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Abstract

White onion (Allium fistulosum L.) is a major source of income for smallholders in the Ec-
uadorian Andes, where fungal root and foliar diseases reduce yield and commercial qual-
ity and are controlled mainly with single-site fungicides. We evaluated the in vitro sensi-
tivity of four fungal isolates (Fusarium sp. SFECBDMR.01, Penicillium sp. SFCBDMR.24, Al-
ternaria sp. SFECBDMEF.04, and Ulocladium sp. SFCBDMR.13) obtained from symptomatic
white onion in Santa Fe de Galan, Ecuador, and pathogenic on this host (Koch’s postu-
lates), to the demethylation inhibitors (DMlIs) tebuconazole and mefentrifluconazole, the
quinone outside inhibitors (Qols) pyraclostrobin and azoxystrobin, and the methyl ben-
zimidazole carbamates (MBCs) thiophanate-methyl and thiabendazole, incorporated into
potato dextrose agar at 0-500 pg mL-. Sensitivity was quantified as the mycelial growth
rate and the median effective concentration (ECso), estimated using a three-parameter log-
logistic model. Tebuconazole was highly active against Fusarium sp. (ECso = 0.24 pg mL™")
and Penicillium sp. (ECso < 0.1 ug mL-") and moderately active against Alternaria sp. (7.41
ug mL1); mefentrifluconazole was highly active against Alternaria sp. and Ulocladium sp.,
and thiabendazole against Ulocladium sp. (ECso < 0.1 pg mL). The Qols and thiophanate-
methyl did not halve the mycelial growth of most isolates (ECso > 500 pg mL™"), except
Alternaria sp. with pyraclostrobin (36.0 pg mL™) and Penicillium sp. with azoxystrobin,
which showed a concentration-independent inhibition plateau of 61-64%. Responses
were specific to each isolate—active ingredient combination, even within a FRAC group.
Because one isolate per genus was tested and no baseline population was available, these
values describe phenotypic sensitivity rather than resistance. They are, to our knowledge,
the first fungicide sensitivity reference values for fungi associated with white onion in
Ecuador and provide a basis for selecting active ingredients and for future resistance mon-
itoring in this crop.
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1. Introduction

White onion (Allium fistulosum L.), commonly known as Welsh onion, is a vegetable
species native to East Asia that is widely grown for its culinary uses [1]. In Ecuador, it is
an important crop for smallholders in the Andean highlands; in Santa Fe de Galan parish
(Chimborazo Province) alone, approximately 361 ha are devoted to white onion, which is
one of the main sources of income for local farmers [2].

Production is constrained by fungal diseases that affect roots, foliage, and harvested
tissues. In Allium crops, Fusarium spp. cause basal and root rot, characterized by leaf yel-
lowing that progresses from the tips, wilting, and brown to reddish-violet decay of the roots
and basal plate [3]; in Welsh onion, Fusarium isolates also cause wilt and stunting of seed-
lings [4]. Alternaria spp. cause foliar blights such as purple blotch (A. porri), which begins as
small, whitish to water-soaked spots that enlarge into elliptical, sunken, purple lesions with
concentric zones and a yellowish border and, when they coalesce, cause leaf-tip dieback
[5,6]. Penicillium spp. are mainly associated with blue mold, a soft, watery, pale yellow to
light brown decay of bulbs, pseudostems, and stored tissues covered by blue-green sporu-
lation, which usually starts at wounds [7,8]. Ulocladium spp., now regarded as a section of
Alternaria [9], are mostly saprophytic fungi that colonize necrotic onion leaf tissue [10], alt-
hough some species can cause leaf blight with small, dark lesions that turn black and coa-
lesce into irregular necrotic patches [11]. These fungi can reduce yield and commercial qual-
ity and increase production costs through repeated fungicide applications [12].

Chemical control remains an important component of disease management. How-
ever, the repeated use of fungicides with a single site of action imposes selection pressure
on fungal populations and may favor resistant phenotypes [13,14]. Reduced sensitivity or
resistance to the three groups evaluated in this study —demethylation inhibitors (DMIs;
FRAC group 3), quinone outside inhibitors (Qols; FRAC group 11), and methyl benzim-
idazole carbamates (MBCs; FRAC group 1) —has been documented in the same genera in
other crops and regions: reduced sensitivity of Fusarium graminearum to DMI and Qol fun-
gicides [15], benzimidazole and multiple resistance in Penicillium spp. [16], and Qol re-
sistance in Alternaria alternata [17]. Fungi causing postharvest deterioration of garlic (Al-
lium sativum) in Mexico also differed in their sensitivity to fungicides [18]. In contrast, no
information is available on the fungicide sensitivity of fungi associated with white onion
in Ecuador.

In vitro sensitivity assays can detect differences in the response of fungi to active
ingredients before reduced efficacy becomes evident in the field. Sensitivity is commonly
quantified by exposing the fungus to a range of concentrations and estimating, from the
dose-response curve, the median effective concentration (ECso), i.e., the concentration that
reduces growth by 50% relative to the untreated control [19]. ECso values allow the com-
parison of isolates and active ingredients and, when obtained from representative collec-
tions of isolates, are the basis for establishing baseline sensitivity distributions and detect-
ing shifts associated with resistance [13].

Sensitivity can vary considerably among species and among isolates of the same spe-
cies, depending on genetic background, previous exposure to fungicides, and resistance
mechanisms such as target-site alterations or increased efflux activity [12,20]. Evaluating
fungi against several active ingredients from different chemical groups is therefore useful
to identify differences in sensitivity and to support more rational fungicide use.

Santa Fe de Galan was selected because it is one of the main white onion-producing
parishes of Chimborazo Province [2], where growers rely on chemical control and where
no information exists on the fungicide sensitivity of the fungi associated with the crop.
The six fungicides were selected because they are commercial products available in the
local agro-input market and represent the three single-site FRAC groups (DMI, Qol, and
MBC) most commonly used in vegetable production, with two active ingredients per
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group to examine within-group variation. Accordingly, the objective of this study was to
evaluate the in vitro sensitivity of isolates of Fusarium sp., Penicillium sp., Alternaria sp.,
and Ulocladium sp. obtained from symptomatic white onion plants in Santa Fe de Galan
to DMI, Qol, and MBC fungicides, using the mycelial growth rate and ECso values as re-
sponse variables.

2. Materials and Methods
2.1. Sample Collection

Samples were collected from established white onion crops in the Barrio Norte sector
of Santa Fe de Galan parish (Guano canton, Chimborazo Province, Ecuador; 1°29'49.2" S,
78°32'15.7" W; 3546 m a.s.l.). Two sampling events were carried out at different times, and
a total of 50 samples of root and foliar tissues were collected from plants showing disease
symptoms (leaf yellowing and dieback, foliar lesions, and root discoloration and decay;
Figure 1a). The samples were placed individually in sterile plastic bags, transported under

refrigeration, and stored at 4-8 °C until processing at the Plant Pathology Laboratory, Fac-
ulty of Natural Resources, Escuela Superior Politécnica de Chimborazo (ESPOCH), Ri-
obamba, Ecuador.

Figure 1. (a) Symptomatic white onion plants in Santa Fe de Galan (A) and root and foliar samples
(B). (b) Colonies on PDA of the four isolates evaluated: (A) Fusarium sp. SFCBDMR.01, (B) Penicil-
lium sp. SFCBDMR.24, (C) Alternaria sp. SFCBDMEF.04, and (D) Ulocladium sp. SFCBDMR.13.

2.2. Isolation and Identification of Fungi

Root and foliar tissues were processed by direct and indirect isolation [6]. Tissue frag-
ments (approximately 4 mm) were excised from the margin between healthy and symp-
tomatic tissue with a sterile scalpel. For direct isolation, fragments were rinsed in sterile
distilled water and plated without chemical disinfection. For indirect isolation, fragments
were surface-disinfected by immersion in 70% ethanol for 30 s and 2% sodium hypo-
chlorite for 2 min and rinsed in sterile distilled water for 2 min. Fragments were placed in
Petri dishes containing potato dextrose agar (PDA) and Rose Bengal agar supplemented
with ampicillin and a benzylpenicillin formulation (Biconcilina®, Life, Quito, Ecuador),
sealed with Parafilm, and incubated at 25 + 2 °C for 10 days.
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Emerging colonies were subcultured by transferring actively growing myecelial frag-
ments to PDA supplemented with 100 mg L' chloramphenicol and incubated at 25+ 2 °C
in the dark for 10 days until pure cultures were obtained. Isolates were identified to genus
level by morphology, i.e., on the basis of colony characteristics on PDA (color, texture,
pigmentation, and growth) and of the microscopic characters diagnostic for each genus
(conidiophores and conidia observed in lactoglycerol mounts under a light microscope),
following the descriptions of Leslie and Summerell for Fusarium [21], Visagie et al. for
Penicillium [22], and Woudenberg et al. for Alternaria and Ulocladium [9]. No biochemical
or molecular methods were used; therefore, isolates are reported at genus level only. One
representative isolate of each genus was selected for the pathogenicity tests (Section 2.3)
and the sensitivity assays: Fusarium sp. SFECBDMR.01, Penicillium sp. SFCBDMR.24, and
Ulocladium sp. SFECBDMR.13 from roots, and Alternaria sp. SFECBDMF.04 from foliar tissue
(Table 1; Figure 1b). Isolate codes are laboratory accession codes composed of the locality
(SF, Santa Fe de Galan), the host (CB, cebolla blanca, white onion), the collector’s initials
(DM), the tissue of origin (R, root; F, foliar), and the isolate number. Because a single iso-
late per genus was used, the genus name (e.g., Fusarium sp.) refers throughout the text to
the corresponding coded isolate in Table 1.

Table 1. Fungal isolates recovered from symptomatic white onion in Santa Fe de Galan (Chimbo-
razo, Ecuador) and representative isolates used in the pathogenicity tests and sensitivity assays (to-
tal, 30 isolates).

Isolates Recovered,

Representative Isolate (Code) = 1 (%) Crop Tissue of Origin ®
(A) Fusarium sp. SFCBDMR.01 10 (33.3) White onion  Root

(B) Penicillium sp. SFCBDMR.24 8 (26.7) White onion  Root

(C) Alternaria sp. SFCBDMEF.04 7 (23.3) White onion  Foliar

(D) Ulocladium sp. SECBDMR.13 5 (16.7) White onion  Root

2 SF, Santa Fe de Galan; CB, cebolla blanca (white onion); DM, collector’s initials; R, root; F, foliar;

final digits, isolate number. b Tissue from which the representative isolate was obtained.

2.3. Pathogenicity Tests (Koch’s Postulates)

The pathogenicity of the four representative isolates later used in the sensitivity as-
says (Table 1) was tested in a greenhouse on healthy, 45-day-old white onion (A. fistulosum)
plants; ten plants were inoculated per isolate. Alternaria sp. was inoculated by placing
myecelial discs, cut from the margin of actively growing PDA cultures, on the leaves.
Fusarium sp., Penicillium sp., and Ulocladium sp. were inoculated with conidial suspensions
of 1 x 107 conidia mL-! prepared from PDA cultures, applied to the roots (Fusarium sp. and
Penicillium sp.) or to the leaves (Ulocladium sp.). Control plants were treated with sterile
distilled water. Plants were kept in the greenhouse at a mean temperature of 18 °C and a
relative humidity above 60% and were evaluated for symptoms 10 days (Penicillium sp.),
12 days (Fusarium sp. and Ulocladium sp.), and 15 days (Alternaria sp.) after inoculation.
To complete Koch's postulates, fragments from the margin of the symptomatic tissue were
plated on PDA as described in Section 2.2, and the re-isolated fungi were identified by
comparing their colony and microscopic characters with those of the inoculated isolates.

2.4. Fungicides and Preparation of Amended Media

Six commercial fungicides from three FRAC groups [14] were evaluated (Table 2): the
DMIs (FRAC group 3; target site code G1) tebuconazole and mefentrifluconazole, the Qols
(group 11; code C3) pyraclostrobin and azoxystrobin, and the MBCs (group 1; code B1) thi-
ophanate-methyl and thiabendazole. For each product, a stock solution of 100,000 pg a.i.
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mL-! was prepared in sterile distilled water on an active-ingredient basis, sterilized by fil-
tration, and diluted to a 10,000 pg a.i. mL™" working solution. Appropriate volumes of the
working solution were added to 240 mL batches of molten PDA supplemented with chlo-
ramphenicol (100 mg L) to obtain final concentrations of 0 (untreated control), 0.1, 1, 10,
100, and 500 pg a.i. mL-, and the amended media were dispensed into 90 mm Petri dishes.

Table 2. Fungicides evaluated and active ingredient content of the commercial products used to

prepare the stock solutions.

FRAC F;roup Chemical Group Active Ingredient Trade Name Active Ingre(.hent
(Target Site Code) Concentration

DMI, 3 (G1) Triazoles Tebuconazole Stratego® SC 250 g L!
Mefentrifluconazole Belanty® 400 g L

Qol, 11 (C3) Strobilurins Pyraclostrobin Comet® 25 CE 250 g L1
Azoxystrobin Amistar 50 WG 500 g kg!

MBC, 1 (B1) Benzimidazoles Thiophanate-methyl Novak® 500 SC 500 g L
Thiabendazole Mertect 500 SC 500 g L1

2.5. Mycelial Growth Assay

Myecelial discs (approximately 5.13 mm in diameter) were cut with sterile straws from
the margin of actively growing colonies on PDA and placed on the fungicide-amended
medium. Untreated control plates received a single disc at the center, whereas each
amended plate received two discs placed equidistantly on opposite sides of the center; in
amended plates, the two colonies were measured separately and their mean was used, so
that the plate was the experimental unit. Each isolate-fungicide combination was set up
as an independent experiment with six concentrations and three replicate plates per con-
centration, arranged in a randomized complete block design in which each block (repli-
cate) contained one plate of every concentration. Plates were labeled, sealed with plastic
film, and incubated in the dark at 25 + 2 °C for 8-10 days (fixed for each experiment; Table
S3). The final reading was taken when the control colonies of the fast-growing isolates
(Fusarium sp. and Alternaria sp.) approached the edge of the plate; because the incubation
time was set by these isolates, the control colonies of the slower-growing Penicillium sp.
and Ulocladium sp. did not reach the plate edge (Figure 2). This does not bias the compar-
ison, because MGR is expressed per day and inhibition is calculated relative to the control
of the same experiment. Colony diameter was measured in two perpendicular directions
with a digital caliper. In three assays —tebuconazole with Penicillium sp. and the untreated
controls of the azoxystrobin assays with Penicillium sp. and Ulocladium sp.—colony diam-
eters were measured in the same two perpendicular directions on calibrated digital pho-
tographs of the plates taken at the final reading (one plate per concentration), using the
outer diameter of the 90 mm Petri dish as the scale (Table S1). The mycelial growth rate of
each plate was calculated from the final reading as MGR (mm day~) = (D — do)/t, where D
is the mean colony diameter (mm), do is the disc diameter (5.13 mm), and t is the incuba-
tion time (days). Percentage inhibition was calculated as PI (%) = [(MGRc - MGRt)/MGRc]
x 100, where MGRc is the mean MGR of the control plates and MGRt is the MGR of a
treated plate. For descriptive purposes only, inhibition was categorized as low (0-25%),
moderate (>25-50%), or high (>50%) (Table 3); these classes are not a standardized guide-
line and were used only to summarize the data, whereas sensitivity was compared on the
basis of ECso values (Section 2.6).
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Figure 2. Mycelial growth of (A) Fusarium sp. SECBDMR.01, (B) Penicillium sp. SECBDMR.24, (C)
Alternaria sp. SFECBDMF.04, and (D) Ulocladium sp. SFCBDMR.13 on PDA amended with tebucona-
zole, mefentrifluconazole, pyraclostrobin, azoxystrobin, thiophanate-methyl, and thiabendazole at
0 (untreated control), 0.1, 1, 10, 100, and 500 pg mL™! (left to right), photographed at the final reading.
Control plates contained one colony and amended plates two. Because the incubation time (8-10
days) was set by the fast-growing isolates, the control colonies of the slower-growing Penicillium sp.

and Ulocladium sp. did not reach the plate edge.
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Table 3. Descriptive classes of mycelial growth inhibition used to summarize the data.

Category Range
Low inhibition 0-25%
Moderate inhibition >25-50%
High inhibition >50%

2.6. Estimation of the Median Effective Concentration (ECso)

For each isolate—fungicide combination, the ECso was estimated by nonlinear least-
squares regression of plate-level MGR on fungicide concentration, using the three-param-
eter log-logistic model with the lower limit fixed at zero, f(x) =d/{1 + exp[b(In x — In ECs0)]},
where d is the upper limit (the MGR of the control) and b is the slope. This model is equiv-
alent to the LL.3 model of the drc package [19], which is used by the ec50estimator pack-
age [23]; because the lower limit is fixed at zero, the ECso corresponds to the concentration
that halves the control MGR. Models were fitted in Python 3.13 with SciPy 1.18
(least_squares, trust-region reflective algorithm) [24] and NumPy 2.5 [25]; the ECs0 was
estimated on the logarithmic scale, and 95% confidence intervals were computed from its
standard error and back-transformed. Goodness of fit was assessed with the residual
standard error and a lack-of-fit F-test against a one-way ANOVA model, and the three-
parameter log-logistic model was compared with the four-parameter log-logistic and two
three-parameter Weibull models using Akaike’s information criterion (Table S1). ECso val-
ues were not extrapolated beyond the tested range: when mean inhibition at 500 pg mL-!
was below 50%, the ECso is reported as >500 pug mL-!, and when the estimate was lower
than the lowest concentration tested, it is reported as <0.1 pg mL-1.

2.7. Sensitivity Categories

To facilitate comparison among combinations, ECso values were assigned to five de-
scriptive sensitivity categories (Table 4), adapted from the ECso ranges used by Gud-
mestad et al. [26] for Alternaria solani and consistent with the general criterion of Edging-
ton et al. [27], in which ECso values <1 pg mL- indicate high fungitoxicity. The original
ranges were developed for a single pathogen—fungicide group and are not validated
thresholds of resistance for the genera studied here; in addition, the category for 100-500
ug mL-! was made explicit to avoid gaps between classes. Therefore, the categories de-
scribe the relative phenotypic sensitivity of each isolate and were not used to infer re-
sistance, which would require a baseline sensitivity distribution of the population and,
ideally, the identification of resistance mechanisms [13,14].

Table 4. Descriptive sensitivity categories based on ECso values (adapted from [26,27]).

Category Range

Highly sensitive (HS) <1 ug mL!
Sensitive (5) 1-5 ug mL!
Moderately sensitive (MS) >5-20 pg mL!
Low sensitivity (LS) >20-100 ug mL!
Very low sensitivity (VLS) >100 ug mL!

2.8. Statistical Analyses

Each isolate-fungicide combination was analyzed as an independent experiment. In
the 21 combinations with three replicate plates per concentration, MGR data were sub-
jected to analysis of variance for a randomized complete block design, with concentration
as a fixed factor and replicate as block (error df = 10). Normality of residuals and homo-
geneity of variances were checked with the Shapiro-Wilk and Levene (median-centered)
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tests, respectively (Table S2); data were analyzed untransformed. Means were compared
with Tukey’s honestly significant difference (HSD) test (p < 0.05); letters therefore compare
concentrations within one isolate—fungicide combination only. Analyses were performed
in Python 3.13 with SciPy [24].

3. Results
3.1. Fungal Isolates and Pathogenicity

Fungi belonging to four genera, Fusarium, Penicillium, Alternaria, and Ulocladium, were
recovered from the 50 symptomatic samples and identified morphologically (Figure 1b). In
total, 30 isolates were obtained: 10 of Fusarium sp., 8 of Penicillium sp., 7 of Alternaria sp.,
and 5 of Ulocladium sp., corresponding to isolation frequencies of 33.3%, 26.7%, 23.3%, and
16.7%, respectively (Table 1). One isolate per genus (Fusarium sp. SFCBDMR.01, Penicil-
lium sp. SFCBDMR.24, Alternaria sp. SECBDMEF.04, and Ulocladium sp. SFCBDMR.13; Ta-
ble 1) was used in the pathogenicity tests and sensitivity assays, and all results below
therefore refer to these four individual isolates.

Pathogenicity was confirmed for the four representative isolates. Fusarium sp. caused
reddish discoloration of the roots 12 days after inoculation, and Penicillium sp. caused root
rot after 10 days; Alternaria sp. caused necrotic leaf spots after 15 days, and Ulocladium sp.
necrotic leaf spots after 12 days. For each isolate, more than 70% of the inoculated plants
(27 of 10) developed symptoms, whereas control plants remained asymptomatic. Each
fungus was re-isolated from the symptomatic tissue and re-identified morphologically as
the inoculated genus, thus fulfilling Koch’s postulates.

3.2. Mycelial Growth Rate

Colony growth of the four isolates on PDA amended with each of the six fungicides,
including the untreated control of every experiment, is shown in Figure 2. Fungicide con-
centration significantly reduced MGR in 19 of the 21 replicated isolate—fungicide combi-
nations (p < 0.05; Table S2); the exceptions were Ulocladium sp. with pyraclostrobin (p =
0.23) and Penicillium sp. with thiophanate-methyl (p = 0.24). The shape of the response,
however, differed markedly: some combinations showed a progressive decline that ap-
proached complete inhibition, whereas others showed a sharp reduction at 0.1 ug mL-
followed by a plateau of partial inhibition up to 500 pg mL- (Figures 3-8; Table S3).

(A) Fusarium sp. (B) Penicillium sp. (C) Alternaria sp. (D) Ulocladium sp.
10 4
a 81 a a
a 4 ab
—~ 84 4 a a o
m 6 a
>
E 6 1 31 *7 ab
£ b 4 1 2
E 4 - b 21 b
S
i 2 - i
2 c 1 c 1 )
C

0 01 1 10 100 500 0 01 1 10 100 500 0 01 1 10 100500 0 01 1 10 100 500
pg mL~? pg mL? pg mL™? pg mL~?

Figure 3. Mycelial growth rate (MGR) of (A) Fusarium sp., (B) Penicillium sp., (C) Alternaria sp., and
(D) Ulocladium sp. on PDA amended with tebuconazole. Bars are means + standard deviation (n =3
replicate plates) and points are individual plates; MGR = (D - 5.13 mm)/t, calculated from the final
colony diameter. Within each panel, different letters indicate significant differences among concen-
trations (randomized complete block ANOVA followed by Tukey’s HSD test, p <0.05).
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Figure 4. Mycelial growth rate (MGR) of (A) Fusarium sp., (B) Penicillium sp., (C) Alternaria sp., and
(D) Ulocladium sp. on PDA amended with mefentrifluconazole. Bars are means + standard deviation
(n =3 replicate plates) and points are individual plates; MGR = (D - 5.13 mm)/t, calculated from the
final colony diameter. Within each panel, different letters indicate significant differences among

concentrations (randomized complete block ANOVA followed by Tukey’s HSD test, p <0.05).

(B) Penicillium sp. (C) Alternaria sp. (D) Ulocladium sp.

10
a 4 @ . a 54 a a
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Hg mL™t
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Figure 5. Mycelial growth rate (MGR) of (A) Fusarium sp., (B) Penicillium sp., (C) Alternaria sp., and
(D) Ulocladium sp. on PDA amended with pyraclostrobin. Bars are means + standard deviation (n =
3 replicate plates) and points are individual plates; MGR = (D - 5.13 mm)/t, calculated from the final
colony diameter. Within each panel, different letters indicate significant differences among concen-
trations (randomized complete block ANOVA followed by Tukey’s HSD test, p < 0.05).

(B) Penicillium sp. (C) Alternaria sp. (D) Ulocladium sp.

01 1 10

pg mL™*

100 500

10 100 500
pg mL™!

0 01 1 10 100500 0 01 1 0

pg mL™t

Figure 6. Mycelial growth rate (MGR) of (A) Fusarium sp., (B) Penicillium sp., (C) Alternaria sp., and
(D) Ulocladium sp. on PDA amended with azoxystrobin. Bars are means + standard deviation (n =3
replicate plates) and points are individual plates; MGR = (D - 5.13 mm)/t, calculated from the final
colony diameter. Within each panel, different letters indicate significant differences among concen-
trations (randomized complete block ANOVA followed by Tukey’s HSD test, p < 0.05).
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(A) Fusarium sp.

Figure 7. Mycelial growth rate (MGR) of (A) Fusarium sp., (B) Penicillium sp., (C) Alternaria sp., and
(D) Ulocladium sp. on PDA amended with thiophanate-methyl. Bars are means + standard deviation
(n =3 replicate plates) and points are individual plates; MGR = (D — 5.13 mm)/t, calculated from the
final colony diameter. Within each panel, different letters indicate significant differences among
concentrations (randomized complete block ANOVA followed by Tukey’s HSD test, p < 0.05).

(B) Penicillium sp. (C) Alternaria sp. (D) Ulocladium sp.
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Figure 8. Mycelial growth rate (MGR) of (A) Fusarium sp., (B) Penicillium sp., (C) Alternaria sp., and
(D) Ulocladium sp. on PDA amended with thiabendazole. Bars are means + standard deviation (n =
3 replicate plates) and points are individual plates; MGR = (D - 5.13 mm)/t, calculated from the final
colony diameter. Within each panel, different letters indicate significant differences among concen-
trations (randomized complete block ANOVA followed by Tukey’s HSD test, p < 0.05).

3.2.1. Tebuconazole

Tebuconazole was the only fungicide that almost completely arrested the growth of
more than one isolate. The MGR of Fusarium sp. fell from 7.16 + 1.26 mm day~ in the
control to 3.94 mm day" at 0.1 pg mL (45% inhibition) and to 0.08 mm day~! at 500 ug
mL (99%). Alternaria sp. was not affected at 0.1-1 pg mL-! but was inhibited by 59% at 10
pug mL1 and by 98% at 500 ug mL-, whereas Ulocladium sp. responded mainly at the high-
est concentration (92% inhibition at 500 ug mL). Penicillium sp. was inhibited by 55% at
0.1 pg mL, by 59-63% at 1-100 pg mL™, and by 81% at 500 pg mL-" (Figure 3).

3.2.2. Mefentrifluconazole

Mefentrifluconazole produced a graded, concentration-dependent response in all
four isolates, but never complete inhibition. Ulocladium sp. and Alternaria sp. were the
most affected, with 63% and 52% inhibition already at 0.1 pg mL~" and 87% and 76% at
500 pug mL~, respectively. In contrast, inhibition of Fusarium sp. and Penicillium sp. ex-
ceeded 50% only at 2100 and 500 ug mL", respectively (60% and 58% at 500 pug mL-1)
(Figure 4).
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3.2.3. Pyraclostrobin

Pyraclostrobin caused only partial inhibition, which typically reached a plateau at
low concentrations. At 500 ug mL-, inhibition was 48% for Fusarium sp., 39% for Penicil-
lium sp., and 59% for Alternaria sp., whereas the MGR of Ulocladium sp. was not signifi-
cantly affected (47% at 500 pg mL-1, with high variability among replicates) (Figure 5).

3.2.4. Azoxystrobin

Azoxystrobin also produced a plateau-shaped response. Inhibition of Fusarium sp.
increased only from 17% at 0.1 pg mL" to 32% at 500 ug mL", and that of Alternaria sp.
from 31% to 47%, with no significant differences among 0.1-100 pug mL-" in Alternaria sp.
Penicillium sp. was inhibited by 61% at 0.1 ug mL-?, and inhibition remained at 63-64% up
to 500 pg mL-1, whereas inhibition of Ulocladium sp. did not exceed 12% at any concentra-
tion (Figure 6).

3.2.5. Thiophanate-Methyl

Thiophanate-methyl caused only partial inhibition of all isolates; at 500 ug mL-, in-
hibition reached 39% in Fusarium sp., 38% in Alternaria sp., and 40% in Ulocladium sp., and
the effect on Penicillium sp. (22%) was not significant (Figure 7).

3.2.6. Thiabendazole

Thiabendazole was more active than thiophanate-methyl. Ulocladium sp. was inhib-
ited by 61% at 0.1 ug mL-! and by 78% at 500 pg mL-!, and Alternaria sp. by 41% and 63%,
respectively; Penicillium sp. showed a steady concentration-dependent decline to 57% in-
hibition at 500 pg mL-!, whereas Fusarium sp. was inhibited by only 23-35% across the
whole range (Figure 8).

3.3. Median Effective Concentration (ECso)

Among the 21 replicated combinations, the ECso could be estimated within the tested
range for 8, was below the lowest concentration tested (<0.1 pg mL™") for 3, and exceeded
500 pg mL for 10 (Table 5; Figure S1). Tebuconazole was highly active against Fusarium sp.
(ECs0=0.24 ug mL"; 95% CI 0.11-0.54) and moderately active against Alternaria sp. (7.41 pg
mL"; 4.85-11.3), whereas Ulocladium sp. showed low sensitivity (44.9 pg mL™; 9.6-209).
Mefentrifluconazole was highly active against Alternaria sp. and Ulocladium sp. (ECs0 < 0.1
ug mL1), but Fusarium sp. (59.0 pg mL™; 31.1-112) and Penicillium sp. (206 pg mL"; 112-378)
fell in the low- and very-low-sensitivity categories, respectively. Thiabendazole was highly
active against Ulocladium sp. (<0.1 ug mL1), active against Alternaria sp. (2.32 pg mL7; 0.23—
23.4), and less active against Penicillium sp. (79.7 pug mL-1; 57.8-110). Pyraclostrobin reached
50% inhibition only for Alternaria sp. (36.0 ug mL", with a wide CI of 1.5-841). In the re-
maining 10 combinations—azoxystrobin with Fusarium sp. and Alternaria sp.; pyra-
clostrobin with Fusarium sp., Penicillium sp., and Ulocladium sp.; thiophanate-methyl with
all four isolates; and thiabendazole with Fusarium sp.—mean inhibition at 500 pug mL" re-
mained between 22% and 48%; the ECso is therefore reported as >500 pug mL-, without ex-
trapolation. The ECso was <0.1 pug mL for Penicillium sp. with tebuconazole (model estimate
0.02 ug mL™") and with azoxystrobin (inhibition plateau of 61-64%), and >500 pg mL~ for
Ulocladium sp. with azoxystrobin (12% inhibition at 500 pg mL"). Overall, 5 of the 24 com-
binations had ECs0 < 0.1 pug mL™" and 11 had ECso > 500 pg mL-.

Within each FRAC group, the two active ingredients frequently differed: tebucona-
zole was more active than mefentrifluconazole against Fusarium sp. (0.24 vs. 59.0 ug mL1)
and Penicillium sp. (<0.1 vs. 206 ug mL), whereas the opposite ranking was found for
Alternaria sp. and Ulocladium sp., and thiabendazole was more active than thiophanate-
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methyl against Alternaria sp., Penicillium sp., and Ulocladium sp. The sensitivity categories
were unchanged when the best model according to AIC was used and when only the col-
ony diameter perpendicular to the axis joining the two colonies was considered (Table S1).

Table 5. ECso (ug mL™; 95% confidence interval) and sensitivity category of the four isolates for the

six fungicides, estimated with the three-parameter log-logistic model.

FRAC

Fungicide Group Fusarium sp. Penicillium sp. Alternaria sp. Ulocladium sp.
Tebuconazole DMI 0.24 (0.11-0.54) HS  <0.1 <HS 7.41 (4.85-11.3) MS 44.9 (9.6-209) LS
Mefentrifluconazole DMI 59.0 (31.1-112) LS 206 (112-378) VLS  <0.1® HS <0.1®»HS
Pyraclostrobin Qol >500 2 VLS >500 2 VLS 36.0 (1.5-841) LS >5002 VLS
Azoxystrobin Qol >500 = VLS <0.1 <4 HS >500 » VLS >500 2 VLS
Thiophanate-methyl MBC >500 2 VLS >500 = VLS >500 2 VLS >5002 VLS
Thiabendazole MBC >500 2 VLS 79.7 (57.8-110) LS~ 2.32(0.23-23.4)S  <0.1*HS

HS, highly sensitive (<1 ug mL™); S, sensitive (1-5); MS, moderately sensitive (>5-20); LS, low sen-
sitivity (>20-100); VLS, very low sensitivity (>100 pg mL™). 2 Mean inhibition at 500 pg mL~" < 50%;
no extrapolated value is given. ® Growth was reduced by >50% already at 0.1 pg mL, the lowest
concentration tested (model estimates 0.001-0.082 pg mL™1). ¢ Combination without replication; the
ECso was estimated without confidence interval, lack-of-fit test or analysis of variance (see Tables
S1-S3). 4 Inhibition reached a plateau of 61-64% from 0.1 to 500 pg mL™! without a dose-dependent
increase; the value reflects partial, concentration-independent inhibition. Model fit statistics, alter-

native models, and a sensitivity analysis are given in Table S1.

4. Discussion

The main finding of this study is that sensitivity was specific to each isolate—active
ingredient combination and could not be predicted from the FRAC group alone. Only
tebuconazole (against Fusarium sp., Penicillium sp., and Alternaria sp.), mefentriflucona-
zole (against Alternaria sp. and Ulocladium sp.), and thiabendazole (against Alternaria sp.
and Ulocladium sp.) produced ECso values below 10 pg mL-!, whereas the Qols and thi-
ophanate-methyl rarely halved mycelial growth even at 500 ug mL-'. The four isolates
were pathogenic on white onion, and the symptoms they reproduced are consistent with
those described for these genera on Allium crops: the root reddening caused by Fusarium
sp. agrees with the reddish to violet discoloration that accompanies the root and basal rot
caused by F. oxysporum and F. proliferatum [3,4]; the necrotic leaf spots caused by Alternaria
sp. resemble the early lesions of purple blotch caused by A. porri [5,6]; the root rot caused
by Penicillium sp. is consistent with the soft rot that Penicillium spp. cause in underground
and stored tissues, usually through wounds [7,8]; and the leaf spots caused by Ulocladium
sp. agree with the necrotic foliar lesions reported for Ulocladium spp., which are generally
regarded as weak or opportunistic pathogens [10,11].

4.1. Response to DMI Fungicides

DMIs inhibit sterol 14a-demethylase (CYP51) and thus ergosterol biosynthesis [28].
Tebuconazole was highly active against Fusarium sp. and Penicillium sp. and almost com-
pletely inhibited Alternaria sp. at 2100 pg mL, in agreement with the activity of triazoles
against Fusarium spp. reported in other pathosystems [15]. Mefentrifluconazole, in con-
trast, was the most active DMI against Alternaria sp. and Ulocladium sp. but showed low
activity against Fusarium sp. and Penicillium sp. Mefentrifluconazole has been reported to
be active against several Fusarium species [29], and in A. alternata only low-level resistance,
associated with CYP51 point mutations combined with gene overexpression, has been de-
scribed [30]; the low sensitivity of the Fusarium and Penicillium isolates observed here
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therefore deserves confirmation with more isolates. Differences in intrinsic activity among
DMIs against a given fungus are well known, and incomplete cross-sensitivity within this
group is consistent with our observations [14,28].

4.2. Response to Qol Fungicides

The Qols, which block electron transfer at the Qo site of the cytochrome bci complex
[31], produced only partial inhibition of mycelial growth, usually as a plateau that did not
increase with concentration. Incomplete inhibition of mycelial growth by Qols has also
been reported in in vitro studies with Alternaria alternata [32]. This pattern is expected in
myecelial assays, because the alternative oxidase allows fungi to bypass the inhibited cyto-
chrome pathway on nutrient-rich media; Qol sensitivity is therefore usually assessed
through conidial germination or in media amended with salicylhydroxamic acid [33].
Consequently, our Qol ECso values (>500 ug mL" in most combinations) are not compa-
rable with baseline values obtained by spore germination, such as those described for Al-
ternaria spp. on citrus [34], and must not be interpreted as evidence of Qol resistance,
which in A. alternata is associated with target-site mutations [17] that were not investi-
gated here. The inhibition plateau of 61-64% from 0.1 to 500 ug mL-! observed for Penicil-
lium sp. with azoxystrobin is consistent with this partial, concentration-independent inhi-
bition of mycelial growth, in which alternative oxidase-mediated respiration sustains part
of the growth once the cytochrome pathway is blocked [33]; for this reason, its ECso < 0.1
ug mL1 reflects the magnitude of the plateau rather than a steep dose-response. Because
both active ingredients share the same target site and are cross-resistant, differences in
their in vitro activity do not justify alternating them as if they were independent modes
of action [14].

4.3. Response to MBC Fungicides

The MBCs bind B-tubulin and interfere with microtubule assembly [35]. Thia-
bendazole was consistently more active than thiophanate-methyl, which is a pro-fungi-
cide that must be converted to carbendazim (methyl benzimidazol-2-ylcarbamate) to exert
its activity [36]; its lower activity in agar assays does not by itself indicate reduced sensi-
tivity to the MBC group. The weak response of Fusarium sp. to both MBCs (<39% inhibi-
tion at 500 pg mL") contrasts with the use of benzimidazoles such as carbendazim to con-
trol Fusarium species such as F. graminearum [35] and, given the frequent occurrence of
benzimidazole resistance in Penicillium spp. [16] and other plant-pathogenic fungi [12],
warrants follow-up with more isolates and analysis of the 3-tubulin gene.

4.4. Limitations and Implications for Disease Management

These results must be interpreted within clear limits. First, a single isolate per genus
from one locality was evaluated in a single experiment with three replicate plates per con-
centration, so the values are not representative of the fungal populations of the region and
no baseline distribution is available; high ECso values therefore indicate low phenotypic
sensitivity of that isolate, which may reflect intrinsic insensitivity as much as acquired
resistance [13]. Second, no resistance mechanism was investigated, and no mechanistic
inference can be drawn from ECso differences [20]. Third, the isolates were identified only
to genus level, so species-specific comparisons with the literature are not possible. Finally,
mycelial growth assays do not capture effects on spore germination, the stage most af-
fected by Qols, and in vitro activity cannot be directly extrapolated to field efficacy, which
also depends on dose, timing, coverage, and environmental conditions.

From a practical standpoint, the data provide preliminary reference values for fungi
associated with white onion in Santa Fe de Galan and indicate that the choice of active
ingredient should consider the target fungus rather than the chemical group alone. Future
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work should include larger collections of isolates from several production areas and sea-
sons, replicated experiments with a single colony per plate, species-level molecular iden-
tification, quantitative assessment of the aggressiveness of the isolates, spore-germination
assays (particularly for Qols), and molecular analysis of target genes (CYP51, cytb, and {3-
tubulin) in the least sensitive isolates. Such information is required before specific recom-
mendations on fungicide rotation can be made, which in any case should alternate or com-
bine different FRAC groups [14].

5. Conclusions

Under in vitro conditions, the sensitivity of four fungal isolates obtained from symp-
tomatic white onion depended on the specific isolate-active ingredient combination.
Tebuconazole was highly active against Fusarium sp. and Penicillium sp., and active
against Alternaria sp.; mefentrifluconazole was highly active against Alternaria sp. and Ulo-
cladium sp.; and thiabendazole was highly active against Ulocladium sp., and active against
Alternaria sp.

Fusarium sp. and Penicillium sp. showed low sensitivity to mefentrifluconazole, and
the Qols and thiophanate-methyl did not halve the mycelial growth of most isolates
within 0.1-500 pug mL-, a result that partly reflects the limitations of mycelial assays for
Qols and pro-fungicides. Active ingredients of the same FRAC group did not produce
equivalent responses.

These findings are preliminary reference values obtained from one isolate per genus.
They do not establish resistance status or predict field efficacy, which require population-
level studies and field evaluation, but they provide the first baseline against which future
sensitivity monitoring of white onion pathogens in Ecuador can be compared.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/ijpb17110121/s1. Table S1: ECso (ug mL™") of the four isolates
for six fungicides, estimated with the three-parameter log-logistic model (lower limit fixed at 0) fit-
ted to plate-level mycelial growth rate (MGR; n = 18 plates per replicated combination); Table S2:
Analysis of variance of MGR for each isolate-fungicide experiment (randomized complete block
design; 6 concentrations x 3 blocks; df = 5 for concentration, 2 for blocks and 10 for error) and as-
sumption tests (Shapiro-Wilk test on residuals; Levene test, median-centered); Table S3: Mean my-
celial growth rate (MGR, mm day™ + SD, n = 3 plates) and mean percentage inhibition (PI) at each
concentration (ug mL™"); Figure S1: Plate-level MGR (points) and fitted three-parameter log-logistic

dose-response curves for each isolate—fungicide combination (rows, fungicides; columns, isolates).
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