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Abstract: In this study, the antifungal activity of cumin seed oil (CSO) was tested on Fusarium gramin-
earum. (i) Minimum inhibitory concentrations (MICs) and related concentrations (ICys, ICs0, and ICps)
were detected; (ii) toxicity was evaluated by a water-soluble tetrazolium salt-1 (WST-1) assay; (iii) ge-
nomic/epigenomic alterations were evaluated by the coupled restriction enzyme digestion-random
amplification (CRED-RA) method; (iv) oxidative stress was investigated by CAT expression, catalase
activity, and DCF-DA staining; (v) deoxynivalenol biosynthesis was evaluated by tri6 expression;
(vi) and potential effects of CSO on wheat were tested by a water loss rate (WLR) assay. MIC, ICys,
ICs5¢ and ICj5 values were detected at 0.5, 0.375, 0.25, and 0.125 mg mL~1. In WST-1 assays, signifi-
cant decreases (p < 0.001) were detected. Genomic template stability (GTS) related to methylation
differences ranged from 94.60% to 96.30%. Percentage polymorphism for Hapll/ Mspl values were as
9.1%/15.8%. CAT (oxidative stress-related catalase) and tri6 (zinc finger motif transcription factor)
gene expressions were recorded between 5.29 4 0.74 and 0.46 £ 0.10 (p < 0.05). Increased catalase
activity was detected (p < 0.05) by spectrophotometric assays. DCF-DA-stained (oxidative stressed)
cells were increased in response to increased concentrations, and there were no significant changes
in WLR values. It was concluded that CSO showed strong antifungal activity on F. graminearum via
different physiological levels.
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1. Introduction

Fusarium head blight (FHB) is one of the most destructive and devastating fungal
diseases of small grain cereals worldwide. Epidemics result in reduction in crop quantity
and quality. Consequently, economic losses reaching up to billions of dollars have been
reported in many regions throughout the world [1-3]. In addition to yield losses, mycotoxin
contamination also occurs in wheat and barley fields where FHB present. Deoxynivalenol,
nivalenol, and their acetylated derivatives have been reported as the predominating myco-
toxins accumulated on small grain cereals infected with FHB causal agents, predominantly
Fusarium graminearum [4-7].

Causal agents of FHB show variation due to several factors such as population dynam-
ics of phytopathogens, climatic conditions, and crop rotations. However, F. graminearum
sensu lato seems to be a predominating causal agent of FHB in particularly humid and semi-
humid regions [3,8,9]. F. graminearum, with more than 10 members, has been accepted as a
species complex nowadays and the global member of this species complex is F. graminearum
sensu stricto [9-11]. F. graminearum is a homothallic phytopathogen and it primarily infects

Pathogens 2024, 13, 395. https:/ /doi.org/10.3390/pathogens13050395

https://www.mdpi.com/journal /pathogens


https://doi.org/10.3390/pathogens13050395
https://doi.org/10.3390/pathogens13050395
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/pathogens
https://www.mdpi.com
https://orcid.org/0000-0002-0336-880X
https://doi.org/10.3390/pathogens13050395
https://www.mdpi.com/journal/pathogens
https://www.mdpi.com/article/10.3390/pathogens13050395?type=check_update&version=2

Pathogens 2024, 13, 395

2 of 14

wheat, maize, and barley worldwide. Also, this species complex produces several impor-
tant mycotoxins such as deoxynivaleol, nivalenol, and zearalenone [4,12]. F. graminearum is
included in the list of most important phytopathogens worldwide [13]. This fungus could
also be considered as a model organism, and there are more than 100 genome assembly and
annotation reports belonging to different strains deposited under GenBank, and at least
three main genetic populations of F. graminearum in the northern hemisphere [14].

Development of disease resistant plant cultivars, usage of antagonistic microorganisms,
and fungicide treatment have been widely used for in vitro and in planta studies to manage
FHB. Each strategy has several disadvantages. Among these strategies, common fungicide
treatment such as carbendazim and tetraconazole result in effective management against
FHB and F. graminearum in many regions. However, it seems that fungicide resistance will
become one of the most important topics in plant disease research in the near future [15-24].
Especially, resistance to B-tubulin- and cyp51-targeting fungicides in Fusarium spp. seem
to be even more important for agricultural sustainability for the near future. On the other
hand, researchers have focused on working with alternative specific metabolites, which
could be used in fighting against F. graminearum [25-30]. These studies have been conducted
using mainly phenotypic and transcript analysis. Further investigations could especially
include epigenetics analysis, as well as fungicide and plant-derived essential oil mixtures
for F. graminearum and related phytopathogens.

Since antimicrobial resistance remains an important problem for agriculture, re-
searchers try to discover or develop novel antimicrobial compounds. Cumin (Cuminum
cyminum L.) is well known for its beneficial effects, such as antibacterial, anti-cancerous and
anti-diabetic effects, and natural essential oil extracts of CSO include useful and pharma-
ceutically important compounds, including cuminal and cuminic alcohol [31,32]. However,
detailed knowledge related to the mechanisms behind these useful effects of CSO is missing
from the literature. In this study, the potential antifungal activity of cumin (Cuminum
cyminum L.) seed oil (CSO) on F. graminearum was investigated. It was mainly aimed at re-
vealing the (i) potential antifungal effects of CSO on F. graminearum and (ii) the mechanisms
underlying the potential antifungal effects of CSO versus F. graminearum. In the current
study, the effect of CSO on the reference strain PH-1 of F. graminearum was investigated
in terms of phenotypic, genomic, epigenomic, transcript, and antioxidant levels for the
first time.

2. Materials and Methods
2.1. Antimicrobial Assay and Cell Proliferation Test

A Fusarium graminearum PH-1 reference strain was used in this study. The fungal
strain was grown on a potato dextrose agar (PDA) at 26 £ 2 °C for 7 days. CSO, includ-
ing eugenol (0.5%) and limonene (0.4%) (W234300-Sigma, Saint Louis, MO, USA), was
dissolved in ethanol. For minimum inhibition concentration (MIC) and related inhibition
concentration determination, preliminary studies included different concentrations of CSO
with logarithmic series of 2, 5, and 10 pg mL~!. Mycelium discs (0.25 cm?) from 7-day-old
fresh fungal cultures were transferred onto a PDA medium with different concentrations of
CSO (0, 0.125, 0.25, 0.375, and 0.5 mg mL~1) from CSO stocks dissolved in ethanol, with a
concentration of Img mL~!. The effect of the CSO was analyzed according to the linear
growth rate measurements obtained on the 4th and 7th day of incubation. The growth
inhibition as a percent (minimum inhibition concentration [MIC], growth inhibition at
75% [IC75], half inhibition [IC5p], and growth inhibiton at 25% [ICps5]) was calculated in
comparison to the control set.

The evaluation of cell proliferation was determined by a WST-1 (Roche, Basel, Switzer-
land) analysis. One cm? discs of control and experimental groups were dissolved in
phosphate-buffered saline (PBS). A total of 10 uL. WST-1 was added onto 100 pL cells
suspended in PBS, and samples were incubated for 3 h at 28 °C in the dark. Spectropho-
tometric measurements were recorded at 450 and 620 nm wavelengths after incubation.
The background radiation was excluded via the Ag50_620 nm calculation. The cytotoxicity
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level due to CSO treatment was evaluated by a comparison of absorbance values from the
control and experiment sets.

2.2. Nucleic Acid Isolation and cDNA Synthesis

The genomic DNA (gDNA) from the control and experiment sets was extracted using
a commercial genomic DNA isolation kit (Anatolia Geneworks, Istanbul, Turkey) following
the experimental procedures provided by the manufacturer. The quality of gDNA was
checked using 0.8% agarose gels. The concentration and purity of gDNA were analyzed by
a spectrophotometer (Nanodrop-Thermo, Waltham, MA, USA).

The total RNA isolation from the control and experimental groups of F. graminearum
PH-1 was performed using the monophasic reagent Hibrizol following the manufacturer’s
recommendations (Hibrigen, Istanbul, Turkey). The isolated RNA was analyzed with 0.8%
agarose gels and spectrophotometric measurements.

The synthesis of cDNA from RNA molecules was carried out using the first strand
cDNA synthesis kit (Takara, Shiga, Kansai, Japan). According to the recommendations
from the manufacturer, 50 uM Oligo dT, 50 tM Random 6mer, 1x Buffer, 200 U Reverse
Transcriptase enzyme, and total RNA molecules equal to 2 pg RNA were combined in
20 pL total volume. cDNA was synthesized by incubating samples at 37 °C for 20 min and
85 °C for 5 min. cDNAs were diluted by % and then used in qPCR assays.

2.3. RAPD (Randomly Amplified Polymorphic DNA) and Coupled Restriction Enzyme
Digestion-Random Amplification (CRED-RA) Assays

RAPD/CRED-RA techniques were used for the examination of the methylation status
of the genome and template stability in response to the CSO treatment. The final concen-
trations of the components in the PCR assays were adjusted by 50 ng gDNA, 1x PCR
buffer, 3 mM MgCl2, 0.4 mM dNTP mix, 10 pmol 10-mer primer, and 0.04 U uL—1 Tng
DNA polymerase in a volume of 25 uL. In total, 23 common RAPD primers (Eurofins,
Saint-Augustin, France) were used in this study (Table 1). Reaction was performed in two
stages, following the pre-denaturation process at 94 °C for 2 min. Four loops in the first
stage included incubation at 94 °C for 1.5 min, at 37 °C for 1.5 min, and at 72 °C for 3 min.
The next 36 loops were performed for 1 min at 94 °C, 1 min at 37 °C, and 2 min at 72 °C.
The final elongation stage was carried out as 10 min at 72 °C. RAPD bands were run on
1.8% agarose gels and visualized under UV light [33].

The genomic template stability (GTS %) was calculated with the following formula:
GTS = (1 — [a/n]) x 100, where a is the average number of polymorphic bands detected in
each cumin-treated sample, and n is the number of total bands in the control set. Resolving
power (RP) values for each primer were calculated using common formulas developed by
Prevost and Wilkinson [34].

In CRED-RA assays, the gDNAs of the control and experimental groups were digested
using Hapll and Mspl restriction endonucleases (Takara, Japan). The digestion reactions
were combined in a total volume of 50 pL using 500 ng gDNA, 20 U Hapll or Mspl enzyme,
0.01% BSA, and 1x digestion buffer, and the mixture was incubated for 1 h 30 min at 37 °C.
A stop reaction was carried out by adding 1x loading buffer and left at room temperature
for 5 min. The digestion products were used for RAPD analysis as described before.
The polymorphism value (%) was determined according to the formula: Polymorphism
% = (5 —mC/5+mC + C) x 100, where C is cytosine and mC is methylated cytosine [35].
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Table 1. RAPD primers and total amplicon numbers obtained from analysis.
Primer Primer Sequence (5'-3") Total Band Number Polymorphic Band Number Polymorphic Band % RP Values
OPA04 AATCGGGCTG 6 5 0.83 3.3
OPAO05 AGGGGTCTTG 4 3 0.75 1.98
OPAQ9 GGGTAACGCC 7 6 0.85 3.64
OPA13 CAGCACCCAC 6 4 0.66 2.64
OPB06 TGCTCTGCCC 4 3 0.75 1.98
OPB07 GGTGACGCAG 5 4 0.8 2.64
OPB09 TGGGGGACTC 8 7 0.875 4.62
OPB10 CTGCTGGGAC 6 4 0.66 248
OPB13 TTCCCCCGCT 4 4 1 2.64
OPB19 CCGCATCTAC 4 4 1 2.64
OPC04 CCGCATCTAC 4 4 1 2.64
OPC05 GATGACCGCC 6 4 0.66 2.64
OPCO07 GTCCCGACGA 5 4 0.8 2.64
OPG13 CTCTCCGCCA 4 3 0.75 1.98
OPG16 AGCGTCCTCC 4 2 0.5 1.32
OPMO1 GTTGGTGGCT 7 6 0.85 3.84
OPMO02 ACAACGCCTC 11 10 0.90 5.74
OPMO03 GGGGGATGAG 8 7 0.875 4.54
OPMO04 GGCGGTTGTC 10 9 0.9 5.38
OPMO05 GGGAACGTGT 9 8 0.88 4.68
OPMO07 CCGTGACTCA 7 7 1 3.52
OPMO09 GTCTTGCGGA 6 5 0.83 3.04
OPM10 TCTGGCGCAC 6 5 0.83 3.04

2.4. Gene Expression Analysis

Fold changes in gene expression levels between control and experimental groups
as a result of CSO treatment were determined by qPCR analysis. Genes associated with
oxidative stress response (CAT: catalase, which has only one splice variant and the biological
function was proved to be oxidative stress response [catalase_3: IPR018028 /FGSG_06733])
and deoxynivalenol biosynthesis (tri6: a zinc finger transcription factor) were chosen as the
target genes. 3-tubulin was used as a housekeeping gene. qPCR assays were performed
using the Sybr Green I fluorescent dye. gPCRs were conducted in a reaction volume of 20 uL.
containing 1 x Sybr Green I mixture (Episozyme, Istanbul, Turkey), 5 pmol forward /reverse
primers developed by Gazdagli et al. [25], and an amount of cDNA corresponding to 50 ng
RNA. The cycling conditions, melting curve analysis, and fold change determination
analysis were carried out as reported by Gazdagli et al. [25].

2.5. Intracellular ROS Detection by Fluorescence Microscopy

Changes related to oxidative stress that could occur in the experimental groups de-
pending on the CSO treatment were revealed by fluorescence microscopy observations.
For these purposes, carboxy methyl cellulose (CMC) liquid cultures were obtained. Up to
seven 0.25 cm? fungal discs were transferred to a CMC broth medium of 25 mL and grown
at 26 4= 2 °C for 7 days in a rotary shaker at 120 rpm. 1 x 10° spore mL~! were used in
fluorescence analysis. The presence of potential oxidative stress/reactive oxygen species
(ROS) was investigated by 2’,7’-dichlorofluorescin diacetate (DCF-DA) staining. Fungal
cultures were incubated for 30 min at 25 °C using 4% formaldehyde and 0.1% Triton-X
100 to fix the samples. Fixed cells were washed twice with 1x PBS. Fluorescent staining
was performed to determine the presence and status of ROS (DCF-DA; 5 ug mL~1) after
washing. DCF-DA fluorescence staining was visualized with FITCH filter [28,29,36]. ROS
detection for potential oxidative stress response in F. graminearum was carried out via a
PH2 condenser with excitation of 494 nm and emission of 518 nm.

2.6. Assessment of Catalase (CAT) Activity

Total protein from the control and experiment sets was extracted from 0.5 g of fresh
mycelium using a common phosphate buffer protocol [37]. Protein concentration was
detected using bovine serum albumin standards series by using a bicinchoninic acid
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assay (BCA) protein assay kit following the manufacturer’s recommendations (Atlas,
Ankara, Turkey). An equalized protein concentration (1 mg) was used to take the kinetic
measurement at 240 nm for detecting catalase activity. A reaction mix (112.2 uL phosphate
buffer (50 mM NaH2PO4; pH 7.2) and 80 uL H,O; (40 mM)) were incubated at 30 °C for
2.5 min. After 6.8 pL protein extract was added to the reaction mix, the kinetic measurement
was recorded at 10 s intervals for 2 min. The difference in absorbance through time (A49)
was used for inference of the catalase activity. Fold changes in CAT activity were calculated
via normalization by control series.

2.7. Water Loss Rate Assay

The potential adverse effect of CSO on wheat was investigated via water loss rate
(WLR) analysis. For this purpose, seeds of Triticum aestivum L. cv. Ceyhan 99 were used
in WLR assays. The protocol provided by Suprunova et al. [38] was followed. A total
of 10 seeds for each technical repeat were germinated on moist petri dishes at room
temperature for seven days. The 7-day-old shoots with roots were transferred to plastic
boxes containing soil. The plantlets were irrigated with distilled water and the CSO with
0.5 mg mL~! for 7 days. The samples were incubated at 25 & 2 °C. The expanded leaves
of the 14-day-old plants were cut and the fresh weight (FW) was measured. The leaves
were left on filter paper for 24 h, and then weight (W24) was measured. The leaves were
left at 65 °C for 24 h and the dry weight (DW) was recorded. The WLR was calculated as
following the formula: WLR (gh~! g~! DW) = (FW — W24)/(DW x 24).

2.8. Statistical Analysis

Each experimental procedure included two technical and three biological repeats. For
statistical analyses, a t-test, one-way and two-way analysis of variance (ANOVA) with
Tukey’s post-test, normality tests (accompanied by Shapiro-Wilks test/Pearson’s correla-
tion matrix), and PCA analysis were carried out using GraphPad Prism 9.0 (Dotmatics,
La Jolla, CA, USA) and R/R-Studio (Posit-PBC, Boston, MA, USA). The standard deviation
for each experiment set was calculated via descriptive/column statistics. The confidence
interval was determined at 0.05.

3. Results
3.1. Antimicrobial Activity and Cell Proliferation Analysis

CSO strongly repressed in vitro fungal growth. The MIC, IC7s, ICs5 and ICy5 values
were recorded as 0.5, 0.375, 0.25 and 0.125 mg mL~! CSO treatment on PDA media,
respectively. In further analysis, PDA amended with different concentrations of CSO (0,
0.125, 0.25, 0.375, and 0.5 mg mL™1), control, ICy5, ICs), and ICy5, were used.

In the WST-1 assays, significant decreases (p < 0.001) were detected in ICy5, ICs), and
ICy5 sets in comparison to the control set via one-way ANOVA analysis. Ags0-¢20 values
were recorded as 0.24 + 0.03, 0.13 £ 0.01, 0.10 £ 0.01, and 0.08 % 0.01 in the control, IC5s,
ICs¢, and ICy5 sets, respectively (Figure 1).

3.2. RAPD and CRED-RA Analysis

RAPD and CRED-RA analysis were carried out with gDNA molecules obtained from
the control, ICys, ICsp, and ICy5 sets with quality and quantity (Apgp,280 = 1.7-1.9 and
0.5-2 pg uL~1). All 10-mer RAPD primers gave amplicon(s) from experiment sets. GTS
values for ICps, ICs0, and ICy5 sets were recorded as 94.60%, 95.50% and 96.30%, respectively.
RP values were in the range of 1.32 (OPG16) and 5.74 (OPMO02) (Table 1). In RAPD analysis,
113 bands were obtained and only 9 of them were polymorphic. In CRED-RA assays,
141 bands were amplified, and 23 bands were idiomorphic. Minimum and maximum band
numbers for CRED-RA analysis were recorded as 4 (OPB06) and 11 (OPMO02), respectively.
The % of polymorphisms for Hapll and Mspl enzymes ranged between 9.9 and 10.9% and
9.1-15.8%, respectively (Table 2).
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Figure 1. Comparison of WST-1 assay values of experimental sets which were exposed to different
concentrations of cumin seed oil. The control, ICys5, ICsy, and ICy75 sets were the strains grown on
PDA amended with 0, 0.125, 0.25, and 0.375 pg uL_; cumin seed oil. ***: p < 0.001 and ****: p < 0.0001.

3.3. Gene Expression Analyses

Fold changes in CAT and tri6 expression were normalized in comparison to the -
tubulin expression. Relative transcript abundance for the CAT gene in ICys, IC50, and IC75
sets were recorded as 1.77 + 0.25, 5.59 & 0.74, and 6.13 + 1.06, respectively (Figure 2A).
There was no statistically significant difference between ICys treatment and the untreated
control (p > 0.05), whereas the changes in ICsy and ICy5 treatments were statistically
significant (p < 0.001). Fold changes in the tri6 expression in ICps, ICsp, and IC75 treatments
were calculated as 0.89 £ 0.07, 0.66 £ 0.06, and 0.46 £ 0.10, respectively (Figure 2B). Similar
to CAT expression, there were no significant differences between ICy5 treatment and the
control set in the tri6 expression (p > 0.05). The changes in ICs( (p < 0.05) and IC75 (p < 0.001)
treatments were as statistically significant by one-way ANOVA analysis.

3.4. Fluorescence Microscopy Analysis

The presence of oxidative stress was evaluated via DCF-DA staining in the control,
ICys, IC50, and IC75 sets. ROS activity was not detected in most of the spores in the control
set, whereas three experimental sets showed ROS activity under a fluorescent microscope.
It was seen that the cells of ICys, ICs50, and ICy5 sets were green colored (Figure 3). The
number of spores (100 cell is equalized to “1” value) subjected to oxidative stress for the
control, IC5s, ICs, and ICy5 sets were recorded as 0.08 4= 0.01, 0.20 £ 0.03, 0.49 =+ 0.04, and
0.59 £ 0.03, respectively. The changes in ROS activity were significantly different in ICsg
and ICys sets in comparison to the control set (p < 0.001), while no significant alteration was
recorded in ICys5 via one-way ANOVA analysis.
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Table 2. CRED-RA results obtained in F. graminearum PH-1 strain.

Total Number of  Total Number of  Total Number of Total Number of  Total Number of Total Number of

Experimental Experimental Experimental ]IE)xlloerimer;?l ];:)xIl)erimer;It'al ];:)xrl)erimer;:'al Polyn:gr)phism Polyn‘;oo/r)phism Polyn:gr)phism
Control Band Band Band olymorphic olymorphic olymorphic o o o
Primer Band Band Band
ICys5 ICs IC7s5 ICys ICso IC7s5 ICys5 ICs IC7s5
Hapll Mspl  Hapll Mspl Hapll Mspl Hapll Mspl Hapll Mspl Hapll Mspl Hapll Mspl Hapll Mspl Hapll Mspl Hapll Mspl
OPA04 4.0 4.0 4.0 4.0 4.0 4.0 4.0 4.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0 0 0 0.0
OPA05 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0 0 0 0.0
OPA09 2.0 3.0 2.0 2.0 2.0 4.0 4.0 3.0 0.0 1.0 0.0 1.0 2.0 0.0 0.0 50.0 0 25 50 0.0
OPA13 3.0 3.0 3.0 3.0 3.0 3.0 3.0 3.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0 0 0 0.0
OPB06 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0 0 0 0.0
OPB07 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0 0 0 0.0
OPB09 7.0 2.0 7.0 2.0 7.0 2.0 7.0 2.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0 0 0 0.0
OPB10 6.0 5.0 6.0 4.0 6.0 5.0 6.0 5.0 0.0 1.0 0.0 0.0 0.0 0.0 0.0 25.0 0 0 0 0.0
OPB13 1.0 0.0 1.0 0.0 1.0 0.0 1.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0 0 0 0.0
OPB19 1.0 0.0 1.0 0.0 1.0 0.0 1.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0 0 0 0.0
OPrC04 1.0 0.0 1.0 0.0 1.0 0.0 1.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0 0 0 0.0
OrCo5 4.0 4.0 4.0 4.0 4.0 4.0 4.0 4.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0 0 0 0.0
orcCo7 3.0 2.0 3.0 2.0 3.0 2.0 3.0 2.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0 0 0 0.0
OPG13 1 1 1 1 1 1 1 1 0 0 0 0 0 0 0.0 0.0 0 0 0 0.0
OPG16 3 3 3 3 3 3 3 3 0 0 0 0 0 0 0.0 0.0 0 0 0 0.0
OPMO1 7.0 7.0 7.0 6.0 6.0 4.0 6.0 4.0 0.0 0.0 1.0 3.0 1.0 3.0 0.0 0.0 16.66 75 16.66 75.0
OPMO02 6.0 6.0 6.0 6.0 4.0 7.0 6.0 3.0 0.0 0.0 2.0 1.0 0.0 3.0 0.0 0.0 50 14.28 0 100.0
OPMO03 3.0 4.0 4.0 2.0 5.0 2.0 4.0 4.0 1.0 2.0 2.0 2.0 1.0 0.0 25.0 100.0 40 100 25 0.0
OPMo04 7.0 4.0 7.0 3.0 6.0 2.0 6.0 3.0 0.0 1.0 1.0 2.0 1.0 1.0 0.0 33.3 16.66 100 16.66 33.3
OPMO05 4.0 3.0 5.0 4.0 7.0 3.0 6.0 5.0 1.0 1.0 3.0 0.0 2.0 2.0 20.0 0.0 42.85 0 33.33 40.0
OPM07 1.0 1.0 2.0 1.0 4.0 2.0 4.0 2.0 1.0 0.0 3.0 1.0 3.0 1.0 50.0 0.0 75 50 75 50.0
OPM09 2 1 1 1 2 1 2 1 1 0 0 0 0 0 100.0 0.0 0 0 0 0.0
OPM10 4 3 3 3 4 3 3 3 1 0 0 0 1 0 33.3 0.0 0 0 33.33 0.0

3.3 27 3.3 24 3.4 25 3.5 2.5 0.2 0.3 0.5 0.4 0.5 0.4 9.9 9.1 10.5 15.8 10.9 13.0
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Figure 2. Fold changes in CAT (A) and tri6 (B) expression. Control, ICps, ICs59 and ICy5 sets were
the strains grown on PDA amended with 0, 0.125, 0.25, and 0.375 ug uL~! cumin seed oil). ns: no
significant changes, *: p < 0.05, **: p < 0.01, and ***: p < 0.001.

Figure 3. FITCH filter-captured profile of spores treated with different concentrations of cumin seed
oil. (A): control set, (B): IC;5 set, (C): ICs set, and (D): ICy5 set at 20 x magnification. Green-coloured

cells show the presence of oxidative stress.
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3.5. CAT Activity

The effect of CSO on the metabolization of the oxygen was examined by determining
CAT activity alterations in the F. graminearum PH-1 strain. The CSO treatment led to signifi-
cant differences between the control and the experiment sets via one-way ANOVA analysis.
The values related to CAT activity (A240/1mg/min), 0.07 £ 0.01, 0.22 £ 0.01, 0.24 + 0.03 and
0.19 +£ 0.03, were recorded in control, ICys5 (p < 0.01), ICs5¢ (p < 0.001), and IC75 (p < 0.05)
sets, respectively (Figure 4A).

* A B
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Figure 4. (A) Catalase activity in CSO treated F. graminearum PH-1 and (B) CSO response of T. aestivum
L. cv. Ceyhan-99. ns: no significant changes, *: p < 0.05, **: p < 0.01, and ***: p < 0.001.

3.6. WLR Analysis

No significant differences were detected between the WLR values of 14-day-old
plantlets belonging to the control or the experiment sets (p > 0.05). Mean WLR values
were recorded as 0.22 4 0.01 and 0.20 4 0.02 g h~! g~! for control and CSO treated sets
(Figure 4B), respectively. No potential abiotic stress presence was detected due to CSO
treatment in T. aestivum L. Ceyhan 99.

3.7. Statistical Analysis

Two-way ANOVA analyses were combined with Pearson’s correlation matrix in
order to reveal a correlation between different experimental procedures. By this way, data
obtained from the WST-1 assay, DCF-DA staining analysis, catalase activity, CAT expression,
and tri6 expression analysis were co-evaluated (Figure 4). In Pearson’s correlation test,
both negative and also positive correlations were found between different experimental
procedures (Table 3). p Values were recorded between 0.004 and 0.258. The correlation
efficiency values were detected between —0.986 and +0.955. It was clear that CAT activity
and CAT expression presented a positive correlation. Similarly, positive correlation between
cell viability and fri6 expression was recorded in the two-dimensional analysis (PC1: 74%,
PC2: 11.4%, proportional variance). In contrast, negative correlation was also found in
gene expression analysis. In PCAs, the control, ICys, ICs50, and IC75 sets were co-clustered
in all different experimental procedures (Figure 5).



Pathogens 2024, 13, 395 10 of 14

Table 3. Pearson correlation matrix between experimental tests. Numeric data in columns are of
Pearson r values. *: positive correlation and ~: negative correlation.

WST-1 cat trib CAT Activity ~ DCF-DA
Expression Expression
WST-1 1.00 —0.85 0.71 —0.96 —0.85
CAT expression —0.85 1.00 —0.24 0.96 0.99
tri6 expression 071+ —0.24 ~ 1.00 —0.49 —0.24
CAT activity —0.96 0.96 —0.49 1.00 0.96
DCF-DA —0.85 0.99* —0.24 ~ 0.96 1.00
Two-way ANOVA analysis A C
d B WST-1
B cat expression
64

B tri6 expression
@ CAT activity
DCF-DA

Data Ranges
F-

]
M

N Soa N
By FUie? (Fetie® Cette” Seteie®
o [ ¥ 3 & <. groups
N b w
Experiment Sets - ST = Contral
B - IC25
0.25 .

0.23
0.21
0.19
0.17
0.15
0.13
0.11
0.09
0.07
0.05
0.03
0.01

IC75

cat expression

standardized PC2 (11.4% explained var.)

tri6 expression

A b H
standardized PC1 (74.0% explained var.)

Figure 5. Two-way ANOVA analysis (A), p values dendrogram for correlation status (B), and PCA
profiling (C) of different experimental procedures carried out in this study. Control, IC»s5, IC5p, and
IC75 sets were the strains grown on PDA amended with 0, 0.125, 0.25, and 0.375 pg puL~1 cumin
seed oil.

4. Discussion

Plant-derived essential oils mixtures or specific compounds could show antimicrobial
effects due to their valuable components. Particularly, these compounds could be an
important part of an antagonistic effect on fungal phytopathogens [39,40]. Up to now,
many plant-derived essential oils, primarily as a methanol extracts, had been tested on
F. graminearum or genetically closely related phytopathogenic fungal species in order to
reveal their potential antifungal usage [28,39,41-43]. However, the previous studies mainly
included revealing the composition of essential oil mixtures and determining the radial
growth rate inhibition in fungi. The detailed and comprehensive data related to the
mechanisms, which lie behind the potential antifungal activities of these plant-derived
essential oils, are missing from the literature. Within this scope, the potential antifungal
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activity of cumin seed oil on physiological, genetics, epigenetics, and transcriptional levels
of F. graminearum was evaluated.

Previous studies have shown that there are different ranges for inhibition values of
radial growth rate in Fusarium spp. An approximately 50% growth inhibition due to aloe
vera extracts treatment was recorded in F. oxysporum [42]. Similarly, 1 pg uL~! Haplophyllum
tuberculatum essential oil extracts treatment resulted in a 49% radial growth inhibition in
F. oxysporum. Singh et al. [39] reported that Foeniculum vulgare oil mixtures up to 6 uL
led to 100% growth inhibition in F. graminearum. Perczak et al. [28] tested the potential
antifungal activities of different plant-derived essential oil mixtures on F. graminearum and
E. culmorum and they showed that there was great variation among minimum inhibition
concentrations of different plant-derived essential oils. In this study, a relatively very low
level of CSO was needed to repress the radial growth of F. graminearum. The MIC value
for CSO (0.5 mg mL~!) was also relatively low in comparison to specific plant-derived
essential oil compounds, such as a-thujone and camphor [25,26,29]. Results obtained from
this study yielded that the concentration to be used for in vitro tests of CSO is closely
near to concentrations of specific fungicides [19,21,23,24]. In addition to radial growth rate
analysis, the potential growth inhibitory effects of CSO were also confirmed by using cell
proliferation tests related to the WST-1 assay in this study. The presence of plant-derived
essential oils led to toxicity in F. graminearum as reported by Teker et al. [29].

In recent years, several reports showed that plant-derived essential oil compounds
or specific fungicides led to a high level of genomic and epigenomic alterations in phy-
topathogenic fungi [23,25,29]. HapIl and Mspl enzymes were used in epigenomic analysis.
Hapll digestion is active in type I (CCGG; second C is methylated) and type II (CCGG;
first C is methylated) methylation, whereas Mspl enzyme is active for only type I and type
II (CCGG; second C is methylated) methylation. Type IV (CCGG; first C is methylated)
methylation includes no active digestion by Hpall and Mspl [44,45]. By using RAPD and
CRED-RA methods, the potential genomic stability changes and type I-IV methylation
presence were aimed to be revealed in this study. However, only a limited and low level
of genomic instability was detected by the GTS and RP analyses. Similarly, type II and
type III methylation changes of up to 15% polymorphisms were detected in the ICy5, ICs5,
and ICy5 sets. A relatively stable methylation status was detected in experimental sets in
comparison to previous studies, including the usage of specific plant-derived essential
oil compounds [25,29]. This low level of genomic and epigenomic changes due to CSO
treatment (in comparison to specific plant-derived essential 0il compounds or common
fungicides) could arise from the complex or comprehensive content of the CSO, and some
of the compounds present in the mixture could be effective in genomic and epigenomic
stabilization. Further studies could include the effects of major and minor compounds of
CSO mixtures on phytopathogenic fungi in terms of genomic or epigenomic alterations.

The changes in the expression of tri6 gene encoding the transcription factor of zinc fin-
ger motif related to trichothecene biosynthesis was also investigated in this study. Increased
concentrations of CSO yielded a decreased expression of the tri6 gene. Down-regulation up
to 54% in tri6 expression was recorded due to CSO treatment. This decrease in trichothecene
biosynthesis-related gene expression was accordant with previous studies, including es-
sential oil compound and fungicide treatment against Fusarium spp. [23-25,29]. Moreover,
negative correlations between tri6 expression and DCF staining and CAT expression were
recorded. The findings in the current study provide preliminary data that CSO could be
a potential repressor of trichothecene biosynthesis. However, in planta studies including
CSO treatment could be useful for providing more detailed and comprehensive data in the
near future.

The presence and adverse effects of oxidative stress in phytopathogenic fungi is
one of the most important topics in plant pathology. Recent investigations showed that
the presence and the level of oxidative stress in fungi (exposed to the stress factor[s])
affect important physiological processes such as mycotoxin biosynthesis and apoptosis
destination in fungi [29,46-49]. In this study, potential oxidative stress presence in F.



Pathogens 2024, 13, 395 12 of 14

gramineraum in response to CSO treatment was investigated by qPCR, DCF-DA staining,
and CAT activity assays. In comparison to previous studies, a moderate to high level of
oxidative stress was detected via CSO treatment [2,29,48-50]. Each method independently
showed that CSO treatment led to oxidative stress in the experiment sets. Moreover, CAT
expression and the DCF-DA staining analysis were found to be positively correlated by
posterior statistical analysis. The findings obtained from this study show that CSO strongly
shows antifungal activities and represses radial growth on F. graminearum by oxidative
stress in vitro for a limited part of the lifetime of fungi. Detailed antifungal activity of
CSO or other plant-derived compounds on F. graminearum could be evaluated in terms of
mycotoxin production and pigmentation processes.

This study, including data related to the hemi-biotrophic worldwide phytopathogen F.
graminearum, provides preliminary and informative data for conducting similar studies in
other fungal genera. The output of the study is of great importance in terms of revealing the
potential of a new and natural antifungal compound that can be used in the fight against
Fusarium spp. and related fungal phytopathogens’ diseases.

5. Conclusions

Synthetic antifungal products, particularly common fungicides, have been used to
manage and combat fungal diseases worldwide. However, they have detrimental effects on
the environment such as the presence of fungicide resistant isolates and the accumulation
of toxic waste. To avoid these undesirable effects, natural antifungal compounds are
needed. This is the first report including physical, genetics, epigenetics, and transcriptional
levels of investigations that show CSO could be considered as a potential antifungal agent
against phytopathogenic fungi. Findings obtained from this study show that cumin seed
oil overcomes, in particular, F. graminearum by oxidative stress formation in vitro. Further
studies need in field investigations and mammalian culture tests to detect potential adverse
effects of CSO on useful microorganisms and/or animals.

Author Contributions: Methodology, E.Y., Z.D. and M.P; software, E.Y. and T.Y.-M.; validation, E.Y.,
72.D., M.P. and T.Y.-M; formal analysis, E.Y. and Z.D.; investigation, E.Y. and M.P.; resources, E.Y. and
7.D.; data curation, E.Y. and T.Y.-M.; writing—original draft preparation, E.Y., Z.D., M.P. and T.Y.-M.;
writing—review and editing, E.Y. and T.Y.-M.; visualization, E.Y., M.P. and T.Y.-M.; supervision, E.Y.
and M.P,; project administration, E.Y. and M.P,; funding acquisition, E.Y. and Z.D. All authors have
read and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in the study are included in the
article, further inquiries can be directed to the corresponding author.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Goswami, R.S;; Kistler, H.C. Heading for disaster: Fusarium graminearum on cereal crops. Mol. Plant Pathol. 2004, 5, 515-525.
[CrossRef] [PubMed]

2. Matny, O.N. Fusarium head blight and crown rot on wheat & barley: Losses and health risks. Adv. Plants Agric. Res. 2015, 2, 00039.
[CrossRef]

3.  Miedaner, T.; Cumagun, C.J.R.; Chakraborty, S. Population genetics of three important head blight pathogens Fusarium gramin-
earum, F. pseudograminearum and F. culmorum. J. Phytopathol. 2008, 156, 129-139. [CrossRef]

4. Desjardins, A.E.; Proctor, R H. Molecular biology of Fusarium mycotoxins. Int. . Food Microbiol. 2007, 119, 47-50. [CrossRef]
[PubMed]

5. Foroud, N.A.; Eudes, E. Trichothecenes in cereal grains. Int. |. Mol. Sci. 2009, 10, 147-173. [CrossRef] [PubMed]

6.  Pasquali, M.; Beyer, M.; Logrieco, A.; Audenaert, K.; Balmas, V.; Basler, R.; Boutigny, A.-L.; Chrpova, J.; Czembor, E.; Gagkaeva,

T,; et al. A European database of Fusarium graminearum and F. culmorum trichothecene genotypes. Front. Microbiol. 2016, 7, 406.
[CrossRef] [PubMed]


https://doi.org/10.1111/j.1364-3703.2004.00252.x
https://www.ncbi.nlm.nih.gov/pubmed/20565626
https://doi.org/10.15406/apar.2015.02.00039
https://doi.org/10.1111/j.1439-0434.2007.01394.x
https://doi.org/10.1016/j.ijfoodmicro.2007.07.024
https://www.ncbi.nlm.nih.gov/pubmed/17707105
https://doi.org/10.1016/j.ijfoodmicro.2007.07.024
https://www.ncbi.nlm.nih.gov/pubmed/19333439
https://doi.org/10.3389/fmicb.2016.00406
https://www.ncbi.nlm.nih.gov/pubmed/27092107

Pathogens 2024, 13, 395 13 of 14

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.
32.

33.

Pasquali, M.; Migheli, Q. Genetic approaches to chemotype determination in type B-trichothecene producing Fusaria. Int. ]. Food
Microbiol. 2014, 189, 164-182. [CrossRef] [PubMed]

Saharan, M.S.; Kumar, J.; Sharma, A.K.; Nagarajan, S. Fusarium head blight (FHB) or head scab of wheat—A review. Proc. Natl.
Acad. Sci. USA 2004, 3, 255-268.

Yoriik, E.; Yli-Mattila, T. Class B-trichothecene profiles of Fusarium species as causal agents of head blight. In Advancing Frontiers
in Mycology & Mycotechnology, 1st ed.; Satyanarayana, T., Deshmukh, S.K., Deshpande, M.V.,, Eds.; Springer: Berlin/Heidelberg,
Germany, 2019; pp. 347-376. [CrossRef]

Przemieniecki, S.W.; Kurowski, T.P.; Korzekwa, K. Chemotypes and geographic distribution of the Fusarium graminearum species
complex. Environ. Biotechnol. 2014, 10, 45-59. [CrossRef]

van der Lee, T.; Zhang, H.; van Diepeningen, A.; Waalwijk, C. Biogeography of Fusarium graminearum species complex and
chemotypes: A review. Food Addit. Contam. Part A 2015, 32, 453-460. [CrossRef]

Trail, F. For blighted waves of grain: Fusarium graminearum in the postgenomics era. Plant Physiol. 2009, 149, 103-110. [CrossRef]
[PubMed]

Dean, R.; Van Kan, ]J.A.L.; Pretorius, Z.A.; Hammond-Kosack, K.E.; Di Pietro, A.; Spanu, PD.; Rudd, ]J.J.; Dickman, M.; Kahmann,
R.; Ellis, J.; et al. The Top 10 fungal pathogens in molecular plant pathology. Mol. Plant Pathol. 2012, 13, 414-430. [CrossRef]
[PubMed]

Yli-Mattila, T.; Opoku, J.; Ward, T.J. Population structure and genetic diversity of Fusarium graminearum from southwestern Russia
and the Russian Far East as compared to northern Europe and North America. Mycologia 2023, 115, 513-523. [CrossRef] [PubMed]
Anand, A.; Zhou, T,; Trick, H.N.; Gill, B.S.; Bockus, W.W.; Muthukrishnan, S. Greenhouse and field testing of transgenic wheat
plants stably expressing genes for thaumatin-like protein, chitinase and glucanase against Fusarium graminearum. J. Exp. Bot. 2003,
54,1101-1111. [CrossRef] [PubMed]

Bai, G.; Shaner, G. Management and resistance in wheat and barley to Fusarium head blight. Annu. Rev. Phytopathol. 2004, 42,
135-161. [CrossRef] [PubMed]

Bernardo, A.; Bai, G.; Guo, P; Xiao, K.; Guenzi, A.C.; Ayoubi, P. Fusarium graminearum induced changes in gene expression
between Fusarium head blight-resistant and susceptible wheat cultivars. Funct. Integr. Genom. 2007, 7, 69-77. [CrossRef] [PubMed]
de Chaves, M.A; Reginatto, P.; da Costa, B.S.; de Paschoal, R.I.; Teixeira, M.L.; Fuentefria, A.M. Fungicide Resistance in Fusarium
graminearum Species Complex. Curr. Microbiol. 2022, 79, 62. [CrossRef] [PubMed]

Chung, W.H.; Ishii, H.; Nishimura, K.; Ohshima, M.; Iwama, T.; Yoshimatsu, H. Genetic analysis and PCR-based identification of
major Fusarium species causing head blight on wheat in Japan. J. Gen. Plant Pathol. 2008, 74, 364-374. [CrossRef]

Dal Bello, G.M.; Monaco, C.I.; Simon, M.R. Biological control of seedling blight of wheat caused by Fusarium graminearum with
beneficial rhizosphere microorganisms. World . Microbiol. Biotechnol. 2002, 18, 627-636. [CrossRef]

Qian, H.; Du, J; Chi, M.; Sun, X,; Liang, W.; Huang, J.; Li, B. The Y137H mutation in the cytochrome P450 FgCYP51B protein
confers reduced sensitivity to tebuconazole in Fusarium graminearum. Pest Manag. Sci. 2018, 74, 1472-1477. [CrossRef]

Yin, Y,; Liu, X,; Li, B.; Ma, Z. Characterization of sterol demethylation inhibitor resistant isolates of Fusarium asiaticum and F.
graminearum collected from wheat in China. Phytopathology 2009, 99, 487-497. [CrossRef]

Yortik, E. Tetraconazole leads to alterations in Fusarium graminearum at different molecular levels. Appl. Ecol. Environ. Res. 2018,
16, 6155-6167. [CrossRef]

Yoriik, E.; Sefer, O.; Tunali, B.; Kansu, B.; Sharifnabi, B.; Yli-Mattila, T. Thiophanate methyl susceptibility and alterations in tri5,
Mgv1 and StuA expression among Fusarium graminearum and F. culmorum isolates. |. Plant Pathol. 2018, 100, 447-455. [CrossRef]
Gazdagli, A,; Sefer, O.; Yoriik, E.; Varol, G.I.; Teker, T.; Albayrak, G. Investigation of camphor effects on Fusarium graminearum
and F. culmorum at different molecular levels. Pathogens 2018, 7, 90. [CrossRef]

Kong, W.; Huo, H.; Gu, Y.; Cao, Y.; Wang, J.; Liang, J.; Niu, S. Antifungal activity of camphor against four phytopathogens of
Fusarium. South Afr. ]. Bot. 2022, 148, 437-445. [CrossRef]

Perczak, A.; Gwiazdowska, D.; Gwiazdowski, R.; Ju$, K.; Marchwiriska, K.; Waskiewicz, A. The inhibitory potential of selected
essential oils on Fusarium spp. growth and mycotoxins biosynthesis in maize seeds. Pathogens 2019, 9, 23. [CrossRef] [PubMed]
Perczak, A.; Gwiazdowska, D.; Marchwinska, K.; Jus, K.; Gwiazdowski, R.; Waskiewicz, A. Antifungal activity of selected
essential oils against Fusarium culmorum and F. graminearum and their secondary metabolites in wheat seeds. Arch. Microbiol. 2019,
201, 1085-1097. [CrossRef] [PubMed]

Teker, T,; Sefer, O.; Gazdagl, A.; Yoriik, E.; Varol, GI; Albayrak, G. a-Thujone exhibits an antifungal activity against F.
graminearum by inducing oxidative stress, apoptosis, epigenetics alterations and reduced toxin synthesis. Eur. J. Plant Pathol. 2021,
160, 611-622. [CrossRef]

Abbas, A.; Yli-Mattila, T. Biocontrol of Fusarium graminearum, a Causal Agent of Fusarium Head Blight of Wheat, and Deoxyni-
valenol Accumulation: From In Vitro to In Planta. Toxins 2022, 14, 299. [CrossRef]

Al-Snafi, A.E. The pharmacological activities of Cuminum cyminum-A review. IOSR J. Pharm. 2016, 6, 46-65.

Mnif, S.; Aifa, S. Cumin (Cuminum cyminum L.) from traditional uses to potential biomedical applications. Chem. Biodivers. 2015,
12,733-742. [CrossRef] [PubMed]

Cai, Q.; Guy, C.L.; Moore, G.A. Detection of cytosine methylation and mapping of a gene influencing cytosine methylation in the
genome of Citrus. Genome 1996, 39, 235-242. [CrossRef] [PubMed]


https://doi.org/10.1016/j.ijfoodmicro.2014.08.011
https://www.ncbi.nlm.nih.gov/pubmed/25150674
https://doi.org/10.1007/978-981-13-9349-5_14
https://doi.org/10.14799/ebms241
https://doi.org/10.1080/19440049.2014.984244
https://doi.org/10.1104/pp.108.129684
https://www.ncbi.nlm.nih.gov/pubmed/19126701
https://doi.org/10.1111/j.1364-3703.2011.00783.x
https://www.ncbi.nlm.nih.gov/pubmed/22471698
https://doi.org/10.1080/00275514.2023.2198927
https://www.ncbi.nlm.nih.gov/pubmed/37192332
https://doi.org/10.1093/jxb/erg110
https://www.ncbi.nlm.nih.gov/pubmed/12598580
https://doi.org/10.1146/annurev.phyto.42.040803.140340
https://www.ncbi.nlm.nih.gov/pubmed/15283663
https://doi.org/10.1007/s10142-006-0028-1
https://www.ncbi.nlm.nih.gov/pubmed/16636822
https://doi.org/10.1007/s00284-021-02759-4
https://www.ncbi.nlm.nih.gov/pubmed/34994875
https://doi.org/10.1007/s10327-008-0110-8
https://doi.org/10.1023/A:1016898020810
https://doi.org/10.1002/ps.4837
https://doi.org/10.1094/PHYTO-99-5-0487
https://doi.org/10.15666/aeer/1605_61556167
https://doi.org/10.1007/s42161-018-0094-y
https://doi.org/10.3390/pathogens7040090
https://doi.org/10.1016/j.sajb.2022.05.019
https://doi.org/10.3390/pathogens9010023
https://www.ncbi.nlm.nih.gov/pubmed/31887989
https://doi.org/10.1007/s00203-019-01673-5
https://www.ncbi.nlm.nih.gov/pubmed/31123790
https://doi.org/10.1007/s10658-021-02269-w
https://doi.org/10.3390/toxins14050299
https://doi.org/10.1002/cbdv.201400305
https://www.ncbi.nlm.nih.gov/pubmed/26010662
https://doi.org/10.1139/g96-032
https://www.ncbi.nlm.nih.gov/pubmed/8984000

Pathogens 2024, 13, 395 14 of 14

34.

35.

36.

37.
38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Prevost, A.; Wilkinson, M.]. A new system of comparing PCR primers applied to ISSR fingerprinting of potato cultivars. Theor.
Appl. Genet. 1999, 98, 107-112. [CrossRef]

Nardemir, G.; Agar, G.; Arslan, E.; Aygun Erturk, F. Determination of genetic and epigenetic effects of glyphosate on Triticum
aestivum with RAPD and CRED-RA techniques. Theor. Exp. Plant Physiol. 2015, 27, 131-139. [CrossRef]

Savi, G.D.; Scussel, V.M. Effects of ozone gas exposure on toxigenic fungi species from Fusarium, Aspergillus, and Penicillium
genera. Ozone Sci. Eng. 2014, 36, 144-152. [CrossRef]

Harris, E.L.V.; Angel, S. Protein Purification Methods: A Practical Approach, 2nd ed.; IRL Press: Oxford, UK, 1991; p. 317.
Suprunova, T.; Krugman, T.; Fahima, T.; Chen, G.; Shams, I.; Korol, A.; Nevo, E. Differential expression of dehydrin genes in wild
barley, Hordeum spontaneum, associated with resistance to water deficit. Plant Cell Environ. 2004, 27, 1297-1308. [CrossRef]

Arif, T.; Bhosale, ].D.; Kumar, N.; Mandal, TK.; Bendre, R.S.; Lavekar, G.S.; Dabur, R. Natural products-antifungal agents derived
from plants. J. Asian Nat. Prod. Res. 2009, 11, 621-638. [CrossRef] [PubMed]

Ozsoy, E.; Kesercan, B.; Yoriik, E. Antifungal activity of epecific plant essential oils against Fusarium graminearum. Phytopathology
2000, 90, 17-21. [CrossRef]

Khamis, S.; Al-Burtamani, S.; Fatope, M.; Marwah, R.; Onifade, A.; Al-Said, S. Chemical composition, antibacterial and antifungal
activities of the essential oil of Haplophyllum tuberculatum from Oman. J. Ethnopharmacol. 2005, 96, 107-112. [CrossRef]

De Rodriguez, D.].; Hernandez-Castillo, D.; Rodriguez-Garcia, R.; Angulo-Sanchez, J.L. Antifungal activity in vitro of Aloe vera
pulp and liquid fraction against plant pathogenic fungi. Ind. Crops Prod. 2005, 21, 81-87. [CrossRef]

Singh, G.; Maurya, S.; De Lampasona, M.P,; Catalan, C. Chemical constituents, antifungal and antioxidative potential of Foeniculum
vulgare volatile oil and its acetone extract. Food Control 2006, 17, 745-752. [CrossRef]

Temel, A.; Kartal, G.; Gozukirmizi, N. Genetic and epigenetic variations in barley calli cultures. Biotechnol. Biotechnol. Equip. 2008,
22,911-914. [CrossRef]

Demirkiran, A.; Marakli, S.; Temel, A.; Gozukirmizi, N. Genetic and epigenetic effects of salinity on in vitro growth of barley.
Genet. Mol. Biol. 2013, 36, 566-570. [CrossRef] [PubMed]

Hellin, P,; Scauflaire, J.; Van Hese, V.; Munaut, F.; Legréeve, A. Sensitivity of Fusarium culmorum to triazoles: Impact of trichothecene
chemotypes, oxidative stress response and genetic diversity. Pest Manag. Sci. 2017, 73, 1244-1252. [CrossRef] [PubMed]

Ponts, N. Mycotoxins are a component of Fusarium graminearum stress-response system. Front. Microbiol. 2015, 6, 1234. [CrossRef]
[PubMed]

Ponts, N.; Couedelo, L.; Pinson-Gadais, L.; Verdal-Bonnin, M.N.; Barreau, C.; Richard-Forget, F. Fusarium response to oxidative
stress by HyO, is trichothecene chemotype-dependent. FEMS Microbiol. Lett. 2009, 293, 255-262. [CrossRef] [PubMed]

Yoriik, E.; Ozkale, E.; Sefer, O.; Ozsoy, E. Trichoderma atroviride triggers alterations at epigenetics, transcripts, oxidative stress, and
apoptosis levels on Fusarium graminearum. J. Plant Pathol. 2022, 104, 1039-1047. [CrossRef]

Sorahinobar, M.; Niknam, V.; Ebrahimzadeh, H.; Soltanloo, H.; Behmanesh, M.; Enferadi, S.T. Central role of salicylic acid in
resistance of wheat against Fusarium graminearum. J. Plant Growth Regul. 2016, 35, 477-491. [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.


https://doi.org/10.1007/s001220051046
https://doi.org/10.1007/s40626-015-0039-1
https://doi.org/10.1080/01919512.2013.846824
https://doi.org/10.1111/j.1365-3040.2004.01237.x
https://doi.org/10.1080/10286020902942350
https://www.ncbi.nlm.nih.gov/pubmed/20183299
https://doi.org/10.29328/journal.jpsp.1001052
https://doi.org/10.1016/j.jep.2004.08.039
https://doi.org/10.1016/j.indcrop.2004.01.002
https://doi.org/10.1016/j.foodcont.2005.03.010
https://doi.org/10.1080/13102818.2008.10817577
https://doi.org/10.1590/S1415-47572013000400016
https://www.ncbi.nlm.nih.gov/pubmed/24385861
https://doi.org/10.1002/ps.4450
https://www.ncbi.nlm.nih.gov/pubmed/27696645
https://doi.org/10.3389/fmicb.2015.01234
https://www.ncbi.nlm.nih.gov/pubmed/26583017
https://doi.org/10.1111/j.1574-6968.2009.01521.x
https://www.ncbi.nlm.nih.gov/pubmed/19239497
https://doi.org/10.1007/s42161-022-01130-1
https://doi.org/10.1007/s00344-015-9554-1

	Introduction 
	Materials and Methods 
	Antimicrobial Assay and Cell Proliferation Test 
	Nucleic Acid Isolation and cDNA Synthesis 
	RAPD (Randomly Amplified Polymorphic DNA) and Coupled Restriction Enzyme Digestion-Random Amplification (CRED-RA) Assays 
	Gene Expression Analysis 
	Intracellular ROS Detection by Fluorescence Microscopy 
	Assessment of Catalase (CAT) Activity 
	Water Loss Rate Assay 
	Statistical Analysis 

	Results 
	Antimicrobial Activity and Cell Proliferation Analysis 
	RAPD and CRED-RA Analysis 
	Gene Expression Analyses 
	Fluorescence Microscopy Analysis 
	CAT Activity 
	WLR Analysis 
	Statistical Analysis 

	Discussion 
	Conclusions 
	References

