TEM) and monodansylcadaverine (MDC) staining. Additionally, a positive correlation
was identified between the FeClz concentration and the damage rate of the fungal sporophyte cell
membrane, as the staining rates of the control (untreated), 1/2 MIC, and MIC FeClj3 treatment groups
were 1.87%, 6.52%, and 18.15%, respectively. Furthermore, the ROS content in sporophyte cells
increased by 3.6%, 29.27%, and 52.33% in the control, 1/2 MIC, and MIC FeClj groups, respectively.
Therefore, FeClz could reduce the virulence and pathogenicity of C. gloeosporioides. Finally, FeCl;-
handled citrus fruit exhibited similar physiological qualities to water-handled fruit. The results show
that FeCl3 may prove to be a good substitute for the treatment of citrus anthracnose in the future.

Keywords: citrus; Colletotrichum gloeosporioides; ferric chloride; autophagy; ROS; membrane integrity

1. Introduction

Anthracnose caused by Colletotrichum gloeosporioides is a tree and fruit disease that
seriously affects the quality and postharvest storage of citrus fruit and causes considerable
economic losses [1,2]. Although the occurrence of this disease can be controlled through
orchard management methods such as plant removal and crop rotation [3], chemical
fungicides such as mancozeb and copper compounds, alone or in combination with fosetyl-
Al, are the most effective and commonly used agents to manage this disease [4-6]. The
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continuous use of chemical fungicides not only promotes the occurrence of fungicide-
resistant pathogenic fungi but also leads to the accumulation of chemical residues in the
environment, thus threatening human and ecosystem health [7]. Therefore, developing
novel green and efficient alternative methods to manage citrus anthracnose is crucial.

In this study, we investigated the inhibitory effects and mechanisms of FeCl; on C.
gloeosporioides. Previous studies have found that iron chelates, iron ion complexes, and
organic acid iron salts possess excellent antifungal properties and affect a series of growth
and development processes [8,9]. Moreover, iron salts are generally considered safe and
are commonly used in the food industry. In fact, some iron salts are used to fortify food, as
previously reported by the National Health and Family Planning Commission of China, the
“Standard for the Use of Food Nutritional Fortifiers” (GB 14880-2012), and the “Standard
for the Use of Food Additives” (GB 2760-2014). In addition to its use as a food additive,
FeCl; is also used in medicine [10].

Autophagy has been increasingly important in plant—pathogen interactions in recent
years [11]. Macromolecular proteins, organelles, ribosomes, and other cell components
are degraded by the process of autophagy in response to cellular stress circumstances
such as inadequate energy supply, hunger, and environmental stress [12,13]. In addition
to influencing and promoting programmed cell death [14], autophagy is essential for a
number of regulatory processes, including growth and development [15-18].

We discovered that FeCl; can promote the autophagy of fungi, reducing the inci-
dence of citrus anthracnose, in the control experiment of citrus anthracnose with FeCls.
FeCls’s method of action against C. gloeosporioides, however, has not been documented.
Through in vitro and in vivo tests, this work investigated the impact of FeCls solution
on the pathogenicity of C. gloeosporioides and its suppression on mycelia growth. The
analysis of the spore germination rate, cell membrane integrity, autophagy structure, spore
activity, and ROS buildup after treatment, as well as the outcomes of storage tests in pro-
ducing regions, led to a discussion of the potential inhibitory mechanism of FeCl; on C.
gloeosporioides.

2. Materials and Methods
2.1. Fungal Pathogens, Citrus, and Metal Salt

C. gloeosporioides was donated by professor Yanping Fu from the College of Plant Sci-
ence & Technology of Huazhong Agricultural University (C. gloeosporioides is not currently
particularly sensitive or resistant to fungicides). It was cultured on potato dextrose agar
(PDA) medium at 28 °C for 7-10 days. ‘Newhall’ navel orange fruits (C. sinensis Osbeck)
were harvested from the citrus orchard of Huazhong Agricultural University in Wuhan,
China, and a commercial orchard in Zhijiang, Hubei, China. FeCl; was purchased from
Shanghai Wokai Biotechnology Co., Ltd. (Shanghai, China).

2.2. Effect of FeCl3 on C. gloeosporioides In Vitro

The antifungal activity of FeClz on C. gloeosporioides was assessed as described by
Liu et al. [19] with some modifications. FeCl; was mixed into PDA media to obtain final
concentrations of 0.15, 0.3, 0.6, 1.2, and 2.4 g/L. The media were then poured into sterilized
90-mm-diameter Petri dishes. Once the media had cooled and solidified, a 6 mm lawn
of fresh C. gloeosporioides was placed at the center and incubated at 28 °C for 6-7 d. The
myecelial diameter of every plate was recorded via the interior extrapolation method at
six days. The lowest concentration that inhibited mycelial growth after two days was
defined as the minimum inhibitory concentration (MIC), and the lowest concentration
that completely inhibited mycelial growth after four days was defined as the minimum
fungicidal concentration (MFC). All experiments were conducted in triplicate.

2.3. Effect of FeCl3 on C. gloeosporioides In Vivo

Citrus fruits were treated with sodium hypochlorite solution (2%, v/v) for 2 min, then
washed with sterile water and allowed to air dry. As described by Cui et al. [20], a wound
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(5 mm in diameter and 5 mm in depth) was made around the equator using a punch needle,
after which the wound was inoculated with 10 pL of C. gloeosporioides spore suspension
(1 x 10° spores mL~1). After drying for 1-2 min, 10 uL of FeCl solution at 10x MFC and
15x MFC was added to the wounds, respectively, and sterile water was used as a control.
The treated fruit wounds were observed after storing the fruit in a plastic case with water
at the bottom at room temperature for a week. Each treatment consisted of 15 fruits, and
the experiments were conducted in triplicate.

2.4. Effect of FeCl3 on C. gloeosporioides Spore Germination

The spore suspensions (1 x 10° spores mL ') of fresh C. gloeosporioides were prepared
with 1 mL PDB medium in 1.5 mL sterile centrifuge tubes, after which FeCl; was added to
the final concentrations of 1/2 MIC, MIC, and MFC, adding sterile water as a control. The
suspensions were then cultivated at 28 °C and 180 rpm on a shaker for 12 h, after which
the samples were examined with an optical microscope (OM). Each treatment contained
200 spores from at least three replicates, and spore germination rates were calculated as
follows: Spore germination = (number of germination spores/total spores) x 100%.

2.5. Observation by OM, SEM, and TEM

OM: PDA media containing FeCl; at the MIC and without FeCl; were applied onto
cellophane, over which a 6-mm lawn plate of fresh C. gloeosporioides was placed. All samples
were cultured in an incubator at 28 °C for 6-7 d. Afterward, 5 X 5 mm pieces of cellophane
covered with mycelium were cut and observed by OM.

SEM: The pieces of cellophane covered with C. gloeosporioides mycelium were pre-
pared following the same method as for OM. However, all sample pieces were fixed in
glutaraldehyde solution (3%, v/v) at 4 °C for 12 h and washed three times with phosphate
buffer solution (PBS). Afterward, the samples were dehydrated two times with an ethanol
gradient (30%, 50%, 70%, 95%, and 100%, v/v; 20 min per ethanol solution), after which
they were dried at a critical point in liquid CO, and coated with a layer of gold. All samples
were observed via SEM (JEOL, JSM-6390LV, Tokyo, Japan).

TEM: The fresh spore solution of C. gloeosporioides (1 x 10* conidia/mL) was added
into 50 mL PDB medium, then cultivated at 28 °C and 180 rpm in a shaking incubator
for 24 h. Next, FeCl; was added to reach a final concentration of 0 and MIC. Afterward,
3-5 mycelium pellets were selected and cultured for 12 h at 28 °C and 180 rpm. The
pellets were then fixed in glutaraldehyde solution (3%, v/v) for 12 h and stored for sample
preparation. The samples were postfixed again with osmic acid solution (1%, v/v) for
2 h. All specimens were washed three times with PBS and dehydrated two times with
an ethanol gradient (30%, 50%, 70%, 95%, and 100%, v/v; 20 min per ethanol solution),
followed by polymerization in 21-well silicate embedded plates at 60 °C for 48 h. Finally,
60-nm thin sections were obtained using an Ultratome Leica UC6, after which the slices
were stained in uranyl acetate (2%) and lead citrate for 30 min and 10 min, respectively.
Finally, the samples were observed via TEM (Hitachi H-7650, Tokyo, Japan).

2.6. Detection of FeCl3 on the Cell Membrane Integrity of C. gloeosporioides

PI staining: Fresh C. gloeosporioides spore suspension (1 x 10° spore mL~!) was pre-
pared with 1 mL PDB staining medium in 1.5 mL sterile centrifuge tubes. Then, it was
cultured at 28 °C and 180 rpm on a shaker for 3 h, centrifuged for 3 min at 4000 rpm and
washed three times with PBS. The spores were collected and dyed with 200 mL propidium
iodide (PI) (Coolaber Technology Co., Ltd., Beijing, China). All samples were stained at
37 °C for 5-10 min, after which they were rinsed twice with PBS to remove excess dye. The
samples were then observed under a fluorescence microscope (Nikon Eclipse 90i).

2.7. Detection of Autophagic Structures, Conidial Viability and ROS Accumulation

A total of 1 mL of C. gloeosporioides conidial suspension (1 x 10° conidia/mL) was
prepared, and FeCl; was added to reach a final concentration of 1/2 MIC and MIC, followed
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by incubation at 28 °C and 180 rpm on a shaker for 3 h before staining. Conidial viability
was detected using fluorescein diacetate (FDA, 5 g L™!). The samples were then incubated
with the corresponding stains in the dark for 5 min, after which they were rinsed twice with
PBS (pH = 7.0). The autophagosomes and intracellular ROS accumulation of the conidia
were detected using a monodansylcadaverine assay kit (MDC, Solarbio, Beijing, China) and
a Reactive Oxygen Species (ROS) assay kit (Solarbio, Beijing). All samples were observed
under a fluorescence microscope (Nikon Eclipse 90i).

2.8. Physiological Qualities Test of FeClz-Treated Citrus Fruit

The physiological qualities of FeCls-treated citrus fruit were detected. For 30-45
s, ‘Newhall’ navel orange fruits (C. sinensis Osbeck) were immersed in 10x MFC FeCl;
(=24 g/L), water, and chemicals. All fruits were transferred into a climate chamber for
30 days of storage. Total soluble solids (TSS) and titratable acid (TA) were tested using
a Pocket Brix acidity meter (ATAGO Co., Ltd., Saitama, Japan) in accordance with the
operation manual; 2,6-dichlorophenolindophenol was used to determine the VC content in
fruit, there were five fruits in each group, and trials were repeated three times. Fruit weight
losses were measured using an electronic scale, there were ten fruits in each group, and
trials were repeated three times.

2.9. Statistical Analysis

All experiments were conducted in triplicate following a completely randomized de-
sign. Significant differences were determined via one-way ANOVA followed by Duncan’s
multiple range test (SPSS 26.0, p < 0.05).

3. Results
3.1. Inhibiting Effect In Vitro and In Vivo

The in vitro growth of C. gloeosporioides mycelia treated with FeCls was significantly
inhibited in the PDA medium (Figure 1A,B). Without FeCl; treatment, the colony center
became dense and thickened, and the aging hyphae exhibited a greyish green coloration.
This color disappeared when the FeCls concentration reached 1.2 g/L, and mycelium
growth was significantly inhibited. When the FeCl; concentration reached 2.4 g/L, colony
growth was completely inhibited.

As illustrated in Figure 1C, the in vivo antifungal activity of FeCl3 increased in a
dose-dependent manner. When the concentration of FeCls in citrus reached 15x MFC, the
number of C. gloeosporioides cells in the treatment group was significantly lower than that
in the control group after one week of inoculating the spore suspension.

3.2. Effect of FeCl3 on the Spore Germination

The spore germination of C. gloeosporioides was remarkably inhibited by FeCls (Figure 2A).
When the FeCls concentration reached 1/2 MIC and MIC, the germination rates of C.
gloeosporioides were 55.77% and 4.83%, respectively, which represented a significant decrease
compared with the control (88.23%, p < 0.05) (Figure 2B). Moreover, the length of the germ
tubes in the FeCls-treated group was markedly shorter than that in the control group.

3.3. Effect of FeCl3 on Mycelial Morphology and the Cell Membrane Integrity

OM and SEM: As observed by OM and SEM, normal hyphae exhibited a homogeneous
and linear smooth surface, whereas those treated with MIC FeCl; were severely damaged,
with irregularly contracted or expanded cell membranes, or were even bound together
(marked with red arrows) (Figure 3A).
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Figure 1. Inhibitory effect of FeCl; on C. gloeosporioides growth in vitro and in vivo. (A) FeCls inhibits
the myecelial growth of C. gloeosporioides in vitro; (B) Statistical analysis of the effects of different FeCls
concentrations on the mycelial growth of C. gloeosporioides (6 d); (C) FeCls inhibits C. gloeosporioides
virulence in vivo (7 d); the control group (CK) was treated with sterile water. All data are reported
as the mean =+ SD. Different letters indicate significant differences according to Duncan’s multiple
range test (p < 0.05).

PI staining: As shown by PI staining, the number of inactivated spores increased as
the concentration of FeCl; increased. Almost all spores (98.13%) in the control group were
not stained (Figure 3B), whereas substantially more C. gloeosporioides spores (6.52% and
18.15%) were stained in the 1/2 MIC and MIC treatment groups (Figure 3C), indicating that
the membrane of the C. gloeosporioides spores was damaged.

3.4. Effect of FeCl3 on Internal Structure and Autophagic Activity

Surprisingly, our TEM observations revealed the presence of transparent irregular-
shaped vacuolar structures in the cytosol of the FeCls-treated conidia (Figure 4A). Therefore,
MDC staining was conducted to identify these structures. As shown in Figure 4B, the FeCl3-
treated spores exhibited concentrated spots of MDC fluorescence, whereas the normal
spores were uniformly dyed in MDC fluorescence. Apoptotic spores were also observed
and appeared as stained particles of varying sizes and densities, indicating that their
chromatin condensed, and the cell nucleus burst. Furthermore, these effects were more
notable at higher FeClz concentrations (as shown by the arrow).
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Figure 2. Effects of FeClj treatments on C. gloeosporioides spore germination. (A) Inhibition efficacy of
FeCl3 on C. gloeosporioides spore germination (scale bar = 20 um); (B) Spore germination rates. All
data are reported as the mean £ SD. Different letters indicate significant differences according to
Duncan’s multiple range test (p < 0.05).
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Figure 3. Effects of FeCl3 on the cell membrane integrity of C. gloeosporioides. (A) Observation of
mycelium morphology by OM and SEM (hyphal shrinkage, depression, coiling, and winding are
indicated by arrows); (B) Observation of PI staining; (C) Statistical analysis for spores stained with P1.
The error bars indicate the standard error of the mean of three replicate isolates. All data are reported
as the mean =+ SD. Different letters indicate significant differences according to Duncan’s multiple
range test (p < 0.05).

3.5. Effect of FeCl3 on Vital Activity and ROS Accumulation

Overall, spores with high viability were detected by FDA green fluorescence. As
shown in Figure 5A, there was no significant difference between the stained spores of the
control and treated groups, indicating that FeCl3 did not inactivate the spores. However, in
the detection of reactive oxygen species, the control spores (3.61%) were rarely detected
with high DCHF-DA fluorescence intensity labeling, whereas C. gloeosporioides spores
cultured with 1/2 MIC and MIC FeCl; showed 29.27% and 52.33% staining, respectively
(Figure 5B,C). This suggests that FeClz induces the accumulation of ROS within the spores
of C. gloeosporioides.
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Figure 5. FeCl; decreases cell viability and increases intracellular ROS levels. (A) C. gloeosporioides
conidia stained by FDA; (B) C. gloeosporioides conidia stained by DCFH-DA; (C) Statistical analysis
of excessive ROS accumulation. All data are reported as the mean + SD. Different letters indicate
significant differences according to Duncan’s multiple range test (p < 0.05).

3.6. Physiological Qualities Test of FeClz-Treated Citrus Fruit

After 30 days of storage, citrus fruit treated with FeCl; displayed TSS, TA, and VC
values that were comparable to those of citrus fruit treated with water and a chemical
fungicide (Figure 6A-C). These three groups all saw fruit weight decreases of roughly 2.5%.
(Figure 6D). These findings demonstrated that FeClz had no byproduct effects on citrus fruit.
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Figure 6. Physiological qualities test of FeCls-treated citrus fruit. (A) Total soluble solids (TSS).
(B) Titratable acid (TA). (C) L-Ascorbic acid (VC). (D) Fruit weight loss. The fruits were stored in the
ventilating chamber for 30 days.
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4. Discussion

Anthracnose is one of the most prevalent diseases among a variety of fruit trees, par-
ticularly citrus, apple, mango, and other fruit trees [21-23]. As discussed above, mancozeb
and copper compounds alone or coupled with fosetyl-Al are chemical fungicides that are
commonly used in agriculture [4-6]. However, the uncontrolled use of these agents can
promote the occurrence of fungicide-resistant pathogenic fungi, in addition to affecting
human and environmental health [7,24]. Autophagy research has mainly focused on basic
biology, whereas relatively few studies have been conducted on plants and plant pathogens.
Nevertheless, the study of plant antibacterial mechanisms has recently garnered increas-
ing attention [25]. Our studies demonstrated that autophagy could be exploited for the
development of green disease prevention and treatment strategies in croplands.

TEM and MDC fluorescence staining are two commonly used methods to confirm the
occurrence of autophagy [26]. In this study, our TEM and MDC fluorescence staining obser-
vations confirmed the formation of autophagy structures in FeCls-treated C. gloeosporioides
spores (Figure 4A). Numerous studies have demonstrated that autophagy plays a crucial
role in pathogen—plant interaction [27], which is consistent with the findings of this study.

Autophagy is rarely studied in fungi, and most of the research data are focused on
biomedicine and plants. It has been reported that autophagy plays an important role in the
life cycle of fungi, and most autophagy is beneficial to life itself. However, this viewpoint
has not been reported for C. gloeosporioides. According to the experimental results in vitro
and in vivo, FeCls-treated C. gloeosporioides not only produce autophagy phenomena but
also have their growth significantly inhibited. Therefore, it is reasonable to assume that
FeCl3-induced autophagy of C. gloeosporioides is harmful to C. gloeosporioides.

The FeCls-treated C. gloeosporioides spores exhibited significant growth inhibition both
in vitro and in vivo, suggesting that FeCls exerted a potent antifungal effect (Figure 2). The
results of the spore germination experiment showed that the germination rate of spores
in the FeCl; treatment group decreased with higher FeClz concentrations. Moreover, the
diameter and length of the germinated spores in the treated group were smaller than in
the control group. Therefore, MDC fluorescence staining was used to observe the internal
changes of the spore cells (Figure 3B). SEM and TEM were used to observe the external
morphological changes of hyphae and the changes in the spore cells of the treated groups
(Figures 3A and 4A). Our findings demonstrated that, unlike the control group, the chro-
matin of the FeCl;-treated spore cells was condensed, as demonstrated by the occurrence
of concentrated bright spots in the MDC fluorescence staining experiments. In the con-
trol group, the staining was uniformly spread throughout the spore cells. Additionally,
our SEM observations revealed that the hyphae of pathogenic fungi exhibited different
degrees of coiling and shrinking. Our TEM observations revealed the occurrence of various
double-membrane vesicular autophagic structures and countless vacuolated structures
in the interior of the spore cells. Our findings suggest that the generation of autophagy
structures affects spore germination and the formation of infective structures of pathogenic
fungi, thereby reducing the invasiveness and pathogenicity of pathogenic fungi (Figure 7).
Previous studies have demonstrated that autophagy can affect the growth, vitality, and
pathogenicity of pathogenic fungi by inducing autophagy-related functions and apopto-
sis [20,28]. Therefore, we concluded that FeCls triggers apoptosis by inducing autophagy
in C. gloeosporioides.

Interestingly, our PI and FDA staining experiments demonstrated that although the
FeCls-treated spores exhibited some degree of membrane damage, the cells did not die
and were still viable (Figures 3B and 5A). These results were inconsistent with our origi-
nal hypothesis that the induction of autophagy inhibits hyphal growth and triggers cell
apoptosis in pathogenic fungi. Moreover, previous reports have demonstrated that au-
tophagy promotes cell apoptosis in pathogenic fungi, which is also inconsistent with our
findings [29]. After studying the inhibition mechanism of iron ion magnetic nanomateri-
als on model fungi, Qi Peng et al. concluded that the antifungal properties of iron ions
could not be attributed to common plasma membrane damage or cell wall damage [30].
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Therefore, we performed DCFH-DA fluorescent staining on the spores of the pathogenic
fungi (Figure 5B,C). In the FeCl; treatment group, the DCFH-DA staining rate increased at
higher FeCl; concentrations. Furthermore, our TEM observations revealed the occurrence
of irreversible degradation of some organelles in the spore cells, such as mitochondria. The
formation of autophagic structures leads to the degradation of the contents of the spore
cells, which includes but is not limited to mitochondria.

( Common Metal ion )

Inhibition rate

Metal ion salt solution

(FeCls)

reaqment( o, yototrichum gloeosporioides

(In vitro. In vive)

Lysosome
Autophagosome

B>~ Qs

e ~ v

Damage to L‘f" organelle Autolysosome
ROSt - (- - -
M rs ) 7

Membrane permeability4 e
¥

Pathogenicity ¥
Virulence¥
o

Figure 7. Hypothetic model of the effect of FeCl; treatment on C. gloeosporioides pathogenicity.
1: up-regulated; |: down-regulated.

Combining the results of the above in vitro and in vivo experiments, we found that
FeCl; significantly inhibited the growth of C. goleosporioides, both in mycelium growth
and spore germination. Zhonghuan Tian et al. explored the physiological quality of fruits
in terms of their application in producing areas [31]. In order to explore the application
performance of FeCl3 in actual production, we conducted a post-harvest storage and fresh-
keeping experiment on ‘Newhall’ navel orange fruits (C. sinensis Osbeck) in a citrus industry
orchard in Zhijiang (Hubei, China). The post-harvest treatment of fruit is simulated by
soaking the fruit. After one month of positive storage, the results showed that the total
soluble solid (TSS), titrable acid (TA), L-ascorbic acid (VC), and fruit weight loss were not
significantly affected by water, FeCls, and chemical treatments. These results suggest that
FeCl3 has no by-product effect on citrus fruits [32]. In this regard, we believe that FeCls can
be used as a substitute for chemical fungicides to control anthracnose in producing areas in
the future.
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Therefore, our findings provided insights into the inhibitory mechanisms of FeClj3
on C. gloeosporioides (Figure 7). Here, we conclude that FeCl; could induce autophagy for
self-protection and increase the ROS content in pathogenic fungi. FeCl; could damage the
internal structure of pathogenic fungi and induce the abnormal development of pathogenic
fungi infection structures, thus decreasing the pathogenicity and virulence of C. gloeospori-
oides. Further assays are required to determine the controlling effect of anthracnose during
citrus storage under general agronomic situations when FeCls is applied, and research to
detect its potential compatibility with other treatments is desired. FeCls, a type of iron salt
with low cost and safety, offers a new option for replacing existing chemical fungicides.

5. Conclusions

Our findings demonstrate that FeCl; effectively inhibited the growth of C. gloeospo-
rioides both in vitro and in vivo. FeCl; induced autophagosome formation and ROS ac-
cumulation, leading to organelle destruction and increased cell membrane permeability;
however, it did not cause lethality. Our preliminary analysis of the mechanism of action
and targets of FeCl; provides a theoretical basis for the future application of FeCls to
control citrus anthracnose. Additionally, our findings could serve as a guide for the future
elucidation and characterization of invasion-related genes. However, additional studies are
still needed to gain a more in-depth understanding of the molecular mechanisms through
which FeCl3 inhibits the growth of C. gloeosporioides. Based on the experiments in Zhijiang
(Hubei, China), FeCls is expected to replace chemical agents in the control of anthracnose
in the future.

Author Contributions: Y.W. and X.W.: Data curation, investigation, validation, methodology, writing—
original draft. Y.L., H.F, S.L. and J.Z.: investigation, methodology. C.L.: project administration,
supervision, writing—review and editing. All authors have read and agreed to the published version
of the manuscript.

Funding: This study was financially supported by the National Natural Science Foundation of China
(Grant Nos. 31972122 & 32172255) and China Agriculture Research System of MOF and MARA.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: No new data were created in this study. Data sharing is not applicable
to this article.

Conflicts of Interest: The authors declare that they have no known competing financial interest or
personal relationship that could have appeared to influence the work reported in this paper.

References

1.  Wang, W,; de Silva, D.; Moslemi, A.; Edwards, J.; Ades, P.; Crous, P; Taylor, PW.]J. Colletotrichum Species Causing Anthracnose of
Citrus in Australia. J. Fungi 2021, 7, 47. [CrossRef] [PubMed]

2. Zhang, J.; Timmer, L. Preharvest application of fungicides for postharvest disease control on early season tangerine hybrids in
Florida. Crop Prot. 2007, 26, 886-893. [CrossRef]

3. Mehta, P,; Wiltse, C.; Rooney, W.; Collins, S.; Frederiksen, R.; Hess, D.; Chisi, M.; TeBeest, D.O. Classification and inheritance of
genetic resistance to anthracnose in Sorghum Field. Crops Res. 2005, 93, 1-9. [CrossRef]

4. Giulio, P; Raffaele, C.; Giancarlo, P.; Antonino, A.; Ernesto, L.; Dolores, F.; Alessandro, V. In vitro and in vivo activity of Qol
fungicides against Colletotrichum gloeosporioides causing fruit anthracnose in Citrus sinensis. Sci. Hortic. 2018, 236, 90-95.
[CrossRef]

5. Feng, L, Wu, F; Lj, ].; Jiang, Y.; Duan, X. Antifungal activities of polyhexamethylene biguanide and polyhexamethylene guanide
against the citrus sour rot pathogen Geotrichum citri-aurantii in vitro and in vivo. Postharvest Biol. Technol. 2011, 61, 160-164.
[CrossRef]

6. Cia, P; Pascholati, S.; Benato, E.; Camili, E.; Santos, C. Effects of gamma and UV-C irradiation on the postharvest control of
papaya anthracnose. Postharvest Biol. Technol. 2007, 43, 366-373. [CrossRef]

7. Jeong, SW.; Kim, H.G,; Park, S.; Lee, ].H.; Kim, Y.-H.; Kim, G.-S,; Jin, ].S.; Kwak, Y.-S.; Huh, M.R;; Lee, J.E.; et al. Variation in

flavonoid levels in Citrus benikoji Hort. ex. Tan. infected by Colletotrichum gloeosporioides. Food Chem. 2014, 148, 284-288.
[CrossRef]


http://doi.org/10.3390/jof7010047
http://www.ncbi.nlm.nih.gov/pubmed/33445649
http://doi.org/10.1016/j.cropro.2006.08.007
http://doi.org/10.1016/j.fcr.2004.09.001
http://doi.org/10.1016/j.scienta.2018.03.044
http://doi.org/10.1016/j.postharvbio.2011.03.002
http://doi.org/10.1016/j.postharvbio.2006.10.004
http://doi.org/10.1016/j.foodchem.2013.10.070

J. Fungi 2023, 9, 230 13 0f 13

10.
11.
12.
13.
14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Hernandez-Monjaraz, W.S.; Caudillo-Pérez, C.; Ulises, P; Salazar-Sanchez; Macias-Sanchez, K.L. Influence of iron and copper on
the activity of laccases in Fusarium oxysporum f. sp. Lycopersici. Braz. ]. Microbiol. 2018, 49 (Suppl. S1), 269-275. [CrossRef]
Nazik, H.; Penner, J.C.; Ferreira, ].A.; Haagensen, ]J.A.; Cohen, K.; Spormann, A.M.; Martinez, M.; Chen, V.; Hsu, J.L.; Clemons,
K.V, et al. Effects of Iron Chelators on the Formation and Development of Aspergillus fumigatus Biofilm. Antimicrob. Agents
Chemother. 2015, 59, 6514—6520, Erratum in: Antimicrob. Agents Chemother. 2015, 59, 7160. [CrossRef]

Food and Drug Administration. Health and human services. 2009, Pt.184: 73—FR—8607[S]. Available online: https://www.fda.
gov/media /77832 (accessed on 9 January 2023).

Yang, M.; Ismayil, A.; Liu, Y. Autophagy in Plant-Virus Interactions. Annu. Rev. Virol. 2020, 7, 403—419. [CrossRef]

Yin, Z.; Pascual, C.; Klionsky, D. Autophagy: Machinery and regulation Microb. Cell 2016, 3, 588-596.

Klionsky, D.J. The molecular machinery of autophagy: Unanswered questions. J. Cell Sci. 2005, 118 Pt 1, 7-18. [CrossRef]
Bursch, W,; Ellinger, A.; Gerner, C.; Schulte-Hermann, R. Autophagocytosis and programmed cell death. In Autophagy; Klionsky
Landes, D.J., Ed.; Bioscience: Georgetown, TX, USA, 2004; pp. 287-303.

Bergamini, E.; Cavallini, G.; Donati, A.; Gori, Z. The anti-ageing effects of caloric restriction may involve stimulation of
macroautophagy and lysosomal degradation, and can be intensified pharmacologically. Biomed. Pharmacother. 2003, 57, 203-208.
[CrossRef]

Longo, V.D.; Finch, C.E. Evolutionary medicine: From dwarf model systems to healthy centenarians? Science 2003, 299, 1342-1346.
[CrossRef]

Melendez, A.; Talléczy, Z.; Seaman, M.; Eskelinen, E.-L.; Hall, D.H.; Levine, B. Autophagy genes are essential for dauer
development and life-span extension in C. elegans. Science 2003, 301, 1387-1391. [CrossRef]

Vellai, T.; Takacs-Vellai, K.; Zhang, Y.; Kovacs, A.L.; Orosz, L.; Muller, F. Influence of TOR kinase on lifespan in C. elegans. Nature
2003, 426, 620. [CrossRef]

Liu, S.Q.; Du, Y.J.; Zhang, D.Y.; Yang, F.; He, X.; Long, C.A. Aluminum sulfate inhibits green mold by inducing chitinase activity
of Penicillium digitatum and enzyme activity of citrus fruit. Food Control 2022, 136, 108854. [CrossRef]

Cui, X.; Ma, D,; Liu, X.; Zhang, Z; Li, B.; Xu, Y.; Chen, T.; Tian, S. Magnolol inhibits gray mold on postharvest fruit by inducing
autophagic activity of Botrytis cinerea. Postharvest Biol. Technol. 2021, 180, 111596. [CrossRef]

Kim, Y.S; Lee, Y.; Cheon, W.; Park, J.; Kwon, H.T.; Balaraju, K.; Kim, J.; Yoon, Y.J.; Jeon, Y. Characterization of Bacillus velezensis
AK-0 as a biocontrol agent against apple bitter rot caused by Colletotrichum gloeosporioides. Sci. Rep. 2021, 11, 626. [CrossRef]
Fang, X.; Chai, W.; Li, S.; Zhang, L.; Yu, H,; Shen, J.; Xiao, W.; Liu, A.; Zhou, B.; Zhang, X. HSP17.4 mediates salicylic acid and
jasmonic acid pathways in the regulation of resistance to Colletotrichum gloeosporioides in strawberry. Mol. Plant Pathol. 2021,
22,817-828. [CrossRef]

Sudheeran, PK; Sela, N.; Carmeli-Weissberg, M.; Ovadia, R.; Panda, S.; Feygenberg, O.; Maurer, D.; Oren-Shamir, M.; Aharoni,
A.; Alkan, N. Induced defense response in red mango fruit against Colletotrichum gloeosporioides. Hortic. Res. 2021, 8, 17.
[CrossRef] [PubMed]

Liu, S.; Zhang, D.; Wang, Y.; Yang, F.; Zhao, J.; Du, Y,; Tian, Z.; Long, C. Dimethyl Dicarbonate as a Food Additive Effectively
Inhibits Geotrichum citri-aurantii of Citrus. Foods 2022, 11, 2328. [CrossRef] [PubMed]

Zhu, X.M.; Li, L.; Wu, M,; Liang, S.; Shi, H.B.; Liu, X.H.; Lin, FE.C. Current opinions on autophagy in pathogenicity of fungi.
Virulence 2019, 10, 481-489. [CrossRef] [PubMed]

Cinque, L.; Forrester, A.; Bartolomeo, R.; Svelto, M.; Venditti, R.; Montefusco, S.; Polishchuk, E.; Nusco, E.; Rossi, A.; Medina,
D.L; et al. FGF signalling regulates bone growth through autophagy. Nature 2015, 528, 272-275. [CrossRef]

Hofius, D.; Li, L.; Hafrén, A.; Coll, N.S. Autophagy as an emerging arena for plant-pathogen interactions. Curr. Opin. Plant Biol.
2017, 38, 117-123. [CrossRef]

Talbot, N.; Kershaw, M. The emerging role of autophagy in plant pathogen attack and host defence. Curr. Opin. Plant Biol. 2009,
12, 444-450. [CrossRef]

Ma, D,; Cui, X.; Zhang, Z.; Li, B.; Xu, Y,; Tian, S.; Chen, T. Honokiol suppresses mycelial growth and reduces virulence of Botrytis
cinerea by inducing autophagic activities and apoptosis. Food Microbiol. |. 2020, 88, 103411. [CrossRef]

Peng, Q.; Huo, D.; Li, H.; Zhang, B.; Li, Y; Liang, A.; Wang, H.; Yu, Q.; Li, M. ROS-independent toxicity of Fe304 nanoparticles to
yeast cells: Involvement of mitochondrial dysfunction. Chem. Biol. Interact. 2018, 287, 20-26. [CrossRef]

Tian, Z.; Chen, C.; Chen, K,; Liu, P; Fan, Q.; Zhao, J.; Long, C. Biocontrol and the mechanisms of Bacillus sp. w176 against
postharvest green mold in citrus. Postharvest Biol. Technol. 2020, 159, 111022. [CrossRef]

Tian, Z.; Li, Y.; Yang, Q.; Liu, P.; Du, Y.; Chen, C.; Long, C. Antifungal activities and the mechanisms of biocontrol agent WE-3
against postharvest sour rot in citrus. Eur. J. Plant Pathol. 2021, 161, 723-733. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1016/j.bjm.2018.06.002
http://doi.org/10.1128/AAC.01684-15
https://www.fda.gov/media/77832
https://www.fda.gov/media/77832
http://doi.org/10.1146/annurev-virology-010220-054709
http://doi.org/10.1242/jcs.01620
http://doi.org/10.1016/S0753-3322(03)00048-9
http://doi.org/10.1126/science.1077991
http://doi.org/10.1126/science.1087782
http://doi.org/10.1038/426620a
http://doi.org/10.1016/j.foodcont.2022.108854
http://doi.org/10.1016/j.postharvbio.2021.111596
http://doi.org/10.1038/s41598-020-80231-2
http://doi.org/10.1111/mpp.13065
http://doi.org/10.1038/s41438-020-00452-4
http://www.ncbi.nlm.nih.gov/pubmed/33423039
http://doi.org/10.3390/foods11152328
http://www.ncbi.nlm.nih.gov/pubmed/35954094
http://doi.org/10.1080/21505594.2018.1551011
http://www.ncbi.nlm.nih.gov/pubmed/30475080
http://doi.org/10.1038/nature16063
http://doi.org/10.1016/j.pbi.2017.04.017
http://doi.org/10.1016/j.pbi.2009.05.008
http://doi.org/10.1016/j.fm.2019.103411
http://doi.org/10.1016/j.cbi.2018.03.012
http://doi.org/10.1016/j.postharvbio.2019.111022
http://doi.org/10.1007/s10658-021-02356-y

	Introduction 
	Materials and Methods 
	Fungal Pathogens, Citrus, and Metal Salt 
	Effect of FeCl3 on C. gloeosporioides In Vitro 
	Effect of FeCl3 on C. gloeosporioides In Vivo 
	Effect of FeCl3 on C. gloeosporioides Spore Germination 
	Observation by OM, SEM, and TEM 
	Detection of FeCl3 on the Cell Membrane Integrity of C. gloeosporioides 
	Detection of Autophagic Structures, Conidial Viability and ROS Accumulation 
	Physiological Qualities Test of FeCl3-Treated Citrus Fruit 
	Statistical Analysis 

	Results 
	Inhibiting Effect In Vitro and In Vivo 
	Effect of FeCl3 on the Spore Germination 
	Effect of FeCl3 on Mycelial Morphology and the Cell Membrane Integrity 
	Effect of FeCl3 on Internal Structure and Autophagic Activity 
	Effect of FeCl3 on Vital Activity and ROS Accumulation 
	Physiological Qualities Test of FeCl3-Treated Citrus Fruit 

	Discussion 
	Conclusions 
	References

