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Abstract

Strobilurins are a class of fungicides d tural substances
llurus. The discovery
of strobilurins dates back to 1970s when re [ ified their unique fungicidal
properties. Since then, various syntheti called Quinone outside
inhibitors have been developed with afw [ ations. Due to their broad-

spectrum activity and low toxicity to ant [ ols have become some of the

range of fungal pathogens, including ( 2 for diseases like powdery mildew,
rusts, leaf spots, and blights. : amonly used in crops such as cereals, field crops,

fruits, nuts, vegetables, tu entals. Their systemic properties allow them to
be absorbed into plant tiSs throughout the plant, providing protection to
both treated areas and née " This enhances their efficacy in managing diseases. Qols

ral chemicals, such as insecticides and herbicides, making
management programs. Their compatibility also allows for

them ideal for integration into 3
i of applications and saving time and resources for farmers.

tank mixing, re g the frequent
Additionally, som
This review delves i arious aspects of Qols, including their mode of action, chemical and

rins are versatile fungicides with a wide range of agricultural applications due
to their broad-spectrum activity, systemic properties, and ability to enhance plant health. Their
primary use is to manage fungal diseases across various crops targeting a broad range of
pathogens which has made them indispensable in agriculture production. The discovery of
strobilurins dates back to the late 1970s when Anke et al. (1977) isolated strobolurin A and
strobilurin B from the basidiomycete fungus Strobilurus tenacellus (Pers. ex Fr.) Singer which
grows on decaying cones of Pyrus silverstris. In fact, strobilurins are common secondary
metabolites in Basidiomycetes. B. lutea is the only Ascomycete fungus known to produce
metabolites from this chemical family (Igbal et al., 2018). Although strobilurin A showed to be
effective in “in vitro” it was not effective “in vivo” due to its low photochemical stability and high
volatility. The discovery of the antimicrobial properties of strobilurins led to the synthesis of
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various analogues such as azoxystrobin which was introduced on the market for the first time
in 1996 by Zeneca Agrochemicals (now part of Syngenta). This was the first synthetic
strobilurin fungicide, making a significant advancement in agricultural disease management
due to its low toxicity and broad-spectrum activity, effective across a wide range of crops, such
as fruits, vegetables, cereals, nuts, berries, turfgrasses ornamentals etc. Since it was
discovered, azoxystrobin has had a profound impact on plant protection. By 2002, it was
registered for use in 72 countries and on 84 different crops, achieving sales of $ 415 million in
1999, making it the top-selling fungicide worldwide (Bartlett et al., 2002). Moreover, its
widespread adoption spurred the development of additional fungicides in this chemical group.
The same year kresoxim methyl was developed and released on the market by BASF.
Afterward, further developments in similar compounds quickly followed. Metominostrobin, was
developed by Shionogi and released on the market in 1999. The same y er lunched

from the same Qol fungicide cross-resistance group were developed s
DuPont lunched in 1997 and fenamidone by Aventis in 2001, which br
available options for disease control. In 2002, BASF lunched

the status of pending for approval in EU (Tab.1).
development by Chinese manufacturers. SRICI i
flufenoxystrobin, triclopyricarb, and fenaminstr
developing pyriminostrobin. However, it remains

to pursue global registration for these fungi 2020).

The term 'strobilurins' originally idal compounds derived from
fungi in the genus Strobilurus. Hence ) synthetic analogues with similar
modes of action but different originS i sistance Action Committee (FRAC) in
the early 2000s when dealing wi ication of fungicides based on their mode of action
renamed the group into 'Qui idetnhibitors' (Qol fungicides or Qols) and classified

them into the FRAC Code

shikimic acid p 0
specified methyl ( methoxy-2-(5-phenylpenta-2,4-dienyl) acrylate moiety, attached to the
a-positi ith this structure are classified as B-methoxyacrylates (Tab. 1). The
is a critical part of their natural fungicidal activity (Bartlett et al.,
acrylate is connected to the rest of the strobilurin molecule, which
ding on the specific compound (Fig.1). Variations usually arise from
aromatic ring at positions 3 and 4 (Fig. 1). However, these natural

of natural strobilurins has been overcome with development of photostable analogues with
numerous practical applications (Igbal et al., 2018; Kunova et al., 2021). Most modifications
focused on altering the a-substitution of the (E)-B-methoxyacrylate group. A significant
breakthrough and revolution in this field was achieved by replacing the core toxophoric (E)-B-
methoxyacrylate group with a methoxyiminoacetate moiety, a modification which leads to the
discovery of azoxystrobin (Fig. 1). Replacing the (E)-B-methoxyacrylate group with a (Z2)-a-
methoxyiminoacetate group lead to development of trifloxystrobin while a pyridine ring with
trifluoromethyl substitution and methyl ester group attached to the methoxyiminoacetate group
is a unique feature of fluoxastrobin that distinguishes it from other strobilurin fungicides (Fig
1). In kresoxim methyl a chlorine-substituted pyridine ring (6-chloro-3-pyridinyl) is attached to
the methoxyiminoacetate moiety (Fig. 1). A chlorinated pyridine ring (6-chloro-2-



(chloromethyl)-4-pyridyl) and a methyl ester group are attached to the methoxyiminoacetate
group in the molecule of pyraclostrobin (Fig. 1). One notable advancement replacing the (E)-
B-methoxyacrylate group with 2-methoxyiminoacetamide, resulted in the creation of
metominostrobin (Fig.1) (Bartlett et al., 2002). Mandestrobin also a methoxyacetamide based
compound has a backbone derived from mandelic acid structure (Fig. 1) (Hirotomi et al.,
2016).

Table 1. Classification and representatives of QoL fungicides (FRAC Code 11) according to the
Fungicide Resistant Action Committee (FRAC, 2024c)
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istic of Qol fungicides is their rapid mode of action. While most of the Qol
fungicides contact, some of them such as azoxystrobin, picoxystrobin and
metominostrobin show systemic activity. Metominostrobin shows the highest ability to be
absorbed into leaves while picoxystrobin and azoxystrobin showed medium and low uptake
by leaf, respectively. All three substances exhibit both translaminar movement and movement
through the xylem while picoxystrobin together with kresoxim-methyl and trifloxystrobin can
also be molecularly redistributed by air. Kresoxim-methyl, trifloxystrobin and pyraclostrobin
showed only low translaminar ability and no systematic activity trough the vascular system of
the plant (Bartlett et al., 2002).

Many research has shown that spore germination in ascomycetes and basidiomycetes
and zoospore motility in Oomycetes are the most critical stages for the thrive of the fungal
pathogens. The fact that these stages in fungal development are particularly sensitive to Qol
fungicides is pivotal for Qol effectiveness (Fernandez-Ortuiio et al., 2010). Additionally, this



heightened sensitivity is attributed to the fungicide’ biochemical mechanism of action such as
the disruption of energy production. As these developmental stages are highly energy-
demanding, their inhibition effectively prevents successful plant colonization. Therefore, the
majority of Qol fungicides exhibit potent activity against zoospore motility in Oomycetes and
spore germination in ascomycetes and basidiomycetes when applied during the early stages
of infection which is, after infection has occurred but before visible symptoms develop, hence
some Qol fungicides are recognized by their eradicant and antisporulant activity. Becker et al.
(1981), in their study, suggest that the mode of action of Qol fungicides is single-site. Their
fungicidal efficacy stems from their ability to inhibit mitochondrial respiration by binding to the
Qo site (outer quinol oxidation site) of the cytochrome bcl enzyme complex (complex Ill). The
presence of a carbonyl oxygen moiety which is a shared feature of all Qol compounds, plays
a crucial role in binding to the enzyme. This respiratory inhibition disrupt ron transfer

in the mitochondria of the fungal cell, causing an energy deficiency whij i ads to

the cell death. The membrane protein complex cytochrome bcl which | for
fungal respiration is a main target to Qol fungicide action. In euka oll
polypeptides with a combined molecular mass of approxim as a
structural and functional dimer. The catalytic core of the e i rome b,
cytochrome cl, and the Rieske iron-sulphur protein (ISP). It nism, known as
the Q-cycle, requires two distinct quinone-binding sit | oxidation and
the Qi site for quinone reduction (Fisher & Meuni : i8€" locations of the
quinol/quinone binding sites within the cytochro i entified through X-
ray crystallography, using bound inhibitors as . lled insights into the interactions
between cytochrome bcl and various inhibitor sser et al. (2004) have
revealed that, Qol fungicides differ by indi hough, they fit within the
enzyme pocket on remarkably similar way

An interesting characteristic ility to influence the hormonal
system of wheat, leading to dela , enhanced water retention, and
increased grain yield (Vincelli, ."The are also associated with beneficial
physiological effects on crop ibuted to their biological action in promoting net carbon

nificant fungal diseases. Registered in numerous countries, Qol
ilized across a wide range of crops, including cereals, turfgrass, grapevines,

attributes: -spectrum activity, effectiveness against fungicide-resistant isolates, low
application rates, low toxicity to humans, low environmental toxicity, and significant yield and
guality benefits (Bartlett et al., 2002). Qol fungicides have driven transformative changes in
disease management protocols for various crops. For instance, they provided grapevine
growers with the first single active ingredient capable of controlling both powdery mildew
(Erysiphe necator) and downy mildew (Plasmopara viticola). Similarly, in wheat and barley,
Qol fungicides especially azoxystrobin have demonstrated superior yield and quality
improvements compared to other fungicide classes. Their utility has extended to resistance
management programmes for crops like bananas, where they play a critical role in combating
persistent and resistant pathogens. Additionally, Qol fungicides are valuable in the
maintenance of protected horticultural crops, particularly in regions like Europe, where the
number of available active ingredients has declined due to regulatory compliance. Beyond



their foliar applications, Qol fungicides are increasingly used as seed treatments and in-furrow
applications to manage soilborne diseases, further expanding their versatility (Bartlett et al.,
2002). Among other, mandestrobin is use to reduce the overwintering source of infection in
white mould. It is found to possess an inhibitory effect in almost all stages of the pathogen
development and especially is appreciated its’ activity against sclerotium formation in
Sclerotinia sclerotiorum in reducing the overwintering source of infection (Hirotomi et al.,
2016). Some of the trade names and agricultural applications of QoL fungicides are given in
Table 2.
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https://www.chemspi ical- .32818261.html); Pyraclostrobin (CSID:4928348,

Kresoxim methyl (CSID:4813314,
Fluoxastrobin (CSID:9223963,
Mandestrobin (CSID:34448712,

resiStance. It is considered that this resistance is mediated by two primary
ch as target site mutations and efflux transporters and a secondary
mechanism of Qol resistance which involves alternative respiration such as cyanide-resistant
respiration mediated by alternative oxidase. In target side mutations the predominant
mechanism of Qol resistance involves mutations in the mitochondrial cytochrome b gene
(CYTB), leading to changes in the peptide sequence that inhibit fungicide binding. These
mutations are localized to regions of CYTB crucial for ligand binding, particularly amino acid
positions 120-155 and 255-280. Key substitutions include G143A (glycine to alanine at
position 143), F129L (phenylalanine to leucine at position 129), and G137R (glycine to arginine
at position 137) which are all based on single nucleotide polymorphisms in the cytochrome b
gene (Gisi et al., 2002; Fisher & Meunier, 2008; Fernandez-Ortuiio et al., 2008). Research
investigations showed that pathogens that carried G143A mutations express high (complete)
resistance and are hard to manage. Anyway, in some cases despite the significant use of the
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Qols, the amino acid substitution of the glycine with alanine at position 143 has not been
observed even when the Qols were significantly used in the field. In some species such as
Alternaria solani, Pyrenophora teres and Puccinia spp. a non-coding region of DNA (an intron)
was observed after the gene that encodes for glycine (FRAC 2011; Grasso et al., 2006). Since
this substitution will affect the splicing process and lead to a deficient in cytochrome b, it is
considered that the nucleotide substitution with alanine will be lethal and as a consequence
resistance based on the G143A mutation is not likely to appear not only in species such as
Alternaria solani, Pyrenophora teres and Puccinia spp. but also in other species such as
Uromyces appendiculatus, Phakopsora pachyrhizi and Hemileia vastatrix (Fernandez-Ortufio
et al., 2008). The presence of such an intron was reported in Monilinia laxa, Monilinia fructicola
and Guignardia bidwellii (Miessner & Stammler 2010; Miessner et al., 2011). The Qol
tolerance of A. solani and P. teres was indicated by mutations in F12
(Sierotzki et al., 2007) which happen to be of minor importance and acc
(2007) have limited impact on the field efficacy of Qols. Pathogens
G137R mutations are often overcome by standard field appllcatlon rate
contrast, the G143A substitution confers high resistance, con
failures. This mutation has been documented in over 20 s '
fungicides were introduced in 1996, resistant isolates of B [ ini itici and
Plasmopara viticola showing G143A mutation were identifi 2000 Sierotzki
et al., 2000b). Other pathogens found resistant to Q utation include
Blumeria graminis f. sp. secalis, Blumeria graminj

econdita, Puccinia
ani, Pyrenophora tritici-repentis,
graminicola  (sin.

triticina, Puccinia striiformis, Puccinia hordei, R
Pyrenophora graminea, Oculimacula

Rhynchosporium secalis), Ramularia cg [ i ator, Venturia inaequalis,
Podosphaera leucotricha, Monilinia - i arium, Neofabraea alba, N.
perennans, etc. (Tab. 3) (FRAC, 20 te i ssociation with Qol resistance,
studying the role of CYTB mutatio 43A, remams challenging due to the

Efflux transporters, 45p
transporter family and the M@ ) amily (MFS), also contrlbute to Qol resistance
by preventing the accu [ des within fungal cells. These proteins offer
broad protection against na [OXins and xenobiotics (Del Sorbo et al., 2000; Stergiopoulos
et al., 2003). The first efflux
transporter gengi aminicola (Roohparvar et al., 2007). While overexpression

istance, its contribution is typically minor compared to

ectron transfer and ATP synthesis under fungicide-induced stress
on, 2003). However, alternative respiration is energy-inefficient, providing

activity may facilitate the selection of CYTB mutations by reducing reactive oxygen species,
potentially promoting the transition from sensitivity to full resistance (Fernandez-Ortufio et al.,
2008). In addition, pathogens and references linked with the resistance against Qol fungicides
according to FRAC are listed in Table 3.

CHALLENGES AND LIMITATIONS

Despite their advantages, Qol fungicides face several challenges that can impact their
long-term effectiveness. One of the most significant issues is the development of fungicide
resistance in fungal populations. The single-site mode of action of Qols makes them
particularly vulnerable to resistance, as a single genetic mutation in the target site can render
the fungicide ineffective. According to FRAC, resistance has been documented in almost forty
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fungal species from 26 genera (Tab. 3). To mitigate resistance, best management practices
are proposed such as alternating Qols with fungicides that have different modes of action to
reduce selection pressure on fungal populations; to combine Qols with multi-site fungicides or
fungicides from other classes to delay resistance development and to restrict the number of
Qol applications per season to minimize the chances of resistance emergence (Fernandez-
Ortufio et al., 2006).

Another limitation of Qol fungicides is their sensitivity to environmental conditions such
as rain fastness which can also vary among products. Heavy rainfall shortly after application
may wash off the fungicide and reduce its efficacy (Kovacevik et al., 2001). Additionally, the
preventative nature of Qols requires precise timing, as applications made after infection are
often less effective.

Active
ingredient

Comercial products

Azoxystrobin

PROMESA  (Galenika-fitofarmacija, = SR);
CIROSTROBIN (Sharda Cropchem Limited,
India); AMISTAR EXTRA (Syngenta Crop
Protection AG, Switzerland); AMISTAR
(Syngenta Crop Protection AG, Switzerland);
UNIVERSALIS (Syngenta Crop Protection AG,
Switzerland); ORTIVA TOP (Syngenta Crop
Protection AG, Switzerland); QUADRIS
(Syngenta Crop Protection AG, Switzerland);
SINSTAR (Sinon EU GmbH, Germany);
ABAUND (Syngenta Crop Protection, L
USA); BANKIT 25 SC (Syngenta East A
Limited, Kenya); Heritage (Syngenta Cro
Protection, LLC, USA); Protégé (Attieus,LL C,
North Carolina); AZteroid FC
North Carolina); Quadris Top
North Carolina); Quadris Top

Carolina); Protég
CropScience,
Fungicide

citrus fruit,
garlic, turf Also, it has a broad
seed and seedling

eatment, etc.

kresoxim-
methyl

(Various
ASF); Affinity;

It is used to control apple scab (Venturia inaequalis)
and powdery mildew (Podosphaera leucotricha) in
apples; powdery mildew (Erysiphe necator) in grapes;
leaf spots and molds in citrus fruit; early blight
(Alternaria solani) and gray mold (Botrytis cinerea) in
tomatoes and  potatoes; Powdery  mildew
(Podosphaera xanthii, Erysiphe cichoracearum) in
Cucurbits; powdery mildew (Blumeria graminis), rusts
(Puccinia  spp.), and leaf spot diseases
(Mycosphaerella spp.) in cereals; brown patch
(Rhizoctonia solani), dollar spot, and other turfgrass
diseases; white mold (Sclerotinia sclerotiorum) in
rapeseed, etc.

mandestrobi

SCLEA flowable (Sumitomo
INTUITY (Sumitomo Chemical)

Chemical),

ASCOMYCOTA: Sclerotinia sclerotiorum, Monilinia
fructicola, Monilinia laxa, Monilinia fructigena, Venturia
inaequalis, Venturia nashicola, Diplocarpon mali,
Diaporthe citri; BASIDIOMYCOTA: Rhizoctonia solani;
OOMYCOTA: Pythium graminicola;
DEUTEROMYCOTA: Phomopsis sp., Phomopsis
vexanes, Phomopsis fukusii, Alternaria alternata,
Botrytis cinerea, Colletotrichum gossypii,
Colletotrichum phaseolorum, Colletotrichum
simmondsii, Corynespora cassiicola, Cercospora
kikuchii, Septoria glycines;

It is used in wide range of crops because of a low risk
of phytotoxicity;

pyraclostrobin

SIGNUM 33 WG (BASF SE, Germany),
PRIAXOR EC (BASF SE, Germany),
REVYCARE (BASF Agro B.V. Arnhem),

ASCOMYCOTA: Botrytis cinerea, Alternaria spp.,
Sclerotinia  sclerotiorum,  Mycosphaerella  spp.,
BASIDIOMYCOTA: Puccinia spp., OOMYCOTA:




BELLIS (BASF SE, Germany), BOS (Sharda,
Cropchem Limited, India), Pageant (BASF SE,
Germany), Intrinsic (BASF SE, Germany),
Empress (BASF SE, Germany), Orkestra
(BASF SE, Germany), Cabrio (BASF
Corporation, USA), Pristine (BASF), PRIAXOR
(BASF), PRIAXOR D (BASF)

Phytophthora spp. Pythium spp. DEUTEROMYCOTA:
Colletotrichum spp. Rhizoctonia solani.

It is registered for use on a wide variety of crops,
including cereals, fruits, berries, vegetables, oilseeds,
turf and ornamentals, legumes, etc.

trifloxystrobin

ZATO 50 WG (BAYER CropScience AG,
Germany), Flint 500 WG (BAYER CropScience,

ASCOMYCOTA: Venturia inaequalis, Venturia pirina,
Blumeria graminis, Mycosphaerella spp., Sclerotinia

Australia), Flint Extra (BAYER CropScience | sclerotiorum, Podosphaera spp., Erysiphe spp.,
US), Stratego (BAYER). Monilinia spp., Setoria spp. Spilocaea spp.,
Cercospora  sojina,  Stemphylium  vesicarium;

BASIDIOMYCOTA: Puccinia spp., Gymnosporangium
fuscum; DEUTEROMYCOTA: Alternaria spp., Botrytis
cinerea, Rhizoctonia solani; OOMYCOTA: Plasmopara

viticola;

It is registerd in various as brassica
vegetables, citrus, cuc vegetables, fruiting
vegetables, grapes, hops, e fruit,

potatoes, rice, root
strawberries, sugar beets,

fluoxastrobin Teldor (Bayer Cro Science, Australia), EVITO

T(Arysta LifeScience, North America)
Cochliobol
Aureobasi , Cercospora
Pyrenophora tritici-
tinia spp., Monilinia
rcospora sorghi,
p., Phakopsora spp.,

estragon, zucchini, pepper, bean, cucumber,
| plants, etc.

FUTURE PERSPECTIVE
anding of Qol fungicides underpins their pivotal role in
agement. There is no doubt that the future of Qol fungicides
ns while maximizing their benefits. Since rainfastness is
advances in formulation technology can enhance
al activity overcoming this limitation. For example,
ns and nano-carriers are emerging as promising tools to increase the
icides.
lecular mechanisms of resistance incite the development of the

te group efficient against a wide range of plant pathogenic fungi and active
against strobilurin-resistant fungi. Metyltetraprole is another new Qol fungicide possessing a
unique tetrazolinone moiety which contributes to its effectiveness against Qol-resistant strains
of various pathogen species (Umetsu & Shirai, 2020).

In parallel, integrating Qols into precision agriculture systems can optimize application
timing and dosage, reducing waste and environmental impact.

Biological alternatives, such as biopesticides and microbial antagonists, are
increasingly being explored as complementary or substitute options for chemical fungicides
(Rocha et al., 2013). While these products currently have limitations in terms of efficacy and
consistency, they offer a sustainable approach to disease management and can play a role in
reducing reliance on Qols.
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Table 3. List of fungal species with documented resistance to Qol fungicides according to FRAC

Pathogen Host Type of resistance Reference
Alternaria  alternata  Alternaria . . Ma et al., 2003;
tenussima Alternaria arborescens Pistachio G143A Ma & Michailides, 2004;
Alternaria alternata Potato, Tomato G143A FRAC 2020
Alternaria mali Apple G143A Lu et al., 2003
Alternaria solani Potato F129L Pasche et al., 2002
Ascochyta rabiei chickpeas G143A Delgado et al., 2012
Blumeria graminis Wheat & Barley G143A Sierotzki et al., 2000b
f. sp. tritici and hordei
Botrytis cinerea Strawberries G143A FRAC 2020
Cercospora sojina Soybeans G143A Barro et al., 2003
Cercospora beticola Sugar beet G143A
Cladosporium carpophilum Almonds ni
Colletotrichum graminicola Turf grass G143A
Corynespora cassiicola Cucumber G143A
Didymella bryoniae Cucurbit G143A
Erysiphe necator Grapes G143A
Glomere_lla cingulata (angmorph Strawberries G143A
Colletotrichum gloeosporioides)
Microdochium nivale
Microdochium majus Wheat G143A
Mycosphaerella fijiensis Banana G143A
Mycosphaerella graminicola Wheat G143
Mycosphaerella musicola Banana
Mycovellosiella nattrassii Eggplant
Phaeosphaeria nodorum Wheat Blixt et al., 2009
Plasmopara viticola Grape Heaney et al., 2000
. . Heaney et al., 2000;
Pseudoperonospora cubensis Cucurbits Ishii et al., 2001:
Sierotzki et al., 2007,
Pyrenophora teres Barley Semar et al., 2007:
L . Sierotzki et al., 2007;
Pyrenophora tritici-repentis Wheat L, G137R Stammler et al., 2006
. N Vincelli & Dixon, 2002b;
Pyricularia grisea G143A, F129L Kim et al., 2003:
Pythium aphanidermatum urf gra: F129L Gisi et al., 2002;
Ramularia areola Cotton i FRAC 2020
Ramularia collo-cygni Barle G143A FRAC 2020
Rhynchosporium secalis G143A FRAC 2020
Rhizoctonia solani AG1.1A F129L FRAC 2020
. Heaney et al., 2000;
Sphaerotheca fulig G143A Ishii et al., 2001:
Stemphylium vesicari S G143A FRAC 2020
Zymoseptoria tritici Wheat ni Hayes et al. 2013
Apple G143A Steinfeld et al., 2002;

well known for their great effectiveness against a wide range of plant
cluding the most important genera of Ascomycetes, Basidiomycetes,
, and Oomycetes. They have proven to be an invaluable tool in modern
agriculture, offering broad-spectrum activity, systemic properties, and plant health benefits
that enhance crop production. However, their reliance on a single-site mode of action makes
them susceptible to resistance development, necessitating careful management and
integration with other control strategies. Efflux transporter-mediated resistance and alternative
respiration play auxiliary roles compared to CYTB mutations in Qols resistance. The G143A
substitution remains the primary driver of resistance in field isolates, emphasizing the need for
integrated resistance management strategies. These may include rotating fungicides with
different modes of action, using mixtures to reduce selection pressure, and closely monitoring
resistance evolution through robust field studies. While for now, their use has been reduced
in certain crops, such as cereals, they continue to play a vital role in many other systems. The



commitment to responsible practices and ongoing research will allow the benefits of this
valuable class of fungicides to be leveraged for years to come, safeguarding their role in global
crop protection. As agriculture faces emerging challenges such as climate change and
increasing pathogen resistance, the judicious and innovative use of Qols which include precise
agriculture and the use of advanced technologies in the formulation such as encapsulation
and nano formulation, will be essential in the future.

REFERENCES

Anke, T., Oberwinkler, F., Steglich, W., & Schramm, G. (1977). The strobilurins - New
antifungal antibiotics from the basidiomycete Strobilurus tenacellus. The Journal of
Antibiotics, 30(10), 806—-810.

Avila-Adame, C., Olaya, G., & Koller, W. (2003). Characterizatio olletotrichum
graminicola isolates resistant to strobilurin-related Qol fungicid i
1426-1432.

Azoxystrobin  CSID:2298772. Available at
Structure.2298772.html (Accessed 27.11.2024).

Balba, H. (2007). Review of strobilurin fungicide chemicals.
441-451.

Barro, J.P., Neves, D.L., Del Ponte, E.M., & Bradley,
by Cercospora sojina: A review. Tropical pl

Becker, W. F., Von Jagow, G., Anke, T., & Stegli
strobilurin B and myxothiazol: new inhi
chain with an E-B-methoxyacrylate syst
letters, 132(2), 329-333.

Bartlett, D. W., Clough, J. M., Godwi )
(2002). The strobilurin fungi nt Science: formerly Pesticide
Science, 58(7), 649-662.

Blixt, E., Djurle, A., Yuen J., & Qlson, 09). jiCide sensitivity in Swedish isolates of

; ology, 58, 655-664.

bcl segment of the respiratory
tructural element. FEBS

T.C., Meinhardt, S.W., Wise, K.A., Gudmestad, N.C., Bradley, C.A.,

oswami, R.S. (2012). Identification of the mutation responsible for

ungicides and its detection in Ascochyta rabiei (teleomorph

. Plant Pathology, 62(3), 688-697.

B., Li, Y.F., Zhang, M., Elberry, M., Yu, L., Yu, C.A., & Xia, D. (2004).

phic studies of quinol oxidation site inhibitors: a modified classification of

the cytochrome bcl complex. J Mol Biol, 341, 281-302.

Fernndez-O o, D., Tores J.A., & Prez-Garcia, A. (2010). The Qol Fungicides, the Rise and
Fall of a Successful Class of Agricultural Fungicides. Fungicides, Odile Carisse (Ed.).
ISBN: 978-953-307-266-1.

Fernandez-Ortufio, D., Torés, J. A., de Vicente, A., & Pérez-Garcia, A. (2008). Mechanisms
of resistance to Qol fungicides in phytopathogenic fungi. International microbiology,
11, 1-9.

Fernandez-Ortufio, D., Torés, J. A., de Vicente, A., & Pérez-Garcia, A. (2006). Occurrence
and distribution of resistance to Qol fungicides in cucurbit powdery mildew populations.
Annals of Applied Biology, 149(1), 63-72.

Fisher, N., & Meunier, B. (2008). Molecular basis of resistance to cytochrome bcl inhibitor.
FEMS Yeast Res, 8, 183-192.


https://www.chemspider.com/Chemical-Structure.2298772.html
https://www.chemspider.com/Chemical-Structure.2298772.html

Fluoxastrobin  CSID:9223963. Available at https://www.chemspider.com/Chemical-
Structure.9223963.html (Accessed 27.11.2024).

Foerster, H., Connell, J. H., & Adaskaveg, J.E. (2009). Qol resistance in Fusicladium
carpophilum populations from almond in California. Phytopathology, 99, S35.

Fraaije, B.A., Burnett, F.J., Clark, W.S., Motteram, J., & Lucas, J.A. (2005). Resistance
development to Qol inhibitors in populations of Mycosphaerella graminicola in the UK.
Dehne, H-W., Lyr, H., Russell, P. E., Kuck, K. H. and Gisi, U. (ed.) Modern Fungicides
and Antifungal Compounds IV: Proceedings of the 14™ International Reinhardsbrunn
Symposium, Friedrichroda, 25-29 April 2004. British Crop Protection Council (BCPC),
63-71.

FRAC (2024a). Fungal control agents sorted by cross-resistance pattern and mode of action.
Available at https://www.frac.info/docs/default-source/publications/
code-list-2024.pdf. (Accessed 19.11.2024).

FRAC (2024b). Protocol of the discussions and use recommendation
Group of the Fungicide Resistance Action Committee. Meeting o
2024. Available at https://lwww.frac.info/docs/default
fungicides/goi-meeting-minutes/2024-qoi-wg-meeting-
17jan2024-and-24mar2024.pdf?sfvrsn=d4ec4e9a_2

FRAC (2024c). FRAC Code List. Fungal control agents sorte
mode of action (including coding for FRAC
Resistant Action Committee, 2024. Avall
source/publications/frac-code-list/frac-co

FRAC (2020). List of pathogens with field resist:
of-first-confirmed-cases-of-plant- pathoge
agents_05_2020.pdf (Acessed 14,8

Qol fungicides. Available at list-
tant-to-disease-control-

Pathogens. Available
(Accessed 17.09.2024).
Gisi, U., Sierotzki, H., Cook, A., &
of resistance to Qo i

.Mechanisms influencing the evolution
. Pest Management Science, 58(9), 859 — 867.
nitrate reductase activity in leaf tissue after

., Davis, S.A., & Olaya, G. (2000). Resistance to fungicides in the Qol-

SS resistance group: current perspectives. In Proceedings Brighton Crop

onference- Pests and Diseases, 2, 755-762.

N., Kiguchi, S., Hirota, M., lwashita, K., & Kodaka, R. (2016). Research

elopment of a Novel Fungicide Mandestrobin. R&D Reports SUMITOMO
KAGAKU, 2016.7.29.

Igbal, Z., Han, L.C., Soares-Sello, M.A., Nofiani, R., Thormann, G., Zeeck, A., Cox, J.R., Willis,
L.C., & Simpson, J.T. (2018). Invstigations into the biosynthesis of the antifungal
strobilurins. Organic and Biomolecular Chemistry, 16, 5524-5532.

Ishii, H. (2004). Fungicide resistance: a factor limiting integrated disease control. Proceedings
of the 15th international plant protection congress (ed Guo Yu-yuan), p 216.

Ishii, H., Fraaije, B.A., Sugiyama T., Noguchi, K., Nishimura, K., Takeda, T., Amano, T., &
Hollomon, D.W. (2001). Occurrence and molecular characterization of strobilurin
resistance in cucumber powdery mildew and downy mildew. Phytopathology, 91,
1166-1171.


https://www.chemspider.com/Chemical-Structure.9223963.html
https://www.chemspider.com/Chemical-Structure.9223963.html
https://www.frac.info/docs/default-source/publications/frac-code-list/frac-code-list-2024.pdf
https://www.frac.info/docs/default-source/publications/frac-code-list/frac-code-list-2024.pdf
https://www.frac.info/docs/default-source/working-groups/qol-fungicides/qoi-meeting-minutes/2024-qoi-wg-meeting-minutes-andrecommendations-17jan2024-and-24mar2024.pdf?sfvrsn=d4ec4e9a_2
https://www.frac.info/docs/default-source/working-groups/qol-fungicides/qoi-meeting-minutes/2024-qoi-wg-meeting-minutes-andrecommendations-17jan2024-and-24mar2024.pdf?sfvrsn=d4ec4e9a_2
https://www.frac.info/docs/default-source/working-groups/qol-fungicides/qoi-meeting-minutes/2024-qoi-wg-meeting-minutes-andrecommendations-17jan2024-and-24mar2024.pdf?sfvrsn=d4ec4e9a_2
https://www.frac.info/docs/default-source/publications/frac-code-list/frac-code-list-2024.pdf
https://www.frac.info/docs/default-source/publications/frac-code-list/frac-code-list-2024.pdf
https://www.frac.info/docs/default-source/publications/list-of-resistant-plant-pathogens/list-of-first-confirmed-cases-of-plant-pathogenic-organisms-resistant-to-disease-control-agents_05_2020.pdf?sfvrsn=7073499a_2
https://www.frac.info/docs/default-source/publications/list-of-resistant-plant-pathogens/list-of-first-confirmed-cases-of-plant-pathogenic-organisms-resistant-to-disease-control-agents_05_2020.pdf?sfvrsn=7073499a_2
https://www.frac.info/docs/default-source/publications/list-of-resistant-plant-pathogens/list-of-first-confirmed-cases-of-plant-pathogenic-organisms-resistant-to-disease-control-agents_05_2020.pdf?sfvrsn=7073499a_2
https://www.frac.info/knowledge-database/downloads

Kim, Y.S., Dixon, P., Vincelli, P., & Farman, M.L. (2003). Field resistance to strobilurin (Qol)
fungicides in Pyricularia grisea caused by mutations in the mitochondrial cytochrome
b gene. Phytopathology, 93, 891-900.

Kovacevik, B., Mitrev, S., Boev, I., Markova Ruzdik, N. and Boev, B. (2021). One factorial
ANOVA in assessment of groundwater quality in vulnerable area of agriculture
pollution. Journal of Agriculture and Plant Science, 19 (2), 27 - 36. ISSN 2545-4455,

Kresoxim methyl CSID:4813314. Available at https://www.chemspider.com/Chemical-
Structure.4813314.html (Accessed 27.11.2024).

Kunova, A., Palazzolo, L., Forlani, F., Catinella, G., Musso, L., Cortesi, P., Eberini, |., Pinto,
A., and Dallavalle, S. (2021). Structural Investigation and Molecular Modeling Studies
of Strobilurin-Based Fungicides Active against the Rice Blast Pathogen Pyricularia
oryzae. International Journal of Molecular Science, 22, 3731.

Langston, D. (2002). Quadris Resistance in Gummy Stem Blight ed. Georgia
Extension Vegetable News, 2(1), 1-2.

Lu, Y.L., Sutton, T.B., & Ypema, H. (2003). Sensitivity of Alternaria ma
apple orchards to pyraclostrobin and boscalid. Phytopath

Ma, Z., & Michailides, T. J. (2004). An allel-specific PCR g azoxystrobin-
i hytopathology,
152, 118-121.
Mandestrobin  CSID:34448712. Available : . er.com/Chemical-
Structure.34448712.html (Accessed 27
Miessner, S., & Stammler, G. (2010). Monilinia
estimation of resistance to Qol fungi€icle

Miessner, S., Mann, W., & Stammler 4G dwellii, the causal agent of black
rot on grapevine has a lo - istapce. Journal of Plant Diseases and
Protection, 118(2), 51-5

Pasche, J.S., Wharam, C.M & .C. (2002). Shift in sensitivity of Alternaria solani
(potato early blig ides. Proceedings of the BCPC Conference
Pests & Disease

Pyraclostrobin  CSID:492 Available at https://www.chemspider.com/Chemical-
Structure.4928348.htmI(Accessed 27.11.2024).

Rocha, J.M., vacevik, B., iCkovska, S.K., Tamame, M. and Teixeira, J.A. (2013).

i ion of the diversity of food microorganisms and their

Microorganisms 11, 1235.

390/microorganisms11051235.

, M., Kema, G.H.J. & Zwiers, L.H. (2007). MgMfsl, a major

ily transporter from the fungal wheat pathogen Mycosphaerella

is a strong protectant against natural toxic compounds and fungicides.

tics and Biology, 44, 378-388.

, D., Koch, A., Klappach, K., & Stammler, G. (2007). Field efficacy of

trobin against populations of Pyrenophora teres containing the F129L
mutation in the cytochrome b gene. Journal of Plant Diseases and Protection, 114,
117-119.

Sierotzki, H., Wullschleger, J., & Gisi, U. (2000b). Point-mutation in cytochrome b gene
conferring resistance to strobilurin fungicides in Erysiphe graminis f.sp. tritici field
isolates. Pesticide Biochemistry and Physiology, 68, 107-112.

Sierotzki, H., Parisi, S., Steinfeld, U., Tenzer, I., Poirey, S., Gisi, U. (2000a). Mode of
resistance to respiration inhibitors at the cytochrome bcl complex of Mycosphaerella
fijiensis. Pest Management Science, 56, 833-841.

Sierotzki, H., Frey, R., Wullschleger, J., Palermo, S., Karli, S., Godwin, J. Gisi, U. (2007).
Cytochrome b gene sequence and structure of Pyrenophorateres and P. tritici-repentis
and implications for Qol resistance. Pest Management Science, 63, 225-233.



https://www.chemspider.com/Chemical-Structure.4813314.html
https://www.chemspider.com/Chemical-Structure.4813314.html
https://www.chemspider.com/Chemical-Structure.34448712.html
https://www.chemspider.com/Chemical-Structure.34448712.html
https://www.chemspider.com/Chemical-Structure.4928348.html
https://www.chemspider.com/Chemical-Structure.4928348.html
https://doi.org/10.3390/microorganisms11051235

Sierotzki, H., Pavic, L., Hugelshofer, U., Stanger, C., Cleere, S., Windass, J. Gisi, U. (2005).
Population dynamics of Mycosphaerella graminicola in response to selection by
different fungicides. In: Modern fungicides and antifungal compounds IV, eds (Lyr H.,
Russell P.E., Dehne H.W. Gisi U. Kuck K-H, eds.) 14th International Reinhardsbrunn
Symposium, AgroConcept, Bonn, Verlag Th. Mann Gelsenkirchen, Germany, 256.

Stammler, G., Strobel, D., Semar, M., Klappach, K. (2006). Diagnostics of fungicide resistance
and relevance of laboratory data for the field. Aspects of Applied Biology, 78, 29-36.

Steinfeld, U., Sierotzki, H., Parisi, S., Gisi, U. (2002). Comparison of resistance mechanisms
to strobilurin fungicides in Venturia inaequalis. In: Modern fungicides and antifungal
compounds 1l, eds Lyr H., Russell P. E., Dehne H-W. Gisi U. Kuck K-H, 13th
International Reinhardsbrunn Symposium, AgroConcept, Bonn, Verlag Th. Mann
Gelsenkirchen, Germany,167-176.

Stergiopoulos, I., Zwiers, L., De Waard, M.A. (2003). Secretion of natur nthetic toxic
compounds from filamentous fungi by membrane transporter '
cassette and major facilitator superfamily. European Journal of
719-734.

Strobilurin A CSID:4941943. Available at https://
Structure.4941943.html (Accessed 27.11.2024).

Trifloxystrobin  CSID:32818261. Available at
Structure.32818261.html (Accessed 27.11.20

Umetsu, N., Shirai, Y. (2020). Development of noy;
Noyaku Gakkaishi, 45(2), 54-74.

Vincelli, P. (2012). Qol (Strobilurin) Fungicides: and Risks. The Plant Health
Instructor, APS.

Vincelli, P. & Dixon, E. (2002). Resistang ) fungicides in isolates of
Pyricularia grisea from perennia , 86, 235-240.

Walker, A.S., Auclair, C., Gredt, ) \ st occurrence of resistance to
strobilurin fungicides in Mic [
naturally infected wheat grai ent Science, 65, 906-915.

Wood, P.M., Hollomon, D. al evaluation of the role of alternative oxidase in
the performance qof ilurins elated fungicides acting at the Qo site of complex
I1l. Pest Manage

Wu, Y.X., von Tiedemann,
on senescence and O

ative status of wheat. Pestic Biochem Physiology 71, 1-10.

BUTOPU HA HAOBOPELUHNOT KBUHOH, NEPCMNEKTUBHA
POU3BOAN 3A 3ALUTUTA HA PACTEHUJATA

Oannena Togescka?, ®uaaHka TpajkoBa®

wmuma Ha pacmeHujama U XueomHa cpeduHa, 3emjodernicku chakynmem,

loue Henyes, LLmun, yn. MNoue Jenyes. 6p.89, 2000 LLImun, Penybnuka CegepHa

MakedoHuja
2Kamedpa 3a pacmumeiHo rpouseodcmeo, 3emjodericku chakynmem, YHusepsumem [oue [enyes,
Wmun, yn. Noye Jenyes. 6p.89, 2000 LWmun, Penybnuka CegepHa MakedoHuja
8Kamedpa 3a pacmumenHa 6uomexHonoauja, 3emjodernicku chakynmem, YHueepaumem loue
Henues, Lmun, yn. Noue Hendes. 6p.89, 2000 LLmun, Penybnuka CesepHa MakedoHuja

*Konmakm asmop: biljana.kovacevik@ugd.edu.mk

Pe3nme
CtpobunypuHnute ce knaca Ha yHrMuman AobueHu NpBEHCTBEHO Of NPUPOAHM
CyncTaHuuu npousBefeHn of rabu kou ce pacnaraaT Ha OpBO, 0COBEHO OHMe of poaoT


https://www.chemspider.com/Chemical-Structure.4941943.html
https://www.chemspider.com/Chemical-Structure.4941943.html
https://www.chemspider.com/Chemical-Structure.32818261.html
https://www.chemspider.com/Chemical-Structure.32818261.html
mailto:biljana.kovacevik@ugd.edu.mk

Strobilurus. OTkpuBarweTO Ha cTpPOOUNypuHnUTe Aatnpa og 1970-TnTe Kora ncTpaxxyBadumTe rm
naeHTUMKyBaa HUBHUTE YHUKATHU yHIMUMAHW cBojcTBa. OTToraw, pasnmuyHu CUHTETUYKN
aHanosm Ha cTpobuIypuHU ce pasBMEHN CO LLUMPOK CnekTap Ha annukauuu. Nopaam HuBHaTa
aKTUBHOCT CO LUMPOK CMeKkTap W HucKaTta TOKCUYHOCT 3a Nyreto U XUBOTHUTE,
CTpOOUNYpMHMTE CTaHaa eOHU o4 HajkopucteHute dQyHrMuman wupym ceetot. OBue
dyHrMUnan ce epmrkacHM NPOTUB PasnnyHU putTonaToreHn rabu, BKIy4YMTENHO U OHME KOU ce
O4roBOpHM 3a BGonectn Kako nennHuuM, 'pfu, UpHa AaMKaBOCT, aHTPakHO3W, CENTOPUO3N,
rHUeHe Ha KOPEeHOT U cfn. Tne HajuecTo ce KopuUcTaT BO KyNTYpW Kako LUTO ce Mnomnjoaencku
KyNTypu, OBOLUHM KyNTypW, jaTkacTu NModoBM, 3eneHvyk, 6obuyectn BuOOBWU, TPeBU U
yKpacHU pacTteHuja. HUBHUTE CMCTEMMYHKM CBOjCTBA MM OBO3MOXYBaaT fa ce ancopbupaar
BO pacTUTenHWUTe TKMBa M a ce TpaHcnopTupaaTt H13 pacTeHneTo, 06e3benyBajkun 3awTmTa
N Ha TpeTupaHuTe obnacTn M Ha HOBMOT PacT LITO ja 3rofieMyBa HWBHA MKaCHOCT U
ynotpeba BO cuctemute 3a 3awTtuTta. CTpobunypuHute ce komnatu N CO pasnmyHn
npou3BoAM 3a 3aliTMTa Ha pacTeHujaTa WTO M MpaBu uaeasnHu
nporpamuTe 3a ynpaByBak€e CO LUTETHUUW, NneBenun n 6onectn. Hue

OBO3MOXYBa WU MeLLake BO pe3epBoapu, HamaryBawe Ha dope j
3awTega Ha BpemMe n pecypcu 3a semjogenuute. [lononHute
CTpOOUNYpMHM BO OApeneHn YCrnoBWU rO MOTTUKHYyBaaT p
npernegeH Tpyad OMUWIAHM Ce Haj3Ha4dajHUTe CBOjCTBa H o4 rpynaTta Ha
HaABOpPELUHW MHXMBUTOPW Ha KBUHOHW. [JONONHUTENH Ba BHUMaHWe n
Ha HaA4YMHOT Ha JernyBawe Ha oBue yHrMumMan, H LMaHM cBojcTBAa,
pe3nCTEeHTHOCTa, HegocTaToumTe, MOXXHOCTUTE

Knyu4Hu 360poBu: cmpobunypuHu, ¢hyHauyuodu, €HUjama, MexaHu3am Ha
Oernysare, omrnopHocm.
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