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Abstract

Cercospora leaf spot (CLS), caused by Cercospora beticola, is a major foliar disease of sugar beet
(Beta vulgaris L.) that can significantly reduce yield and quality. Fungicides, particularly
demethylation inhibitors (DMIs) and quinone outside inhibitors (Qols), are central to disease
management, yet resistance to both classes has been reported across multiple sugar beet growing
regions. This study represents one of the first systematic evaluations of the in vitro activity of a DMI-
Qol fungicide combination against C. beticola isolates. The sensitivity of 40 isolates to a mixture of
prothioconazole (DMI) and pyraclostrobin (Qol) was assessed across concentrations of 10-800 pg/mL.
The mean ECso for the combination was 111 pg/mL, with isolate-specific values ranging from 9 to 214
pg/mL. These findings demonstrate substantial inhibition of mycelial growth, suggesting additive or
synergistic effects of the mixture, while also highlighting that some isolates retain reduced sensitivity.
The results provide valuable insights for developing integrated CLS management strategies and
underscore the need for ongoing resistance monitoring.
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Introduction

Cercospora leaf spot (CLS), caused by Cercospora beticola, is one of the most economically
significant foliar diseases of sugar beet (Beta vulgaris L.) worldwide. Severe epidemics can
reduce root yield and sucrose content by 30-40%, leading to substantial economic losses in
major sugar beet-producing regions (Khan, 2018) 1. While partial resistance is available in
some cultivars, genetic resistance alone has not been sufficient to provide effective control,
making fungicides an indispensable component of CLS management programs (Kelman,
1989) [61,

Demethylation inhibitors (DMIs; FRAC Group 3) and quinone outside inhibitors (Qols;
FRAC Group 11) represent the primary fungicide classes used to suppress CLS (Bolton et
al., 2013) [, These chemistries are valued for their effectiveness and are often applied
sequentially or in mixtures to maximize disease suppression (Secor et al., 2010) &4,
However, intensive use of DMIs and Qols has resulted in reduced sensitivity in field
populations of C. beticola. Resistance to both fungicide classes has been documented in
several sugar beet growing regions resistance to both DMI and Qol fungicides has been
confirmed in multiple sugar beet-producing regions in the United States (Kirk et al., 2012)
Bl Canada (Trueman et al., 2017) 71 Serbia (Trkulja et al., 2017) 1%, and Greece
(Karaoglanidis et al., 2002; Nikou et al., 2009) [* 19, Field populations displaying resistance
to two or more fungicide classes have also been reported (Secor et al., 2016; Trkulja et al.,
2017) (13251,

Combining fungicides with different modes of action has been proposed as a strategy to
improve efficacy and slow resistance development (Secor et al., 2020) 2, Mixtures may act
additively or synergistically, enhancing pathogen inhibition compared with single active
ingredients, while also distributing selection pressure across multiple target sites (Khan et
al., 2007; Kaiser et al., 2010) [- 21, Nevertheless, the success of such approaches depends on
the baseline sensitivity of pathogen populations and the extent of existing resistance, as
isolates with elevated resistance to one fungicide may also show reduced sensitivity to the
mixture (Russel, 2004) (4,

Although mixtures of DMI and Qol fungicides are widely used in sugar beet production, few
studies have systematically evaluated their combined activity against C. beticola isolates
under controlled laboratory conditions. Understanding isolate-level variability in response to
such mixtures is essential for designing sustainable fungicide resistance management
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strategies. Therefore, the objective of this study was to
assess the in vitro sensitivity of C. beticola isolates to a
combination of prothioconazole (DMI) and pyraclostrobin
(Qol), and to evaluate the extent to which fungicide
mixtures enhance efficacy or reveal cross-resistance patterns
within pathogen populations.

Methodology

Evaluation of Fungicide Sensitivity in C. beticola Isolates
to DMI and Qol Fungicide Mixtures

The in vitro response of the 40 isolates was evaluated
against the combined activity of prothioconazole and
pyraclostrobin. Active ingredients were obtained from
commercial formulations: Proline® (Bayer CropScience;
41% prothioconazole, FRAC Group 3; DMI -
Demethylation Inhibitor) and Headline® (BASF; 23.6%
pyraclostrobin, FRAC Group 11; Qol - Quinone Outside
Inhibitor). Stock solutions were prepared according to the
concentrations of active ingredient in each formulation and
subsequently diluted to achieve the desired working
concentrations in the assay medium.

Under aseptic conditions in a laminar flow hood (Air
Science, Fort Myers, FL), 5 mm agar plugs were excised
from the actively expanding margins of 14-day-old cultures
using sterile cork borers. Each plug was placed in an
inverted position onto 100 x 15 mm Petri dishes containing
CV8 agar amended with the fungicides at concentrations of
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0.01,0.1, 1, 10, or 100 pg/mL.

Plates were incubated in the dark at 22+2 °C. Radial growth
was recorded after 14 days, when colonies had extended to
approximately two-thirds of the plate surface. For each
isolate, colony diameter was determined by taking two
perpendicular measurements with a Sangabery six-inch
caliper. The study followed a randomized complete block
design (RCBD) and was conducted twice. Each trial
included two replicate plates per treatment concentration as
well as untreated controls.

Results

In Vitro Sensitivity of C. beticola Isolates to DMI-Qol
Fungicide Mixtures

Analysis of variance indicated no significant difference
between the two experimental trials (Levene’s test, P =
0.99), allowing the datasets to be pooled for subsequent
evaluation. Across the tested concentration range (10-800
png/mL), the average effective concentration required to
inhibit 50% of mycelial growth (ECso) was estimated at 111
pg/mL (Figure 1). Considerable variation in response was
detected among isolates. The most sensitive isolate
displayed an ECso of 9 pg/mL (Figure 2.14), reflecting
strong inhibition at low concentrations, whereas the least
sensitive isolate required 214 pg/mL to achieve comparable
suppression (Figure 2), indicative of markedly reduced
sensitivity.
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Figure 1. Effective concentration (ECso) required to inhibit 50% of Cercospora beticola growth in response to a prothioconazole-
pyraclostrobin mixture, with ECso values representing both active ingredients.
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Figure 2. Mycelial growth inhibition of Cercospora beticola by a prothioconazole-pyraclostrobin mixture, showing the most sensitive
isolate on the left and the least sensitive isolate on the right.

Discussion

Kalika-Singh et al., (2025) B! reported an average ECso of
496 pg/mL for prothioconazole applied alone; in the present
study, this value decreased to 111 pg/mL when combined
with pyraclostrobin, representing an almost 4.5-fold
increase in sensitivity. The reduction in ECso suggests a
potential additive or synergistic interaction between the two
fungicides, enhancing overall inhibition of mycelial growth.
To our knowledge, this is among the first studies to evaluate

the in vitro activity of this DMI-Qol combination against
Cercospora beticola isolates, providing new insights into
pathogen sensitivity and potential management strategies.
These findings align with prior reports demonstrating
improved disease control in sugar beet through mixtures of
DMIs and Qols, applied in combination with disease
forecasting and resistance management strategies (Khan et
al., 2007; Kaiser et al., 2010) . The mode of blending and
application of these fungicides is critical in shaping
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pathogen sensitivity and resistance evolution (Karaoglanidis
and Thanassoulopoulos, 2003; Secor et al., 2010) 54, and
DMIs have historically contributed to reduced disease
severity and increased sugar vyield in treated plants
(Trueman and Burlakoti, 2014) [61,

Despite the overall enhanced efficacy, variation in isolate
response was observed. Strains that exhibited high ECso
values to either prothioconazole or pyraclostrobin alone also
showed elevated ECso when exposed to the combination,
indicating cross-resistance and suggesting that mixtures may
not fully overcome existing resistance in all populations.
While fungicide combinations are often promoted as a
strategy to reduce selection pressure and delay resistance
development (van den Bosch et al., 2014; Trkulja et al.,
2017) 18 181 our findings raise the possibility that, in some
cases, resistance to multiple fungicides could accumulate
more rapidly, particularly in populations already exhibiting
partial resistance.

Overall, the combination of prothioconazole and
pyraclostrobin can substantially improve efficacy against
sensitive C. beticola isolates. However, the persistence of
resistant phenotypes underscores the importance of
continuous monitoring and the adoption of integrated
resistance management strategies. Such strategies should
incorporate fungicide rotation, optimized application timing
guided by disease forecasting, and deployment of cultivars
with partial resistance. Future field studies are needed to
validate these laboratory results under natural epidemic
conditions, quantify the practical benefits of the fungicide
mixture, and determine how these findings can be translated
into sustainable management practices for CLS.

Conclusion

The combination of prothioconazole and pyraclostrobin
significantly enhanced inhibition of C. beticola isolates
when compared with single-fungicide treatments from
previous studies, demonstrating potential additive or
synergistic effects. However, the presence of isolates with
high ECso values to both fungicides highlights the
persistence of resistance and the potential for cross-
resistance to compromise mixture efficacy. These results
underscore the importance of integrated resistance
management strategies that combine fungicide rotation,
optimized application timing based on disease forecasting,
and the use of partially resistant cultivars. Continuous
monitoring of pathogen sensitivity is critical to maintaining
the effectiveness of DMI-Qol mixtures. Future field studies
are necessary to validate laboratory findings under natural
epidemic  conditions and to refine  practical
recommendations for sustainable CLS control in sugar beet
production.
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