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Abstract: Black spot disease or Alternaria black spot (ABS) of pecan (Carya illinoinensis) in South
Africa is caused by Alternaria alternata. This fungal pathogen impedes the development of pecan trees
and leads to low yield in pecan nut production. The present study investigated the in vitro effect of six
fungicides against the mycelial growth of A. alternata isolates from ABS symptoms. Fungicides tested
include Tilt (propiconazole), Ortiva (azoxystrobin), AgTin (fentin hydroxide), and Bellis (boscalid
+ pyraclostrobin). All fungicides were applied in 3 concentrations (0.2, 1, and 5 ug mL~1). Tilt
and Bumper 250 EC containing propiconazole active ingredient (demethylation Inhibitors) were
the most effective and inhibited all mycelial growth from up to 6 days post-incubation. The other
active ingredients (succinate dehydrogenase inhibitors, organotin compounds, and quinone outside
inhibitors) showed 75-85% mycelial growth inhibition. The effective concentration to inhibit mycelial
growth by 50% (ECsg) was estimated for each isolate and fungicide. The overall mean ECsg values
for each fungicide on the six isolates were 1.90 pg mL~! (Tilt), 1.86 g mL~! (Ortiva), 1.53 ug mL~!
(AgTin), and 1.57 pg mL~! for (Bellis). This initial screening suggested that propiconazole fungicide
was the most effective for future field trials test and how these fungicides could be used in controlling
ABS disease.

Keywords: Alternaria alternata; Carya illinoinensis; azoxystrobin; fentin hydroxide; boscalid;
pyraclostrobin; propiconazole; disease management; fungicide sensitivity

1. Introduction

The production of pecans (Carya illinoinensis) in South Africa (SA) currently shows
yield limitations mainly due to the development of diseases [1,2]. Alternaria black spot
(ABS), caused by Alternaria alternata, is one of the more prevalent diseases in SA pecans [3,4].
At present, no ABS disease on pecans caused by species of Alternaria has been reported
elsewhere in the world. The ABS disease impedes pecan trees in South Africa by causing
premature defoliation and poor development of pecan nuts, in turn leading to loss of
annual revenue for the industry. This endophytic fungus can occur in pecans without
causing any disease symptoms, such as ABS [5], but becomes aggressive and causes disease
when the plant encounters temperature, water, or nutrient deficiency stress, similar to
those of other reported plants [6-8]. Alternaria alternata is the most reported species of
Alternaria [9-12]. This pathogen has caused various severe global outbreaks on a variety of
plants and crops [13-16], and symptoms on its host develop to form small-circular black
spots and eventually progress to a large black lesion on pecan leaves [3,17].

Previously, pecan producers in South Africa mainly cultivated crops, such as maize,
wheat, and sorghum, and gradually, over the years, transitioned to full production of
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pecans [18,19]. However, because it was regarded as a relatively small industry till the early
2000’s, pesticide companies were reluctant to invest economically to label fungicides for
pecan crops. Therefore, pecan growers have relied on traditional pre-harvest fungicides
with a history of efficacy in controlling several other plant diseases, pending labeling on
registration for the management of pecan diseases to control pathogens in orchards [20].
Recently, the pecan industry has made efforts to encourage fungicide companies to invest
their products in pecans by sourcing potential fungicides approved for other crops, as
fungicide application has been a traditional approach to controlling pathogenic fungi, such
as A. alternata [21]. These fungicides, including azoxystrobin (Qol), fentin hydroxide (OTs),
propiconazole (DMIs), pyraclostrobin (Qol), and boscalid (SDHI), are now labeled for
pecans [22]. In addition, these fungicides are considered to have a medium to high risk
of fungicide resistance due to their single- and multi-site modes of action [23]. Therefore,
spraying should only be carried out in mixtures with multi-site fungicides, and repeated
spraying with the same mode of action should be avoided [24,25].

Each chemical fungicide or active ingredient has different target sites and modes of
action that inhibit the growth of fungal pathogens by targeting specific cell organelles
and disrupting their cellular functions [23,26,27], including those selected for this study
(Table 1), showing their possible modes of action in the schematic representation (Figure 1).
For example, propiconazole is a systemic fungicide and a demethylation inhibitor (DMI) of
sterol biosynthesis that disrupts fungal cell membranes by enzymatic oxidation at the side
chain attached to the dioxolane ring and by deketalisation with loss of the dioxolane moiety
in fungi, thereby blocking demethylation [28]. Azoxystrobin and pyraclostrobin have
systemic properties that are part of the group of quinone outside inhibitor (Qol) fungicides
that inhibit mitochondrial respiration at the Qol-site of cytochrome b, part of the cytochrome
bcl complex (complex III), which blocks adenosine triphosphate (ATP) production, and
eventually inhibit spore germination and mycelial growth in fungal pathogens [29,30].
Boscalid has systemic properties in the group of succinate dehydrogenase inhibitors (SDHI),
which target and inhibit succinate-dehydrogenase proteins (complex II) responsible for
cellular respiration and energy production in fungi [31]. Unlike systemic fungicides, fentin
hydroxide is a non-systemic organotin compound (OTs) fungicide with a multi-site activity
that inhibits ATP synthase during the process of oxidative phosphorylation in fungal cell
membranes [32].

Table 1. Fungicide product information and their concentration tested on Alternaria alternata isolates.

Commercial Active (t:roartlics::- Systemic/Non- Chemical FRé:;—ll:/loA Tareet Site * Mode of Company Registration
Name Ingredient - . Group * P* 8 Action * Name Number
(ug mL-1) Systemic Names
_ Syngenta
Demethylation demgtlli1 lase biosS t:ﬁt‘})\lesis (Pty) Ltd.
Tilt Propiconazole 02,1,5 Systemic Triazole inhibitors in st Z 1 yin Gauteng, L6668
(DMI) bi sterol. South
iosynthesis membranes Afri
rica.
. Syngenta S
Quinone
~ . Complex III: (Pty) Ltd.
Ortiva Azoxystrobin 02,1,5 Systemic Methoxy outst de Cytochrome Blocks ATP Gauteng, L5968
acrylate inhibitors bel 1 production South
(Qol) c1 complex A(f)t}
rica.
Organotin Oxidative Rolfes Agri
AgTin h Fentm 02,1,5 Non—' Triphenytin compounds phf)sphoryla- Cyt0t0>§1C1ty (Pty) L.t d. L9493
ydroxide systemic (OTs) tion, ATP activity Pretoria,
synthase South Africa
Succinate de- Complex I:
. Pyridinecar-  hydrogenase N - BASE (Pt
Bellis Boscalid 02,1,5 Systemic boxamide inhibitors desllll Czlir;at:nase Respiration Lt c(i y) L7817
éSl?HD yers Gaute;lg,
uinone . ?
P . Methoxycar- outside Complex II: Blocks ATP South Africa
yraclostrobin L Cytochrome .
bamate inhibitors bel complex production
(Qol) i

* Information from Fungicide Resistance Action Committee (FRAC), Mode of Action (MoA). see www.frac.info
(accessed on 20 November 2022).
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Figure 1. Schematic representation of the fungicide mode of action and how active ingredients inhibit
fungal growth.

Currently, no extensive research has been conducted to screen for fungicides that
could be used against ABS outbreaks in pecans. The aim of this study was to determine
the in vitro efficacy of the four fungicides approved for pecans against the pathogen A.
alternata. Laboratory bioassays were performed using concentrations directly proportional
to field application to investigate the potential of these fungicides to inhibit the growth of A.
alternata isolates. The study expects to establish fundamental information on the potential
of these fungicides to be used in the field for future disease management programs.

2. Material and Methods
2.1. Fungal Isolates

Six A. alternata isolates (CGJM3006, CGJM3103, CGJM3078, CGJM3136, CGJM3137,
CGJM3142), previously shown to be pathogenic to pecan [3], were used in the in vitro
assays. The cultures are maintained in the culture collection of Gert Johannes Marais
(CGJM), Department of Plant Sciences, University of the Free State, South Africa. All the
fungal isolates were revived on half strength Potato Dextrose Agar (PDA) medium and
incubated in a “Labcon LTGC-M40” incubator (Labcon, Gauteng, South Africa) for 14 days
at 25 = 1 °C under 12 h alternating cycles of near-ultraviolet (NUV) light and darkness.
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2.2. In Vitro Fungicide Efficacy Assay and the Quantitative Fungicide Sensitivity Estimation Based
on ECsg Values

Three systemic fungicide products with four active ingredients, namely, azoxystrobin
(Ortiva), propiconazole (Tilt), boscalid, and pyraclostrobin (Bellis), and one non-systemic
fungicide product, fentin hydroxide (AgTin), were used for the in vitro fungicide test
(Table 1). The fungicides selected fall under the group names; quinone outside inhibitors
(Qol) (Azoxystrobin), organotin compounds (OTs) (fentin hydroxide), succinate dehydroge-
nase inhibitors (SDHI) (Boscalid) + quinone outside inhibitors (Qol) (Pyraclostrobin), and
demethylation inhibitors (DMI) (Propiconazole), as designated by the Fungicide Resistance
Action Committee (FRAC), (www.frac.info), accessed on 20 November 2022).

The in vitro fungicide assay was performed according to a modified method of
Masiello et al. [31]. The concentration of each fungicide was recalculated based on the
fungicide dose recommended on the label by manufacturers and diluted with distilled
water to four different concentrations, namely, 0 (control), 0.2, 1, and 5 pg mL~! (Table 2).
The fungicides were added into autoclaved half-strength PDA medium at 45-50 °C and
poured into 90 mm Petri dishes (Lasec, Bloemfontein, South Africa).

Table 2. Three-way ANOVA summary showing the interaction effects of Alternaria alternata isolate,
fungicide (active ingredient), and concentration of fungicide (ug mL~1) of day 6 dataset.

Variables D.f. Sum Sq. Mean Sq. F Value p-Value
Isolate 5 168 34 4525 <0.001 ***
Concentration 3 333,064 111,021 14,941,194 <0.001 ***
Fungicide 3 10,969 3656 492,053 <0.001 ***
Isolate x Concentration 15 284 19 2549 <0.001 ***
Isolate x Fungicide 15 1095 73 9826 <0.001 ***
Concentration x Fungicide 9 7755 862 115,962 <0.007 ***
Isolate x Concentration x Fungicide 45 2370 53 7089 <0.001 ***

Residuals 192 1 0

Significant codes: “***” 0.001 (p <2 x 10716y,

Mycelial plugs (4 mm in diameter), obtained from the margins of actively growing
A. alternata cultures, were placed at the center of the Petri dishes to corroborate the growth
rate. The assay was performed in triplicate. Petri dishes were placed in a “Labcon LT-
GCM40” incubator (Labcon, Gauteng, South Africa) at 25 + 1 °C, under an alternating
light/darkness cycle of 12 h photoperiod. The inhibitory activity of the fungicides on the
colony growth was obtained by measuring the diameter (mm) of developing colonies on
the 2nd, 4th, and 6th day of incubation using ImageJ v. 1.53 [33]. The measurements of the
myecelial growth rate were performed using a ruler etched in the first image of the control
Petri dish as a calibrator to set the scale, and two orthogonal diameter measurements
were derived from the ruler in unit per pixels and then converted to mm per length. The
diameters for the mycelial inhibitions were measured at both 0° and 90° angles, and the
average values of these diameters were further used. Finally, the percentage inhibition
of mycelial growth 2, 4, and 6 days post-incubation was determined via the following
Equation (1) [34]:

I:C_T

x 100 1)

where I = Percentage of mycelial growth inhibition; C = Mean diameter (mm) mycelial
growth of the control colony, and T = Mean diameter (mm) mycelial growth of the
treatment colonies.

The growth inhibition (I) produced by the respective fungicide concentrations was
stipulated as a percentage value. This percentage growth inhibition value (%) depicts
the difference between maximum myecelial growth with no inhibition on the inoculated
Petri dish (control) minus the mean diameter of mycelia growth on PDA Petri dishes with
fungicides (treatment) over the mean diameter of control mycelia colony.
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The mycelial growth inhibition data were subjected to a three-way ANOVA analysis
of variance using R version 4.1.0 [35] within R-Studio v. 1.3.959 [36] to determine the
significant effects of the representative A. alternata isolate, fungicide (active ingredient), and
fungicide concentration (g mL~!). Means of each isolate for all amended fungicides at day
6 of incubation were compared at a significant level of 0.05 using Fisher’s LSD test function
from the “agricolae” [37] and “doebioresearch” (Analysis of Factorial Randomized Block
Design for 3 factors) [38] packages, and graphs were plotted with the estimated means
using “geom_bar()” function from the “ggplot2” R package v. 3.4.2 [39].

The fungicide concentration that effectively inhibited 50% (ECs) mycelial growth for
each of six A. alternata isolates was estimated by a log-logistic model of three-parameter
(LL.3) using the functions “drm” and “estimate_ECs(()” from the “drc” R package v. 3.0.1
and “ec50estimator” R package v. 0.1.0 [40] to the data over the tested fungicide concen-
trations for each isolate and percentage mycelial growth inhibition. The model selection
procedure was based on the Akaike Information Criterion (AIC) and the “LL.3” with the
lower asymptote fixed at zero using the following Equation (2):

- d—0
~ 1+exp(b(log(x) —e))

f(x) 2
where b = Rate of decline (slope); d = Upper asymptote; 0 = Lower asymptote; e = ECsp, and
x = Fungicide concentration or dose.

Mean mycelial growth inhibition percentage and ECs) values were subjected to an
analysis of variance (ANOVA) (p < 0.05), and the statistical significance of differences
between the mean results were calculated using Fisher’s LSD test function from the “agri-
colae” [37] and were visualized with “geom_point” function from the “ggplot2” R package
v. 3.4.2 [39].

3. Results
In Vitro Fungicide Assay

All the amended fungicide groups showed inhibition against the mycelial growth at
the tested concentrations (0.2, 1, and 5 pg mL™1), and the inhibitory effects of the myecelial
growth were proportional to the fungicide concentrations (Figure 2 and Supplementary
Material Figure S1). Contrary to day 6 incubation, there was no clear significant difference
(p > 0.001) in the percentage inhibition of mycelial growth observed for each fungicide on
the second and fourth day (Supplementary Table S1). The three-way ANOVA showed sig-
nificant differences (p < 0.001) for the variables “isolate”, “concentration”, and “fungicide”,
or the interaction of these variables (Table 2 and Supplementary Table S2). All triplicate
data at each concentration for the test days were not significantly different (p > 0.001),
and the mean values were used. Control test at zero concentration differed significantly
(p < 0.001) with all fungicide treatments, indicating that the fungicide treatments had
significant effects. All fungicides with the highest dose (5 ug mL~!) were significantly
different (p < 0.001) relative to the two lower doses at day 6 of incubation. A degree of
variation between isolates existed based on Fisher’s LSD test, but all differed significantly
from the control. The calculated ECsy values for mycelial growth assays for each isolate are
listed in Supplementary Table S3.
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Figure 2. Representation of the effects of different concentrations (0.2, 1, and 5 pg mL~!) of propi-
conazole (Tilt), azoxystrobin (Ortiva), fentin hydroxide (AgTin), and boscalid + pyraclostrobin (Bellis)
on A. alternata mycelia.

Propiconazole fungicide showed the best inhibitory activity compared to azoxystrobin,
fentin hydroxide, boscalid, and pyraclostrobin, as the fungicide completely (100%) inhibited
the mycelial growth for all fungal isolates at the two highest doses (1 and 5 ug mL~};
p=0. 433) at day 6 (Figure 3A). At the lowest concentration (0.2 pg mL~1) for propiconazole,
all the isolates were less inhibited, with mean percentage values of 68% (p < 0.001), and
significantly different from the control. The 50% estimated concentration (ECsg) values for
propiconazole were 1.85 ug mL~! at CGJM3137 isolate to 1.97 ug mL~! atisolate CGJM3006
(Figure 3B), and the overall mean was 1.90 ug mL~! (Table 3).

B Propiconazole

aaaaaa aaaaaa -
|
I
1.95 =
A. alternata A. alternata
isolates isolates
CGIM3006 = & CGJM3006
CcoIm30Ts b e CGIM3078
CGJIM3103 2 -e CGIM3103
CGIMI136 2 - CGIM3136
coum3ta ] & CGIM3137
CoIM3142 185 & CGJM3142
1.80
0.2 1.0 5.0 CGJM3006  CGJUM3078  CGJM3103  CGUM3136  CGJM3137  CGIM3142
Fungicide concentration (ug mL-) A. alternata isolates

Figure 3. (A) Bar plot showing the mycelial growth inhibition percentage of A. alternata isolates on
potato dextrose agar (PDA) amended with three different concentrations of propiconazole fungicide
(expressed in pg mL~1); the standard error (SE), represented by error bars, ranged between 0 and 7.5,
and different letters on the bars are significantly different. The mean data of the treatments (fungicide
concentration) differed significantly from control (Fisher’s LSD test: p = 0.05). (B) Point plot depicting
the effective concentration (ECsp, ug mL~1) values of propiconazole required to inhibit A. alternata
mycelial growth. The bar heights represent means from three replicates, and standard error bars
are shown.
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Table 3. Summary of the overall mean ECsq values for each fungicide across all six Alternaria alternata

isolates.
Fungicide Nol @ Estimate (ug mL—1) Standard Error Lower Upper
Propiconazole (Tilt) 6 1.903490 0.012045937 1.875712 1.931267
Azoxystrobin (Ortiva) 6 1.864728 0.09845003 1.642018 2.087437
Fentin hydroxide (AgTin) 6 1.528238 0.08296495 1.340559 1.715918
Boscalid + pyraclostrobin (Bellis) 6 1.569434 0.04186737 1.474723 1.6641446

A Azoxystrobin

75

50

Mycelial growth inhibition (%)

b
b
b
b

cd
cdeded cd
cd

Nol @: Number of estimates of ECsgvalues, accounting for the number of isolates and repeats. Estimated by a
log-logistic model of three-parameter (LL.3) using the functions “drm” and “estimate_EC50()” from the “drc” and
“ec50estimator” R packages [40].

Azoxystrobin, as the other active ingredients, inhibited mycelial growth for the con-
centrations tested (0.2, 1, and 5 ug mL~!) on day 6 of incubation but was less effective
than propiconazole (Figure 4A). The highest fungicide dose inhibition on the isolates
was significantly different (p < 0.001) when compared with those of the other two lower
doses. The mean percentage values for 5 pg/mL concentration was 82% (p < 0.001), 68%
(p < 0. 001) inhibition values for 1 pg/mL, and at the lowest concentration (0.2 pg/mL); all
the A. alternata isolates showed inhibition mean percentage value of 55% (p < 0.001). The
inhibition of the isolates at 0.2 pg mL~!and 1 ug mL~! was significant (p < 0.001). All the
fungicide doses against each isolate were significantly different (p < 0.001) compared to
the control. Based on the ECsg estimate, the lowest to the highest sensitivity values ranged
from 1.48 ug mL~! (CGJM3078) to 2.70 ug mL~! (CGIM3136) (Figure 4B), with an overall
mean ECsg value of 1.87 ug mL~! (Table 3).

B Azoxystrobin

2abab

A. alternata
isolates 25

Hio
o

A. alternata
isolates

2 CGJIM3006 CGJM3006

b CGJM3078 - CGJIM3078

CGJM3103

CGJM3136
CGIM3137
CGJM3142

ECxp (Hg mL)

*- CGIM3103
*- CGJM3136
®- CGJM3137

T CGIM3142

.
ohH-

0.2
Fungicide concentration (ug mL")

1.0 5.0
CGJM3006

CGJM3078 CGJM3103 CGJM3136

A. alternata isolates

CGJIM3137 CGJIM3142

Figure 4. (A) Bar plot showing the mycelial growth inhibition percentage of A. alternata isolates on
potato dextrose agar (PDA) amended with three different concentrations of azoxystrobin fungicide
(expressed in g mL~1); the standard error (SE), represented by error bars, ranged between 0 and 7.5,
and different letters on the bars are significantly different. The mean data of the treatments (fungicide
concentration) differed significantly from control (Fisher’s LSD test: p = 0.05). (B) Point plot depicting

the effective concentration (EC50, g mL~!) values required to inhibit A. alternata mycelial growth.
The bar heights represent means from three replicates, and standard error bars are shown.

Similar to other active ingredients, fentin hydroxide fungicide showed inhibitory
effects on mycelial growth at all concentrations but was less potent compared to propi-
conazole (Figure 5A). The highest dose (5 g mL~!) inhibited the growth of isolates by an
average of 88% and differed significantly (p < 0. 001) compared to 0.2 and 1 pg mL~! doses.
The lowest concentration (0.2 pg mL~!) inhibited the growth of the isolates by an average
of 69% and was significantly different (p < 0.001). Estimated 50% values ranged from
1.46 ug mL~! for isolate CGJM3142 to 1.61 pg mL~! for isolate CGJM3006 (Figure 5B), with
a total average mean value of 1.53 ug mL~! (Table 3).
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Figure 5. (A) Bar plot showing the mycelial growth inhibition percentage of A. alternata isolates
on potato dextrose agar (PDA) amended with three different concentrations of fentin hydroxide
fungicide (expressed in pg mL~!); the standard error (SE), represented by error bars, ranged between
0 and 7.5, and different letters on the bars are significantly different. The mean data of the treatments
(fungicide concentration) differed significantly from control (Fisher’s LSD test: p = 0.05). (B) Point
plot depicting the effective concentration (EC50, ug mL~!) values required to inhibit A. alternata
myecelial growth. The bar heights represent means from three repeat replicates, and standard error
bars are shown.

Boscalid and pyraclostrobin, active ingredients in the commercial product Bellis,
inhibited mycelial growth similar to the other active ingredients but were less effective
than propiconazole on day 6 of incubation. The highest dose (5 1g mL~!) showed a mean
percentage inhibition value of 80% and significantly (p < 0.001) inhibited the isolates when
compared with the two lowest concentrations after day 6 (Figure 6A).

A Boscalid + pyraclostrobin B Boscalid + pyraclostrobin

100 17
;\? abab 7 b ?
= b b o b A. alternata ¢ A. alternata
S 75 _I_bc b b 'I' isolates 16 isolates
3 ad 5 CGIM3008 = o CGIM3006
€ o e CGJIM3078 -E‘ o * e CGIM3078
= CGJM3103 g 4 -e- CGJM3103
E 50 CGIM3136 315 * o CGIM3136
E’ CGIM3137 ] - CGIM3137
g CGJM3142 »- CGJM3142
8
> 25
= 14

NEEEEEAY
0.0 0.2 1.0 5.0 CGJM3006  CGJM3078  CGJM3103  CGJM3136  CGJM3137  CGJM3142
Fungicide concentration (ug mL"') A. alternata isolates

Figure 6. (A) Bar plot showing the mycelial growth inhibition percentage of A. alternata isolates
on potato dextrose agar (PDA) amended with three different concentrations of boscalid and pyr-
aclostrobin fungicide (expressed in pg mL™1); the standard error (SE), represented by error bars,
ranged between 0 and 7.5, and different letters on the bars are significantly different. The mean
data of the treatments (fungicide concentration) differed significantly from control (Fisher’s LSD test:
p = 0.05). (B) Point plot depicting the effective concentration (EC50, ug mL~!) values required to
inhibit A. alternata mycelial growth. The bar heights represent means from three repeat replicates,
and standard error bars are shown.

At 0.2 pg mL~! concentration, the mean percentage values of mycelia growth inhi-
bition were 62% (p < 0.001), and the inhibition of the isolates with all the doses differed
significantly (p < 0. 001). The amended fungicides showed a significant difference (p < 0.001)
in inhibition compared to the control test. The ECs values for boscalid and pyraclostrobin
were 1.51 pg mL~! on isolate CGJM3142 to 1.65 ug mL~! for isolate CGJM3006 (Figure 6B),
and a 1.57 ug mL~! overall mean value across the six A. alternata isolates (Table 3).
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4. Discussion

The current study evaluated the in vitro efficacy of four registered fungicides against
six pathogenic A. alternata isolates causing ABS disease on pecans. All fungicides showed
efficacy on all the isolates at 2-, 4- and 6-days post-incubation period. Propiconazole
fungicide, belonging to the demethylation Inhibitors (DMI) group, proved to be the most
effective molecule against all the tested isolates, while the other fungicides were less
effective. This fungicide significantly inhibited 100% mycelial growth at 1 and 5 ug mL~!
and still inhibited at the lowest concentration.

Previous in vitro fungicide studies showed that propiconazole is effective against
A. alternata isolated from various crops. Addrah et al. [41] demonstrated a significant
reduction in A. alternata contamination on sunflower seeds after the application of DMI
fungicides. Similarly, the 100% effectiveness of the DMI fungicide assay on A. alternata,
causing potato brown spot in Afghanistan, has also been reported [42], while Pranaya
et al. [43] highlighted that propiconazole strongly inhibited (100%) the mycelial growth
of A. alternata causing leaf spot of cotton in India. Tilt (propiconazole) fungicide has
successfully inhibited the mycelial growth of A. alternata, causing leaf spot and fruit rot
disease on chili in South Gujarat, India [44]. An additional benefit for pecan producers
would be that Tilt, for example, is registered to control other fungi, such as Cladosporium,
which is the causative agent of pecan scab in South Africa [45]. Fungicide evaluation of
Mancozeb, copper-oxychloride, captafol, and propiconazole proved to be effective against
A. alternata causing leaf blight of groundnut (Arachis hypogaea) [46].

Quantitative evaluation of the ECsy values showed that propiconazole (DMIs) and
azoxystrobin (Qol) were the most efficient fungicides for inhibiting 50% maximal mycelium
growth in the investigated isolates compared to other fungicides, corroborating the findings
of He et al. [47] and Chitolina et al. [48]. Interestingly, azoxystrobin did not completely
inhibit the mycelial growth for isolate CGJM3136 and still showed a high ECs value.
This error may not have much practical significance, but it does show the importance of
choosing concentrations that will fully inhibit growth and bring the lower asymptote of the
dose-response curve to 0% or at least below 50%. However, future studies investigating
such isolates could be retested at higher concentrations to test whether a higher ECs value
is defined for these isolates and to examine the use of salicylhydroxamic acid (SHAM) to
suppress alternative oxidase (AOX) activity, following the procedures described by Ma
et al. [49] to test sensitivity to azoxystrobin.

The target site of all DMIs is the fungal CYP51 enzyme, a cytochrome P450 sterol
14x-demethylase essential for the biosynthesis of fungal sterols [50]. Ergosterol is the
most common sterol in fungi because it is an important component of the fungal cell
membrane and is essential for fungal growth [51]. However, the resistance to DMIs has been
identified in some phytopathogenic fungal species of Aspergillus, Fusarium, Rhynchosporium,
Penicillium [52-55], Venturia nashicola [56], Villosiclava virens [57], and Cercospora beticola [58]
for their ability to substitute some amino acids, such as CYP51, in the target protein. Future
preliminary studies on the molecular characterization of mutational genes, such as CYP51A,
CYP51B, and CYP51C, found in filamentous fungi resulting in amino acid substitutions
that alter the structure of the CYP51 protein [59-61] are worth investigating as a tool to
better elucidate the resistance mechanism of A. alternata.

The other active ingredient groups (SDHI, OTs, and Qol) were not as effective as the
DMI group in inhibiting the mycelial growth of all the A. alternata isolates tested. All these
isolates were able to grow even with the highest dose of the respective fungicides. Previous
studies showed that A. alternata genotypes possessing H277L or H134R mutations in sdhB,
sdhC, and sdhD genes possibly conferred resistance to SDHI fungicides [62]. Furthermore,
A. alternata mutations with L and R phenotypes carried single- or double-point mutations
in AaSDHB, AaSDHC, and AaSDHD genes that encode boscalid target protein [63,64],
displaying several amino acid alterations, which, in turn, cause high levels of resistance
to boscalid. Similar cross-resistance patterns between two FRAC fungicides (boscalid and
pyraclostrobin) were demonstrated in A. alternata from pistachio orchards in the USA [63]
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to quinone outside inhibitors (Qol) [65], and organotin compounds (OTs) fungicides on
A. alternata from tomato fields in Greece [66] and potato fields in China [47].

It is important to note that the experimental laboratory calculations for all the tested
fungicide concentrations were proportional to the recommended dose applied in the field
by pecan producers [22]. In the field, fungicides are usually applied through spraying
programs [67], and the recommended dose of fungicide is 0.005 g/L of water per hectare
(10,000 m?). This is the equivalent to the laboratory’s highest fungicide dose (5 pg mL~!:
5-folds) used in a 90 mm x 15 mm (0.00135 m?) Petri dish. Therefore, if A. alternata were
within the vicinity of a pecan orchard during fungicide application, one could speculate that
the dosage would be effective. However, fungicide field tests under various conditions and
spraying approaches are needed to test what would be the most optimal and cost-effective.
Since environmental factors, such as temperature and precipitation in pecan orchards, may
influence the sporulation and growth of A. alternata [5,18,19,68], such field trials will test
how these in-field conditional variables could interfere with the sensitivity of the fungicides
on the pathogen [63,64,69]. Field trials need to be conducted to investigate the application
of these selected fungicides to control A. alternata. This study demonstrates the in vitro
efficacy of the fungicides against the pathogen and creates the opportunity for the pecan
industry to further evaluate these fungicides in vivo. For this to happen, the pecan industry
would need the collaboration of the fungicide companies to optimally conduct field trials
with pecans and take into consideration the basic actions of the fungicides in nature.

5. Conclusions

This is the first reported in vitro fungicide bioassay on A. alternata causing black
spot disease of pecans in South Africa. This study provided useful information on the
potential efficacy of the six registered fungicides: propiconazole (Tilt); azoxystrobin (Ortiva);
fentin hydroxide (AgTin); and boscalid + pyraclostrobin (Bellis). This will enable the
pecan industry to consider the fungicides regarding their needs based on effectiveness,
economic viability, and practicality of application. The assays suggest that propiconazole
fungicides have higher inhibitory effects on A. alternata, even at a minimum concentration
of 0.2 pg mL~! but are significantly more effective at 1 and 5 ug mL~!. For this reason,
propiconazole can potentially enhance the control of this fungus. This renders the active
ingredient more attractive for the pecan industry due to the potential wider use, ultimately
limiting additional fungicide sprays with an economic benefit to the producer. Field trials
need to be conducted to determine whether the lowest concentration of propiconazole
would still effectively inhibit the pathogen under in vivo conditions, using standard field
concentrations, and thus, attempting to avoid unnecessary excessive use of fungicides in
the field.
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pyraclostrobin (Bellis) on mycelial growth of the A. alternata isolates, Supplementary Table S1: In vitro
efficacy detection of six fungicides showing the percentage inhibition of mycelial growth of six A.
alternata isolates after day 2, 4 and 6 of incubation at 25 & 1 °C, Supplementary Table S2: Three-way
ANOVA summary showing the interaction effects of A. alternata isolate, fungicide (active ingredient)
and concentration of fungicide (ug mL~') dataset of day 2 and 4, Supplementary Table S3: Concentra-
tion (0.2, 1, and 5 pg mL~1) of fungicide sensitivity estimation ECs( values that effectively inhibited
50% of mycelial growth for the six A. alternata isolates tested.

Author Contributions: C.C.A.: Conceptualization; G.J.M.: Resources and project administration;
C.C.A.: Data Curation, Writing-Original and -Final Draft; C.C.A.: Formal analysis and Visualization,
Methodology; M.G., S.G. and G.J].M.: Review and Editing. All authors have read and agreed to the
published version of the manuscript.

Funding: Research was funded by the South African Pecan Nut Producers Association (SAPPA)
(Grant No. UFS-ESD2020/0043/0611), affiliated with the University of the Free State, South Africa.


https://www.mdpi.com/article/10.3390/microorganisms11071691/s1

Microorganisms 2023, 11, 1691 11 of 13

Data Availability Statement: The datasets generated during and/or analyzed during the present
study are available from the corresponding author upon reasonable request.

Acknowledgments: The authors are thankful to the South African Pecan Nut Producers Association
(SAPPA) for providing financial support for this study. Our acknowledgment also goes to the Depart-
ment of Genetics, and the Department of Plant Sciences, Division of Plant Pathology—University of
the Free State, South Africa, for the laboratory facilities for the in vitro analysis studies.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study, in the collection, analyses, or interpretation of data, in the writing of the manuscript, or
in the decision to publish the results.

References

1. Marais, G.J. Pecan Diseases in South Africa. SA Pecan 2016, 73, 26-27.

2. Marais, G.J. Fungi Associated with Pecan Diseases in South Africa. SA Pecan 2017, 75, 22-24.

3. Achilonu, C.C.; Marais, G.J.; Ghosh, S.; Gryzenhout, M. Multigene Phylogeny and Pathogenicity Trials Revealed Alternaria
Alternata as the Causal Agent of Black Spot Disease and Seedling Wilt of Pecan (Carya Illinoinensis) in South Africa. Pathogens
2023, 12, 672. [CrossRef] [PubMed]

4. Achilonu, C.C,; Gryzenhout, M.; Marais, G.J.; Ghosh, S. Differential Detection of Alternaria Alternata Haplotypes Isolated from
Carya Illinoinensis Using PCR-RFLP Analysis of Alt A1 Gene Region. Genes 2023, 14, 1115. [CrossRef]

5.  Marais, G.J. Pecan Diseases and Health Risks in South Africa. In SA Pecan; South African Pecan Nut Producers Association, NPC
Magazine: Hartswater, South Africa, 2019; Volume 81, pp. 22-24. ISBN 5678977679.

6. Zhao,],;Li, S, Jiang, T.; Liu, Z.; Zhang, W.,; Jian, G.; Qi, F. Chilling Stress—The Key Predisposing Factor for Causing Alternaria
Alternata Infection and Leading to Cotton (Gossypium Hirsutum L.) Leaf Senescence. PLoS ONE 2012, 7, e36126. [CrossRef]
[PubMed]

7. Vogel, E.; Donat, M.G.; Alexander, L.V.; Meinshausen, M.; Ray, D.K,; Karoly, D.; Meinshausen, N.; Frieler, K. The Effects of Climate
Extremes on Global Agricultural Yields. Environ. Res. Lett. 2019, 14, 054010. [CrossRef]

8. Girio, EM.; Fonseca, C.; Carvalheiro, F.; Duarte, L.C.; Marques, S.; Bogel-Lukasik, R. Hemicelluloses for Fuel Ethanol: A Review.
Bioresour. Technol. 2010, 101, 4775-4800. [CrossRef]

9.  Seidl, M.F; Groenewald, ].Z.; De Vries, M.; Stielow, J.B.; Crous, PW. Studies in Mycology. Stud. Mycol. 2014, 77, ii. [CrossRef]

10. Woudenberg, ].H.C.; Groenewald, J.Z.; Binder, M.; Crous, P.W. Alternaria Redefined. Stud. Mycol. 2013, 75, 171-212. [CrossRef]

11.  Woudenberg, ] H.C.; Groenewald, ].Z.; van der Merwe, N.A.; Crous, PW. Diversity and Movement of Indoor Alternaria Alternata
across the Mainland USA. Fungal Genet. Biol. 2015, 81, 62-72. [CrossRef]

12.  Woudenberg, ] H.C.; Seidl, M.E.; Groenewald, J.Z.; de Vries, M.; Stielow, J.B.; Thomma, B.P.H.].; Crous, PW. Alternaria Section
Alternaria: Species, Formae Speciales or Pathotypes? Stud. Mycol. 2015, 82, 1-21. [CrossRef] [PubMed]

13.  Kaur, M;; Thind, S.K; Arora, A. Prevalence of Ber Black Fruit Spot (Alternaria Alternata) and Its Management. Indian PhytoPathol.
2020, 73, 245-251. [CrossRef]

14. Kgatle, M.G.; Truter, M.; Ramusi, T.M.; Flett, B.; Aveling, T.A.S. Alternaria Alternata, the Causal Agent of Leaf Blight of Sunflower
in South Africa. Eur. J. Plant. Pathol. 2018, 151, 677-688. [CrossRef]

15. Berbegal, M.; Lopez-Cortés, I.; Salazar, D.; Gramaje, D.; Pérez-Sierra, A.; Garcia-Jiménez, J.; Armengol, J. First Report of Alternaria
Black Spot of Pomegranate Caused by Alternaria Alternata in Spain. Plant Dis. 2014, 98, 689. [CrossRef]

16. Cai, 2.Y,; Liu, Y.X,; Li, G.H.; Wang, Y.E; Zhou, M. First Report of Alternaria Alternata Causing Black Leaf Spot of Rubber Tree in
China. Plant Dis. 2015, 99, 290. [CrossRef]

17.  Troncoso-Rojas, R.; Tiznado-Hernandez, M.E. Alternaria Alternata (Black Rot, Black Spot); Elsevier: Amsterdam, The Netherlands,
2014; ISBN 9780124115682.

18. Marais, G.J. Annual Progress Report 2019: Plant Pathogenic Risks of Pecan in South Africa. SA Pecan 2020, 85, 18-20.

19. Marais, G.J. Plant Pathogenic Risks Associated with Pecans in South Africa. SA Pecan 2018, 78, 34-35.

20. Joubert, E. Devaluation of Paclobutrazol in Pecan Nut Trees: Growth, Yield and Residues. SA Pecan 2021, 90, 20-21.

21. Kgatle, M.G.; Flett, B.; Truter, M.; Aveling, T.A.S. Control of Alternaria Leaf Blight Caused by Alternaria Alternata on Sunflower
Using Fungicides and Bacillus Amyloliquefaciens. Crop. Prot. 2020, 132, 105146. [CrossRef]

22. Otto, I. SAPPA: Algemene Jaarvergadering En Inligtingsdag 2021. SA Pecan 2021, 89, 2-3.

23. Hermann, D.; Stenzel, K. FRAC Mode-of-Action Classification and Resistance Risk of Fungicides. In Modern Crop Protection
Compounds; Jeschke, P., Witschel, M., Kramer, W., Schirmer, U., Eds.; Wiley-VCH Verlag GmbH & Co. KGaA: Basel, Switzerland,
2019; pp. 589-608.

24. Corkley, L; Fraaije, B.; Hawkins, N. Fungicide Resistance Management: Maximizing the Effective Life of Plant Protection Products.
Plant Pathol. 2022, 71, 150-169. [CrossRef]

25. Leadbeater, A.J. Plant Health Management: Fungicides and Antibiotics. In Encyclopedia of Agriculture and Food Systems; Academic
Press: Cambridge, MA, USA, 2014; pp. 408-424. [CrossRef]

26. Vielba-Fernandez, A.; Polonio, A.; Ruiz-Jiménez, L.; de Vicente, A.; Pérez-Garcia, A.; Fernandez-Ortufio, D. Fungicide Resistance

in Powdery Mildew Fungi. Microorganisms 2020, 8, 1431. [CrossRef]


https://doi.org/10.3390/pathogens12050672
https://www.ncbi.nlm.nih.gov/pubmed/37242342
https://doi.org/10.3390/genes14051115
https://doi.org/10.1371/journal.pone.0036126
https://www.ncbi.nlm.nih.gov/pubmed/22558354
https://doi.org/10.1088/1748-9326/ab154b
https://doi.org/10.1016/j.biortech.2010.01.088
https://doi.org/10.1016/s0166-0616(14)60232-3
https://doi.org/10.3114/sim0015
https://doi.org/10.1016/j.fgb.2015.05.003
https://doi.org/10.1016/j.simyco.2015.07.001
https://www.ncbi.nlm.nih.gov/pubmed/26951037
https://doi.org/10.1007/s42360-020-00229-8
https://doi.org/10.1007/s10658-017-1402-7
https://doi.org/10.1094/PDIS-07-13-0717-PDN
https://doi.org/10.1094/PDIS-09-14-0954-PDN
https://doi.org/10.1016/j.cropro.2020.105146
https://doi.org/10.1111/ppa.13467
https://doi.org/10.1016/B978-0-444-52512-3.00179-0
https://doi.org/10.3390/microorganisms8091431

Microorganisms 2023, 11, 1691 12 of 13

27.

28.

29.

30.

31.

32.

33.
34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Hu, M.; Chen, S. Non-Target Site Mechanisms of Fungicide Resistance in Crop Pathogens: A Review. Microorganisms 2021, 9, 502.
[CrossRef] [PubMed]

Li, W,; Hu, M;; Xue, Y;; Li, Z; Zhang, Y.; Zheng, D.; Lu, G.; Wang, J.; Zhou, J. Five Fungal Pathogens Are Responsible for Bayberry
Twig Blight and Fungicides Were Screened for Disease Control. Microorganisms 2020, 8, 689. [CrossRef] [PubMed]
Rodriguez-Morelos, V.H.; Calonne-Salmon, M.; Bremhorst, V.; Garcés-Ruiz, M.; Declerck, S. Fungicides With Contrasting Mode of
Action Differentially Affect Hyphal Healing Mechanism in Gigaspora Sp. and Rhizophagus Irreqularis. Front. Plant Sci. 2021, 12, 395.
[CrossRef]

Andrade, SM.P; Augusti, G.R.; Paiva, G.F; Feksa, H.R.; Tessmann, D.J.; Machado, E]J.; Mizubuti, E.S.G.; Del Ponte, E.M.
Phenotypic and Molecular Characterization of the Resistance to Azoxystrobin and Pyraclostrobin in Fusarium Graminearum
Populations from Brazil. Plant Pathol. 2022, 71, 1152-1163. [CrossRef]

Masiello, M.; Somma, S.; Ghionna, V.; Francesco Logrieco, A.; Moretti, A. In Vitro and in Field Response of Different Fungicides
against Aspergillus Flavus and Fusarium Species Causing Ear Rot Disease of Maize. Toxins 2019, 11, 11. [CrossRef]

Standish, J.R.; Brenneman, T.B.; Brewer, M.T.; Stevenson, K.L. Assessing Fitness Costs and Phenotypic Instability of Fentin
Hydroxide and Tebuconazole Resistance in Venturia Effusa. Plant Dis. 2019, 103, 2271-2276. [CrossRef]

Abramoff, M.D.; Magalhaes, PJ.; Ram, S.J. Image Processing with Image]. Biophotonics Int. 2004, 11, 36—41. [CrossRef]

El-Nagar, A.; Elzaawely, A.A.; Taha, N.A.; Nehela, Y. The Antifungal Activity of Gallic Acid and Its Derivatives against Alternaria
Solani, the Causal Agent of Tomato Early Blight. Agronomy 2020, 10, 1402. [CrossRef]

R Core Team. R: A Language and Environment for Statistical Computing; R Foundation for Statistical Computing: Vienna, Austria,
2020; Volume 2, pp. 1-3559.

RStudio Team. RStudio: Integrated Development Environment for R. Available online: https:/ /www.rstudio.com/ (accessed on
17 June 2022).

de Mendiburu, F. Agricolae: Statistical Procedures for Agricultural Research. Available online: http://www.R-project.org
(accessed on 27 June 2022).

Popat, R.; Banakara, K. Doebioresearch: Analysis of Design of Experiments for Biological Research. Available online: http:
/ /www.r-project.org/ (accessed on 4 July 2021).

Wickham, H. Ggplot2: Elegant Graphics for Data Analysis; Use R!; Springer: New York, NY, USA, 2016; ISBN 978-3-319-24275-0.
Ritz, C.; Baty, F.; Streibig, J.C.; Gerhard, D. Dose-Response Analysis Using R. PLoS ONE 2015, 10, €0146021. [CrossRef] [PubMed]
Addrah, M.E.; Zhang, Y.; Zhang, ].; Liu, L.; Zhou, H.; Chen, W.; Zhao, J. Fungicide Treatments to Control Seed-Borne Fungi of
Sunflower Seeds. Pathogens 2020, 9, 29. [CrossRef]

Madadi, A.; Rauf, H.; Falahzadah, M.H.; Yousufzai, A.; Jamily, A.S.; Sarhadi, W.A. Evaluation of in Vitro Antifungal Potential of
Several Fungicides against Alternaria Alternata (Fr.) Keissler, the Causal Agent of Potato Brown Spot in Afghanistan. Nov. Res.
Microbiol. ]. 2021, 5, 1106-1117. [CrossRef]

Pranaya, K.; Bhat, B.N.; Devi, G.U.; Triveni, S. In Vitro Evaluation of Fungicides against Alternaria Leaf Spot of Cotton. Int. J.
Chem. Stud. 2020, 8, 3571-3575. [CrossRef]

Gohel, M. In-Vitro and In-Vivo Evaluation of Fungicides against Alternaria Alternata Causing Leaf Spot and Fruit Rot Disease of
Chilli. Green Farming 2012, 3, 84-86.

Theron, N. Cladosporium Cladosporioides, the Causal Organism of Pecan Scab in South Africa. Master’s Thesis, University of the
Free State, Bloemfontein, South Africa, 2020.

Kantwa, S.; Tetarwal, J.; Shekhawat, K. In Vitro Effect of Fungicides and Phyto-Extracts against Alternaria Alternata Causing Leaf
Blight of Groundnut. IOSR J. Agric. Vet. Sci. 2014, 7, 28-31. [CrossRef]

Yang, L.N.; He, M.H.; Ouyang, H.B.; Zhu, W.; Pan, Z.C.; Sui, Q.].; Shang, L.P,; Zhan, ]J. Cross-Resistance of the Pathogenic Fungus
Alternaria Alternata to Fungicides with Different Modes of Action. BMC Microbiol. 2019, 19, 1-10. [CrossRef] [PubMed]
Chitolina, G.M,; Silva-Junior, G.J.; Feichtenberger, E.; Pereira, R.G.; Amorim, L. Distribution of Alternaria Alternata Isolates with
Resistance to Quinone Outside Inhibitor (Qol) Fungicides in Brazilian Orchards of Tangerines and Their Hybrids. Crop. Prot.
2021, 141, 105493. [CrossRef]

Ma, Z.; Proffer, TJ.; Jacobs, J.L.; Sundin, G.W. Overexpression of the 14x-Demethylase Target Gene (CYP51) Mediates Fungicide
Resistance in Blumeriella Jaapii. Appl. Environ. Microbiol. 2006, 72, 2581-2585. [CrossRef]

Mair, W.J.; Deng, W.; Mullins, ].G.L.; West, S.; Wang, P.; Besharat, N.; Ellwood, S.R.; Oliver, R.P,; Lopez-Ruiz, EJ. Demethy-
lase Inhibitor Fungicide Resistance in Pyrenophora Teres f. Sp. Teres Associated with Target Site Modification and Inducible
Overexpression of Cyp51. Front. Microbiol. 2016, 7, 1279. [CrossRef]

Kollerm, W. Fungicides, Sterol Biosynthesis Inhibitors; Plimmer, ].R., Ed.; John Wiley & Sons, Ltd.: Hoboken, NJ, USA, 2003.
Becher, R.; Weihmann, F.; Deising, H.B.; Wirsel, S.G.R. Development of a Novel Multiplex DNA Microarray for Fusarium
Graminearum and Analysis of Azole Fungicide Responses. BMC Genom. 2011, 12, 52. [CrossRef]

Hawkins, N.J.; Cools, H.J.; Sierotzki, H.; Shaw, M.W.; Knogge, W.; Kelly, S.L.; Kelly, D.E.; Fraaije, B.A. Paralog Re-Emergence: A
Novel, Historically Contingent Mechanism in the Evolution of Antimicrobial Resistance. Mol. Biol. Evol. 2014, 31, 1793-1802.
[CrossRef]

Kupliriska, A.; Rzad, K. Molecular Targets for Antifungals in Amino Acid and Protein Biosynthetic Pathways. Amino Acids 2021,
53,991. [CrossRef]


https://doi.org/10.3390/microorganisms9030502
https://www.ncbi.nlm.nih.gov/pubmed/33673517
https://doi.org/10.3390/microorganisms8050689
https://www.ncbi.nlm.nih.gov/pubmed/32397322
https://doi.org/10.3389/fpls.2021.642094
https://doi.org/10.1111/ppa.13535
https://doi.org/10.3390/toxins11010011
https://doi.org/10.1094/PDIS-12-18-2292-RE
https://doi.org/10.1201/9781420005615.ax4
https://doi.org/10.3390/agronomy10091402
https://www.rstudio.com/
http://www.R-project.org
http://www.r-project.org/
http://www.r-project.org/
https://doi.org/10.1371/journal.pone.0146021
https://www.ncbi.nlm.nih.gov/pubmed/26717316
https://doi.org/10.3390/pathogens9010029
https://doi.org/10.21608/nrmj.2021.149383
https://doi.org/10.22271/chemi.2020.v8.i4as.10203
https://doi.org/10.9790/2380-07612831
https://doi.org/10.1186/s12866-019-1574-8
https://www.ncbi.nlm.nih.gov/pubmed/31477005
https://doi.org/10.1016/j.cropro.2020.105493
https://doi.org/10.1128/AEM.72.4.2581-2585.2006
https://doi.org/10.3389/fmicb.2016.01279
https://doi.org/10.1186/1471-2164-12-52
https://doi.org/10.1093/molbev/msu134
https://doi.org/10.1007/s00726-021-03007-6

Microorganisms 2023, 11, 1691 13 of 13

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.
68.

69.

Zhang, J.; Li, L.; Lv, Q.; Yan, L.; Wang, Y.; Jiang, Y. The Fungal CYP51s: Their Functions, Structures, Related Drug Resistance, and
Inhibitors. Front. Microbiol. 2019, 10, 691-707. [CrossRef]

Ishii, H.; Cools, H.J.; Nishimura, K.; Borghi, L.; Kikuhara, K.; Yamaoka, Y. DMI-Fungicide Resistance in Venturia Nashicola, the
Causal Agent of Asian Pear Scab—How Reliable Are Mycelial Growth Tests in Culture? Microorganisms 2021, 9, 1377. [CrossRef]
[PubMed]

Wang, E; Lin, Y.; Yin, W.X,; Peng, Y.L.; Schnabel, G.; Huang, ].B.; Luo, C.X. The Y137H Mutation of VvCYP51 Gene Confers the
Reduced Sensitivity to Tebuconazole in Villosiclava Virens. Sci. Rep. 2015, 5, 17575. [CrossRef]

Kumar, R.; Mazakova, J.; Ali, A.; Sur, V.P,; Sen, M.K; Bolton, M.D.; Manasova, M.; Rysanek, P.; Zouhar, M. Characterization of the
Molecular Mechanisms of Resistance against DMI Fungicides in Cercospora Beticola Populations from the Czech Republic. J. Fungi
2021, 7, 1062. [CrossRef]

Celia-Sanchez, B.N.; Mangum, B.; Brewer, M.; Momany, M. Analysis of Cyp51 Protein Sequences Shows 4 Major Cyp51 Gene
Family Groups across Fungi. bioRxiv 2022. [CrossRef] [PubMed]

Pérez-Cantero, A.; Martin-Vicente, A.; Guarro, J.; Fortwendel, J.R.; Capilla, ]. Analysis of the Contribution of Cyp51 Genes to
Azole Resistance in Aspergillus Section Nigri with the CRISPR-Cas9 Technique. Antimicrob. Agents Chemother. 2021, 65. [CrossRef]
[PubMed]

Vermeulen, P.; Gruez, A.; Babin, A.-L.; Frippiat, ].-P.; Machouart, M.; Debourgogne, A. CYP51 Mutations in the Fusarium Solani
Species Complex: First Clue to Understand the Low Susceptibility to Azoles of the Genus Fusarium. ]. Fungi 2022, 8, 533.
[CrossRef]

Yang, J.H.; Brannen, PM.; Schnabel, G. Resistance in Alternaria Alternata to Sdhi Fungicides Causes Rare Disease Outbreak in
Peach Orchards. Plant Dis. 2015, 99, 65-70. [CrossRef]

Avenot, H.F,; van den Biggelaar, H.; Morgan, D.P.; Moral, J.; Joosten, M.; Michailides, T.J. Sensitivities of Baseline Isolates and
Boscalid-Resistant Mutants of Alternaria Alternata from Pistachio to Fluopyram, Penthiopyrad, and Fluxapyroxad. Plant Dis.
2014, 98, 197-205. [CrossRef]

Avenot, H.F.,; Michailides, T.J. Special Report Occurrence and Extent of Boscalid Resistance in Populations of Alternaria Alternata
from California Pistachio Orchards. Plant Dis. 2020, 104, 306-314. [CrossRef] [PubMed]

Fan, Z.; Yang, ].-H.H.; Fan, F; Luo, C.-X.X.; Schnabel, G. Fitness and Competitive Ability of Alternaria Alternata Field Isolates with
Resistance to SDHI, Qol, and MBC Fungicides. Plant Dis. 2015, 99, 1744-1750. [CrossRef]

Malandrakis, A.A.; Apostolidou, Z.A.; Markoglou, A.; Flouri, F. Fitness and Cross-Resistance of Alternaria Alternata Field Isolates
with Specific or Multiple Resistance to Single Site Inhibitors and Mancozeb. Eur. J. Plant Pathol. 2015, 142, 489-499. [CrossRef]
Bouwmester, A. SA Pecan: Celebrating 25 Years Together. SA Pecan 2017, 78, 2-3.

Meena, M.; Swapnil, P.; Upadhyay, R.S. Isolation, Characterization and Toxicological Potential of Alternaria-Mycotoxins (TeA,
AOH and AME) in Different Alternaria Species from Various Regions of India. Sci. Rep. 2017, 7, 1-19. [CrossRef] [PubMed]
Avenot, H.F,; Solorio, C.; Morgan, D.P,; Michailides, T.J. Sensitivity and Cross-Resistance Patterns to Demethylation-Inhibiting
Fungicides in California Populations of Alternaria Alternata Pathogenic on Pistachio. Crop. Prot. 2016, 88, 72-78. [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/10.3389/fmicb.2019.00691
https://doi.org/10.3390/microorganisms9071377
https://www.ncbi.nlm.nih.gov/pubmed/34202715
https://doi.org/10.1038/srep17575
https://doi.org/10.3390/jof7121062
https://doi.org/10.1093/g3journal/jkac249
https://www.ncbi.nlm.nih.gov/pubmed/36130263
https://doi.org/10.1128/AAC.01996-20
https://www.ncbi.nlm.nih.gov/pubmed/33685892
https://doi.org/10.3390/jof8050533
https://doi.org/10.1094/PDIS-04-14-0387-RE
https://doi.org/10.1094/PDIS-04-13-0459-RE
https://doi.org/10.1094/PDIS-04-19-0699-SR
https://www.ncbi.nlm.nih.gov/pubmed/31804902
https://doi.org/10.1094/PDIS-03-15-0354-RE
https://doi.org/10.1007/s10658-015-0628-5
https://doi.org/10.1038/s41598-017-09138-9
https://www.ncbi.nlm.nih.gov/pubmed/28821789
https://doi.org/10.1016/j.cropro.2016.05.012

	Introduction 
	Material and Methods 
	Fungal Isolates 
	In Vitro Fungicide Efficacy Assay and the Quantitative Fungicide Sensitivity Estimation Based on EC50 Values 

	Results 
	Discussion 
	Conclusions 
	References

