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Abstract

BACKGROUND: Alternaria brown spot (ABS), caused by Alternaria spp., is an important disease affecting mandarin production
in several citrus-growing regions worldwide. In Brazil, ABS has become increasingly problematic in Parana State, where high
disease pressure and reports of control failures have raised concerns about the long-term efficacy of fungicides. Demethylation
inhibitor (DMI) fungicides are commonly used in ABS spray programs; however, the rising frequency of resistant Alternaria phe-
notypes may compromise their efficacy and sustainability. This study aimed to (i) assess DMI sensitivity and cross-resistance in
Alternaria spp., (ii) investigate CYP51 expression differences between tebuconazole-sensitive and tebuconazole-resistant iso-
lates, and (iii) assess the practical efficacy of tebuconazole in detached-leaf assays.

RESULTS: Fifty-four isolates were grouped into three DMI phenotypes for resistance (R) or sensitivity (S): DIFsTEBs, DIFsTEBg,
and DIFRTEBg. A. longipes was the most and A. arborescens the least sensitive species. Mean ECs, values for difenoconazole,
tebuconazole, and mefentrifluconazole ranged from 0.29 to 4.00, 2.70 to 58.30, and 0.14 to 2.30 ug mL™", respectively.
Cross-resistance was observed among the three DMIs. CYP57 was significantly overexpressed in tebuconazole-resistant
(TEB-resistant) isolates. Correlated CYP517 expression with the ECs, values demonstrated the association between up-regulation
and resistance intensity in TEB-resistant isolates. Tebuconazole reduced ABS severity caused by sensitive Alternaria isolates,
but this fungicide was ineffective to control ABS on leaves inoculated with resistant isolate, indicating practical resistance
under bioassay conditions.

CONCLUSION: CYP51 overexpression contributes to DMI resistance in Alternaria spp., and practical and cross-resistance among
fungicides may limit ABS management strategies. Mefentrifluconazole and difenoconazole are effective fungicides for resis-
tance management in Brazilian mandarin orchards.
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affecting mandarins and their hybrids in Brazil, especially under
environmental conditions conducive to infection. Infection is
favored by temperatures between 20 and 28 °C and by leaf wet-
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frequently isolated species.” Cultivars commonly planted across
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has contributed to the increasing frequency of ABS outbreaks.>* Queiroz”, Universidade de Séo Paulo, Piracicaba, Brazil

___________________________________________________________________________________________________________]
© 2025 The Author(s). Pest Management Science published by John Wiley & Sons Ltd on behalf of Society of Chemical Industry.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any
medium, provided the original work is properly cited.




®)
SCl1

where science
meets business

WWW.S0Ci.org

T de Aguiar Carraro et al.

Chemical control remains the main strategy for ABS manage-
ment on mandarins, given the lack of resistant cultivars and effec-
tive biological control options.> Since 2019, systemic fungicides
with single-site modes of action, especially quinone-outside
inhibitors (Qols) and sterol demethylation inhibitors (DMIs), have
been adopted for ABS management in the Parani citrus belt.? In
Cerro Azul, the main mandarin-growing region of Parana State,
Qol fungicides are commonly recommended either alone or as
premixed DMI formulations.

The widespread use of Qol fungicides in ABS management has
been challenged by resistance in Alternaria populations, highlighting
the need for complementary modes of action.>>%7 In this context,
DMIs, classified as site-specific inhibitors with moderate resistance
risk, remain essential fungicides of spray programs. Despite their pro-
longed use in agriculture and their single-site mode of action, which
generally favors resistance development, DMIs have retained effi-
cacy in several pathosystems and are valuable when combined with
Qols, succinate dehydrogenase inhibitors (SDHIs), or multisite fungi-
cides to manage fungicide resistance in Alternaria species.’ Their
broad-spectrum activity and systemic properties continue to sup-
port their use in integrated ABS management.

Demethylation inhibitor fungicides, including triazoles and imid-
azoles, are also known as ‘azoles’, target 14a-demethylase (CYP57)
in the sterol biosynthesis pathway, disrupt fungal cell membrane
integrity, and reduce cell viability.'® Resistance to DMI fungicides
is mostly conferred by (i) mutations in the CYP51 gene,
(i) increased expression of the CYP51 gene, or (jii) increased expres-
sion of membrane-bound transporters.'’ Resistance to DMIs is
often quantitative coupled with the pleiotropic effects of resistance
mutations on phytophatogenic fitness and has been suggested to
be responsible for this prolonged effectiveness and delayed resis-
tance development®'%'® However, the intensive use of DMIs in
agriculture has led to a stepwise manner resistance development,
leading to practical control problems in certain pathogen
populations.”'"""*'° Previous studies have revealed that resistance
to DM fungicides is associated with mutations or overexpression of
CYP51, compromising their efficacy in Alternaria populations from
potato and tomato in China.'®™

Difenoconazole and tebuconazole fungicides are the DMls most
frequently applied against ABS in Brazil. Mefentrifluconazole, a
new isopropanol-triazole fungicide, has shown high efficacy
against key fungal diseases in various crops such as apples, corn,
tomatoes, and grapes®'*2 and has recently been registered for cit-
rus use.> This underscores the need to assess the level of sensitivity
to these fungicides and their intrinsic activity for the management
of ABS, especially considering the rising resistance. In a previous
study,” 53% of the 100 isolates assessed showed a phenotype resis-
tant to tebuconazole at 10 pg mL™" in vitro, suggesting the pres-
ence of resistant phenotypes potentially associated with
mechanisms such as target site overexpression. Monitoring DMI
sensitivity is essential for detecting shifts in Alternaria populations
that may result in control failures. Although cross-resistance among
DMI fungicides has been documented in various fungi,?**> data on
cross-resistance in Brazilian mandarin Alternaria populations
remain scarce. Understanding these dynamics is critical for select-
ing effective fungicide combinations for managing ABS.

This study aimed to expand the understanding of chemical con-
trol strategies for ABS in regions with reduced sensitivity to fungi-
cides. The specific objectives were to (i) determine the effective
concentration required to inhibit 50% of conidial germination
(ECs0) values of Alternaria alternata, A. longipes, and A. arborescens
isolates from commercial mandarin orchards in Parana state to

the DMI fungicides difenoconazole, tebuconazole, and mefentriflu-
conazole, and assess cross-resistance among these fungicides,
(ii) quantify CYP51 gene expression in tebuconazole-resistant iso-
lates, and (jii) assess the efficacy of tebuconazole in detached ‘Mur-
cott’ leaves using the recommended standard field rate.

2 MATERIALS AND METHODS

2.1 Alternaria isolates

The Alternaria isolates used in this study were originally collected
from mandarin orchards under different production systems (con-
ventional, organic-in-transition, and organic) in Parana State,
Brazil, between 2020 and 2023 (Table 1). The collection, identifica-
tion, and preliminary fungicide sensitivity characterization of
these isolates were previously reported by Carraro et al.,> who
identified A. alternata, A. longipes, and A. arborescens as the causal
agents of ABS in Brazilian mandarin orchards and classified in dif-
ferent phenotypes by discriminatory dose for difenoconazole
(DIF) and tebuconazole (TEB).?

Based on the previously characterized DMI phenotype of the
population, a representative subset of 54 isolates was selected
for assays in the present study. These isolates were first classified
according to discriminatory doses of 1pgmL™" for DIF and
10 ug mL™" for TEB. Isolates showing mycelial growth inhibition
(MGI) above 50% at 1 pg mL~™" of DIF were classified as DIF-
sensitive (DIFs), whereas those showing less than 50% inhibition
were considered DIF-resistant (DIFg). For tebuconazole, isolates
with MGl < 10 pg mL™"' were considered TEB-sensitive (TEBs)
and those with MGI > 10 pg mL™" were classified as TEB-resistant
(TEBg), as characterized in the previous study.2 All isolates were
subjected to in vitro sensitivity assays to determine the ECs,
values and to assess cross-resistance levels among the three
DMI fungicides tested. [Correction added on December 31,
2025, after first online publication: Spore germination inhibition
(SGI) has been changed to mycelial growth inhibition (MGI).]

Further investigation of the molecular mechanisms underlying
DMI resistance was performed using a subset of 30 isolates
selected for the CYP57-induced expression assay. This subset
included 15 tebuconazole-sensitive isolates, defined by ECs,
values <10 pg mL™", and 15 tebuconazole-resistant isolates with
ECso values >10 pg mL™". All isolates are preserved in the fungal
collection of the Epidemiology and Integrated Disease Manage-
ment Laboratory (LEMID/UFPR) in Curitiba, Brazil.

2.2 Determination of the EC;, to difenoconazole,
tebuconazole and mefentrifluconazole, concordance
between discriminatory-dose phenotypes and ECs, values,
and cross-resistance analysis

2.2.1 Sensitivity of Alternaria isolates to DMI fungicides

The in vitro sensitivity of Alternaria spp. to fungicides was assessed
by calculating ECsq values using spiral gradient dilution with a spi-
ral plater (Eddy Jet 2 Spiral Plater, Neu-tec Group Inc., Alexandria,
VA, USA). Three demethylation inhibitors (DMIs; FRAC #3) were
tested: difenoconazole (Inspire; Syngenta, Greensboro, NC, USA),
tebuconazole (Tebustar 45WSP; Albaugh LLC, Ankey, lowa,
USA), and mefentrifluconazole (Cevya; BASF Corporation,
Research Triangle Park, NC, USA). Stock solutions of each fungi-
cide were prepared from the respective commercial formulations,
tebuconazole (45% a.i.), difenoconazole (23.2% a.i.), and mefentri-
fluconazole (34.93% a.i.), suspended in distilled water. Each prod-
uct was diluted to obtain 10 mL of stock solutions at
concentrations of 100 000, 10 000, 1000, and 100 pug mL™".
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The assessment of the sensitivity of Alternaria isolates to fungi-
cides was performed with mycelial growth inhibition assays using
the gradient dilution method, as proposed by Forster et al.*®
Plates (150 mm in diameter) with fungicides were prepared with
potato dextrose agar (PDA) medium and 50 mL of the medium
was poured into each plate. Fungicide stock solutions (54.3 L)
were applied to the plate surface with a spiral applicator, which
distributes the fungicides in an exponential concentration gradi-
ent, with the highest concentrations at the center and the lowest
concentrations at the edges of the plate. Subsequently, the plates
were incubated at room temperature for 12 h to incorporate
fungicides.

The isolates were grown on acidified PDA (LA, 2.5 mL of lactic
acid 25% v/v) on wood stirrers (5 cm) at 25 + 2 °Cfor 7 days. Eight
different isolates were placed on each fungicide-amended plate
with mycelial growth facing downward. The eight isolates were
placed uniformly on the plate, and the isolates were also placed
on a plate with no fungicide and used as controls. The experi-
ments were conducted twice. The plates were incubated for
3 days at 25 + 2 °C. The point of greatest mycelial growth (width)
of the colony from the control plates was measured and used as a
reference to determine the inhibition value. Thus, the point in the
concentration gradient at which mycelial growth was reduced by
50% was determined, and its radial distance from the center of
the plate was measured as a key parameter to estimate the effec-
tive values of the fungicide concentration capable of inhibiting
50% of the mycelial growth (ECsp). Values of ECso were deter-
mined using R software (version 4.4.1) with the ECX package by
Torres-Londono et al.?’

2.2.2 Concordance between discriminatory-dose phenotypes

and ECsy-based classifications for tebuconazole and
difenoconazole

Assessment of the agreement between fungicide resistance classifi-
cations based on mycelial growth inhibition (MGI) and ECs, values
for tebuconazole and difenoconazole, from a previous study,2
involved the following statistical approaches: the McNemar's y? test
(a nonsignificant outcome implies solely the absence of a systematic
effect) and prevalence-adjusted and bias-adjusted kappa index
(PABAK). Cohen's kappa2® was calculated to measure the agreement
between categorical resistance classifications (DIFsTEBs, DIFsTEBg,
DIFRTEBgR) derived from MGI and ECs, values, correcting for chance
agreement and providing a measure of the strength of agreement
between two categorical classifications.

The interpretation of kappa coefficients was based on the cri-
teria established by Landis and Koch,*® where value ranges of
<0.01, 0.01-0.20, 0.21-0.40, 0.41-0.60, 0.61-0.80 and 0.81-1.00
represent poor agreement, slight agreement, fair agreement, sig-
nify moderate agreement, substantial agreement, and almost per-
fect agreement, respectively.

2.2.3 Cross-resistance analysis

Shapiro-Wilk normality tests were performed on the log-
transformed variables of difenoconazole, tebuconazole, and mefen-
trifluconazole to assess the assumptions for the analysis of cross-
resistance. Normality testing indicated that the distribution of dife-
noconazole deviated significantly from normality (W =0.798,
P < 0.001), whereas tebuconazole (W =0.970, P=0.193) and
mefentrifluconazole (W = 0.965, P = 0.119) conformed to normality
assumptions. Due to the deviation from normality in one variable,
the Spearman's rank correlation method was used for the analysis.

2.3 RNA isolation, cDNA synthesis, and relative

expression of the CYP51

The total of 30 Alternaria isolates were selected for CYP51 expres-
sion analysis (half TEB-resistant and half TEB-sensitive). These iso-
lates were classified according to their resistance phenotypes to
both DIF and TEB, and represent three distinct species
(A. alternata, A. longipes, and A. arborescens). Furthermore, the
selected isolates originated from different crop systems and geo-
graphic locations within mandarin-growing regions of Parana
State, Brazil. The full list of isolates is provided in Table 1, with
those used in the CYP51 expression assay indicated in bold.

Six mycelial plugs (7 mm) were collected from 5-day-old cul-
tures grown on PDA (BD Difco™, Franklin Lakes, NY, USA). Excess
media were removed and transferred into 125-mL flasks contain-
ing 50 mL of potato dextrose broth (PDB: 200 g L™' potato,
20 g L' glucose). The liquid cultures of isolates were incubated
at 25 °C in darkness, with the flasks shaken at least four times
per day. After 3 days, water (as control) or tebuconazole (final con-
centration of 10.0 pg mL™") was added to the flasks. Twelve hours
later, the mycelia were collected and immediately dried in a lam-
inar flow hood on sterile cheese cloth and filter paper for approx-
imately 1 h. Subsequently, total RNA was extracted from the dried
mycelia using the SPINeasy RNA kit for Bacteria/Fungi (with Lysing
Matrix) (MP Biomedicals, CA), following the manufacturer's
instructions. The corresponding cDNA of each sample was synthe-
sized using the iScript cDNA Synthesis Kit (Bio-Rad Laboratories,
Hercules, CA, USA).

Expression of CYP51 gene was quantified by reverse-
transcription PCR using the primer set qCYP51-F/qCYP51-R, and
the reference gene GAPDH was amplified with qGAPDH-F/
qGAPDH-R.15 Each 20-pL reaction contained 10 plL of SYBR Green
PCR Master Mix (GK10002; GLPBIO, Montclair, CA), 0.4 pL of each
primer (10 pM), 7.2 pL of nuclease-free water, and 2 pL of cDNA.
Amplification was performed under the following program: 94 °
C for 30 s, followed by 45 cycles of 94 °C for 5's and 64 °C for
30 s. A melting curve analysis confirmed that the expected prod-
ucts were obtained. Reactions were run on a CFX96 Touch Real-
Time PCR Detection System (Bio-Rad Laboratories), with three
replicates per isolate.

The comparative Ct method was used to determine CYP51
expression level, as the efficiencies of the target and reference
amplifications were nearly equal in the validation experiments.
The expression of CYP51 was normalized to the average expres-
sion of GAPDH. The relative expression of CYP51 was calibrated
to the lowest expressor (isolate CrAaPR20-27) and calculated
according to the following formula (Eqn (1)):

2—(AAC() 2—[(Ct CYP51—Ct ref)x—(Ct CYP51—Ct ref)y] (1 )

where x is the isolate of interest and y is the isolate CrAaPR20-27,
which had the greatest ACt value. Ct ref is the mean Ct values of
GAPDH.

The correlation between phenotypic groups (TEB-sensitive and
TEB-resistant) and CYP51 induced expression was assessed using
a linear regression model, with log-transformed fold-change
expression as the response variable and log-transformed ECs,
values as the predictor. Calculation of the x-fold induction of
CYP51 was followed by the formula (Egn (2)):

CYP51ACt (treated)

—fold induction of CYP51=
x—toldinduction @ CYP51ACt (non—treated)

)
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The model was fitted using the Im() function in software R (version
4.4.1), and the statistical significance of the regression coefficient,
as well as the coefficient of determination (R?), were used to
assess the strength of the association.

2.4 Tebuconazol efficacy for control of DMI-sensitive and
resistant A. alternata isolates using detached ‘Murcott’
leaves

Three A. alternata isolates were selected for their phenotype resis-
tance to assess the control efficacy to tebuconazole, each with
distinct ECso values: CrAaPR20-27 (ECso = 0.27 pg mL™"),
CrAaPR21-44  (ECso=524pgmlL™"), and  CrAaPR20-20
(ECso = 24.02 pg mL™"). Young leaves, approximately 3-5 cm in
diameter, were collected from ‘Murcott’ seedlings kept in a green-
house. Seven leaves were collected per treatment (control and
tebuconazole treatments).

Leaves were treated with 200 g L™ tebuconazole (Folicur, 45%),
air-dried in a hood for 2 h, and transferred to Gerbox plastic con-
tainers (11 X 11 X 3.5 cm) containing a disinfested aluminum
grid. Sterile water was added to the containers to maintain rela-
tive humidity close to 100%. After 24 h of fungicide exposure,
leaves were inoculated by spraying a suspension of 10> conidia
mL™" using a perfume dispenser. Conidia were obtained from
5-day-old colonies grown on V8 medium and incubated at
26 + 2 °C with a 12-h photoperiod. Control leaves received sterile
water instead of fungicide. Disease severity was assessed after
3 days using the diagrammatic scale described by Martelli et al.>°

Data from the two runs of the experiment were combined, and
the control efficacy was calculated using the following for-
mula (Egn (3)):

control efficacy(%)

control mean severity—tebuconazole mean severity 100
- X
control mean severity

3)

Mean growth and standard error were calculated for each isolate
under both control and tebuconazole treatments. Disease sever-
ity was compared between fungicide-treated and control samples
using an independent-samples t-test with a significance threshold
of P =0.05.

3 RESULTS
3.1 Determination of the EC;, to difenoconazole,
tebuconazole and mefentrifluconazole, concordance
between discriminatory-dose phenotypes and EC;, values,
and cross-resistance analysis
3.1.1 Sensitivity of Alternaria isolates to DMI fungicides
The analysis of ECsq values for the different phenotypes and spe-
cies of Alternaria from mandarin and their hybrids revealed signif-
icantly wide ranges in their responses to difenoconazole,
tebuconazole, and mefentrifluconazole. Among the DMI fungi-
cides tested, mefentrifluconazole and difenoconazole showed
ECso values lower compared to tebuconazole were the most effec-
tive against Alternaria isolates, except for A. arborescens isolates,
showing ECs, values ranging from 0.14 to 6.4 pg mL™" (mean of
095 ugmL™") and from 0.19 to 7.77 ugmlL™" (mean of
0.64 pg mL™"), respectively (Table 2 and Fig. 1).

The distribution of ECso values for difenoconazole, tebucona-
zole, and mefentrifluconazole clearly illustrates differences in sen-
sitivity among the three Alternaria species with different

resistance phenotypes: DIFSTEBs (22 A. alternata isolates and
10 A. longipes isolates), DIFSTEBg (10 A. alternata isolates and three
A. arborescens), and DIFRTEBg (three A. alternata isolates and three
A. arborescens isolates) (Fig. 1). The isolates with the DIFsTEBs phe-
notype showed overall significant (P < 0.05) high intrinsic activity
to all tested fungicides, with a narrow and lower range of ECsq
values, indicating a uniform response. In contrast, the isolates
with the DIFRTEBg phenotype showed a significantly wide and
higher range of ECsq values (P < 0.05), indicating variability in sen-
sitivity levels to these fungicides, as well as observed for the iso-
lates with the DIFSTEBg phenotype, which had significantly
higher ECs, values compared to the isolates with the DIFsTEBs
phenotype, except for difenoconazole (Table 2 and Fig. 1).

Difenoconazole showed generally low ECsq values across isolates,
although sensitivity clearly decreased with resistance phenotype.
Mean ECsq values were 0.29 pg mL™" (0.14-0.86 ug mL™") for DIF-
JTEBs, 049 pgmL™" (0.24-088 ygmL™") for DIFSTEBg, and
4.0 pg mL™" (2.08-6.4 pg mL™") for DIFRTEBg isolates phenotypes
(Fig. 1). Within these groups, A. alternata and A. longipes isolates clas-
sified as DIFSTEBs remained highly sensitive, with means of 0.30 and
0.27 ug mL™", respectively. The DIFSTEB; phenotype, A. alternata,
averaged 0.44 pg mL™", while A. arborescens was slightly less sensi-
tive (0.65 g mL™"). The most resistant group, DIFRTEBg, reached
mean ECso values of 3.92 pg mL™" for A. alternata and 4.14 pg mL™"
for A. arborescens (Table 2 and Fig. 1).

Mefentrifluconazole showed the highest overall efficacy, with
most isolates remaining highly sensitive. Mean ECs, values were
0.14 pg mL™" (0.02-0.58 pg mL™") for DIFSTEBs, 0.72 pg mL™"
(0.05-3.56 pgmL™") for DIFSTEBg, and 23 pgmL™' (0.11-
7.77 ug mL™") for DIFRTEBg phenotypes (Fig. 1). Within these
groups, A. alternata and A. longipes isolates classified as DIFSTEBg
showed very low means (0.12 and 0.18 pg mL™", respectively). In
the DIFSTEB; phenotype, A. alternata averaged 0.47 pg mL™",
while A. arborescens reached higher values (1.52 pg mL™"). The
DIFRTEBR phenotype was more variable, with mean ECs, values
of 128 ugmL™"' for A alternata and 433 pgmL™" for
A. arborescens (Table 2 and Fig. 1).

Tebuconazole showed the weakest in vitro activity among the
DMIs, with noticeably elevated ECsq values across phenotypes. Mean
values were 27pgmL™" (0.19-67 pgmL™") for DIFSTEB,
269 pg mL™" (20.2-33.5 pg mL™") for DIFSTEB, and 58.3 pg mL™"
(14.1-189.7 uyg mL™") for DIFRTEB; phenotypes (Fig. 1). A species-
level comparison showed that A. alternata and A. longipes DIFsTEBs
isolates averaged 3.11 and 1.8 pg mL™", respectively. The DIFSTEBg
phenotype A. alternata isolates averaged 229 pg mL™', while
A. arborescens reached 40.0 pg mL™". The DIFRTEB; phenotype
showed the highest values overall, with means of 27.0 pg mL™" for
A. alternata and 120.8 pg mL~" for A. arborescens (Table 2 and Fig. 1).

3.1.2 Concordance between discriminatory-dose phenotypes

and ECsy-based classifications for tebuconazole and
difenoconazole

All the 32 isolates classified as DIFSTEBs and nine isolates classified
as DIFRTEBg by discriminatory dose, in the previous study, had the
same phenotype by ECs, assay. The CrAaPR20-10 (A. alternata)
isolate was the exception that did not match the phenotype clas-
sification, being classified as resistant to tebuconazol (DIFsTEBg)
by ECso assay (4.58 ug mL™"), but as sensitivity (DIFSTEBs) by dis-
criminatory dose (Table 3). The phenotypes classified by discrimi-
natory doses for difenoconazole and tebuconazole showed a
significant percentage (98.15%) agreement with the ECso values
for these fungicides, suggesting high consistency between the
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Figure 1. Density frequency of the concentration that results in 50% mycelial growth inhibition (ECso) values of the 54 Alternaria spp. isolates (A), esti-
mated for three DMI fungicides (FRAC#3): difenoconazole (solid red curve), mefentrifluconazole (dashed green curve), and tebuconazole (dot blue curve)
(#3 DM fungicides). (B) Classification of isolates into resistance phenotypes based on mycelial growth inhibition (MGI) at the discriminatory dose: isolates
were considered sensitive (S) when MGI > 50% and resistant (R) when MGI < 50%, for both difenoconazole (DIF) and tebuconazole (TEB).

Table 3. Agreement measures between phenotypes classified using discriminatory dose and ECs, values for difenoconazole (DIF) and tebucona-
zole (TEB)
ECs0*
Phenotypes DIFSTEBg DIFSTEBR DIFRTEBR Total
Discriminatory dose* MGI (%) DIFSTEBg 32 1 0
DIFsTEBg 0 12 0
DIFRTEBR 0 0 9
Total 54
Measurement Value
Coincidental results (%) 98.15
McNemar y test (P value) 0.5 (0.918)
PABAK + CI' 0.96 + 0.07

*solates were considered sensitive if the ECs, was less than 1 ug mL™" and resistant if greater than 1 pg mL™" for difenoconazole. For tebuconazole,
isolates with an ECs less than 10 pg mL™" were classified as sensitive, while those with an ECs, greater than 10 pg mL™" were classified as resistant.
* Prevalence-adjusted and bias-adjusted kappa index (PABAK) + confidence interval.
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Figure 2. Spearman correlation tests for cross-resistance among demeth-
ylation inhibitor (DMI - FRAC#3) fungicides. Data were logarithmic conver-
sion of effective concentration for 50% mycelial growth inhibition (log
ECso) values for (A) tebuconazole-difenoconazole, (B) tebuconazole-
mefentrifluconazole, and (C) mefentrifluconazole-difenoconazole. The
dots represent Alternaria spp. isolates from mandarins used for cross-
resistance. p, Spearman's rho. The significance of P < 0.001 means the cor-
relation was statistically significant.

classification methods (Table 3). The adjusted McNemar test
yielded a chi-square value of 0.5, with a P value of 0.9189, indicat-
ing that the discrepancies between the classifications were not
statistically significant, reinforcing the support for this phenotype
classification. PABAK value was 0.963 (+ 0.072), indicating high
agreement beyond chance (Table 3).

3.1.3 Cross-resistance analysis

The Spearman correlation analysis of the isolates indicated moder-
ate, positive, and significant correlations between log ECs, values
for tebuconazole and difenoconazole (p = 0.61, P < 0.001; Fig. 2
(A)), tebuconazole and mefentrifluconazole (p = 0.68, P < 0.001;
Fig. 2(B)), and difenoconazole and mefentrifluconazole (p = 0.61,
P < 0.007; Fig. 2(0)).

3.2 Relative expression of the CYP51 in sensitive and
resistant isolates

The in silico analysis of primers used for the gene expression of CYP51
in different Alternaria species revealed that the sequence of the
primer gqCYP51-F (5-TTCGCCAACCAGAAGAAGTATG-3') was found
in the three species of interest (A. alternata, A. longipes, and
A. arborescens), starting at position 230 bp of the provided genomic
sequence. The sequence (reverse-complement) of the primer
qCYP51-R (5'-CTCCTCGGCATTGACATCCTT-3') was also found in all
three species at the same genomic position (388-409 bp). The con-
sistent presence of the primers in the target sequences indicates that
the primers were suitable for amplifying the CYP51 in A. alternata
(accession number: MN542657.1), A. longipes (accession number:
JAHLEY010000015.1), and A. arborescens (accession number:
XM_028655640.1).

The means of constitutive expression of CYP51 showed by the
treatment without fungicide in the 15 sensitive and resistant iso-
lates were 1.1 and 1.38, respectively, which are not significantly
different (Fig. 3(A)). Tebuconazole induced the relative expression
of CYP51 ranging from 0.13 to 3.15 times with an average of 1.17
in the sensitive isolates, but 8.83 to 170.94 with an average of
73.62 in the resistant isolates (Fig. 3(A)). The mean relative expres-
sion of CYP51 was significantly induced by tebuconazole in resis-
tant isolates (Fig. 3(A)). While induced expression in sensitive
isolates remained similar to their constitutive levels (1.17 + 1.24
vs. 1.10 £ 1.14, P> 0.05), resistant isolates showed elevated
induction, with a mean 60.7-fold (73.63 + 60.28 vs. 1.17 + 1.24,
P < 0.001) increase compared with 1.06-fold in sensitive pheno-
types (Fig. 3(A)).

This pattern was further supported by a positive association
(R* = 0.70, P < 0.001) between the log-transformed tebuconazole
ECso values and the log-transformed induced CYP51 expression
levels (Fig. 3(B)). In this relationship, TEB-resistant isolates showed
both stronger up-regulation and higher ECs, values, whereas TEB-
sensitive isolates showed the lowest ECs, values and very low
CYP51 induction.

3.3 Control efficacy using detached ‘Murcott’ leaves

The three A. alternata isolates, selected based on their resistance
phenotype and ECs, values, responded differently to tebucona-
zole treatment. For the sensitive isolate CrAaPR20-27 (TEBs,
ECso = 0.27 pg mL™"), tebuconazole significantly reduced ABS
severity on treated leaves compared to the untreated control
(P < 0.05), achieving a control efficacy of 89.2%. A second sensi-
tive isolate, CrAaPR21-44 (TEBs, ECso=5.24 pgmL™"), also
showed a significant but less pronounced reduction in severity,
with a moderate control efficacy of 43.8%. In contrast, tebucona-
zole treatment had no significant effect on the resistant isolate
CrAaPR20-20 (TEBg, ECso = 24.02 pg mL™"), which resulted in a
negative control efficacy (—4.61%). This indicates that tebucona-
zole was ineffective against the resistant isolate and, in this case,
performed slightly worse than the untreated control (Fig. 4).

4 DISCUSSION

This study showed wide variation in ECsy values among
A. alternata, A. longipes, and A. arborescens isolates in response
to the DMI fungicides difenoconazole, tebuconazole, and mefen-
trifluconazole. Isolates classified as DIFSTEBs phenotype were
highly sensitive to all DMIs, whereas those with the DIFRTEBg phe-
notype showed broad resistance levels. Among the fungicides
tested, tebuconazole consistently showed reduced sensitivity,
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Figure 3. (A) Relative expression levels of CYP51 in tebuconazole-sensitive Alternaria spp. isolates and resistant isolates. Bars represent the mean + SE of
three experimental replicates for constitutive (without fungicide) and induced (with tebuconazole) expression of each isolate. The independent t-test was
used to compare the mean of constitutive and induced expression of CYP51 for the groups of sensitive (S) and resistant isolates (R) at P < 0.05.
(B) Correlation of the log (x-fold expression) of CYP51 against log (ECs) towards tebuconazole. The respective DMI phenotypes of the data points are indi-
cated on different forms. Sensitive (TEB-sensitive) isolates are shown as crosses and resistant (TEB-resistant) isolates as circles.

with mean ECs, values exceeding 17 pg mL™", while difenocona-
zole and mefentrifluconazole maintained strong in vitro activity
(ECso < 1 pg mL™"). Species-level variation was also evident:
A. longipes isolates were consistently sensitive, A. arborescens iso-
lates less sensitive, and A. alternata isolates displayed high vari-
ability. These inter- and intra-species differences indicate
potential for differential selection under fungicide pressure, com-
plicating long-term resistance management. Cross-resistance and

increased CYP51 expression were associated with reduced DMI
sensitivity, highlighting the need for targeted resistance manage-
ment based on local pathogen profiles.

The higher ECso values observed for tebuconazole reflect a
marked shift in field sensitivity among Alternaria isolates. A total
of 22 isolates (41%) showed ECs, values greater than
10 pg mL™", with some exceeding 190 pg mL™". These values sur-
pass resistance levels reported in peach’' pistachio,” and
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Figure 4. Alternaria brown spot (ABS) severity on ‘Murcott’ leaves inocu-
lated with three isolates representing different tebuconazole sensitivity
phenotypes. Bars show mean severity for the untreated control (dark grey)
and for leaves treated with tebuconazole at the label-recommended field
rate of 200 g L' of commercial product (light grey). Different letters indi-
cate significant differences between control and treatment within each
isolate based on an independent t-test (P < 0.05).

tomato.3? In contrast, most isolates remained sensitive to difeno-
conazole, with only 17% showing moderate resistance. These
findings support prior studies indicating difenoconazole's supe-
rior activity and long-term efficacy in crops such as potato,**
and emphasize the urgency of replacing or rotating tebuconazole
in resistance-prone regions.

Mefentrifluconazole showed the highest efficacy among tested
DMI fungicides, even against isolates resistant to older DMI and the
sensitive isolates had a mean ECso of 0.11 pg mL™". More than 90%
had ECs, values below 1 ug mL™", including many previously classi-
fied as resistant to difenoconazole or tebuconazole. Only a few excep-
tions were noted, three A. arborescens and one A. alternata isolate
with ECso > 1 ug mL™". These results are consistent with baseline
sensitivities from tomato and peach.2'?' Since mefentrifluconazole
was only recently registered for citrus,*® the observed variation likely
reflects natural diversity and reinforces its suitability for resistance
management programs.

Cross-resistance was evident among all three DMI fungicides,
reinforcing concerns about triazole overuse. Strong positive cor-
relations between log-transformed ECs, values for tebucona-
zole, difenoconazole, and mefentrifluconazole indicate shared
resistance mechanisms. However, some isolates previously
phenotype-characterized showed differential  sensitivity
responses, such as DIF-sensitive but TEB-resistant phenotypes.
This variation reflects differences in intrinsic fungitoxicity and
CYP51 binding affinity among triazole molecules, as previously
reported for A. alternata and other fungal pathogens.®?'° Nota-
bly, some isolates never exposed to mefentrifluconazole already
showed reduced sensitivity, likely due to selection by older DMls.
Mefentrifluconazole, as a newer isopropanol-triazole, demon-
strated stronger CYP51 binding stability and limited cross-
resistance compared with the other azoles fungicides.?’ Similar
patterns of cross-resistance have been reported in Alternaria

from tomato?’ and peach,®' further supporting the need for fun-
gicide rotation and restricted triazole use in ABS management
programs.

Our results showed that CYP571 overexpression significantly con-
tributed to resistance in isolates from mandarin orchards. While
constitutive expression levels of CYP51 did not differ significantly
between sensitive and resistant isolates under untreated condi-
tions, exposure to tebuconazole triggered markedly higher
expression in resistant isolates, up to 100-fold in some cases.
The significant correlation between ECs, values and induced
CYP51 expression supports the idea that increased transcriptional
activation contributes to higher resistance levels, whereas sensi-
tive isolates showed only weak induction, consistent with their
lower ECsq values. Overexpression of the CYP51 gene has been
widely recognized as a key genetic mechanism associated with
resistance to DMI fungicides. Previous studies have demonstrated
that induced CYP51 expression contributes to reduced sensitivity
in Alternaria species.?>?" This induced overexpression suggests
that fungicide pressure may play a central role in resistance devel-
opment. Although the present subjected of this study focused on
gene expression, the potential contribution of other mechanisms,
such as point mutations in CYP51'""'°"2" or the up-regulation of
efflux transporter genes (e.g., ABC or MFS)34 may not be ruled
out and warrants further investigation.

Fungicide resistance represents an evolutionary process in
pathogen populations, driven by selection pressure and resulting
in genotypes that can survive and reproduce despite chemical
control. While the presence of resistant variants in a population
does not always lead to control failure, the concept of practical
resistance is used to describe situations where fungicide applica-
tion at the recommended field rate results in observable loss of
disease control.>* Detached ‘Murcott’ leaf assays in our study pro-
vided this field-relevant validation, confirming that ECs, values
and CYP51 expression levels reliably predicted practical resis-
tance. Sensitive isolates achieved more than 80% disease control
at the field rate of tebuconazole, whereas resistant isolate with
ECso > 24 pg mL™" and strong CYP57 induction showed no signif-
icant ABS reduction. These findings demonstrate the value of
combining in vitro assays with field-rate validation to detect prac-
tical resistance and to prevent potential failures in orchard
management.

The predictive relationship between ECs, values, CYP51 expres-
sion, and practical resistance performance highlights the need for
reliable monitoring tools that may be applied routinely in
orchards. Discriminatory doses provide a practical approach for
this purpose. Reference concentrations of 1 pg mL™" for difeno-
conazole and 10 pg mL™" for tebuconazole reliably distinguished
sensitive (DIFSTEBs) from resistant (DIFSTEBg or DIFRTEBR) isolates,
in agreement with CYP51 expression profiles and ECs values. The
discriminatory doses were selected based on a previous Alternaria
population sensitivity study® and earlier reports on DMI sensitivity
in Alternaria species’ These concentrations represent clear
thresholds in the sensitivity distribution and completely inhibited
mycelial growth in sensitive isolates while allowing measurable
growth in resistant isolates. The lower threshold defined for dife-
noconazole reflects its greater intrinsic fungitoxicity compared
with tebuconazole. This classification framework enables efficient
monitoring of fungicide sensitivity and supports decision-making
in integrated resistance management programs.

This study demonstrates a wide range of DMI sensitivity in Alter-
naria spp. from mandarin orchards, crossing from fully susceptible
to highly resistant phenotypes. Among the fungicides tested,
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tebuconazole showed markedly reduced sensitivity against ABS,
whereas difenoconazole and, in particular, mefentrifluconazole
retained strong activity, even against resistant isolates. The obser-
vation of cross-resistance among triazoles, combined with CYP51
overexpression as a key resistance mechanism, highlights the
risks of relying exclusively on this fungicide class. The occurrence
of isolates exhibiting DIF-sensitive but TEB-resistant phenotypes
suggests that additional mechanisms, including CYP51 point
mutations or promoter polymorphisms, may modulate DMI spec-
ificity at the isolate level. Although the present study focused on
CYP51 overexpression as a resistance mechanism, future research
will integrate CYP51 sequencing with expression profiling to clar-
ify how structural and regulatory variation interact to influence
cross-resistance patterns in Alternaria populations from mandarin
orchards.

The integration of molecular assays, practical resistance
validation, and discriminatory dose thresholds offers a rapid and
feasible framework for resistance monitoring. When combined
with rotation among modes of action and broader integrated
management practices, these tools are essential to preserve DMI
efficacy and ensure sustainable ABS control in mandarin orchards.
Although not assessed here, fungicides from the carboxamide
(SDHIs) group, particularly pydiflumetofen, represent promising
fungicides for future testing and may complement the current
ABS control strategies if carefully integrated into fungicide resis-
tance managements. In addition, protectant fungicides such as
copper, as well as pre-mixtures fungicides containing difenocona-
zole or mefentrifluconazole, offer suitable alternatives for rota-
tion, thereby reducing reliance on Qols given the widespread
occurrence of Qol-resistant Alternaria populations.>>”* Expand-
ing on the findings of this study and incorporating fungicides with
different modes of action, together with cultural measures, will
provide a solid basis for improved fungicide resistance manage-
ment and strengthen the long-term sustainability of mandarin
production against ABS.
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