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Summary. Monilinia spp. cause brown rot and blossom blight of stone fruit. This study
characterized the diversity of Monilinia spp. associated with stone fruit rots in the
Cuneo province, the major fruit production area in Piedmont, and assessed their sen-
sitivity to azoxystrobin, cyprodinil, fenhexamid, fludioxonil and tebuconazole. Species
diversity was determined by PCR amplification and sequencing of isolate internal tran-
scribed spacer (ITS) regions. Sensitivity to fungicides was determined by measuring
in vitro mycelium growth on fungicide-amended media. Fifty isolates were obtained
from apricot, cherry, or peach fruits with typical brown rot symptoms. Thirteen iso-
lates were identified as M. fructicola, and 37 as M. laxa. Nine isolates of Monilinia laxa
and two of M. fructicola had resistance factor (RF) values greater than 10 for differ-
ent fungicides. The greatest (RF) value (48.96) was measured for azoxystrobin against
the M. fructicola isolate CVG 1514. Among the M. laxa isolates, isolate CVG 1547 had
the greatest RF value to cyprodinil, while isolate CVG 1709 had RF values greater than
10 for cyprodinil and tebuconazole. A systematic and wider sampling should be car-
ried out in the Piedmont region to determine the distribution of fungicide resistant
Monilinia spp. in stone fruit crops. The use of site-specific fungicides remains the most
effective strategy for control brown rot, and continued monitoring for fungicide resist-
ance within Monilinia spp. populations is recommended.
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INTRODUCTION

Monilinia fructicola, M. laxa, M. fructigena and M.
polystroma are the causal agents of blossom blight and
brown rot of stone fruit (peach, nectarine, plum, apri-
cot and cherry) (Holb, 2008; Chen et al., 2013; Abate
et al., 2018). Chemical control of these diseases is the
most effective strategy to reduce pathogen inoculum
and disease incidence (Mustafa et al., 2021). Site-specific
fungicides are currently available against brown rot in
Europe (Commission Implementing Regulation (EU),
No. 540/2011), where one to three spray applications are
applied from flowering to ripening stages. Frequent use
of site-specific fungicides increases the risk of selection
of fungicide resistant pathogen populations, reducing
fungicide effectiveness and disease control.

In Italy, brown rot is the most important fungal dis-
ease of stone fruit, both in orchards and post-harvest
storage. Before 2008, M. laxa and M. fructigena were
the only recorded brown rot pathogens (Pratella, 1996).
In 2008, Pellegrino et al. (2009) reported M. fructicola
in Cuneo province (Piedmont) for the first time, which
was included in the EPPO A2 list (no. 153, OEPP/EPPO,
1997) as a quarantine pest. Later, M. fructicola was
reported in additional Italian regions (Martinelli et al.,
2013; Landi et al., 2016; Martini et al., 2016; Montuschi
et al., 2016; Abate et al., 2018), while in 2014, M. poly-
stroma was also first reported in Italy, causing brown rot
of peach (Martini et al., 2014).

Demethylation inhibitors (DMIs), quinone outside
inhibitors (Qols), succinate dehydrogenase inhibitors
(SDHIs), amino acids and protein synthesis inhibitors
and signal transduction inhibitors fungicides are classi-
fied according to the Fungicide Resistance Action Com-
mittee (FRAC, 2022). In Italy, site-specific fungicides
used in stone fruit orchards against brown rot include
anilinopyrimidines (e.g. cyprodinil, pyrimethanil), phe-
nylpyrroles (e.g. fludioxonil), triazoles within the DMIs
(e.g. tebuconazole, penconazole), SDHIs (e.g. boscalid,
penthiopyrad), hydroxyanilides (e.g. fenhexamid), and
Qols (e.g. azoxystrobin, pyraclostrobin, trifloxystrobin).
Postharvest fungicide applications are not approved for
stone fruit in Italy.

The FRAC considers the three main species of Moni-
linia as pathogens of moderate risk for development of
fungicide resistance, as resistant isolates have been report-
ed both under field and laboratory conditions (FRAC,
2020). Reductions in sensitivity of Monilinia spp. to Qols
has been reported in Brazil (May-De Mio et al., 2011;
Pereira et al., 2017) and in the United States of America
(Holb and Schnabel, 2007; Amiri et al., 2010). Isolates
resistant to DMIs were reported in North America (Sch-
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nabel et al., 2004; Chen et al., 2013) and South America
(Lichtemberg et al., 2016; Pereira et al., 2020). In Europe,
reductions in sensitivity of Monilinia spp. to several fun-
gicide classes, including dicarboximides, DMIs and
hydroxyanilides, have been reported in Spain (Egiien et
al., 2015), Italy (Bustos Lopez et al., 2012), Greece (Malan-
drakis et al., 2013) and Serbia (Hrusti¢ et al., 2018).

Some information is available on Monilinia spp.
distribution in Italy, but little is known about the fun-
gicide sensitivity of these pathogens. (Abate et al., 2018;
Mancini et al., 2021). For this reason, a survey was car-
ried out in Piedmont to obtain isolates associated with
affected fruit, to characterize pathogen species diversity
and determine their sensitivity to fungicides. This study
aimed to: a) monitor presence and species of Monilinia
spp. associated with brown rot in stone fruit orchards in
the Cuneo province, the major Piedmont stone fruit pro-
duction area; and b) determine sensitivity of obtained
Monilinia isolates to azoxystrobin, tebuconazole, fenhex-
amid, cyprodinil and fludioxonil.

MATERIALS AND METHODS
Field survey, sampling and fungus isolations

In June and July 2021, samples were collected from
commercial stone fruit orchards (cherry, peach and apri-
cot; Table 1). Single sampled orchards, representative of
a small subset of this stone fruit production area, were
situated in four towns in the Cuneo province. Isolations
were carried out from brown rot affected fruit of differ-
ent cultivars (Table 1). Portions (5-8 mm) of each symp-
tomatic fruit were surface sterilized with 1% sodium
hypochlorite for 30 sec, then rinsed in sterile distilled
water for 1 min, and dried on sterile absorbent paper.
Small fragments (2-3 mm) were cut from lesion mar-
gins and plated on potato dextrose agar (PDA, Merck)
amended with 25 ppm of streptomycin sulphate (PDA-
S). The plates were incubated at 25+1°C, and after 48
to 72 h incubation, single hyphal tips from margin of
resulting colonies were cut and placed individually on
PDA plates to establish pure cultures. The obtained iso-
lates were used for determinations of in vitro sensitiv-
ity to fungicides and molecular identification (Table 1).
Stock cultures of isolates are kept at -80°C in the Uni-
versity of Torino (Italy) culture collection.

DNA extraction, PCR amplification and sequencing

Mycelium was scraped from surfaces of 10-d-old
cultures grown on PDA, and placed into 2 mL capacity
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Table 1. Isolate details and GenBank accession numbers for isolates included in this study.
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Species Isolate Host Cultivar Origin GenBI?rnSk No.
Monilinia laxa CVG 1506 Cherry Sweetheart® Sumtare ~ Manta, Cuneo, Italy OP317580
CVG 1507 Cherry Sweetheart” Sumtare ~ Manta, Cuneo, Italy OP317581
CVG 1508 Cherry M2029 Manta, Cuneo, Italy OP317582
CVG 1509 Cherry Kordia Manta, Cuneo, Italy OP317583
CVG 1513 Cherry Selah® Manta, Cuneo, Italy OP317586
CVG 1535 Cherry Giant Red Manta, Cuneo, Italy OP317588
CVG 1536 Apricot Tom Cot Manta, Cuneo, Italy OP317589
CVG 1540 Cherry Sweetheart® Sumtare ~ Manta, Cuneo, Italy OP317593
CVG 1541 Cherry Coralise Manta, Cuneo, Italy OP3175%4
CVG 1542 Cherry Coralise Manta, Cuneo, Italy OP317595
CVG 1543 Cherry M2003 Manta, Cuneo, Italy OP317596
CVG 1544 Cherry M2003 Manta, Cuneo, Italy OP317597
CVG 1566 Cherry Giant Red Manta, Cuneo, Italy OP317602
CVG 1567 Cherry Sweet Saretta Dronero, Cuneo, Italy OP317603
CVG 1568 Cherry Sweet Saretta Dronero, Cuneo, Italy OP317604
CVG 1569 Cherry Sweet Saretta Dronero, Cuneo, Italy OP317605
CVG 1633 Peach Falicetto, Cuneo, Italy OP317606
CVG 1642 Peach Nettarina W3 S. Pietro del Gallo, Cuneo, Italy OP317608
CVG 1643 Peach Nettarina W3 S. Pietro del Gallo, Cuneo, Italy OP317609
CVG 1644 Peach Falicetto, Cuneo, Italy OP317610
CVG 1645 Peach Falicetto, Cuneo, Italy OP317611
CVG 1648 Peach Falicetto, Cuneo, Italy OP317613
CVG 1650 Peach Falicetto, Cuneo, Italy OP317615
CVG 1692 Peach Falicetto, Cuneo, Italy OP317616
CVG 1693 Peach Falicetto, Cuneo, Italy OP317617
CVG 1699 Peach Nettarina W3 S. Pietro del Gallo, Cuneo, Italy OP317618
CVG 1702 Peach Nettarina W3 S. Pietro del Gallo, Cuneo, Italy OP317620
CVG 1703 Peach Nettarina W3 S. Pietro del Gallo, Cuneo, Italy OP317621
CVG 1705 Peach Nettarina W3 S. Pietro del Gallo, Cuneo, Italy OP317622
CVG 1707 Peach Nettarina W3 S. Pietro del Gallo, Cuneo, Italy OP317623
CVG 1709 Peach Manta, Cuneo, Italy OP317624
CVG 1712 Peach Manta, Cuneo, Italy OP317625
CVG 1713 Peach Manta, Cuneo, Italy OP317626
CVG 1714 Peach Manta, Cuneo, Italy OP317627
CVG 1715 Peach Nettarina W3 S. Pietro del Gallo, Cuneo, Italy OP317619
CVG 1716 Peach Manta, Cuneo, Italy OP317628
CVG 1717 Peach N/A Manta, Cuneo, Italy OP317629
M. laxa CBS 298.31 N/A N/A Ireland HQ856917
BPZK Peach N/A Serbia KC544793
MDAI12 N/A N/A United States HQ846948
Monilinia fructicola CVG 1510 Cherry Kordia Manta, Cuneo, Italy OP317584
CVG 1511 Cherry Kordia Manta, Cuneo, Italy OP317585
CVG 1514 Cherry Selah® Manta, Cuneo, Italy OP317587
CVG 1537 Cherry M2043 Manta, Cuneo, Italy OP317590
CVG 1538 Cherry M2043 Manta, Cuneo, Italy OP317591
CVG 1539 Cherry M2043 Manta, Cuneo, Italy OP317592
CVG 1545 Cherry M2003 Manta, Cuneo, Italy OP317598
CVG 1546 Cherry M2003 Manta, Cuneo, Italy OP317599

(Continued)
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Table 1. (Continued).
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Species Isolate Host Cultivar Origin GenBIz}FnSk No.
CVG 1547 Cherry Selah® Manta, Cuneo, Italy OP317600
CVG 1563 Cherry M2043 Manta, Cuneo, Italy OP317601
CVG 1635 Peach Falicetto, Cuneo, Italy OP317607
CVG 1647 Peach Falicetto, Cuneo, Italy OP317612
CVG 1649 Peach Falicetto, Cuneo, Italy OP317614
M. fructicola Ft N/A N/A France HQ846967
XP1 Peach N/A Chaoyang, Beijing KR778937
P169 Nectarine N/A Italy FJ411109
Monilinia fructigena CBS 101500 N/A N/A Poland KR778933
CBS 101499 N/A N/A Spain KR778932
SPBA Plum N/A Serbia KC544805
Monilinia polystroma CBS 102686 N/A N/A Japan HQ846944
HML-3 Plum N/A China GU067539
09-G4 Apricot N/A Switzerland JN128835
Monilia yunnanensis GP18 Peach N/A Yanqing, Beijing HQ856917
Botrytis cinerea BCE4 Tomato N/A Beijing HQ856917

centrifuge tubes. Total DNA was extracted from all iso-
lates using the E.Z.N.A.” Fungal DNA Mini Kit (Omega
Bio-Tek), following the manufacturer’s instructions. Spe-
cies identification was achieved by DNA amplification
and sequencing of the nuclear ribosomal internal tran-
scribed spacer (ITS) regions of the isolates. For each iso-
late, ITS was amplified using universal primers ITSI and
ITS4 (White et al., 1990). Reactions were each carried out
using a Taq DNA polymerase kit (Qiagen), in a final vol-
ume 25 uL, containing 2.5 pL of Qiagen PCR buffer 10x,
1.4 uL of 25mM MgCl,, 0.5 pL of each dNTP (10puM),
0.5 uL of each primer (10uM), 0.2 puL of Taq DNA poly-
merase, and 25 ng of DNA. Amplification was carried
out using the following conditions: initial preheating for
5 min at 94°C, followed by 35 cycles of denaturation at
94°C for 30 s, annealing at 55°C for 30 s, and extension at
72°C for 1.5 min and with a final extension at 72°C for 7
min. An aliquot (5 uL) of PCR product for each reaction
was separated by electrophoresis at 100V in a 1% agarose
gel (VWR Life Science AMRESCO® Biochemicals), and
then stained with GelRed™ in 1x Tris-acetate-EDTA
(TAE) buffer (40 mM Tris acetate and 1 mM EDTA, pH
8.0). PCR products were sequenced in forward directions
by Eurofins Genomics Service. Obtained sequences were
analyzed using Geneious v. 11.1.5 software (Auckland,
New Zealand), and were blasted against the NCBI’s Gen-
Bank nucleotide database to determine the closest rela-
tives of the studied isolates. Isolate sequences, including
sequences downloaded from GenBank, were initially
aligned with the software MAFFT v. 7 online server

(Katoh and Standley, 2013), and were then manually
adjusted in MEGA v.7 (Kumar et al., 2016). Phylogenic
analysis, based on Maximum Parsimony (MP), was car-
ried out using Phylogenetic Analysis Using Parsimony
(PAUP) v. 4.0b10 (Swofford, 2003).

Fungicides and in vitro sensitivity of isolates

Commercial formulations of azoxystrobin (Ortiva®,
250 g L' active ingredient (a.i.), Syngenta), cyprodinil
(Chorus® 50%. a.i., Syngenta), fenhexamid (Teldor Plus®,
500 g L' a.i. Bayer CropScience), fludioxonil (Geoxe®
50% a.i., Syngenta) and tebuconazole (Folicur® WG 25%
a.i., Bayer CropScience) were used in this study. These
fungicides were each dissolved in sterilized water, and
stock solutions were prepared and stored at 4°C. Sensi-
tivity of fungal isolates was assessed at concentrations
of 0.01, 0.03, 0.1, 0.3, 1, 3, 10, 30, 100, or 300 ug mL! for
each fungicide. Autoclaved agar medium was cooled to
50°C, and 10 mL of fungicide-amended medium was
dispensed in each Petri plates. Sensitivities to azox-
ystrobin, fenhexamid, fludioxonil and tebuconazole were
assessed on PDA. Salicylhydroxamic acid (SHAM; Sig-
ma-Aldrich) was added to azoxystrobin amended PDA
at 100 pg mL™" to prevent test fungi from commencing
alternative respiration. To determine isolate sensitivity to
an anilinopyrimidine fungicide, as reported by Myresio-
tis et al. (2007), cyprodinil was added to minimal medi-
um containing (per liter) 10 g glucose, 1.5 g K,HPO,, 2
g KH,PO,, 1 g (NH,)250,, 0.5 g MgSO,.7H,0, and 12.5
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Table 2. Concentrations and resistance factors (RF) of azoxystrob-
in, cyprodinil, fenhexamid, fludioxonil and tebuconazole at which
mycelium growth of Monilinia laxa and Monilinia fructicola were
inhibited by 50% (ECs, values).

Species Parameter Monilinia  Monilinia

laxa Sfructicola

Azoxystronbin ECj, (ug mL') max/min 3.44/0.05  7.47/0.03
ECs mean 0.37 1.19

RF max/min 22.54/0.35  48.96/0.19

Cyprodinil ECs (ug mL?') max/min 1.11/0.03  0.29/0.06
ECst mean 0.18 0.12

RF max/min 25.33/0.62  6.59/1.32

Fenhexamid  ECs, (ug mL') max/min 0.49/0.04  1.09/0.12
ECst mean 0.14 0.28

RF max/min 4.53/0.41 9.97/1.13

Fludioxonil ECs (ug mL?') max/min  0.12/0.02  0.19/0.03
ECst mean 0.05 0.07

RF max/min 4.13/0.81 6.30/0.87

Tebuconazole ECj, (ug mL?') max/min 0.42/0.02  0.37/0.13
ECst mean 0.18 0.22

RF max/min 11.43/0.63  9.95/3.61

g agar. PDA mycelial plugs were taken from margins of
10-d-old colonies with using a cork borer (0.6 cm diam.).
The plugs were then each placed upside down at the cen-
tres (one plug per plate) of Petri plates (9 mm diam.)
containing PDA + fungicide. Unamended PDA plates
were used as experimental controls. The plates were then
incubated at 25°C for 10 d in the dark. Each isolate was
tested in triplicate for each fungicide and concentration.
Mean colony diameters (minus the diameter of the inoc-
ulation plugs) were determined by measuring two diam-
eters at right angles to each other in each plate, at after 7
and 10 d incubation. These data were expressed as daily
mycelium growth rates and percentages of growth inhi-
bition relative to the unamended controls.

Data analyses

The fungicide ECs, values (concentrations inhibiting
mycelium growth to 50% of experimental controls) were
determined by regressing percentages of relative myceli-
um growth inhibition against the log,, of fungicide con-
centrations. ECs, values for each isolate were calculated
with the GraphPadPrism® software (version 9.1.1), using
the log dose-response relation. ECyys allowed calcula-
tion of Resistance Factors (RFs), which showed sensitiv-
ity levels of the different isolates (Schnabel et al., 2004).
Each RF is defined as the ECy, of the isolate divided by
the mean EC,, value of sensitive isolates. As sensitive/
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standard reference isolates were not available for Moni-
linia spp. for the selected fungicides, and a baseline
population was also not available, we defined sensitive/
susceptible isolates based on Minimum Inhibitory Con-
centration (MIC) for each fungicide. MIC measures
sensitivity to antifungal agents (Xie et al., 2012), and
is defined as the lowest concentration of fungicide that
completely inhibits fungal growth. Average ECj, of sen-
sitive isolates for each fungicide, defined as isolates for
which growth was completely inhibited at the MIC con-
centration, were used to calculate RF values, and iso-
lates were classified as resistant to each active ingredient
when the RF was greater than 10 (Campia et al., 2017).

RESULTS

Sampling, isolation and molecular identification of Moni-
linia isolates

A total of 50 isolates were obtained from peach, cher-
ry or apricot fruits with typical brown rot symptoms. The
ITS phylogeny consisted of 63 sequences, including Botry-
tis cinerea (BCE4) as outgroup. A total of 437 characters
were included in the phylogenetic analysis, 20 characters
were parsimony-informative, 6 were variable and parsi-
mony-uninformative, and 411 were constant. A maxi-
mum of 1,000 equally MP trees were saved (Tree length
= 32, CI = 0.875, RI = 0.969, RC = 0.848). Bootstrap sup-
port values from the MP analysis are included in Figure
1. The phylogenetic tree showed that the isolates clustered
in two different lineages, with reference isolates of M.
fructicola and M. laxa. Thirteen isolates (26% of the iso-
lates collected) clustered with M. fructicola, and 37 (74%)
clustered with M. laxa. Monilinia fructicola was identified
from only two orchards: in Manta (Cuneo) with ten iso-
lates and in Falicetto (Cuneo) with three isolates. Moni-
linia laxa was predominantly collected from cherry and
peach fruits, while only one isolate (CVG 1536) was iso-
lated from apricot. Monilinia fructicola was isolated only
from cherry and peach fruits. None of the collected iso-
lates were identified as M. fructigena or M. polystroma.

In vitro sensitivity to fungicides

The fungicides used for in vitro sensitivity tests
inhibited growth of M. laxa and M. fructicola isolates at
different levels. ECs, values for each fungicide for the fif-
ty isolates were obtained from in vitro assays for mycelial
growth (Figure 2).

Four M. fructicola isolates were resistant to azox-
ystrobin, with ECs, values, respectively, of 7.47, 3.44, 2.82
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Figure 1. The most parsimonious tree obtained from a heuristic search of ITS sequence alignments of Monilinia spp. Bootstrap support
values are shown at the nodes. The scale bar represents the number of changes. The tree was rooted to Botrytits cinerea (BCE4). GenBank

isolates are indicated in bold font.

and 2.37 pg mL", giving resistance factor (RF) values of,
respectively, 48.96, 22.54, 18.48 and 15.52. Within the
M. laxa isolates, CVG 1643 had the greatest sensitivity
to azoxystrobin (ECs, = 0.05 ug mL?), and lowest sensi-
tivity was recorded for CVG 1540 (ECs, = 3.44 pg mL™).
Resistance factor values for azoxystrobin in M. fructicola
isolates ranged from 48.96 to 0.19. The minimum inhibi-

tory concentration (MIC) for azoxystrobin of sensitive
isolates was 3 ug mL, while some isolates grew at con-
centrations up to 100 pg mL!. Two isolates of M. laxa
(CVG 1540, CVG 1566) and two isolates of M. fructicola
(CVG 1514, CVG 1547) had RF values greater than 10.
For cyprodinil, one M. laxa isolate (CVG 1703) was
resistant to the fungicide, with a high ECs, of 1.11 pg
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mL™! RF of 25.33. The lowest EC, values for cyprodinil as sensitive for cyprodinil had MICs of 0.3 pug mL,
for both species were 0.03 pg mL", whereas the greatest ~ while some isolates grew at concentrations up to 100 ug
ECs, for M. fructicola was 0.29 pg mL™. Isolates defined mL". RF values greater than 10, were recorded for the
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M. laxa isolates CVG 1509, CVG 1544, CVG 1703 and
CVG 1709.

None of the assessed isolates showed resistance to
fenhexamid. The lowest ECs, for this fungicide was for
the M. laxa isolate CVG 1540 (ECs, = 0.04), while the
M. fructicola isolate CVG 1539 was the least sensitive to
fenhexamid (ECs, = 1.09 ug mLL. The greatest fenhexa-
mid ECs, for M. laxa was 0.49 ug mL!. MIC of 1 pg mL!
was recorded for the sensitive isolates, while other iso-
lates grew at up to 10 ug mL! of this fungicide. No iso-
lates had RFs greater than 10.

For fludioxonil, the most sensitive M. laxa isolate
had an ECs, of 0.02 ug mL"!, while the greatest EC5, was
0.12 pg mL'. For M. fructicola, isolate CVG 1537 was
the most sensitive (EC5, = 0.03 pg mL), while the least
sensitive isolate CVG 1563 had an ECs;, 0.19 ug mL. No
isolates had RF values greater than 10.

For tebuconazole, ECs, values for M. fructicola were
from 0.13 to 0.37 pg mL', and for M. laxa were from
0.02 to 0.42 pg mL. Sensitive isolates had MIC values
of 1 ug mL, while some isolate grew at up to 10 ug mL!
of this fungicide. Three isolates of M. laxa (CVG 1709,
CVG 1713, CVG 1717) had RF values greater than 10.

DISCUSSION

Use of site-specific fungicides is widespread in
Europe, and Monilinia spp. resistance to different fungi-
cides has been reported in several countries (Malandra-
kis et al., 2013; Egtien et al., 2015; Hrusti¢ et al., 2018).
Site-specific fungicides are commonly used by Italian
stone fruit growers, and chemical control is the most
effective strategy for control brown rot caused by Moni-
linia spp., which require a maximum of three field fun-
gicide applications during each production season. In
Italy, the predominant Monilinia species are M. laxa, M.
fructigena and M. fructicola (Montuschi et al., 2016).

Phylogenetic analyses based on isolate ITS sequences
showed two divergent clusters. One cluster included M.
fructicola and M. laxa, and the second contained M.
fructigena and M. polystroma. Monilia yunnanensis and
Botrytis cinerea formed two outgroup clusters. Based on
these results, M. laxa (37 isolates) was the most com-
mon species found in the sampled orchards, while the
other 13 isolates were M. fructicola. The coexistence of
M. fructicola and M. laxa was previously reported in
other countries, including Spain (Villarino et al., 2013),
Greece (Papavasileiou et al., 2015) and the United States
of America (Boehm et al., 2001). The present study has
shown that both M. laxa and M. fructicola are present,
in the Cuneo province. As a larger number of M. laxa
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than M. fructicola isolates were collected, this prevalence
could be due to low temperatures that have character-
ized past production seasons, as M. laxa grows more
rapidly than M. fructicola at low temperatures (Papava-
sileiou et al., 2015). These conditions may have promoted
development and spread of M. laxa over M. fructicola.
Further investigations are required with more extensive
sampling over consecutive years, to confirm this trend
and clarify effects of temperature and climate on preva-
lence and distribution Monilinia spp.

The use of site-specific fungicides increases risks of
selection of fungicide-resistant pathogens, with gradu-
al reductions in fungicide efficacy and disease control.
Monilinia spp. have also been classified by the FRAC as
pathogens of moderate risk for development of fungicide
resistance. For these reasons, sensitivity was assessed of
different Monilinia spp. isolates to five fungicides that
represent chemical classes widely used in Italy for brown
rot control.

Nine isolates of M. laxa and two of M. fructicola
gave RF values greater than 10 for different fungicides.
The greatest RF was recorded for azoxystrobin in one
M. fructicola isolate. To define resistant isolates to azox-
ystrobin, Amiri et al. (2010) and Luo and Schnabel (2008)
have suggested 3 ug mL"! as a discriminatory concentra-
tion for resistance to this fungicide, so MIC of 3 pug mL!
was set in the present study as the discriminatory dose
for azoxystrobin resistance. Since it was not possible to
compare different discriminatory doses obtained from
different protocols, and as a baseline population was not
included, classification of susceptible isolates in the pre-
sent study was based only on MIC values. These results
showed that two M. fructicola and two M. laxa isolates
were resistant to Qols. These results are similar to those
of Hrusti¢ et al. (2018), who reported presence of moder-
ately resistant isolates of M. laxa and M. fructicola.

Several mechanisms of resistance to Qol fungicides
have been proposed, but in most cases resistance is due
to a single point mutation (G143A) in the mitochondri-
al cytochrome b (Cytb) gene that leads to an amino acid
change in position 143 from glycine to alanine (Hrusti¢
et al., 2018). This mutation has been reported only in
fungi without specific introns close to this amino acid
position (Grasso et al., 2006). This intron is present in M.
laxa isolates after the position 143, as reported by Miess-
ner and Stammler (2010). Similarly, in M. fructicola iso-
lates the intron is also present but is located downstream
of the codon for glycine at position 143, suggesting that
this point mutation may not lead to Qol resistance in M.
fructicola (Luo et al., 2010). Further investigations are
required to elucidate the resistance mechanism in Moni-
linia spp. isolates collected in the present study.
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For fenhexamid, Malandrakis et al. (2013) report-
ed M. laxa isolates with ECss from 0.02 to 1 pg mL",
while Forster et al. (2007), for M. fructicola, reported
ECss ranging from 0.09 to 0.21 pg mL". Based on ECs,
measurements, the present study results showed that
the assessed M. fructicola isolates were less sensitive to
fenhexamid than the M. laxa isolates. However, calcu-
lations of RFs showed that neither the M. fructicola nor
the M. laxa isolates were resistant to fenhexamid. This is
probably because fenhexamid had been used only occa-
sionally against brown rot in the sampled orchards.

Two fludioxonil + cyprodinil applications per year
are authorized for control of brown rot of stone fruit
in Italy. Fludioxonil ECsys for M. fructicola have been
reported as from 0.05 to 0.21 pg mL! (Forster et al.,
2007), while only Fazekas et al. (2014) have reported
reduced sensitivity to cyprodinil for M. laxa. Results
from the present study showed that most of the tested
isolates were susceptible to fludioxonil and cyprodinil.
Based on RFs greater than 10, only four M. laxa isolates
had reduced sensitivity to cyprodinil. For fludioxonil, no
isolates showed high RF values, suggesting absence of
resistance to this fungicide.

Resistance to DMI fungicides has been detected in
M. fructicola isolates from peach in the United States of
America (Chen et al., 2013; Pereira et al., 2020) and Bra-
zil (Lichtemberg et al., 2016). For tebuconazole, a MIC of
1 pg mL! has been reported and used as the discrimina-
tory dose. Results obtained for tebuconazole showed high
ECs,s compared with values reported by May-De Mio et
al. (2011) and by Pereira et al. (2020). Based on calculated
RFs, only three isolates of M. laxa showed RF >10. In the
sampled orchards, tebuconazole has been constantly used
in past years (pers. comm. from orchard technicians).

Data obtained in the present study showed that M.
laxa and M. fructicola coexist in stone fruit orchards in
Cuneo province of Piedmont, with M. laxa being the
predominant fungus associated with brown rot. Differ-
ent levels of sensitivity to the tested fungicides were also
recorded within the isolate sets of both of these fungi.
However, due to the low number of tested isolates, it is
not possible to determine if selection of resistant isolates
is occurring in the investigated territory. Including a
baseline population is also important for establishing a
reference point that allows discrimination of sensitivity
levels. In the present study, it was not possible to define
appropriate resistance baselines due to the absence of
orchards in the sampled area where fungi were not
exposed to specific fungicide. Therefore, systematic and
widespread sampling should be carried out to determine
the resistance levels of Monilinia spp. populations in this
major stone fruit production area. This should include

large numbers of isolates, and appropriate reference iso-
lates or baseline populations. Since chemical control in
the field remains the most effective strategy for control
of Monilinia spp., moderate use of these fungicides is
recommended to prevent fungicide resistance and main-
tain their efficacy against these important pathogens.
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