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Abstract: The increasing prevalence of fungicide-resistant pathogens, exacerbated by global warming
and climate-driven changes in forest ecosystems, poses a major threat to agricultural productivity and
food security. To address this challenge, we investigated the design of dual-activated fungicides
combining SDHI (succinate dehydrogenase inhibitors) and Qol (strobilurin) pharmacophores,
alongside microbial bio-fungicides. Novel hybrid structures were generated by merging SDHI and
strobilurin moieties and were evaluated through molecular docking simulations against the active sites
of fungal plant pathogens. The results demonstrated that the hybrid compounds exhibited more
favorable binding energies (more negative AG) compared with several commercial fungicides,
indicating enhanced inhibitory potential. In parallel, the aromaticity of central rings in the SDHI and
strobilurin fragments was quantified using nucleus-independent chemical shift (NICS) calculations,
revealing a linear correlation between ring aromaticity and predicted fungicidal activity. This
relationship provides a rational framework for predicting the performance of dual-acting fungicides
under varying environmental conditions, including temperature, soil pH, and local climate factors. The
findings support the central hypothesis that climate-driven increases in fungal resistance can be
mitigated by designing dual-activated fungicides with optimized aromaticity, thereby enhancing
binding affinity at fungal targets and improving overall inhibitory activity. This approach enables the
rational design of climate-adaptive pesticides for fruits and vegetables, combining synthetic and
microbial strategies to maintain efficacy against resistant strains while addressing emerging agricultural
challenges.
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1. Introduction

The effectiveness of fungicides is diminishing year by year due to climate change,
global warming, and the modernization of agricultural practices. Accurate analysis indicates
that increasing fungicide resistance, coupled with industrial agriculture, poses serious risks to
human health and food security. While fungal resistance arises as a molecular biological
phenomenon, human practices, including uncontrolled agricultural technologies, excessive

fungicide use, and global trade of crops, livestock, and pests, significantly contribute to its
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spread. The expansion of industrial agriculture, unrestricted application of fungicides to
maximize yields, and deforestation further amplify the geographical reach of pathogenic fungi.
For example, reports from 2014 in Europe highlighted that Aspergillus, a fungus capable of
causing serious human disease, has developed resistance to azole fungicides widely used in
agriculture. Addressing this growing problem requires adopting agroecological farming
practices that minimize or eliminate the use of chemical fungicides, pesticides, and antibiotics.
Since chemical and pharmaceutical industries develop more potent pesticides, the risk of
accelerating genetic mutations in fungi increases, potentially exacerbating public health threats.
Additionally, human-induced fires, including the burning of agricultural waste, contribute_to
soil degradation, air pollution, and damage to water bodies, further threatening ecosystems and
human life. In this context, the development and use of dual-action SDHI-strobilurin
fungicides, integrated with environmentally conscious practices, represent a promising strategy
to maintain crop protection while minimizing ecological and public health impacts.

2. Dangerous Fungi for Fruits

2.1. Fungi for the cherry family.

Cherry leaf spot (CLS), caused by the fungus Blumeriella jaapii, is one of the most
dangerous diseases on Cherry and sour/tart cherry in the world. Ascospores of B. jaapii are
created in apothecia at the end of winter through leaves on the orchard floor. These fungus
ascospores are generally released from petal fall and infect the plant through the stomata. In
the season of blooming and during medium warm and wet climates, the first infections can
appear on bract leaves adjacent to flowers; this condition usually causes “CLS epidemics"”,
which are a negative reason for fruit ripening. Blumeriella jaapii is a fertile sporulator on
‘Montmorency’, and lumpen conidia, observable, appeared on the axial leaves zone in acervuli
(Figure 1). The conidia are readily prevalent in rainy, windy climates, causing secondary
infections through the pores, making management of CLS considerably harder under these
conditions. Due to the high capability of ‘Montmorency’, CLS controlling is totally dependent
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Figure 1. Various cherry leaf spots (CLS). (a): fungus Blumeriella jaapii; (b); lumpen conidia, observable, on
the axial leaves zone in acervuli (c): CLS epidemics, which are a negative reason for fruit ripening

Nevertheless, growers have traditionally preferred single-site fungicides that are either
systemic or Translocular; therefore, these fungicides can control powdery mildew and brown
rot. Resistance to the sterol demethylase inhibitor, fungicide category, appeared in the past
decades [2]. This disease was caused by the repeated expression of the CYP51 gene from a
promoter insertion containing a portion of the DNA sequence via a transposable element
(Figure 2-a) [3]. Tebuconazole is a triazole fungicide used in agriculture to treat CLS-causing
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pathogenic fungi. Although the World Food and Drug Administration stated there is no risk to
humans from fungicides, the Protection Agency Office of Pesticide Programs carcinogen list
lists it as a C, meaning possible carcinogen.

evisiae CYP51 complexed 7~ Z
1 inhibitor

Figure 2. (a) Saccharomyces cerevisiae CYP51 complexes with the plant pathogen inhibitor S-tebuconazole;
(b) Succinate Dehydrogenase from E. coli.

Succinate dehydrogenase inhibitors (SDHI) (Figure 2-b) are one of the enzymatic
proteins of the tricarboxylic acid cycle from the Krebs cycle, which is able to react to complex
Il of the mitochondrial respiratory chain [4]. A class of fungicides (SDHIs) can also be attacked
by the SDH. Resistance to the SDHI boscalid, an ingredient of the premix fungicide pristine,
first appeared in 2011 [5, 6]. SDHI is a category of fungicides that effectively manage fungal
diseases in agriculture and gardening, especially in cherry crops. Unfortunately, resistance to
SDHlIs [6] has increased in various pathogenic fungi, leading to fruit diseases. Understanding
the chemical mechanisms of fungicide resistance enables us to develop resistance management
approaches.

Two different mechanisms concerning SDHI resistance have recently been discussed
among researchers. These boscalid-resistant B. jaapii fungi consist of the H260R mutation in
the SdhB genome (B-H260R) [5] and mutation of Histidine residue to either Arginine or
Tyrosine is completely usual among other boscalid-resistant fungi [6-8]. It is notable that it
can be produced due to unusual, repeated usage of pristine in any cherry garden. SDHI through
4 genes, consisting of SdhA (SDHI complex flavoprotein subunit A), SdhB (SDHI complex
iron-sulfur subunit B), SAhC (SDHI subunit C), and SdhD (SDHI complex subunit D), create
a ubiquinone-bonding pocket. The SDHI target genes, SdhB, SdhC, and SdhD, mutations
provide resistance to SDHIs. Moreover, overexpression of ABC transporters plays an essential
role in reducing sensitivities to all types of SDHI fungicides.

These types of packages are centers affected by SDHI fungicides, and several mutations
appear in their structure due to SDHI resistance [5]. Meanwhile, due to the diversity of
biochemical compounds of SDHI fungicides, mutations such as B-H277Y and B-H277R,
which restructured the organization of the ubiquinone-binding package and controlled boscalid
from creating a reaction of the SDH with other SDHI [6] fungicides (for instance, Fluopyram)
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[9]. Fluopyram or N-{2- [3-Chloro-5- (tri-fluoro-methyl) pyridin-2-yl] ethyl}-2-tri-fluoro-
methyl benz-amide; (Figure 3-a) is a fungicide applied in agriculture as an inhibitor of SDHI.
It is also used to control fungal diseases such as gray mold (Botrytis Cinerea), powdery mildew,
apple scab, Alternaria, Sclerotinia, and Monilinia.

Recently, several papers concerning the mechanism of resistance to fluopyram and
fluxapyroxad (Figure 3-b) have been published [10-18], as well as various Sdh gene mutations
have been recognized that are able to produce complex structures with other genomes from
fluopyram (As instance C-G91R and C-G150R with fluxapyroxad (3-Difluoromethyl)-1-
methyl-N-(3',4’,5'-trifluoro[ 1,1’-biphenyl]-2-yl)-1H-pyrazole-4-carboxamide), resistance in S.
homo-eocarpa [15], B-P225F and B-N230I with fluopyram.

Fluxapyroxad is also an SDH inhibitor [12, 14, 15, 18], which interacts with several
fungal growths, including spore germination and mycelium. Specifically, it interacts with the
production of SDHI and the complex Il in the mitochondrial respiratory chain [19], which, in
turn, interferes with the tricarboxylic cycle and mitochondrial electron transport, as seen in
Cinerea [13] and B-1280V in SdhB [20].

We assumed that the adjacent presence of boscalid-resistant subunits of B. jaapii to
fungicides such as fluopyram or fluxapyroxad could quickly lead to resistance to those
structures. Meanwhile, it was unknown to us whether these kinds of resistance could be
acquired sequentially, i.e., whether B. jaapii strains carrying the B-H260R mutation would
evolve a second mutation conferring resistance to fluopyram and/or fluxapyroxad. In this work,
we simulated the mechanism of resistance of populations of B. jaapii to fluopyram and
fluxapyroxad in CLS efficacy.

The amount of resistance of a fungal pathogen decreases disease caused by fungicide-
resistant [21], and we also identified mutations in the SdhB and SdhC genes of B. jaapii that
confer resistance to fluopyram and fluxapyroxad and are associated with different resistance
phenotypes. The genome sequence of B. jaapii for recognizing SdhB, SdhC, and SdhD SDHI
fungicide target genes has been evaluated by Peng et al. [22-24]. They selected twenty-two B.
jaapii with different levels of sensitivity to boscalid, fluopyram, and fluxapyroxad for analysis.
They also used the initial primers of the B. jaapii SdhB, SdhC, and SdhD genes and their
sequences (Table 1).

Table 1. Amplification and sequencing of Oligonucleotide primers [22].
Target Sequence (5’- 3°)
CCCAATAAGACACCTCAACTC
ATAACACTCTCGCATCCCTA
GGTTGATCCGACGTTGAC
GTACGGCTTGATGGACTTG
ATGTTGGCTCAACGAGCTG
CTAATACGCCAATGCCAAGTAC
CTGCTGCCTTTGAGGATAG
GCTTGTAGATGGAGAGGTTG
ATGGCATCAATTGTGCGAC
CTATGCCGCCCAGATCCT
TTCCCGGTTCCTTGAGAGT
CCGTGGGAATGTAGTCGATTATG

SdhB

SdhC

SdhD
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Fluopyram structure

Fluxapyroxad
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ChemNMR "3C

Flgure 3. NMR structures of (a) Fluopyram; (b) Fquapyroxad
2.2. Powdery mildew symptoms.

This fungus is a biotrophic pathogen and grows as superficial hyphae that cause
haustoria in epidermal cells of green grapevine tissue and consists of two genetic strains, A and
B. Group A has flag shoots in an epidemic, and group B is associated with flag shoots and
ascospores infection, which is more epidemic than group A. E. necator overwinters as mycelia
and conidia in dormant buds and as chasmothecia on the bark of the trunk and cordons (Figure

4)
\\ © 2%

Figure 4. (a) Powdery mildew symptoms, white powder on the upper leaf surface (b) on grape (c); (d)
Chasmothecia with immature conidiophores; (e) conidia on grape; (f) a microscopy image of Powdery mildew

During rain around 2.5-3mm and with temperatures above 12°C, Chasmothecia is able
to produce ascospores that infect leaves adjacent to strings, causing PM colonies.
Consequently, the Conidia are dispersed through the wind and initiate multiple infections on
green tissues during the growing season. Grapevine powdery mildew is a serious problem
worldwide, affecting both cultivated gardens and wild forests, causing human disease and
economic losses. This fungus belongs to the Erysiphe necator Schwein, an obligate biotrophic
fungus belonging to the family Erysiphaceae [25].

The mildew colonies that grow epiphytically appear whitish and powdery. The
pathogen can infect all green parts of the plant, including leaves, shoots, flowers, and bunches;
however, infection of the flowers is the most common issue [25, 26], leading to flower drop
and, consequently, reduced berry production. In addition to these issues, the infection reduces
photosynthesis and lowers sugar and anthocyanin levels in grape juice, resulting in a less
intense color. At the same time, it increases acidity and raises the concentrations of
phenylacetic and acetic acids, ultimately leading to poorer wine quality [26—30]. Most grape
varieties of the Vitis vinifera family lack genetic resistance to Grapevine powdery mildew and
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are therefore highly susceptible to infection by Erysiphe necator [31-33]. It is notable that,
compared with any fruits, viticulture is one of the highest users of fungicides (an average yearly
use of 20 kg/ha of pesticides) [34], which causes a reduction in resistance against E. necator in
different cultivation areas, such as on the Sultan seedless vineyards in the Aegean region
located in western Turkiye [35].

According to the Fungicide Resistance Action Committee (FRAC) classification index
[36], a complete list of Fungicides for controlling Grapevine Powdery Mildew and reducing
resistance of E. necator powdery mildew to pesticides and fungicides [37] belonging to
different chemical classes is presented in Table 2. Some of them are fungicides targeting
protein enzymes that participate in the mechanism of electron transport within the
mitochondrial membrane and sterol biosynthesis. Some other classes can be included as Sterol
biosynthesis inhibitors (SBI), de-methylation inhibitors (DMI), MBC-fungicides (Methyl
benzimidazole carbamates or Benzimidazoles), SDHI, Qol (Quinone outside Inhibitors), or
SBI, and Hydroxy-2-amino-pyrimidine (HAP) fungicides, which consist of fungicides with a
broad spectrum of activities used against different groups of pathogens.

Table 2. Fungicides employed against grapevine powdery mildew are categorized according to the Fungicide
Resistance Action Committee (FRAC), with documented cases of resistance observed in Erysiphe necator.

Action Active site Chemical compound l;l:dAei- Item instance Reference
Cytoskeleton and B-tubulin of Benzimidazoles .
motor protein microtubules fungicides ! Thiophanate- methyl [46]
Cytoskeleton and . Metrafenone,
motor protein myosin Aryl phenyl- ketones 50 Pyriofenone [45]
succinate Boscalid,
Respiration dehydrogenase SDHI 7 Fluopyram, [47]
Fluxa-pyroxad
o . Pyraclostrobin
Respiration cytochrome Qol-fungicides 11 Trifloxystrobin [48]
Signal transduction Signal transduction Azanaphthalenes 13 Proquinazid [49]
Difeconazole
Sterol biosynthesis sterol biosynthesis SBI 3 Fenbuconazole [50,51]
Tetraconazole
Triadimef
Nucleic acid Adenosin-deaminase HAP 8 Bupirimate [51,52]

metabolism

2.2.1. MBC (FRAC index=1).

Properties of MBC or Benzimidazoles (Scheme 1) were discovered gradually in the
decade of 1960-1970 and exhibited the high-quality fungicides, which are used basically for
foliar diseases as well as for seed dressing at low rates [38,39]. MBC fungicide action was
distinguished in 1973 by Davidse et al. [40]; they prevent B-tubulin of microtubules assembly
during polymerization of the nuclear division, germ tube elongation, and mycelium growth. In
many countries in Europe and the Middle East, resistance to MBC has been observed in over
100 fungal species, including various powdery mildew species. [37, 41]. Although several
mutations in the B-tubulin subunits have been identified in laboratory studies, the most
significant are E198A/G/K/Q and F200Y [39]. These mutations are noteworthy because, while
they are not directly related to MBC itself, they alter the secondary structure of B-tubulin,
thereby preventing fungicide binding. [42].
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Scheme 1. (a) Molecular structures of strobilurins; (b) Molecular structures of SDHI.
2.2.2. Aryl-phenyl ketones fungicides (FRAC index=50).

Aryl-phenyl ketones, exclusively, are used for powdery mildew as a fungicide and
pesticide, and consist of a strong fungicide known as Metrafenone. Studies on powdery mildew
have shown that concentrations around 1250 mg/L [43-45] can disrupt the actin cytoskeleton
and interfere with hyphal morphogenesis and polarized hyphal growth.

2.2.3. Qol- fungicides or Strobilurins (FRAC index=11).

Qol, which is registered for use in agriculture [48], investigated a revolution in
fungicide drugs and commercial activities in bazaars, and it still belongs to the best-selling
products derived from natural compounds known as Strobilurins A. This fungicide acts within
the inner mitochondrial membrane by binding to the quinol oxidation site (Qo) of cytochrome
bcl [53-55]. The mechanism of action is based on the disruption of electron transfer between
cytochrome cyto-bcl, which, as a result, halts the ATP synthesis. Currently, a series of
Strobilurin fungicides, including azoxystrobin, pyraclostrobin, fluoxastrobin, kresoxim-
methyl, trifloxystrobin, picoxystrobin, mandestrobin, and metomino-strobin, were synthesized
[56] (Scheme 1).

2.3. Materials and methods.

2.3.1. Docking simulation.

BIOVIA-2020’s docking software, Chem-3D, HyperChem, Visual Molecular
Dynamics (VMD), and the Chemistry Harvard molecular mechanics (CHARMM) software
have been used for all molecular minimization and Gibbs energy calculations from molecular

docking. Molecular docking methods have been used to distinguish how the mutations bind the
https://biointerfaceresearch.com/ 7 0f28
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Qol fungicides to the Qo-binding pockets. We are seeking to understand the mechanism of Qol
fungicide resistance, which may help us identify more potent inhibitors of plant diseases
without destroying forests, rivers, and our ecological systems. We designed and docked several
Qol fungicides to the Qo-active site through various mutations, including G143A, F129L, and
G137R (Figure 5).

) hrome bel in complex with
everal Qol fungicides with the

Figure 5. 1SQB crystal structure analysis of bovine cty-bcl with Azoxystrobin.
2.3.2. Design of hybrid compounds.

In this work, the design of dual inhibitors combining SDHIs and commercial
strobilurins was aimed at providing several compounds with appropriate sizes and geometries
to achieve optimal docking of both enzymes [57, 58]. All Qol fungicides share a common
structural feature consisting of a methyl-(E)-p-methoxyacrylate pharmacophore linked to a
phenyl ring. The group side branches are generally demonstrated by an aryl-oxy or an aryl-
oxy-methyl [59]. In other words, although SDHIs have different structures, all of them exhibit
a general section in their structure as the amide bond, which is bonded to an aromatic or
heterocyclic ring. The core segment is important for in vivo activity, which enters strongly into
the active site of SDH. The attached linker to the amine group is an alkyl group containing an
aromatic substituted (or sometimes substituted) heterocyclic group. In the ortho situation, the
hydrophobic agent is an additional ingredient of the other molecule [60]. Considering these
approaches, we proposed simulating the B-methoxyacrylate moiety of strobilurins and
replacing it with a suitable aromatic amide at a suitable position in SDHIs. As mentioned above,
the first-generation hybrid structures consist of three rings of azoxystrobin with methyl-(E)-f-
methoxyacrylate strobilurins attached via a carboxamide pharmacophore, as in three
commercial SDHI inhibitors. We are looking to reach highly active enzyme pharmacophore
structures that enable overcoming strobilurins resistance; therefore, for highly strong
interaction with protein enzymes, the following should be considered in any design for
molecular dynamic simulation: 1-Spatial position of the two pharmacophores; 2- Nature of the
linker; 3-substitution pattern of the SDHI (Figure 6).
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Figure 6. Merging of SDHI with various strobilurins.

3. Results and Discussion

3.1. Cytochrome bcl and binding modes as the resistance mutation.

Cytbcl is an important target for vegetable and fruit (especially grape) fungicides, as
Qo-site inhibitors (Qols) can control a wide range of plant pathogenic fungi from the
ascomycetes, basidiomycetes, and oomycetes families. Cytochrome bcl, as a fungicide enzyme
in crop pathogens plant disease control, is a unique item in pharmacy due to different modes
of action and goals, including fungal sterol biosynthesis inhibitors and cytbcl inhibitors. The
cytochrome bcl complex is part of the mitochondrial respiratory chain in several pathogenic
eukaryotic microorganisms, especially those causing crop diseases. Cytochrome bcl consists
of two quinone /quinol-binding sites that can control fungicidal agents. The Qols on the bazar
consist of several synthetic strobilurins, such as azoxystrobin and fluoxastrobin, which can
share the same binding mode as the resistance mutation G143A in the cytbcl. Unfortunately,
its performance was quickly challenged due to the resistance of many pathogens, such as
powdery mildew [60] and Plasmopara viticola [7]. Fungal phytopathogen resistance to
azoxystrobin was discovered to be caused by the cytchl mutation G143A in the Qo site (Figure
7), and A143 was discovered later in cytchbl of the strobilurins-producing Mycena galopoda
[56]. Based on FRAC information, the G143A substitution has now been listed among over
twenty species of phytopathogen fungi. The G143A mutation creates a large amount of
resistance that causes an increase in disease. Evaluating cytbcl with the linkage of azoxystrobin
confirms a rearrangement of G143 by alanine of the fungicide, and also, G143A considerably
increases resistance to azoxystrobin without any effect on cytbclactivity. This large amount of
resistance could explain the fast spread of G143A in many fungi. Three other cytcbl mutations
have also been observed, such as F129L, which was created in Barley net blotch, and G137R,
which was found in isolates of Pyrenophora, and G137S, found in pecan scab (Figure 7) [61].
The side chain of F129 is directed to a hydrophobic hole, which causes access to Qo. Therefore,
this mutation has little effect on enzyme activity but decreases its sensitivity to the Qol
azoxystrobin and stigmatellin [62, 63].
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Figure 7. Atomic structure of cytcbl interaction with antibody.
3.2. Resistance mutations and alternative fungal pathogens of Qol/Qol.

The binding situation of kresoxim-methyl, azoxystrobin, pyraclostrobin, fluoxastrobin,
trifloxystrobin, picoxystrobin, mandestrobin, and metominostrobin to bovine heart CYTBC1
(Figure 5) extracted from the docking Gibbs energy data has been listed in Table 4. The proper
docking simulation could be useful for studying the Gibbs energy of these Qol fungicides to
the active site. Mutations associated with Qol- resistance in the cytochrome-bcl gene in plant
pathogens are able to control resistance to Qo inhibitors, consisting of 1- changing position
from Gly to Ala from 143 (G143A), 2-changing from Phe to Leu from 129 (F129L), 3-changing
from Gly to Arg from 137 (G137R). The methoxy acrylate groups of these strobin structures
of Qol fungicides merged between the residues F129L and G137R of the C-helix, and hydrogen
bonds, n- © stacking, and van der Waals interaction from Qol fungicides attached to the Qo-
active site. In addition, azoxystrobin from the 1SQB protein data bank (Figure 5) has been
selected for docking. For all the above-mentioned processors, molecular docking was
performed using the ab initio-optimized small molecules in the Drug Discovery Suite [64]. The
Qol binding active site of the cytochrome bcl was distinguished through the presence of
azoxystrobin transferred from the bovine cytochrome bcl complex (1SQB [65]). Molecular
docking was accomplished by its extra precision (XP) form [66—68]. For the docking system,
our model of the cytochrome bcl complex was drawn through visual molecular docking and
also by Chem-3D. The energy minimization has been done via Charmm software, and we also
used the BioLuminate Protein Preparation Wizard with the OPLS3e [69, 70] force field. The
binding free Gibbs energy of all complexes generated by our molecular docking pipeline was
calculated using both Glide XP Score and Prime MM-GBSA, which combines molecular
mechanics with a generalized Born and surface area scoring function [62]. RFs caused by
F129L and G137R are usually placed between 6-16, and sometimes around 45, and also
resistance factors from G143A are in most items more significant than 100. Isolates carrying
G143A express high resistance, and f isolates with F129L or G137R express medium
resistance. G143A is responsible for Qol resistance in more pathogen species than F129L
because 20 genotypes out of 26 plant pathogens carry G143A.
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3.3. Sensitivity of double mutation to SDHI.

Based on several commercial reports, Bingxue et al. [71] confirmed that carboxin,
boscalid, fluopyram, and penthiopyrad are the most sensitive to SDHI fungicides among other
compounds. Several double mutations were measured through experimental testing. They
exhibited solid double strong double mutations resistant to boscalid. The potency of these
compounds (which refers to the concentration that induces a response halfway between the
baseline and maximum) should be expressed as the half-maximal effective concentration
(EC50) listed in Table 3 (rounding numbers) [71]. Nevertheless, the EC50 amounts were
different among the double mutations. The double mutations B-1280V+D-D95E, B-H278R+D-
D95E, and B-H278Y+D-G109V were categorized as normal resistance (MR), with EC50
values ranging from 2.472~4.062 pg/mL. However, three double mutations, including the B-
H278Y+DD95E, B-1280V+D-G109V, and D-B-H278R+ D-G109V genotypes, were
distinguished to high resistance (HR, EC50 values: ~13.9~16.8ug/mL). The EC50 values of B-
1280V+D-H105R were >25 pg/mL and were identified as conferring very high resistance
(VHR).

Table 3. Sensitivity of C. cassiicola to SDH inhibitor fungicides.

. EC50 ( pg/mL)

Strain or Mutants Carboxin Boscalid Floupyram Penthiopyrad
B-1280V 29.6 (13.4) 0.4 (2.7) 6.5 (33.8) 1.47 (15.8)
B-H278R 34.1 (15.5) 3.4 (22.9) 0.17 (0.870) 0.6 (6.6)
B-H278Y 18.3(8.2) 38.3(255.4) 0.03 (0.150) 2.3 (24.6)
D-D95E 8.13.7) 1.4 (9.5) 2.8 (14.3) 1.7.(17.9)
D-H105R 9.9 (4.5) 4.3 (28.6) 43(22.4) 11.1 (119.7)
D-G109V 18.0 (8.1) 3.2(21.6) 12.0 (61.7) 3.7 (40.1)

B-1280V+D-D95E 314 (14.2) 4.0 (27.0) 6.7 (34.50) 6.1 (65.8)

B-H278R+D-D95E 29.0 (13.1) 3.0(19.9) 0.26 (1.36) 0.36 (3.9)

B-H278Y+D-D95E 25.0(5.5) 13.9 (43.7) 1.5(13.7) 1.5 (19.3)

B-1280V+D-G109V 36.8 (16.6) 16.8 (112.1) 6.8 (35.2) 20.1 (216.1)

B-H278R+D-G109V 53.3(24.1) 17.0 (113.4) 3.7(19.2) 8.2(87.9)

B-H278Y+D-G109V 20.6 (9.3) 2.5 (16.5) 7.6 (39.3) 2.0(22.2)

B-1280V+D-H105R 28.909 (13.06) 26.827 (178.8) 25.158 (130.3) 18.345 (197.2)
The synergistic activity of the combination of different single-point mutations in SDHI *resistance

Double Mutation Carboxin Boscalid Fluopyram Penthiopyrad

B-1280V+D-D95E 1.67 4.42 1.43 3.90

B-1280V+D-G109V 1.55 9.20 0.74 7.73

B-1280V+D-H105R 1.46 11.40 4.64 2.91

B-H278R+D-D95E 1.37 1.23 0.18 0.31

B-H278R+D-G109V 2.05 5.10 0.61 3.76
B-H278Y+D-G109V 1.14 0.12 1.27 0.68
B-H278Y+D-D95E 1.89 0,70 1.10 0.76

*Synergistic coefficients (SC)
3.3.1. Analysis of Synergistic Coefficients (SC).

The synergistic coefficient (SC) was calculated using the following approach: first, the
actual ECs, (AE) values were normalized to a reference isolate according to the following

formulas:
__EC50(A) _ . . . __ EC50(B) .
AE(A) = ECso®) 1 ; for the mutation A and then , AE(B) = ECs0(A) for the mutation B.

Consequently actual ECs, of a double point mutation (A + B) can be measured by AE(A +

B) = %. Theoretical ECs, (TE) of a double point mutation (A + B) can be estimated

through: TE(A + B) = 0.5 X AE(A) + 0.5 X AE(B) , and finally, the synergistic coefficient
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AE(A+B)
TE(A+B)’
combination of different single point mutations in SDHI resistance, the combination was
categorized into 3 groups: synergic effects (SC > 1.2), additive effects (0.8 <SC < 1.2), and
antagonistic effects (SC < 0.8). The statistical resistance from SDHI amounts was evaluated
according to the log (EC50) values. Linear regression revealed no considerable resistance
between fluopyram and boscalid (rs = 0.551, p = 0.157), fluopyram and carboxin (rs = 0.263,p
= 0.528), or carboxin and boscalid (rs = 0.699, p = 0.054), while a tight association was
observed between penthiopyrad and all the SDHIs tested (carboxin: rs = 0.713, p = 0.040;
boscalid: rs =0.838, p = 0.009; fluopyram: rs = 0.786, p = 0.021). Synergistic coefficients were
calculated to quantify the combined effects of dual-action SDHI-Qol fungicides and microbial
bio-fungicides. Statistical analyses, including ANOVA and regression, were performed to
validate the significance of observed synergistic interactions. Docking simulations were used
in parallel to predict binding affinities of individual and combined compounds, allowing
correlation between in silico binding energies and experimentally or theoretically derived
synergistic coefficients.

was determined as: SC = Based on synergistic coefficients and the activity of the

3.4. Docking simulations result.

Our results have been extracted from molecular simulations based on our previous work
using first-principles calculations, molecular modeling, molecular mechanics, and docking.
Consequently, we designed and calculated each part of the molecular simulation using a
QM/MM method, including ONIOM input files throughout the manuscript [72-93]. The
QM/MM approach is a hybrid computational methodology that combines quantum mechanics
(QM) for the chemically active region of a system with molecular mechanics (MM) for the
surrounding environment. This allows accurate modeling of electronic structure and reaction
mechanisms in the active site while maintaining computational efficiency for large
biomolecular systems. The ONIOM (Our own N-layered Integrated Molecular Orbital and
Molecular Mechanics) method is a specific implementation of QM/MM that divides the system
into multiple layers. A high-level QM layer treated with ab initio or DFT methods for the
reactive center. A low-level MM layer treated with force fields (e.g., AMBER, MMFF94) to
describe the surrounding protein or solvent. ONIOM calculations enable geometry
optimization, energy evaluation, and reaction pathway analysis of complex systems by
balancing accuracy and computational cost. In this study, ONIOM was applied to investigate
the interactions of dual-action SDHI-Qol fungicides with fungal target sites, enabling precise
estimation of binding energetics and electronic effects within the active site while accounting
for the influence of the surrounding macromolecular environment.

Through dual activity via docking simulations, we are able to explore the binding
modes of the novel molecules to both the Cytcbl subunit and the SDHI fungicide. In both
items, the enzymes were modeled using simulation methods, and the docking simulation data
were analyzed by comparing them with known ligands. The Cytcbl models were generated
from the primary sequence, and the two sequences are substantially identical over the relevant
range of residues. Therefore, their structures were modeled by using the resolved Cytcblin
complex (PDB ID: 1EZV) with the inhibitor as the template (Figure 7). The SDHI fungicide
consists of four subunits that must be linked, and the active site for attaching them is located at
the center of the interface. We simulated our model using several subunits based on three
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primary sequences: GANE44, L7JQS7, GAN2P5, and Q5G5B2. Consequently, different SDHI
fungicides were generated according to the docking simulations with Cytcbl. Dual pesticide
combinations containing SDHI and Qol are listed in Table 4.

Table 4. Various merging of strobilurins by SDHI compounds through a dual combination.

Synthetic SDHI Linker Dual pesticides
Strobilurins Chemical group Common name Formula combination
Phenvl- (2’): Benodanil Ci3H1INO Plﬁzrrlﬁizni_;?ﬁf; a-a’
(a): Azoxystrobin y (b*): Flutolanil C17H16F3NO2 p phore a-b’
benzamides s . -AzoxyStrobin N
(c’): Mepronil Ci17H19NO2 . a-c
pharmacophore site
(d*): Benzovindiflupyr Ci1sH15CI2FaN30 b-d’
(¢”): Bixafen CisH12C12F3N30 b-¢’
(f): Fluindapyr CisH20F3N30 Pyvrazole- b-f’
(g’): Fluxapyroxad CisHi12FsN3O cargoxami o b-g’
.y . Pyrazole- (h’): Furametpyr C17H20CIN3O2 . b-h’
(b): Trifloxystrobin ) o pharmacophore site .
carboxamides (1"): Inpyrfluxam CisH21F2N3O . . b-i
. -Trifloxystrobin o
(°): Isopyrazam C20H23F2N30 harmacophore site b-j
(k): Penflufen Ci1sH24FN30 p P bk’
(1’): Penthiopyrad Ci6H20F3N30S b-I’
(m’): Sedaxane CisH19FaN3O b-m’
Ethyl thiophene
. amide
(C): Kresoximmethyl Ethylaﬁzgzhene (n’):Isofetamid C20H25sNOsS pharmacophore site - c-n’
Kresoximmethyl
pharmacophore site
Pyraclostrobin
. . Pyridinyl-ethy . pharmacophore site - s
(d): Pyraclostrobin benzamide (0’): Fluopyram Ci6H11CIFeN20 Pyraclostrobin d-o
pharmacophore site
Furan-carboxamides
. . Furan- . pharmacophore site - S
(e):fluoxastrobin carboxamides (p’): Fenfuram Ci2HuNO2 fluoxastrobin e-p
pharmacophore site
Oxathiin- s
(f):oryzastrobin Oxathiin- (q’): Carboxin Ci12H13NO2S carboxamides site - ?-(r]’
ory carboxamides (r’): Oxycarboxin Ci2H13NO4S oryzastrobin
pharmacophore site
Thiazole-
g . Thiazole- N1 . carboxamides site - s
(g): dimoxystrobin carboxamides (s’):T hifluzamide Ci3HeBr2FeN202S dimoxystrobin g-s
pharmacophore site
Phenyl-cyclo-butyl
(h): picoxystrobin | Lnenyl-eyclobutyl o o0 by irifluram CrHiCLEN,0 | Pyridineamide site - h-t’

pyridineamide

picoxystrobin
pharmacophore site

Since the increasing usage of SDHI, the resistance caused by multiple mutations in the
active site of the genome is becoming a serious risk. To evaluate the sensitivity of these
mutations to SDHI, we simulated and analyzed the replaced inhibitors using molecular
modeling (as shown in Table 5) to confirm the results. A parallel docking study of Qol
fungicides in the Qo-binding pocket was accomplished. The crystal structure of the cyto-bcl
enzyme was extracted from the Protein Data Bank (PDB=1SQB) (Figure 5). Sequences were
distinguished using an enzyme complex in DNAMAN, and 1SQB PDB was used as a template
to study the binding conformations of four novel Qol fungicides within the Qo binding pocket.
The three-dimensional structures of several Qol fungicides were first optimized using the
MMFF94 force field with MMFF94 charges. These optimizations were performed using the
Sybyl 7.3 software package on a Linux platform [36, 94]. Docking testing was performed using
the Surflex-Dock method in Sybyl 7.3. A suitable ligand from the viewpoint of negative energy
has been chosen according to the top Surflx-Dock energy score [94]. Docking calculation data
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of all multiple mutations information are listed in Table 5 and Figures 8 and 9. It is notable that
the MMFF94 force field was selected for fungicide docking because it is parameterized for
small organic molecules, provides reliable geometry optimization for ligands with aromatic
and heterocyclic systems, is computationally efficient, and is compatible with docking
software. Accurate ligand geometries from MMFF94 ensure meaningful docking poses and
binding energy predictions, which are critical for evaluating dual SDHI-Qol fungicide designs.

Table 5. Docking calculation data of all multiple mutations information with 1ezv.pdb.

Sample Energy VDW H-bond Docking fitness
Kcal/mol | Kcal/mol | Kcal/mol Kcal/mol
a-a’ -122.7 -109.1 -3.7 -102.9
a-b’ -80.1 -79.1 -1.8 -77.21
a-c’ -89.8 -80.1 -9.7 -85.9
b-d’ -72.5 -69.5 -1.5 -36.3
b-¢’ -79.3 -75.8 -3.5 -78.3
b-f -69.6 -67.4 -4.5 -66.5
b-g’ -99.5 -91.2 -5.3 -88.3
b-h’ -87.3 -82.7 -6.3 -81.4
b-1’ -88.9 -81.1 -5.4 -79.5
b-j’ -112.4 -101.2 -6.7 -93.6
b-k’ 954 -91.4 -7.7 -89.1
b-I’ -88.8 -87.2 -6.7 -84.8
b-m’ -102.5 -97.4 -8.1 -94.7
c-n’ -78.5 -72.4 -6.3 -70.6
d-o’ -87.3 -85.3 -7.3 -84.7
e-p’ -99.5 -94.9 -5.7 -93.8
f-r’ -105.8 -104.3 -8.9 -98.9
f-q’ -97.8 -94.8 -6.7 -93.1
g-s’ -86.7 -81.7 -5.6 -80.5
h-t’ -127.1 -113.6 -13.5 -126.3

Mutation G142A/G142S alters the fungicide binding site, causing the fungicide
molecules to be displaced from the amino acid residue at positions 79 to 274 in aa’, 134 to 180
ina-b’, 78 to 248 in a-c', 79 to 256 in h-t', 41-188 in b-d', and 80 to 248 in be' (Figure 8). In this
case, the hydrogen bond is lost and n—n stacking interactions become weak or may even
disappear. As a result, van der Waals interactions become more prominent (Table 5). When
this site is mutated to alanine (A) or serine (S), the van der Waals surface area increases,
indicating greater steric hindrance. This increase likely weakens fungicide binding and leads
to high resistance to Qol fungicides (RF > 100).

a-a'"energy

caviezv_HEM-Benodanil-azoxystrodin-3.pdb -122.7

131 132 252 212 214
57 |87

a-b ey
caviezy_HEM-Flutolanil-azoxystrobine-2.pad -81
' e
a-c' Energy LE
caviezy_HEM-Mepronik-azoxystrObine-3 pad -89.8
'
h-t' enery

caviezv_HEM-Picorystrobin-Cyclobutrifiuram-4.pdd -127.1

b-d'Ereor AL
caviezv_HEM-Benzovindifiupyr-Trifloxystrobin-3.pdd -725 ST G

b-e' Eneryy PRO TR

caviezv_HEM-Bixafen-Trifloxystrobin-4.pdd -79.2
. J/

Figure 8. Position of involved amino acids during the merging of strobilurins with SDHI compounds through a
dual combination.
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a-b' dual combination

a-a' dual combination a-c' dual combination

h-t' dual combination b-d' dual combination

b-e' dual combination

Figure 9. 3D representation of Qol fungicides in the docking pocket of Qo with mutations by docking

simulation of SDHI and strobilurins merging through molecular biology and microbial bio-fungicides
according to Figure 6 and the table.

Figures 5-7 showed docking results for several compounds with tight binding to
azoxystrobin in cytochrome bcl (PDB ID: 1EZV) [21], where the pharmacophore is near the
G143 protein residue (Figure 5). In addition, in both azoxystrobin and SDHI compounds,
Phel29 plays a stabilizing role through the formation of a n- & stacking interaction with the
aromatic ring distal to the methoxy-acrylic function. Finally, docking results can be interpreted
thermodynamically using the predicted Gibbs free energies of binding (AG). A more negative
AG reflects a more favorable balance of enthalpic and entropic contributions upon binding,
indicating that the hybrid SDHI-Qol molecules are thermodynamically predisposed to interact
strongly with the active site. This supports the observed enhancement in predicted inhibitory
activity and rationalizes the improved performance of certain positional isomers and substituted
structures. Moreover, differences in AG between wild-type and resistant mutants correlate with
reduced binding affinity in the mutant enzymes, providing a molecular explanation for
resistance.

3.5. NMR and NICS results.

Nucleolus-independent chemical shifts (NICS) are the negative of magnetic shielding,
which is computed at a point of interest in molecular space. NICS was first suggested by
Michael Buhl et al. [95]. In 1995, it discussed the electronic currents in fullerenes and was then
investigated by Paul Schleyer [96] as the first idea of NICS. NICS has several variants, such
as NICS (0) I1SO; (0) means that NICS is calculated at the center of an aromatic ring plane of
the molecular structures of strobilurins or the molecular structures of SDHI. From ab initio
calculations using magnetic command (NMR = GIAO order), the 1ISO parameters were
obtained, which indicate the amount of aromaticity for the mentioned rings in both the
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molecular structures of strobilurins and SDHI. The word is generally used to define energetic
stability, and although NICS has no direct relationship with stability due to the fact that
energetic stability is a ground-state property, negative NICS and strong diamagnetic current
density can, in some cases, define the strength of electronic currents for aromaticity amount
through the NICS values (Figure 10).

IH-NMR

385 HO_ 421008

Picoxystrobin-Cyclobutrifluram

N
1.

56
H o 719
36632 /
N / 74
470
~
asHd CH3 a5

Flutolanil--azoxystrobine

Figure 10. Proton NMR of dual pesticides including h-t” and a-b” using NICS calculation.
3.5.1. Isotropic and anisotropic parameters.

Total chemical shift tensors “c” are non-symmetrical tensors which can be separated
through three independent parameters, which are known as isotropic, traceless symmetric, and
traceless anti-symmetric. In addition, a spherical tensor has been exhibited by Haeberlen [97],
Mehring [98], and Diehl [99]. They have investigated fundamental tensors as:

o = o.iso(O) + o.anti(l) + o.sym(Z) (1)

Spherical tensors can also be written as:

o) 2 2) _1
oi5® _ 3 /2 8z And 62" =26, )

Where, 8, is the reduced anisotropy and can be calculated through:

6‘(zz) = (0, — Oiso) = (033 — Oi50) 3)
This parameter is related to the anisotropy (Aco) with:
3
Ao = E 6(22) (4)
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From equations 4 and 5, asymmetry (1) shielding can be estimated as:

Ao = 0,, — 3(0xx + 0yy) (5)
" Ixx 3 —Oxx
n= (ayg(z; ) = (ayzyA: ) (6) [100].

The magnetic resonance of the spins is seldom isotropic; they must be represented with
new tensors (Herzfeld-Berger notation) [101]. These tensors are known as Span ( Q) Q > 0,
which illustrates the maximum width of the model and the skew (k) of the tensors which are a
magnitude of the values:

3(0is0—022) (7)

(Q) =033 —011and x = p

Moreover, the orientation of skew (k) is given by:

o= 2000 (< g < 4) (8)

In some items of an axially symmetric tensor (o, -0,), Might be zero and therefore
n = 0. In addition, the asymmetry (n) indicates how much deviation can appear from the axially
symmetrical tensors, so the region of “n” is between zero and one (0 <n < +1). NICS is a
simple method developed by Schleyer and coworkers that estimates the absolute magnetic
shielding at the center of molecules. A negative NICS amount indicates aromaticity, and a
positive result indicates anti-aromaticity [96]. The amounts of, &;s,, A8, Q, 1, NICS, and S-
NICS calculation according to the formula from equations 1-8 are listed in Table 6. In addition,
a significant inverse correlation was validated, statistically (R2=0.82, p <0.01), indicating that
more negative NICS values correspond to more favorable docking energies.

Table 6. Herzfeld-Berger and Haeberlen convention of NMR components with Cam-b3lyp/cc-pvdz of
Strobilurins structures.

Sfr}(l)lll)tlllllf:'llfls 011 022 033 Oiso AS K Q n NICS S-NICS
Azoxystrobin 5.31 12.54 21.0 12.94 12.07 -0.08 15.69 0.89 -12.94 -11.83
picoxystrobin 4.32 10.54 15.30 10.05 -8.6 0.13 10.98 0.83 -10.05 -10.45
Trifloxystrobin 3.22 12.44 17.63 11.09 -11.81 0.28 14.4 0.65 -11.09 -10.78
Kresoximmethyl 2.97 10.93 16.92 10.27 -10.95 0.14 13.95 0.82 -10.27 -10.88
Pyraclostrobin 5.45 11.28 16.86 11.19 -8.62 0.02 11.41 0.97 -11.19 -10.98
fluoxastrobin 5.99 13.54 16.86 12.13 -9.21 0.389 10.87 0.54 -12.13 -11.23
oryzastrobin 6.77 12.74 15.98 11.82 -7.58 0.29 9.21 0.64 -11.82 -11.21
dimoxystrobin 5.91 13.76 16.05 11.90 -8.99 0.54 10.14 0.38 -11.90 -11.12

3.5.2. Simulation energy, VDW, H-bond, and docking fitness.

Figure 11 exhibits Simulation energy, VDW, H-bond, and docking fitness versus NICS
value. Using the slope of this linear curve, we can suggest and simulate suitable pesticides and
commercial fungicides for any fruit or vegetable, based on local climate and forestry
conditions. The presence of these compounds significantly alters the overall magnitude of
exfoliation due to n-m interactions between SDHI and strobilurins merging through the rise of
the strong interactions, including n-orbitals of the strobilurins.

Since diatropic ring current (aromatic) and also paratropic current (anti-aromatic)
bonding energies, as well as VDW, H-bond, and docking fitness in benzene-like ring planes in
strobilurins are a function of structure activities and stability, therefore NICS values could also
be connected directly to the strobilurins' structure and their stabilities, consequently to the
chemical properties of pesticides and microbial bio-fungicides. Interestingly, we found that this
relationship is linear, which can help us define novel fungicide molecules for fruits and
https://biointerfaceresearch.com/ 17 of 28
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vegetables under forestry climate-changing parameters, including temperature, moisture, and
soil pH, in future research (Figure 11).

Energy VDW
y =17.377x+283.55 (kcal.mol (kealmol-
R*=0.9741 D130 y = 15.61x+ 262.74 "y [
L 110 R2=0.9587 100
L o0 - 90
- 80
B 70 L 70
- S0 - 60
NICS NICS %
r 30 10
B . . .
14 12 10 8 14 12 10 8
Docking H-Bond
Fitness 1 (kcal.mol-
(kcal.mol ™) 130 N 16
L 120 14
L 110 y = 3.3825x+44.963 12
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Figure 11. Docking data of all multiple mutations information with 1ezv.pdb from table 5 versus NICS
values.

Moreover, critical molecular docking parameters have been explicitly described to
ensure reproducibility and reliability of the results. These include the grid box dimensions and
center coordinates defining the active site, the exhaustiveness value used during the docking
search, validation of the docking protocol through re-docking of the co-crystallized ligand with
RMSD evaluation, and the inclusion of appropriate control or reference ligands for comparative
analysis.

3.6. Discussion.

Powdery mildew is one of the major fungal diseases affecting several cultivated crops
worldwide. Its management relies on commercial fungicides, but resistance poses a threat to
food security, and urgent, innovative solutions are needed. In this paper, we presented a
structural investigation of new fungicides obtained by combining the pharmacophores of dual
pesticides, including SDHI and strobilurin inhibitors, as well as microbial bio-fungicides. This
research focused on the structural merging and modification of previous structures to obtain
novel versions that enhance antifungal activity against both wild-type and strobilurin-resistant
strains. The character of these two pharmacophores and their properties in substitution
situations, especially for SDHIs, were investigated to develop a better simulation for suitable
activities. We demonstrated that the relative orientation of the dual pesticide combination
containing the SDHI and Qol pharmacophores, and the entire shape of the fungicide, strongly
impact the biological activity of the hybrid molecule, as shown in Table 5 and Figures 7-10.
We found sequencing of the SDHI and Qol in the ortho situation on the central ring yielded
high performance in activity against the wild-type strains, and we also discussed the
aromaticity of the center of the ring due to this performance as a creator index for better
designing and simulation of the dual pesticide combination containing SDHI and Qol

pharmacophore. This position indicates that the SDHI pharmacophore suggestion in the ortho
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position likely provides a steric obstacle to attaching the Qol pharmacophore to the cytcbl
binding site, while the meta and Para directions are far from any overlap with the binding site.
Docking simulation of the mutant type of Qo with Qol fungicides indicates Qol fungicides are
bound to a highly hydrophobic surface of Qo (section 2.3.1, figure 5). The DNA sequences of
the cty-bcl genome were compared among the mutants, and three amino acid substitutions
(G142A, Y131C, and F128S) were identified in the cytochrome-bcl protein of various mutants
exhibiting high resistance to the novel Qol fungicides. The G143A has been confirmed as the
most common item of Qol resistance and has been distinguished in these variants. Our results
further confirm that amino acid substitutions at this position are closely associated with the
failure of Qol fungicides to control the disease. Another mutation identified in this study,
Y131C, confers high resistance to all Qol fungicides (RF > 100). However, this mutation was
generated through UV radiation and has not yet been reported in natural populations. The
situation of the methyl group on the benzamide ring of the SDHI can also affect the biological
activity of the fungicides. Actually, various mergings of strobilurins by SDHI compounds
through a dual combination (Table 5) with an additional aromatic ring between the two active
moieties exhibited high activity. Interestingly, the activity decreased with the increase in the
chain length. Changing the aromatic ring in the SDHI moiety by replacing the benzamide with
a heterocyclic amide maintained good activity of the dual compounds against WT strains
(Tables 5, 6). Moreover, changing the aromaticity due to climate changes in climate, such as
temperature, wetness, pressure, and pH of the soil, as well as greenhouse gases and global
warming, causes changes in the NICS index; a new dual combination will be changed based
on this new climate. Finally, the changing parameters of global warming, temperature change,
and forest wetness, and the subsequent changes in the various modes of action of SDHI
compounds through dual combinations, lead us to synthesize novel pesticides and microbial
bio-fungicides based on the new climate parameters, as shown in Table 7. Despite the
promising docking and structural results, this study has several limitations. The proposed
SDHI-Qol hybrid fungicides were evaluated primarily through computational modeling,
without experimental validation of antifungal activity. In addition, synthetic feasibility,
physicochemical properties (e.g., solubility, lipophilicity, and stability), and ADMET-related
parameters were not assessed. These factors are critical for determining practical applicability,
environmental safety, and regulatory suitability. Future work should include synthesis, in vitro
and in vivo bioassays, and comprehensive physicochemical and ecotoxicological evaluation.
In addition, while NICS values provide a measure of Aromaticity and electronic stability for
the designed dual SDHI-Qol fungicides, they are intrinsic molecular properties and are not
directly influenced by environmental factors. However, climate variables such as temperature,
soil pH, moisture, and humidity can affect the stability, solubility, bioavailability, and overall
efficacy of fungicides in agricultural settings. Therefore, in designing climate-adaptive
fungicides, NICS and structural descriptors can guide the intrinsic potency of the molecules,
while additional modeling or experimental studies are needed to account for environmental
conditions that impact their field performance. By integrating molecular design with climate-
dependent factors that affect fungicide behavior, it is possible to optimize dual-action
compounds for robust activity across diverse environmental conditions.
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Table 7. Phytopathogens for host fruits and vegetables due to disease and biocontrol agents.

Phytopathogen Hosts Diseases Biocontrol agents References
G
Botrytis cinerea Apple m:g Metschnikowia pulcherrima [102]
Pichia

Botrytis cinerea and

. o Apple Blue mold membranifaciensand Wickerhamomyces [103]

Penicillium italicum

anomalus
L Gray Meyerozyma guilliermondii and
Botryt G 104
olryis cinered rapes mold Aureobasidium pullulans [104]
Botrytis ci d
Pe(r)li?;l;;ujrlln:):;Znasr;m Apple Apple rot Aureobasidium subglaciale [105]
Colletotrz.ch.um Avocad | Anthracno Yamadazyma mexicana [106]
gloeosporioides o se
G Lactobacillus plant d
Penicillium digitatum Citrus reen actovact L_‘sp antarum an [107]
mold Lactobacillus plantarum
Penicillium digitatum Mand.ar Green Metschnikowi.a .pulcherr.i'ma, Pichia [108]
in fruits mold guilliermondii
o .. . Green L . ..
Penicillium digitatum Citrus mold Pichia kudriavzevii [109]
F usarf'um solani and Dry Wiltdiseas Trichodermaspp. [110]
Fusarium oxysporum bean es
G
Botrytis cinerea Grapes mfg Bacillus amyloliquefaciens [111]
. Tea Gray . -

Pestalot th, Paecil lil 112
estalotiopsis theae plants blight aecilomyces lilacinus [112]
Plasmod%ophora Pak. Clubroot Clubroot [113]

brassicae choi
Colletotrich Anth:
oteto rz.c ‘um Mango nhracno Penicillium citrinum [114]
gloeosporioides se
Penicillium digitatum Green Bacillus amyloliquefaciens, Bacillus
- g. . Orange | mold and y 9 7 [115]
and Penicillium italicum blue pumilus, andBacillus
Geotrichum‘ .citri— Lemon Green Bacillus am)floliquefacie.ns, Bacillus [115]
aurantii mold pumilus, andBacillus
Aspergillus favus Rice Rice mold Bacillus velezensis [116]
Colletotrich Chili Anth:
otreto rz.c ‘um “ nthracno Trichoderma koningiopsis [117]
gloeosporioides pepper se
Fusari
Fusarium oxysporum Potato usragtlum Bacillussp. [118]
Aspergillus favus Tomato Spoilage Aureobasidium pullulans [119]
Botrytis cinerea Strawbe Gray Lactobacillus plantarum [120]
Iy mold
) Vineyar Gray Metschnikowia
L 121
actobacillus plantarum d mold pulcherrimaandAureobasidium pullulans [121]

4. Conclusions

The effectiveness of fungicides is gradually decreasing due to climate change, global
warming, and modernization of agricultural practices, highlighting the growing threat of
fungicide-resistant pathogens to human life and food security. Understanding the mechanisms
of Qol fungicide resistance is critical for designing more potent inhibitors that control plant
diseases without damaging forests, rivers, or ecological systems. In this study, we merged
various SDHI and strobilurin (Qol) fungicides into hybrid dual-action molecules. The methoxy
acrylate groups of strobilurins interacted with residues F129L and G137R of the C-helix, while
hydrogen bonds, n—= stacking, and van der Waals interactions contributed to binding at the Qo-
active site. Docking simulations showed that these dual-action molecules exhibited more
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favorable binding energies (i.e., more negative AG) than several commercial fungicides,
indicating greater inhibitory potential. The presence of aromatic benzene rings in both SDHI
and strobilurin moieties stabilizes the hybrid compounds through n—= stacking interactions. We
observed that placing the SDHI and Qol pharmacophores in an ortho configuration on the
central ring maximized activity against wild-type fungal strains. The aromaticity of central
rings was quantified using nucleus-independent chemical shift (NICS) calculations, which
provide a measure of electronic delocalization and current density and indirectly reflect
electronic stability. Modifications of the SDHI moiety, such as replacing benzamide with a
heterocyclic amide, maintained good activity while influencing aromaticity patterns. A linear
relationship between NICS-derived aromaticity and predicted pesticidal activity was
established, enabling rational design of dual fungicides. Although NICS is an intrinsic
molecular property, integrating docking results with climatic factors such as temperature, soil
pH, moisture, and greenhouse gas levels enables climate-adaptive simulation of fungicide
efficacy. This approach provides a framework for designing novel hybrid SDHI-strobilurin
fungicides and microbial bio-fungicides tailored for various fruit, vegetable, and forestry
climates, accounting for environmental and ecological parameters.
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