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Apple scab, caused by the ascomycete fungus Venturia inaequalis (Cooke) G. Winter
(1875), is one of the most devastating diseases of apple (Malus x domestica) worldwide,
including in Morocco, where apple cultivation plays an important role in the
arboriculture sector. This disease can spread widely under favorable environmental
conditions and in the absence of effective preventive and curative measures, leading to

Keywords severe economic losses due to fruit damage, reduced yields, and increased costs
Apple scab associated with fungicide applications. Moreover, the intensive and repeated use of
Biocontrol chemical fungicides has contributed to the emergence of V. inaequalis strains that are
Fungicides resistant to several active substances. In Morocco, thirteen active fungicidal compounds
Morocco are currently used to control this disease. This review presents all the active ingredients

Resistance mechanisms authorized for use in Morocco against apple scab and evaluates their efficacy. It also
discusses the development of resistance to systemic fungicides by Venturia inaequalis at
both the national and global levels and assesses their future prospects. Finally, this
article highlights alternative approaches to chemical control, including biological and
genetic interventions in the management of apple scab, with an emphasis on the

potential of these strategies to guide and support future research efforts.
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INTRODUCTION

Apple (Malus domestica) is an economically important
Rosaceae that occupies approximately a quarter of the
cultivated area dedicated to rosaceous fruit in Morocco.
Nevertheless, its production is severely affected by scab
disease caused by the fungus Venturia inaequalis, which is
a major disease that affects apple orchards. It can lead to
significant yield losses while reducing fruit quality and
tree growth. In Moroccan orchards, popular cultivars such
as Golden Delicious, Starking Delicious and Gala are used
(Lahlali et al., 2019). Owing to the polycyclic nature of
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Venturia inaequalis and the susceptibility of most
commercial apple cultivars to this disease (Rekanovi¢ et
al, 2012; Demiwal et al, 2024), the high genetic
variability, induced by the mixing and random
distribution of genes (Padder et al, 2021), makes the
control of this disease particularly complex. Indeed, in
Morocco, the management of apple scab involves multiple
fungicide applications per season. Various fungicides,
including difenoconazole, trifloxystrobin, and
thiophanate-methyl, have been employed.

Among these fungicides, trifloxystrobin has shown high
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efficacy in curative applications (96.38%), outperforming
other fungicides such as thiophanate-methyl and
difenoconazole (Lahlali et al, 2019). However, another
study in the same region indicated that trifloxystrobin
had higher EC50 wvalues than difenoconazole did,
suggesting some level of resistance (Gouit, Chiadmi, et al.,
2025). However, intensive use of fungicides can lead to
the emergence of resistant strains (Stewart et al., 2023).
Thus, fungicides can in turn become ineffective and even
useless, problems for farmers,
manufacturers, retailers and the community in general
(Carmona et al., 2018). Several studies have highlighted
the existence of different physiological races of Venturia
inaequalis that can overcome the major resistance genes
of apple trees (Masny, 2017). These breeds have high
genetic diversity and significant gene flow without a
marked geographical This pathogenic
variability has been observed in various regions, such as
Kashmir (Padder et al, 2013), Poland (Masny, 2017),
central Russia (Pikunova & Sedov, 2019), and Latvia
(Sokolova & Moroéko-Bieevska, 2022), highlighting the
need for regular virulence monitoring to adapt resistance
management strategies. Despite the
importance of apple cultivation in these regions, few
detailed studies have been conducted on the local
epidemiology of apple scab and on integrated
management  strategies adapted to Moroccan
agroclimatic conditions. The aim of this review is to
present information on all the active ingredients of
systemic fungicides used in Morocco against apple scab.
This study will also provide the current status of
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resistance development in V. inaequalis to various
chemical classes of systemic fungicides, both globally and
in Morocco, and assess the prospects for their future use.

DATA COLLECTION

The present literature review is based on a systematic
documentary approach, in accordance with the principles
of systematic reviews. The objective was to collect and
analyze available data on fungicides registered against
Venturia inaequalis in Morocco, the resistance of this
pathogen to systemic fungicides, and alternatives to
chemical control. The first phase consisted of collecting
official data on fungicides registered for the control of
Venturia inaequalis in Morocco in 2025. This information
was obtained from the main regulatory source, namely
the official website of the National Office of Food Safety
(ONSSA). The second phase involved a bibliographic
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review aimed at gathering scientific information on the
resistance of Venturia inaequalis to systemic fungicides
used in Morocco, as well as on possible alternatives to
conventional chemical control. The main sources
consulted included recognized scientific databases and
journals such as Scopus, ScienceDirect, Web of Science,
PubMed, Google Scholar, FRAC, as well as other reliable
publications. The literature search was conducted using
relevant keywords, including: Venturia inaequalis, apple
scab, Morocco, chemical control, resistance to chemical
fungicides, cultural control, biological control, and
resistant varieties. Regarding inclusion criteria, original
research articles, systematic reviews, and meta-analyses
published between 2000 and 2025 were selected. The
selected studies had to specifically address resistance of
Venturia inaequalis to fungicides or explore alternative
control methods, with particular emphasis on studies
relevant to the agricultural and climatic context of
Morocco.

MECHANISM OF INFECTION CAUSED BY VENTURIA
INAEQUALIS

The conidia/ascospores of V. inaequalis adhere to wet
hydrophobic surfaces immediately after contact, even
before germination begins. This adhesion is facilitated by
a droplet of adhesive material called spore tip glue at the
spore apex, which contains proteins and carbohydrates
(Schumacher et al., 2008). Once adhered, the spores
germinate by producing germ tubes, which are generally
from the apical end of conidia or any of the two cells of the
ascospore (Jha et al.,, 2009). The germ tubes differentiate
into appressoria, which secrete enzymes such as
cutinases that degrade the plant cuticle, facilitating
penetration of the leaf or fruit surface (Kolattukudy, 1985;
Koller, 1991). Additionally, at their base, these
appressoria form a melanized appressorial ring structure
(MARS), which acts as a sealing ring and is essential for
breaching the cuticle (Kucheryava et al., 2008). Moreover,
MARS contributes to the stability and function of the
fungal cell wall, enhancing pathogen tolerance to
environmental stressors and fungicides (Steiner & Oerke,
2023). After penetration, V. inaequalis colonizes the
subcuticular space of the host, forming specialized
structures called runner hyphae and stromata. These
structures appear to play a role in the acquisition of
nutrients and the release of effectors (virulence factors),
but they also give rise to conidia that propagate through
the infection cycle (Rocafort et al., 2023).
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CHEMICAL CONTROL OF APPLE SCAB IN MOROCCO

In Morocco, the main commercial apple cultivars are
susceptible to scab, and fungicides are frequently used to
protect them (Lahlali et al, 2019). In addition, fruit
growers have at their disposal 13 active ingredients
registered by the National Office for Food Safety as
fungicides in 2025, with different modes of action and
application periods (Table 1). These fungicides include
multisite protective fungicides, which affect primarily

DOI: 10.33687 /phytopath.014.03.5787

spore germination, such as captan and dithianon
(Quinone class), copper and sulfur (inorganic mineral
class), and systemic fungicides, which are absorbed by the
plant and affect fungal growth; these fungicides include
dehydrogenase (SDHIs),
demethylation inhibitors (DMIs), guanidines (diodines),
external quinone inhibitors (Qols), anilopyrimidines
(APs) and quinones (anthraquinones) (ONSSA, 2025).

succinate inhibitors

Table 1. Chemical control of apple scab in Morocco: mechanisms of action and risk of resistance.

Class Chemical/ *Risk of
Active ingredient Target site Resistance Mechanisms resistance
Inorganic minerals
Copper (different salts) Multisite  inhibitors acting

against thiol groups in proteins Unknown Low
Sulphur and peptides (FRAC, 2025).
Phthalimides
Captan Multisite contact activity Unknown Low Risk
Anilinopyrimidines (APs)
Cyprodinil inhibition =~ of  methionine Activation of ATP-binding Cassette Medium Risk

biosynthesis (Gisi et al, 2019) (ABC)  transporters or the

modification of the target sites

Pyrimethanil (Leroux et al., 2002).
Demethylation inhibitors (DMIs)

Inhibit enzyme sterol 14a- Multiple point mutations in the
Difenoconazole demethylase (cyp51). (Leroux Cyp51 gene, Notable mutations

& Walker, 2011) include Y133F and Medium Risk

M141T(Hoffmeister et al., 2021).

Succinate- dehydrogenase inhibitors (SDHI)

Block the ubiquinone-binding

Mutations in the SDH subunits B, C,

Boscalid sites in the mitochondrial orD,suchasB-T258I, C-N85S,and C-
complex II, disrupting fungal H151R (Hoffmeister et al, 2024; Medium to
Fluxapyroxad respiration (Avenot & Nasonov et al,, 2024) High Risk
Michailides, 2010)
Quinone outside Inhibitors (Qol)
Pyraclostrobin Inhibit the cytochrome Mutations in the cytochrome b (cyt
bci complex of mitochondrial b) gene, specifically the G143A High Risk
respiration (Torriani et al, mutation (De Artur Teixeira et al,
Trifloxystrobin 2009) 2015)
Kresoxim-methyl
Dithianon Multisite contact activity without any signs of resistance Low Risk
developing (FRAC, 2025)
Guanidines
Cell membrane disruption The exact mechanism of resistance Low to
dodine (Herce et al, 2014) to the guanidine class is not yet Medium Risk

understood (FRAC, 2025)

* FRAC resistance risk classification (FRAC, 2025).
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In Morocco, apple growers commonly use multisite
fungicides instead of systemic fungicides (Moinina et al.,
2018), likely because of their lower cost, wider
availability, and broad-spectrum mode of action.
Consequently, multisite protective fungicides such as
captan, dithianon, copper, and wettable sulphur, as well as
succinate dehydrogenase inhibitors (SDHIs), are
primarily used as preventive treatments.

These compounds act as broad-spectrum enzyme
inhibitors that mainly target spore germination and are
associated with a low risk of resistance development
(Brent & Hollomon, 2007; Chatzidimopoulos et al., 2022).
Although these fungicides offer demonstrable benefits for
disease and fungicide resistance management, the
sustainability movement in agriculture aims to reduce
reliance on such fungicides owing to their broader
environmental impacts (Ayer et al.,, 2021).

However, the main disadvantage of multisite fungicides is
that they easily wash off the surfaces of leaves and fruits
via rain (Xu et al., 2008), which is why they are generally
applied either early in the season, when there are only a
few leaves on the trees, or in anticipation of rain-free
periods (Chatzidimopoulos et al, 2020). Furthermore,
concerns about the phytotoxicity of natural copper- or
sulfur-based chemicals limit their use in scab control
strategies (Guérin & Cam, 2004; Padder et al., 2021).
While systemic fungicides are mainly used after periods
of rain, when protectant fungicides become insufficient to
effectively protect the crop and when the risk of primary
infection is high, they can also be used to protect initial
2007;
Chatzidimopoulos et al, 2020). These fungicides are

plant growth in spring (Jobin & Carisse,
absorbed by the plant, move differently through its
tissues, and then target specific sites at the level of the
pathogenic fungus (Bartlett et al., 2002; Chapman et al,
2011). However, the repeated use of these fungicides can
promote the emergence of resistant strains of V.
inaequalis, thus reducing their long-term effectiveness.
These risks are due to the systematic use of fungicides
with active substances having a similar mechanism of
action, which leads to rapid selection of resistant forms of
the fungus (Villani & Cox, 2014; Nasonov et al., 2022).

In several apple-producing countries, Venturia inaequalis
has rapidly developed resistance to almost all systemic
fungicides, including dodine (Koller et al., 1999; Carbone et
al, 2021), benzimidazoles (benomyl) (Quello et al., 2010),
thiophanate-methyl (Polat &  Bayraktar, 2021),
myclobutanil (Nabi et al, 2023), sterol demethylation

inhibitors (DMIs) such as difenoconazole and myclobutanil
(Koller & Wilcox, 2001; Hoffmeister et al., 2021), kresoxim-
methyl and trifloxystrobin (Lesniak et al, 2011), and
carbendazim (Nasonov et al, 2022). However,
trifloxystrobin has been reported to be effective against V.
inaequalis in the Sais region of Morocco (Lahlali et al,
2019). In contrast, a more recent study conducted in the
Fés-Meknés region reported higher ECs, values for
trifloxystrobin than for difenoconazole, indicating reduced
sensitivity and suggesting the emergence of resistance
(Gouit et al, 2025). The development of resistance to
single-site fungicides (systemic fungicides) is explained by
their narrowly selective mode of action, unlike multisite
fungicides. Indeed, a single genetic mutation can be enough
to inhibit the efficacy of a fungicide against Venturia
inaequalis. The probability of such mutations occurring is
relatively high in this fungus, which favors the rapid
emergence of resistant strains (Nasonov et al., 2022).

RELEVANCE AND IMPLICATIONS FOR MOROCCAN
RESISTANCE MANAGEMENT

The ability of Venturia inaequalis to rapidly adapt to
fungicide pressure has led to the emergence of
multifungicide resistance, complicating management and
threatening sustainable apple production. Globally,
resistance has been reported across all major fungicide
classes used for scab control, including benzimidazoles,
Qols, DMIs, and anilinopyrimidines (APs), with increasing
reports of multiple
simultaneously. This trend is mirrored in Morocco, where an
average of 20 treatments per season is common, generating

isolates resistant to classes

a complex resistance landscape that reflects global patterns
while maintaining local specificity (Moinina et al, 2018;
Nasonov et al., 2022; Gouit et al., 2025).

Table 2 summarizes the resistance status of V. inaequalis
across major chemical classes, comparing Moroccan
apple-growing regions with global patterns.

Phthalimides

Since the 1930s, organic compounds such as phthalimides
have become important tools for disease control (Hermann
& Stenzel, 2019; Megadi et al, 2010). Phthalimides are
primarily used as protective fungicides and including them
in spray programs helps reduce selection pressure on
single-site fungicides. For example, the integration of
multisite fungicides such as mancozeb and captan has been
shown to be effective in managing resistance and
maintaining disease control (Ayer et al., 2021).



Table 2. Comparison of Fungicide Classes, Active Ingredients, and Resistance Status of Venturia inaequalis in Morocco

and worldwide.

Fungicide Class ACt.l Ve Status Worldwide Status in Morocco References
Ingredient(s)
Anilinopyrimidines Cyprodinil, Moderate resistance No resistance data Koller et al, 2005;
Pyrimethanil to cyprodinil currently available Larsen et al, 2013;
reported in Greece Chatzidimopoulos et
al., 2022
Demethylation Difenoconazole Resistance reported Preventive applications Lahlalietal., 2019; Li
Inhibitors (DMIs) in some regions such reduce disease severity up et al, 2021; Nasonov
as Russia and China to 85.8%; curative efficacy et al, 2022; Gouit et
may decline to 24.6% al., 2025
Pyraclostrobin  Low efficacy in No documented resistance Lesniaketal, 2011
resistant to Qols in Morocco
populations;
Quinone Outside improved
Inhibitors (Qols) performance when
applied in mixtures
Trifloxystrobin ~ Up to 92% ofisolates Reduced sensitivity Gouit et al., 2025
resistant in some reported in Fez-Meknes;
areas of Greece; effective in Sais
effective in  Sais
region, reduced
sensitivity in Fes-
Mekneés
Kresoxim- Up to 92-97% No resistance data Frederick et al,
methy control in Greece currently available 2014; Turan et al,
and Turkey 2016; Matsuzaki et
al, 2025
Dithianon High field efficacy: No resistance data Rekanovi¢ et al,
mixtures provide currently available 2012;
85-97% disease Chatzidimopoulos et
control in Serbia; al, 2022
~6% of isolates
show reduced
sensitivity in Greece
Succinate Complete resistance No resistance data ()Zkllln(; et al, 2025;
Dehydrogenase to boscalid reported currently available Hoffmeister et al,
Inhibitors (SDHIs) Boscalid in Turkey; low shift 2021; Weber et al,
in sensitivity 2025
observed in other
populations;
resistance remains
rare and generally
unstable globally
Guanidines Dodine Localized but No resistance data Weber et al, 2025;

persistent resistance
reported in Uruguay,
Poland,

northeastern
Canada,
Zealand

USA,
and New

currently available

FRAC, 2022; Carbone
etal., 2021
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Phthalimides have a low risk of resistance development
because they target multiple sites within fungal cells,
making it difficult for the pathogen to develop resistance
(Shaik et al., 2024). In Morocco, commonly used multisite
and protectant fungicides include Captan (a phthalimide).
Captan is a broad-spectrum protectant that has been
widely applied since 1951 to control various fungal
diseases, including apple scab (Venturia inaequalis). This
fungicide remains integral to apple scab management
programs in Morocco due to its effectiveness and
relatively low risk of resistance (Song, 2014; Adeli et al,
2023), but its use should be carefully integrated with site-
specific fungicides to optimize efficacy and delay
resistance evolution.

Anilinopyrimidines (APs)

Globally, resistance to anilinopyrimidines has emerged in
several European regions, particularly in Greece, where
moderate resistance levels to cyprodinilare now
widespread (Chatzidimopoulos et al., 2022). Resistance
to AP fungicides in V. inaequalis is complex and involves
multiple genes. Several studies have reported that
reduced sensitivity to APs, such as pyrimethanil and
cyprodinil, is correlated with resistance to demethylation
inhibitors (DMIs). These findings suggest that some genes
conferring DMI resistance also reduce sensitivity to APs
(Koller et al, 2005). Interestingly, resistance to
anilinopyrimidines  (cyprodinil, pyrimethanil) was
reported to have disappeared approximately 15 years
after its widespread occurrence in northern Germany,
suggesting that sensitivity can be restored over time if
these fungicides are not used (Weber et al., 2025).

In Morocco, anilinopyrimidines are used exclusively as
monocomponent  formulations either
cyprodinil or pyrimethanil for the control of apple scab.
Cyprodinil is particularly valuable for its curative activity
against V. inaequalis, making it a useful option during the
early stages of infection (Hirayama, 2022). However, field

containing

trials have shown that although cyprodinil can effectively
control apple scab, its performance is sometimes inferior
to that of nonspecific protectants such as mancozeb or
captan. This variability may be attributed to environmental
conditions, application timing, or the presence of V
inaequalis populations displaying reduced sensitivity
(Koller et al., 2005). Pyrimethanil has also demonstrated
high efficacy in other countries; for example, in Serbia,
control rates of apple scab ranged from 85.6% to 97.2%
when it was applied alone or in combination with other
fungicides (Rekanovi¢ et al., 2012).
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Demethylase Inhibitors (DMIs)

DMIs (demethylase inhibitors) are a major group of
systemic fungicides used extensively in agriculture and
medicine due to their broad-spectrum antifungal activity
(Hassold & Backhaus, 2009). However, the continuous
application of DMIs has led to the emergence of DMI-
resistant populations of the fungal pathogen Venturia
inaequalis. This resistance has been documented in
various regions, including New York, New England, and
Turkey (Frederick et al, 2015; Villani et al., 2015; Polat
and Bayraktar, 2021). Resistance to DMI fungicides in
various pathogens, including Venturia inaequalis, is often
associated with mutations in the CYP51 gene, which
encodes the target enzyme 14a-demethylase for these
fungicides (Hoffmeister et al., 2021). North African apple
orchards, especially in Morocco, have reported declining
DMI efficacy, raising about underlying
resistance mechanisms and the need for targeted
surveillance (Gouit et al., 2025).

Difenoconazole is one of the most important triazole
active ingredients (DMI family) approved in Morocco for
the control of apple scab (ONSSA, 2025). Recent studies
conducted in the Fes-Meknés region of Morocco have
documented a shift in sensitivity to difenoconazole, with
ECso values ranging from 0.05 to 1.46 pg/mL, which are
often close to the practical resistance threshold
established by the FRAC (Gouit et al.,, 2025). In the Sais
region, under the agricultural conditions evaluated,
difenoconazole displayed reduced curative efficacy, with
effectiveness values as low as 24.62% (Lahlali et al,
2019). This difference highlights the variable sensitivity
of Venturia inaequalis isolates and emphasizes the

concerns

importance of prioritizing preventive interventions to
optimize product efficacy. In other regions, such as Russia
and China, resistance to difenoconazole has been
reported (Li et al., 2021; Nasonov et al., 2022).

Quinone Outside Inhibitors (Qols)

The most common mechanism of fungicide resistance in
Venturia inaequalis is mutation of the mitochondrial
cytochrome b (Cytb) protein. Specifically, the G143A point
mutation in the Cytb gene is well known to confer
resistance to quinone outside inhibitor (Qol) fungicides
(Fontaine et al., 2009; Viljanen-Rollinson et al., 2013).
This mutation has been widely studied and detected in
various regions, including France, New Zealand, Brazil,
and the United States (Fontaine et al, 2009; Viljanen-
Rollinson et al., 2013; Frederick et al.,, 2014; De Artur
Teixeira et al., 2015).
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In Morocco, three active ingredients from this fungicide
group are currently registered for the control of apple
scab. They include single-component formulations
containing trifloxystrobin or kresoxim-methyl, as well as
mixed formulations combining pyraclostrobin with
boscalid and kresoxim-methyl with difenoconazole
(ONSSA, 2025). High ECse values for trifloxystrobin
(2.94-29.62 pg/mL) have been reported in the Fez-
Meknes region, indicating widespread resistance among
Venturia inaequalis isolates (Gouit, et al, 2025). In
contrast, in vivo tests conducted in the Sais plain at a
concentration of 10 pg/mL showed high efficacy of
trifloxystrobin (96.38%) in controlling V. inaequalis,
further supporting its effectiveness in this region (Lahlali
et al, 2019). In contrast, studies from other
apple-growing regions worldwide have demonstrated
substantial regional variation in fungicide resistance
levels. For example, in Greece, monitoring efforts revealed
that up to 92% of isolates in certain areas exhibited strong
resistance to trifloxystrobin, illustrating the global
challenge of Qol fungicide resistance (Chatzidimopoulos
et al,, 2022). However, recent studies in China reported
ECso values for difenoconazole ranging from 0.143 to
6.735 pg/mL among 90 isolates, with 19 isolates
exhibiting resistance (Li et al., 2021). Although direct data
on kresoxim-methyl resistance in Moroccan populations
of Venturia inaequalis are currently lacking, high levels of
resistance have been reported elsewhere; for example, up
to 97 % of isolates examined in Turkey were found to be
resistant. (Polat & Bayraktar, 2021). In contrast, in India,
kresoxim-methyl applied at 0.05% was highly effective,
providing 97.25% control of leaves and 98.48% control of
fruits (Bhat et al, 2021). This contrast highlights the
significant geographical variability in fungicide
performance and resistance development.

Dithianon remains a key tool for apple scab management
in Morocco and is frequently used in combination with
other fungicides to increase its efficacy. For example,
mixtures such as pyraclostrobin + dithianon and
kresoxim-methyl + dithianon have demonstrated high
control levels, with disease reduction rates ranging from
85.6% to 97.2% in field trials conducted in Serbia
(Rekanovi¢ et al., 2012). However, isolated cases of
reduced sensitivity have been reported. For example, in
Greece, 6% of isolates were less sensitive to dithianon
(Chatzidimopoulos et al., 2022).

Succinate Dehydrogenase Inhibitors (SDHIs)
Resistance to SDHIs in Venturia inaequalis primarily
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arises from mutations in the SDH subunits B, C, or D.
Specific mutations, including B-T2581, C-N85S, and C-
H151R, have been identified and are known to alter the
fungicide target site, thereby reducing efficacy. However,
these mutations do not significantly increase in frequency
over time (Hoffmeister et al., 2024).

In Morocco, two active ingredients from the succinate
dehydrogenase inhibitor (SDHI) class are registered for
the control of apple scab. They are typically formulated in
combination products: boscalid coformulated with
pyraclostrobin and fluxapyroxad coformulated with
difenoconazole (ONSSA, 2025). This combination works
by combining two different biochemical modes of action,
reducing the risk of resistance development (Hauke et al.,
2004). The combination of boscalid and pyraclostrobin
has been effective in managing apple scab, although its
efficacy is slightly lower than that of other fungicide
mixtures in Serbia (Rekanovi¢ et al, 2012). However,
resistance to pyraclostrobin can develop, as observed
with other fungicides do, necessitating careful
management and rotation with other fungicides to
prevent resistance buildup (Rekanovi¢ et al, 2012).
Studies have shown that the use of boscalid combined
with pyraclostrobin at reduced doses, when integrated
with resistance-inducing agents, can achieve a level of
pathogen control comparable to that of full-dose
applications (Percival & Graham, 2021). However, a study
conducted in Turkey revealed that the examined Venturia
inaequalis population had developed complete resistance
to boscalid (Ozkiling et al., 2025). Long-term field studies
have shown that repeated applications of fluxapyroxad
can lead to a reduction in the sensitivity of V. inaequalis to
fungicides. Over four years, apple orchards treated with
fluxapyroxad tended toward decreased sensitivity,
particularly with low-dose applications, suggesting that
higher doses may be more effective in managing
resistance (Ayer et al., 2020). Another study revealed that
fluxapyroxad had greater activity against V. inaequalis
than did boscalid, with a relatively small shift in
sensitivity observed in the studied populations (Nasonov
etal, 2024).

Guanidines

Dodine, the only active ingredient from the guanidine
family introduced in 1960, was one of the first scab
fungicides with pronounced postinfection activities, in
addition to good protectant activity. However, in the early
1970s, the first resistance to Venturia inaequalis was
observed in New York orchards after more than a decade
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of exclusive use (Koller et al, 2009). Although specific data
on dodine resistance in Moroccan V. inaequalis
populations are not available, studies from other regions
indicate significant resistance issues. For example, in
Uruguay, dodine resistance was observed in all assessed
V. inaequalis populations, with highly resistant isolates
(mycelial relative growth = 95%) present in all orchards
(Carbone et al., 2021). Similarly, in Poland, high resistance
to dodine was found in 7 out of 64 monitored orchards,
with resistance levels above 50% (Beata et al., 2008).
Similar resistance then appeared in other northeastern
U.S. states, Canada, Poland, and New Zealand (FRAC,
2022). However, the exact mechanisms of guanidine
resistance in V. inaequalis are not known (FRAC, 2025).
Management of Fungicide Resistance

The control of fungal plant pathogens has increasingly
been characterized by resistance to many fungicides,
which is now one of the most critical challenges in
managing Venturia inaequalis. The development of
fungicide resistance in plant pathogens is a complex
process influenced by the pathogen'’s biology and intrinsic
variability, the fungicide’s mode of action, and the
application strategies employed (Carmona et al., 2018).
Several strategies have been proposed to prevent, or at
least delay, resistance problems. These include
alternating between different fungicides on the basis of
their mode of action; reducing the number of treatments
per season by adjusting the sowing date, dosage, and
number of fungicide applications; using fungicide
mixtures; alternating between different fungicides; and
alternative methods, such as the use of biological control
agents and the combination of several treatments
(Jorgensen et al, 2017; Bhaik et al,, 2022). These are
promising alternatives for reducing the economic damage
caused by these fungal diseases.

Cultural and Alternative Approaches for Scab Control
in Morocco

Apple scab, caused by Venturia inaequalis, is the most
significant disease affecting apple production in Morocco,
particularly in regions such as Fez-Meknes and Sais. This
disease leads to substantial yield losses and quality
degradation, prompting growers to rely heavily on
chemical fungicides, most notably difenoconazole,
trifloxystrobin, and thiophanate-methyl, for control. This
reliance frequently leads to up to 20 fungicide
applications per growing season, rendering fungicide
inputs a major contributor to total production costs and
raising significant concerns regarding environmental
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contamination and potential risks to human health
associated with repeated chemical exposure (Moinina et
al.,, 2018; Gouit et al., 2025).

In response, Morocco has progressively reformed its
regulatory framework, withdrawn hazardous pesticides,
promoted integrated pest management, and encouraged
the adoption of biological and cultural alternatives. These
reforms are aligned with broader sustainability goals,
such as those articulated in the Green Morocco Plan,
which seeks to modernize and green the agricultural
sector (Bahougq et al., 2021; Gouit et al., 2025).

Surveys conducted among apple growers in the main
agricultural production areas show that cultural control
practices are systematically integrated but often in
combination with chemical treatments rather than
standalone strategies. In the Fez-Meknes region, all
surveyed producers apply phytosanitary treatments
during the growing season, and approximately 60% use
visual monitoring of pests before intervention; however,
most tend to systematically revert to the use of chemical
products even after cultural observations (Moinina et al.,
2018).

In addition to cultural control, several biological and
ecological approaches are currently being evaluated or
implemented on an experimental scale in Morocco for the
management of apple scab. The use of antagonistic
microorganisms, particularly Trichoderma spp. has
shown promising potential
inaequalis inoculum, with mycelial growth inhibition
rates ranging from 50% to 81% in vitro. However, their
efficacy generally remains lower than that of synthetic

for reducing Venturia

fungicides such as difenoconazole (Gouit et al., 2024),
which limits their adoption in commercial practice
without the use of chemical additives. Furthermore, the
use of antagonistic bacteria (Bacillus spp.) has
demonstrated even greater efficacy, with inhibition
reaching up to 92% in vitro, suggesting a promising
avenue for future biofungicides (Gouit, et al, 2025).
However, this approach remains largely exploratory and
has not yet been fully integrated into orchard scab
management programs.

Although the integration of certain cultural practices and
plant health monitoring systems is relatively common in
production systems, the adoption of alternative
approaches, particularly organic farming and biological
control methods, remains marginal. This low adoption is
attributed mainly to a lack of technical training, as well as

economic uncertainty related to market opportunities for
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products from production systems that are less
dependent on chemical inputs (Lahlali et al, 2021).
Furthermore, agricultural extension services remain
underdeveloped, which limits the dissemination and
adoption of integrated pest management principles. In
this context, training and capacity building for farmers
appear essential for promoting the effective adoption of
integrated and sustainable disease management

strategies (Karkach et al., 2025).

CONCLUSIONS

Apple scab remains one of the most significant diseases
affecting apple production. Although conventional
fungicide treatments offer short-term effectiveness, their
long-term use carries risks, including the emergence of
resistance to this pathogen. In Morocco, various classes of
systemic and multisite fungicides are used to treat apple
scab. However, resistance to several of these fungicide
classes has been reported in most apple-growing regions
worldwide. The risk of fungicide resistance varies
geographically and depends on the specific chemical class
used. Notably, resistance to anilinopyrimidines,
demethylation (DMIs), and
dehydrogenase inhibitors (SDHIs) has been documented
in field populations of Venturia inaequalis. The risk of
resistance development is generally considered low to
moderate for guanidines and low for phthalimides. Early

inhibitors succinate

diagnosis can maximize the effectiveness of fungicide
applications by alternating modes of action, reducing
treatment frequency, and minimizing the risk of
resistance development. Furthermore, the integration of
biocontrol strategies and resistant cultivars can help limit
apple scab development and rationalize the use of
phytosanitary treatments.
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