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Abstract

Postbloom fruit drop (PFD) of citrus is caused by the Colletotrichum
acutatum and C. gloeosporioides species complexes. The disease is im-
portant when frequent rainfall occurs during the flowering period of cit-
rus trees. In Brazil, until 2012, PFD was mainly controlled by preventive
applications of the methyl-benzimidazole carbamate (MBC) carbenda-
zim and demethylation-inhibitor (DMI) fungicides such as difenocona-
zole. Since then, mixtures containing the DMI tebuconazole and the
quinone-outside inhibitor (QoI) trifloxystrobin have been commonly
used. Fungicides are often applied preventively, sometimes even when
conditions are not conducive for PFD development. Excessive fungi-
cide applications may favor the selection of resistant populations of
Colletotrichum spp. In this study, we assessed the fungicide sensitivity
of C. acutatum isolates collected during the two distinct periods of
PFD management in Brazil: before and after the trifloxystrobin and
tebuconazole mixture became widely employed. The sensitivity of 254
C. acutatum isolates to carbendazim and difenoconazole and of 164 iso-
lates to tebuconazole and trifloxystrobin was assessed. Mycelial growth

inhibition of these isolates was evaluated for all the fungicides using ei-
ther serial dilution of fungicide rates or the spiral gradient dilution
method. In addition, inhibition of conidial germination was also assessed
for trifloxystrobin. Analysis of partial b-tub, cytb, and cyp51b gene se-
quences did not reveal any mutations related to resistance to MBCs,
QoIs, and DMIs, respectively. In mycelial growth assays, mean EC50 val-
ues were 0.14, 0.11, and 0.21 mg/ml for difenoconazole, tebuconazole,
and trifloxystrobin, respectively. The conidial germination inhibition
by trifloxystrobin was similar among the tested isolates, and the mean
EC50 value was 0.002 mg/ml. All isolates had similar mean mycelial
growth inhibition for carbendazim, regardless of the fungicide concen-
trations. Therefore, based on similar EC50 values and molecular analy-
ses, no shift in the sensitivity of isolates has been observed to the
fungicides commonly used in different citrus-producing areas in
Brazil.
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Colletotrichum acutatum (Simmonds 1965; Timmer et al. 1994)
andC. gloeosporioides (Lima et al. 2011;McGovern et al. 2012) spe-
cies complexes are the causal agents of citrus postbloom fruit drop
(PFD). Although over 30 species have been described within the
C. acutatum species complex (Damm et al. 2012), there is only
one proposal for reclassification of the PFD causal agent asC. abscis-
sum (Pinho et al. 2015). In this work, the authors made their reclas-
sification based on only three isolates. For this reason, we chose to
continue referring to our isolates as C. acutatum species that causes
PFD. This concern was also discussed by other authors (Silva et al.
2017). In addition, many studies on PFD have found little diversity
in the population affecting sweet oranges in Brazil and other regions
in the Americas (MacKenzie et al. 2009; Peres et al. 2008; Pinho et al.
2015; Silva et al. 2017). C. gloeosporioides sensu stricto was also
identified as causing PFD by Silva et al. (2017). However, PFD
caused by this species is observed less frequently.

Severe epidemics of PFD are reported when extended periods of
rainfall occur in citrus orchards during bloom (Timmer 1993). In-
fected flowers may develop into chlorotic fruit that fall off prema-
turely, and the calyces persist on the tree branches for up to
18 months (Timmer et al. 1994). Premature fruit drop directly affects
yield, and losses may be as high as 100% when weather conditions
are suitable for disease development and fungicide control measures
are not taken when necessary (Timmer and Zitko 1996).
In the past, methyl benzimidazole carbamates (MBCs) (e.g., beno-

myl, thiophanate-methyl, and carbendazim), demethylation inhibitors
(DMIs) (e.g., difenoconazole), and multisite fungicides (e.g., folpet)
were used to control PFD in Brazil (de Goes et al. 2008; Peres et al.
2004a). Carbendazimusage increased after 2002when benomylwas re-
moved from the fungicide market. However, MBC use in Brazil de-
creased after 2012 due to citrus import restrictions enforced by the
United States on residues of this product on Brazilian citrus juice
(Silva-Junior et al. 2014). In addition, standalone difenoconazole has
currently not been widely used for PFD control. Since 2006, mixtures
of trifloxystrobin or azoxystrobin (quinone-outside inhibitors, QoIs),
and tebuconazole or difenoconazole (DMIs) have been registered for
PFD control in Brazil (Silva-Junior et al. 2014). These mixtures have
been shown to effectively control PFD in comparison with the previ-
ously registered fungicides, such as carbendazim or difenoconazole
(Silva-Junior et al. 2014) and have become pivotal for PFD manage-
ment programs.
In Brazil and the United States, fungicide applications targeting

PFD are usually based on plant phenology, regardless of conducive
conditions for disease occurrence, such as frequent and consecutive
rains (Peres et al. 2004a; Silva-Junior et al. 2014). In several PFD
studies, treatments that received fungicide applications did not differ
in yield when compared with the nontreated controls (de Goes et al.
2008; Gama et al. 2019; Peres et al. 2004a; Silva-Junior et al. 2014).
It is possible that this is due to the lack of favorable conditions for
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PFD development and the fungicide applications were delivered un-
necessarily. In Brazilian citrus areas, occurrence of dry seasons dur-
ing flowering is common (Soares-Colletti et al. 2016), hence some
growers may apply fungicide unnecessarily.
Unnecessary consecutive applications of fungicides with the same

mode of action stemming from unalignment with pathogen-favorable
conditions lead to increased production costs and selection pressure
for emergence and prevalence of fungicide-resistant populations of
plant pathogens (Brent and Hollomon 2007). Fungicide resistance
in plant pathogens has become a recurrent concern due to the replace-
ment of multi-site fungicides by single-site fungicides (e.g., folpet
versus MBC, QoI, and DMI). Once fungicide resistance is estab-
lished, it jeopardizes effective plant disease control (Brent and
Hollomon 2007). Even though resistant individuals consist of a small
percentage of the total initial pathogen population, such a percentage
may increase when sensitive isolates are eliminated by fungicide ap-
plications (Brent and Hollomon 2007; Ma and Michailides 2005).
Antiresistance management strategies may be adopted to reduce

the selection pressure for resistance (Brent and Hollomon 2007).
These include restricting fungicide applications to critical pathogen
infection periods, using different active ingredients with distinct
modes of action in mixtures or in alternation, and monitoring of fun-
gicide sensitivity in pathogen populations in the field (Dekker 1982;
Leadbeater et al. 2019). The antiresistance strategies of alternating
fungicides or using mixtures to control PFD have been adopted in
Brazil in the past two decades. There is no report of practical fungi-
cide resistance; however, PFD outbreaks have been observed in con-
ducive seasons even when these control strategies were adopted.
Therefore, the effectiveness of such strategies to reduce the selection
of resistant C. acutatum isolates over the years is unknown. In this
study, we determined whether PFD management practices adopted
in Brazilian citrus orchards were effective in managing fungicide re-
sistance. The sensitivity of C. acutatum isolates collected during a
16-year period that have been exposed or not to these different fun-
gicides was assessed to carbendazim, difenoconazole, trifloxystro-
bin, and tebuconazole. We also characterized genes of the isolates
that had been previously described as related to resistance to the fun-
gicide groups included in our study.

Materials and Methods
Sampling and characterization of isolates. Isolates were col-

lected from symptomatic flowers in orchards from different locations
of São Paulo State, in Brazil (Table 1, Supplementary Fig. S1). C.
gloeosporioides isolates were discarded from our study once the
most predominant species obtained from PFD-symptomatic flower
isolations was C. acutatum (Lima et al. 2011; Silva et al. 2017). C.
acutatum isolates were sampled in two distinct periods: (i) from
2008 to 2013, when PFD was controlled predominantly with carben-
dazim and difenoconazole applications; and (ii) in 2015 and 2016,
when the mixture of tebuconazole and trifloxystrobin became the
most used commercial product for PFD control and MBC fungicides
were no longer used. In addition, C. acutatum isolates collected in
1999 and 2000 and preserved at –20°C were used to determine the
baseline sensitivity of isolates to tebuconazole and trifloxystrobin.
Two hundred fifty-four C. acutatum isolates were used for the car-
bendazim and difenoconazole sensitivity assays (Table 1). One hun-
dred sixty-four isolates collected between 1999 and 2016 were used
for the trifloxystrobin and tebuconazole sensitivity assays (Table 1).
Isolates were divided into groups according to the location and col-
lection year (Table 1). Isolates from Pedranópolis, collected from
an orchard where no fungicide had been applied, are referred to as
the nonexposed population. Isolates from Barretos (2008), Gavião
Peixoto (2008), Taquarituba (2008), Mogi Guaçu (2008), Santa Cruz
do Rio Pardo (2008), Iaras (2013), and Santa Cruz do Rio Pardo
(2013) had been exposed to both carbendazim and difenoconazole
(Table 1). Isolates from Itapetininga (1999), Mogi Guaçu (1999),
Mogi Guaçu (1999), Itapetininga (2000), Mogi Guaçu (2000), Botu-
catu (2000), Colômbia (2000), and Pardinho (2000) had never been
exposed to tebuconazole nor trifloxystrobin and are referred to as
QoI-nonexposed population (Table 1). Isolates from Iaras (2013),
Santa Cruz do Rio Pardo (2013), Santa Cruz do Rio Pardo (2015),
Taquarituba (2016), Santa Cruz do Rio Pardo (2016), and Iaras
(2016) were exposed to MBC, DMI, and QoI fungicides and are re-
ferred to as the exposed population (Table 1).
C. acutatum was isolated from symptomatic petals on rose bengal

agar base selective medium (Martin 1950). Petri dishes were kept at
23°C under constant light for 7 days. Mycelial plugs were transferred

Table 1. Location origin, year of collection, and fungicide exposure profiles of Colletotrichum acutatum isolates assessed for their sensitivity to carbendazim and
difenoconazole and to tebuconazole and trifloxystrobin collected in São Paulo State, Brazil

Location Year Number of isolates

Exposurea

Carbendazim Difenoconazole Tebuconazole Trifloxystrobin

Pedranópolisb 2008 10 – – – –

Barretosb 2008 59 + + – –

Gavião Peixotob 2008 31 + + – –

Taquaritubab 2008 32 + + – –

Mogi Guaçub 2008 56 + + – –

Santa Cruz do Rio Pardob 2008 56 + + – –

Iarasb,c 2013 19 + + + +
Santa Cruz do Rio Pardob,c 2013 22 + + + +
Itapetiningac 1999 5 + + – –

Mogi Guaçuc 1999 10 + + – –

Itapetiningac 2000 5 + + – –

Mogi Guaçuc 2000 5 + + – –

Botucatuc 2000 10 + + – –

Colômbiac 2000 10 + + – –

Pardinhoc 2000 5 + + – –

Santa Cruz do Rio Pardoc 2015 45 + + + +
Taquaritubac 2016 11 + + + +
Santa Cruz do Rio Pardoc 2016 8 + + + +
Iarasc 2016 9 + + + +
Total 408

a A positive (+) sign means that the isolates were exposed to the fungicide, and a negative (–) sign means that the isolates were not exposed to the fungicide in the
column.

b Sensitivity of all the isolates was assessed to difenoconazole and carbendazim, except for isolates from Iaras (2013) and Santa Cruz do Rio Pardo (2013), in
which four of 19 and six of 22 isolates were used in the assays, respectively.

c Sensitivity of all the isolates was assessed to tebuconazole and trifloxystrobin.
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to potato dextrose agar (PDA) under the same conditions of light and
temperature after colonies had developed. Isolates were single spored
and preserved on filter paper at –20°C. Isolates from Pedranópolis
(2008), Barretos (2008), Gavião Peixoto (2008), Taquarituba
(2008), Mogi Guaçu (2008), Santa Cruz do Rio Pardo (2008), Iaras
(2013), Santa Cruz do Rio Pardo (2013), Santa Cruz do Rio Pardo
(2015), Taquarituba (2016), Santa Cruz do Rio Pardo (2016), and
Iaras (2016) were preserved at the University of São Paulo, in Pira-
cicaba, Brazil, and isolates from Itapetininga (1999), Mogi Guaçu
(1999), Mogi Guaçu (1999), Itapetininga (2000), Mogi Guaçu
(2000), Botucatu (2000), Colômbia (2000), and Pardinho (2000)
were preserved at the University of Florida, Gulf Coast Research
and Education Center in Wimauma, Florida (Table 1).
Colletotrichum spp. isolates were identified into species com-

plexes by polymerase chain reaction (PCR). DNA extraction fol-
lowed the Promega Wizard Genomic DNA or FastDNAKit (MP
Biomedicals, Irvine, CA) protocols. The concentration of extracted
DNA was estimated by a spectrophotometer (Nanodrop, ND 1000,
version 3.8.1) and calibrated to 25 ng/ml. PCR using specific primer
pairs CaInt2/ITS4 (Sreenivasaprasad et al. 1996) and CgInt/ITS4
(Mills et al. 1992) was performed to identify the species complex.
Reagent proportions were based on GoTaq Green Master Mix proto-
col, and samples were adjusted to a final volume of 25 ml. Thermal
cycler programming was initial denaturation at 94°C for 2 min, 35
cycles of 94°C for 1 min, 55°C for 1 min, and 72°C for 1 min. Final
extension was 72°C for 5 min.
C. acutatum sensitivity to carbendazim and difenoconazole.

Sensitivity of C. acutatum isolates to carbendazim and difenocona-
zole was determined by transferring mycelial plugs (5 mm diameter)
from 7-day-old C. acutatum colonies to PDA amended with
commercial-grade carbendazim (Derosal 500 SC, 500 g/liter) at 1,
500, and 1,000 mg/ml, or commercial-grade difenoconazole (Score,
250 g/liter) at 0.01, 0.05, 0.1, 0.5, 1, and 5 mg/ml. Mycelial plugs
transferred to PDA without fungicides were used as the control. Petri
dishes were kept at 25°C for 7 days in the dark. Mean colony diam-
eter (MCD) was obtained by measuring colony growth in two per-
pendicular directions in one plate per isolate and per concentration.
Experiments with the same isolate were repeated if plates were con-
taminated or mycelial growth occurred in sectors. Colony growth inhi-
bition (CGI) was calculated for each combination of isolate-fungicide
concentration and was expressed as CGI = [(MCDc –MCDf)/MCDc] ×
100, in which MCDc is the mean colony diameter of the control (with-
out fungicide) and MCDf is the mean colony diameter for each fungi-
cide concentration. The effective concentration to inhibit mycelial
growth by 50% (EC50) was calculated as described by Wong and
Midland (2007).
C. acutatum sensitivity to tebuconazole and trifloxystrobin.

EC50 of tebuconazole and trifloxystrobin for mycelial growth of
C. acutatum isolates.Mycelial growth sensitivity of C. acutatum iso-
lates to commercial-grade tebuconazole (Folicur 200 EC, 200 g/liter)
and trifloxystrobin (Flint 500WG, 500 g/kg) was evaluated using the
spiral gradient dilution method (Amiri et al. 2013; Förster et al.
2004). Fungicide stock solutions (Folicur 200 EC) and suspensions
(Flint 500 WG) were prepared with sterile distilled water according
to the concentrations indicated by the Spiral Gradient Endpoint soft-
ware (Spiral Biotech, Norwood, MA). Aliquots of 50 ml of the fun-
gicides were spirally applied on PDA by an Autoplate (models 4000
and 5000, Spiral Biotech) using the exponential mode of application.
Trifloxystrobin rates applied on each plate varied from 0.005 to
0.5 mg/ml (Forcelini et al. 2016), whereas tebuconazole rates varied
from 0.01 to 1 mg/ml (Xu et al. 2014). C. acutatum isolates were
grown for 7 days on oatmeal agar medium at 23°C and constant light
to induce sporulation. Conidial suspensions of 106 conidia/ml of each
isolate were distributed on modified PDA (PDA 39 g/liter + agar 14
g/liter) in 15-cm Petri dishes. Plates were kept under constant light at
23°C for 48 h. Afterward, culture medium with C. acutatum isolates
was cut into strips 6 cm long and 0.7 cm wide. The strips were trans-
ferred to PDA amended with fungicide and to PDAwithout fungicide
(control treatment). The EC50 was determined for each isolate 3 days
after strips were placed on the culture medium, according to the

method of Forcelini et al. (2016). Each treatment was replicated three
times, and experiments were conducted twice.
EC50 of trifloxystrobin for conidial germination of C. acutatum

isolates and its relationship to the mycelial growth-estimated
EC50. Conidial germination inhibition assays were conducted for tri-
floxystrobin at 0, 0.0001, 0.001, 0.01, and 0.1 mg/ml (Baggio et al.
2018; Mondal et al. 2005). The assays were performed with 11 isolates
from exposed populations and four isolates from QoI-nonexposed
populations. Three 30 ml-aliquots of a conidial suspensions of 5 ×
104 spores/ml were deposited on plates with water agar medium
amended or not with trifloxystrobin. Plates were kept in plastic
containers with moist paper and kept at 23°C under constant light
for 9 h. After this period, 30 ml of lactoglycerol was placed on the
conidial suspension to suppress conidial germination. The percentage
of germinated conidia was evaluated considering 100 conidia per
replication. The number of conidiawith germ tubes as long as or longer
than the conidium length was considered as germinated. Three plates
(replications) per treatment were used, and experiments were
conducted twice. The EC50 value was determined through linear
regression between the percentage inhibition of conidial germination
(dependent variable) and the logarithm of the fungicide concentration
(independent variable).
Molecular characterization of genome regions related to resis-

tance to MBC, DMI, and QoI fungicides. Partial sequencing of the
b-tub gene linked to MBC resistance. Six C. acutatum isolates col-
lected in 2013 that had been exposed to carbendazim (Iaras and Santa
Cruz do Rio Pardo, Table 1) had a portion of the b-tub gene amplified
using primers TB2L (5¢-GYTTCCAGATYACCCACTCC-3¢) and
TB2R (5¢-TGAGCTCAGGAACRCTGACG-3¢) (Peres et al.
2004b). PCR was performed according to conditions described by
Peres et al. (2004b), except for the annealing temperature of 58°C
that we used in the current work. PCR products were visualized under
UV light on electrophoresis gels in 1% agarose in 1× Tris-acetate-
EDTA buffer (0.04 M Tris-acetate, 0.0001 M EDTA) with GelRed
staining (Biotium, Fremont, CA). Samples were sent to Genewiz
(South Plainfield, NJ) for sequencing in both directions. Nucleotide
sequences were assembled using Geneious (version 11.1.4), aligned
using Molecular Evolutionary Genetics Analysis (MEGA, version
7), and analyzed by BLASTn against the NCBI GenBank database.
Partial sequencing of the cyp51b gene linked to DMI resistance.

Eleven isolates exposed to DMI fungicides collected in 2013 (Iaras
and Santa Cruz do Rio Pardo) and 2015 (Santa Cruz do Rio Pardo)
(Table 1) had a portion of the cyp51b gene amplified. PCRwas performed
using primers cyp51b-F2 (5¢-ATATTCGTCTTGTGCGTGCG-3¢)
and cyp51b-R2 (5¢-TGGTGACCGTCTAGTCTGC-3¢) (Baggio et al.
2018). PCR products were purified and sent for sequencing as previ-
ously described, using the same primers and the additional internal
primers cyp51b-F3 (5¢-GACCACTCCCGTTTTTGGAC-3¢) and
cyp51b-R3 (5¢-GCAGGCGAAGAGTCTCCTTG-3¢) (Baggio et al.
2018). Codons 136, 147, and 175 of this gene were analyzed (Mair
et al. 2016) using the same protocol described for the b-tub gene.
Partial sequencing of the cytb gene linked to QoI resistance. The

presence of point-mutation G143A on cytb gene related to QoI resis-
tance was examined in 15 isolates collected in 2015 and 2016 ex-
posed to trifloxystrobin. PCR products of amplified cytb gene of
isolates were submitted to PCR-restriction fragment length polymor-
phism for G143A detection using the methods developed by Forcelini
et al. (2018). Codons 129, 137, and 143 of the cytb gene were
analyzed to identify the translated amino acids in eight isolates
collected in 1999 and 2000. PCR was carried out with primers
C.gramcytb-bf1 (5¢-GAAGAGGTATGTACTACGGTTCATATAG-
3¢) and C.gramcytb-br1 (5¢-TAGCAGCTGGAGTTTGCATAG-3¢)
(Forcelini et al. 2016). The thermocycler protocol was programmed
as follows: initial denaturation at 95°C for 3 min and 35 cycles of
95°C for 40 s, 60°C for 50 s, and 72°C for 1 min. Final extension
was 72°C for 5min. PCR products were visualized, purified, sequenced,
and analyzed as described for the b-tub gene.
Data analysis. Data from mycelial growth and spore germination

assays from repeated experiments were combined after analysis
of variance indicated that variances were homogeneous. For the
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mycelial growth trials, EC50 values found for the nonexposed and
QoI-nonexposed populations were compared with the values deter-
mined for the fungicide-exposed population using PROC GLIM-
MIX. Linear regression was performed between EC50 values
obtained through the spiral gradient dilution method (dependent vari-
able) for trifloxystrobin and those obtained from germination assays
(independent variable) so a trend could be estimated. Statistical anal-
ysis was performed using SAS version 9.2 software (SAS Institute,
Cary, NC).

Results
Characterization of Colletotrichum spp. isolates. DNA frag-

ments of partial ITS gene characteristic of the C. acutatum species
complex were amplified for 73 of 81 isolates collected in 2015 and
2016. The specific primers amplified fragments of 450 base pairs
(bp) (Mills et al. 1992; Sreenivasaprasad et al. 1996). PCR products
with the primer pair CaInt2/ITS4 did not amplify or had a distinct pat-
tern from C. acutatum in eight samples. These isolates were charac-
terized as C. gloeosporioides and discarded from our study. Isolates
collected from 1999 to 2013 had already been characterized as C.
acutatum prior to this study (Ciampi-Guillardi et al. 2014; Peres
et al. 2004b).
C. acutatum sensitivity to carbendazim and difenoconazole.

The EC50 of carbendazim could not be calculated because the myce-
lial growth inhibition was about 54 to 68% for all tested fungicide
concentrations regardless of the isolate. Colony diameter in the con-
trol treatments without fungicides ranged from 5.7 to 6.4 cm after the
incubation period. Mean mycelial growth inhibition in culture media
amended with the lowest and the highest carbendazim concentrations
ranged from 54 to 57% and from 60 to 68%, respectively (Table 2).
The EC50 of difenoconazole for isolates from Pedranópolis (2008)

that had not been exposed to difenoconazole ranged from 0.07 to
0.14mg/ml, whereas the EC50 for the exposed population varied from
0.04 to 0.16 (Fig. 1A, Table 3). Overall, mean EC50 values for all iso-
lates was 0.14mg/ml (Table 3). There was a significant difference be-
tween the mean EC50 of difenoconazole of the exposed (0.14) and the
nonexposed (0.11) populations (P = 0.03).
C. acutatum sensitivity to tebuconazole and trifloxystrobin.

EC50 of tebuconazole and trifloxystrobin for mycelial growth of C.
acutatum isolates. Mycelial growth inhibition was complete for all
the isolates when they were exposed to 1 mg/ml of tebuconazole,
which was not observed when isolates were exposed to trifloxystro-
bin (Supplementary Fig. S2). The mean, maximum, and minimum
EC50 values of tebuconazole for all isolates tested were 0.11, 0.37,
and 0.03 mg/ml, respectively (Table 4). The greatest EC50 mean
value of tebuconazole was observed for nonexposed isolates from
Itapetininga (1999) and Colômbia (2000) (0.15 mg/ml), whereas
the lowest EC50 mean value was 0.08 mg/ml for exposed isolates
from Santa Cruz do Rio Pardo (2016) (Table 4). Most of the isolates
(85.1%) had EC50 values below 0.14 mg/ml (Fig. 1B). Mean EC50

values for C. acutatum isolates exposed and nonexposed to trifloxy-
strobin were 0.23 and 0.18 mg/ml, respectively (Table 4). The great-
est mean EC50 was 0.33mg/ml, observed in isolates from Iaras (2013,
Table 4). The lowest mean EC50 was 0.11 mg/ml for isolates

collected from Itapetininga (1999). Most of the isolates (81.7%)
had trifloxystrobin EC50 values lower than 0.24 mg/ml (Fig. 1C).
EC50 values for the QoI-nonexposed population were not different
from the values determined for the fungicide-exposed population
for either tebuconazole (P = 0.53) or trifloxystrobin (P = 0.11).

Table 2.Mycelial growth inhibition ofColletotrichum acutatum isolates at different carbendazim concentrations from each of the eight isolate groups tested in the
sensitivity assays

Location of origin and collection year

Mycelial growth inhibition (%)a

1 mg/ml 500 mg/ml 1,000 mg/ml

Pedranópolis (2008) 54.01 ± 1.86 55.94 ± 1.63 59.71 ± 2.01
Barretos (2008) 55.13 ± 2.16 57.24 ± 2.18 60.89 ± 1.82
Gavião Peixoto (2008) 53.80 ± 1.90 55.93 ± 2.38 59.85 ± 2.45
Taquarituba (2008) 54.72 ± 2.42 57.09 ± 2.38 60.69 ± 2.23
Mogi Guaçu (2008) 54.24 ± 2.22 56.97 ± 2.18 60.17 ± 1.77
Santa Cruz do Rio Pardo (2008) 54.54 ± 2.03 57.74 ± 2.06 60.80 ± 1.98
Iaras (2013) 57.39 ± 1.97 64.57 ± 1.11 67.60 ± 0.57
Santa Cruz do Rio Pardo (2013) 56.12 ± 1.72 64.00 ± 2.00 66.50 ± 1.44

a Mean ± standard error at different concentrations of carbendazim.

Fig. 1. Frequency of Colletotrichum acutatum isolates within specified ranges of
effective concentration for 50% inhibition of mycelial growth (EC50) of A,
difenoconazole, B, tebuconazole, and C, trifloxystrobin. EC50 values were obtained
by the serial dilution method for A and by the spiral gradient dilution method for B
and C.
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EC50 of trifloxystrobin for conidial germination of C. acutatum
isolates and its relationship to the mycelial growth-estimated
EC50.EC50 values estimated from the conidial germination inhibition
assays ranged from 0.0008 to 0.0079 mg/ml, regardless of the popu-
lation exposed to trifloxystrobin. The mean EC50 was 0.002 mg/ml.
Estimated EC50 values based upon conidial germination were lower
than the EC50 values estimated through mycelial growth assays. The
relationship between EC50 values for the mycelial growth and the co-
nidial germination assays was significant (P = 0.0026; R2 = 0.74;
Supplementary Fig. S3). According to the linear regression, the my-
celial growth method overestimates EC50 values by approximately
28 times the sensitivity of the isolates compared with the conidial
germination method.
Molecular characterization of genome regions related to resis-

tance toMBC, DMI, and QoI fungicides. Partial sequencing of the
b-tub gene linked to MBC resistance. The sequences of the six C.
acutatum isolates were identical. Amplicons of about 450 bp showed
97.5% similarity with the CaTUB2 gene for b-tubulin 2 of C. acuta-
tum (Glomerella acutata) isolated from grape (GenBank accession

no. AB273716.1) (Nakaune and Nakano 2007). Sequence align-
ments found no mutations on codons 167, 198, and 200 that lead
to shifts in sensitivity to MBC fungicides in any of the six tested iso-
lates that were exposed to carbendazim. The partial sequence of the
isolate RP6 (Iaras 2013) was deposited in GenBank under accession
number MK118089.
Partial sequencing of the cyp51b gene linked to DMI resistance.

The sequences of the 11 C. acutatum isolates were identical. Ampli-
cons of 1,720 bp showed 97.4% similarity to the sequence of a C.
acutatum isolate from strawberry (accession no.MF662973) (Baggio
et al. 2018). No mutations of codons 136, 147, and 175 previously
related to DMI sensitivity shifts were found. The partial sequence
of the C. acutatum isolate RP6 (Iaras 2013) was deposited in Gen-
Bank under accession number MK118088.
Partial sequencing of the cytb gene linked to QoI resistance. The

sequences of the eight C. acutatum isolates were identical. Ampli-
cons of about 500 bp showed 99.2% similarity to a sequence of the
mitochondria of the pepper C. acutatum isolate KC05 (GenBank
accession no. KR349346.1; Kim et al. 2016). No amino acid

Table 3. Effective concentration of difenoconazole for 50% inhibition of mycelial growth (EC50, in mg/ml) of Colletotrichum acutatum isolates from citrus
flowers

Isolate location of origin and collection year Number of isolates

EC50 (mg/ml)a

Mean Range

Pedranópolis (2008)b 10 0.11 0.07 – 0.14
Barretos (2008) 59 0.13 0.07 – 0.13
Gavião Peixoto (2008) 31 0.14 0.08 – 0.13
Taquarituba (2008) 32 0.13 0.07 – 0.16
Mogi Guaçu (2008) 56 0.15 0.09 – 0.14
Santa Cruz do Rio Pardo (2008) 56 0.16 0.10 – 0.15
Iaras (2013) 4 0.06 0.04 – 0.08
Santa Cruz do Rio Pardo (2013) 6 0.06 0.05 – 0.09
Exposure P = 0.03
Nonexposed 10 0.11
Exposed 244 0.14
Overall 0.14

a Effective concentration (EC50) of difenoconazole, inmg/ml, that inhibited mycelial growth ofC. acutatum isolates by 50% using the serial dilution method. Data
are the means of three replications for two experiments.

b C. acutatum isolates not exposed to difenoconazole.

Table 4. Effective concentration of tebuconazole or trifloxystrobin for 50% inhibition of mycelial growth (EC50, in mg/ml) of Colletotrichum acutatum isolates
from citrus flowers

Isolate location of origin and collection year Number of isolates

Tebuconazole Trifloxystrobin

Mean EC50
a

(mg/ml)
EC50

a range
(mg/ml)

Mean EC50
a

(mg/ml)
EC50

a range
(mg/ml)

Iaras (2013) 19 0.10 0.07 – 0.29 0.33 0.18 – 0.64
Santa Cruz do Rio Pardo (2013) 22 0.10 0.03 – 0.32 0.27 0.01 – 0.64
Itapetiningab (1999) 5 0.15 0.06 – 0.26 0.11 0.05 – 0.21
Mogi Guaçub (1999) 10 0.12 0.03 – 0.26 0.18 0.04 – 0.50
Itapetiningab (2000) 5 0.14 0.07 – 0.29 0.14 0.03 – 0.44
Mogi Guaçub (2000) 5 0.11 0.04 – 0.20 0.29 0.12 – 0.50
Botucatub (2000) 10 0.13 0.03 – 0.26 0.16 0.03 – 0.39
Colômbiab (2000) 10 0.15 0.06 – 0.23 0.20 0.01 – 0.39
Pardinhob (2000) 5 0.13 0.06 – 0.23 0.20 0.10 – 0.44
Santa Cruz do Rio Pardo (2015) 45 0.10 0.03 – 0.37 0.22 0.04 – 0.50
Taquarituba (2016) 11 0.09 0.05 – 0.16 0.17 0.04 – 0.39
Santa Cruz do Rio Pardo (2016) 8 0.08 0.06 – 0.14 0.17 0.02 – 0.39
Iaras (2016) 9 0.09 0.04 – 0.13 0.13 0.04 – 0.44
Exposure P = 0.53 P = 0.11
Nonexposedc 50 0.13 0.03 – 0.29 0.18 0.03 – 0.5
Exposedc 114 0.10 0.03 – 0.37 0.23 0.01 – 0.64
Overallc 0.11 0.21

a Effective concentration (EC50) of tebuconazole and trifloxystrobin, in mg/ml, that inhibited mycelial growth of C. acutatum isolates by 50% using the serial
dilution method. Data are the means of three replications for two experiments.

b C. acutatum isolates not exposed to tebuconazole and trifloxystrobin.
c The nonexposed, exposed, and overall average were calculated considering every isolate. Because there is a different number of isolates within each combi-
nation of location and year of collection, the mean cannot be calculated by the means alone.
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substitution in codons 129, 137, and 143 related to QoI resistance
was found. A single nucleotide polymorphism (SNP) was found at
position 130 of the cytb gene; however, the nucleotide substitution
did not result in an amino acid change in the corresponding position
after translation. The partial sequence of theC. acutatum isolate CIT-
ITP 10B (Itapetininga 1999) was deposited in GenBank under acces-
sion number MK118090. In addition, the absence of the G143A
point mutation was confirmed for all of the 15 isolates collected in
2015 and 2016 by undigested band fragments of 204 bp.

Discussion
This study describes the sensitivity status of C. acutatum isolates

collected over almost two decades from Brazilian citrus orchards to
carbendazim, difenoconazole, tebuconazole, and trifloxystrobin.
Based on our overall results, no fungicide sensitivity shifts were
recorded in either PFD management period, prior to or after carben-
dazim use was restricted and difenoconazole use for PFD control was
attenuated as newer fungicides were available for use in PFD man-
agement programs. The high sensitivity of C. acutatum isolates to
the tebuconazole and trifloxystrobin mixture widely used for PFD
management in Brazil can serve citrus growers as a reference to ex-
plain the great efficacy of this commercial product for PFD control in
commercial citrus orchards.
The mycelial growth inhibition of about 60% by carbendazim con-

centrations of up to 1,000 mg/ml for the isolates of this study resulted
in no relationship between C. acutatum inhibition and fungicide con-
centration. Therefore, EC50 values for carbendazim could not be de-
termined. The lack of mycelial growth inhibition at high MBC
concentrations is referred to as inherent low sensitivity of C. acuta-
tum to this fungicide group (Nakaune and Nakano 2007). The same
pattern of sensitivity was observed to other MBC fungicides when C.
acutatum isolates from citrus and strawberry were exposed in vitro
(Baggio et al. 2018; Lima et al. 2011; Peres et al. 2004b). Citrus C.
acutatum isolates when exposed to benomyl at 1 to 100 mg/ml
showed about 80% colony area inhibition, which is equivalent to
60% colony diameter inhibition (Peres et al. 2004b), and when ex-
posed to 10 mg/ml of carbendazim, the inhibition was also about
60% (Lima et al. 2011).
As expected by the lack of variation in mycelial growth inhibition

among the exposed isolates, no mutation related to MBC resistance
was observed in the b-tub gene. Similarly, no amino acid substitu-
tion related to MBC resistance was found in previous studies assess-
ing C. acutatum sensitivity to benomyl (Peres et al. 2004b). This
study performed with isolates from citrus demonstrated that
C. acutatum isolates were more sensitive to benomyl than resistant
C. gloeosporioides isolates, but they were also considerably less
inhibited than sensitive C. gloeosporioides isolates. These resistant
C. gloeosporioides isolates had point mutations in codons 198
(Peres et al. 2004b), as observed for C. siamense isolates (Hu
et al. 2015). Point mutations in codons 198 and 200 cause alter-
ations in protein structure that hampers the access of MBC mole-
cules to target sites (Vela-Corcı́a et al. 2018). In contrast, the
inherent low sensitivity of C. acutatum to MBC fungicides is not
related to b-tub point mutations but to overexpression of catub1
(Nakaune and Nakano 2007).
This study is the first to determine the sensitivity of citrus C. acu-

tatum isolates to tebuconazole and difenoconazole. C. acutatum was
highly sensitive to both DMI fungicides, because EC50 values of
difenoconazole and tebuconazole did not surpass 0.40 mg/ml for
any of the tested isolates. Although there was a significant difference
of EC50 values between exposed and nonexposed isolates in the dife-
noconazole assays (P = 0.03), it does not imply sensitivity shifts, be-
cause the mean EC50 of the exposed population is only about 1.3-fold
greater than that of the nonexposed population. In another study con-
ducted with C. gloeosporioides, mutants obtained by UV exposure
showed mean resistance factors (the ratio between resistant and sen-
sitive EC50) ranging from 11.5 to 13.1 when tebuconazole sensitivity
was assessed and compared with the wild-type isolates (Xu et al.
2014). Sensitivity of C. acutatum to fenbuconazole, another DMI
fungicide, had already been reported for isolates collected in Florida

citrus orchards, and the estimated EC50 was 1 mg/ml (Mondal et al.
2005). The EC50 of tebuconazole for C. gloeosporioides isolates col-
lected from grapevine and strawberry fields in China ranged from
0.27 to 3.75 mg/ml (Xu et al. 2014).
No mutation related to DMI resistance was found in any of the cit-

rus C. acutatum isolates tested in this study. The absence of point
mutations associated with DMI resistance corroborates that no sensi-
tivity shift occurred when comparing DMI-nonexposed and -exposed
populations. Replacement of tyrosine for phenylalanine at codon
136 (Y136F) of the cyp51b gene was associated with resistance to
DMI for other pathogens, such as Monilinia fructicola (Chen et al.
2012) and Erysiphe necator (Rallos and Baudoin 2016). The muta-
tion present in codon 147, which involves the lysine substitution to
glutamine (K147Q), has been reported in Blumeria graminis confer-
ring a high degree of resistance to DMIs (Wyand and Brown 2005).
Although DMI resistance has been linked to the overexpression of
cyp51 gene (Ma et al. 2006), this work did not investigate this gene’s
expression levels, although DMI resistance has been linked to the
overexpression of this gene (Ma et al. 2006). Nevertheless, the low
EC50 values found for both difenoconazole and tebuconazole indi-
cate that cyp51 overexpression is unlikely among the citrus C. acuta-
tum isolates of our assays.
Growth inhibition of C. acutatum was similar for isolates exposed

and nonexposed to the QoI fungicide. The mean EC50 values of tri-
floxystrobin of the exposed (0.23 mg/ml) and nonexposed (0.18 mg/
ml) populations indicate that no sensitivity shift occurred in the C.
acutatum isolates in our study. Mean EC50 value of trifloxystrobin
found in our assays was similar to 0.22 mg/ml estimated as EC50

value of azoxystrobin for sensitive strawberry C. acutatum isolates
(Forcelini et al. 2016). These authors reported that the EC50 values
of azoxystrobin and pyraclostrobin for resistant strawberry C. acuta-
tum isolates was 28.38 and 1.43 mg/ml, respectively.
There was a significant difference between EC50 values of triflox-

ystrobin resulting from the mycelial growth and conidial germination
assays. This phenomenon is related to the higher sensitivity of fungal
germ tubes than the hyphae to QoI fungicides, because the fungicides
of this group inhibit adenosine triphosphate production during mi-
tochondrial respiration (Bartlett et al. 2002; Vincelli 2002). Al-
though the greatest EC50 value from the mycelial growth and
conidial germination assays was found for the same isolate, the
lower EC50 values did not correlate well when comparing the two
methods. Therefore, our results suggest that comparisons of triflox-
ystrobin EC50 values estimated by the different methods for QoI
fungicides must be analyzed carefully as they may yield different
results.
Translated amino acid substitutions related to QoI resistance were

not found in the cytb gene. The SNP observed between the sequence
of our isolates and that of the GenBank accession is common in spe-
cies of the C. acutatum complex (Bragança et al. 2016; Guerber et al.
2003; Nirenberg et al. 2002). The cytb sequencing of C. acutatum
isolates obtained from strawberry fields in the United States indicated
the presence of both the F129L and G143A mutations, conferring
partial and total resistance to QoIs, respectively (Forcelini et al.
2016). These results indicate that such selection is possible in citrus
C. acutatum isolates. In addition, QoI fungicides are also used as a
single active ingredient to control citrus black spot caused by Phyl-
losticta citricarpa in Brazil during the fruit development stages
(Lanza et al. 2018). Although fungicide applications targeting citrus
black spot are not performed during flowering, the fungicide may se-
lect resistant C. acutatum individuals surviving on the leaves be-
tween flowering periods. In 2019, the resistance of Alternaria
alternata (causal agent of brown spot) to QoI was reported in tanger-
ine orchards from Brazil (Chitolina et al. 2019), even though this
pathogen is not the main target of QoI applications in Brazilian citrus
orchards.
PFD management in Brazilian citrus orchards is planned mainly

on fungicide sprays following the calendar. However, our study con-
ducted with isolates collected during approximately two decades did
not find MBC-, DMI-, or QoI-resistant isolates. The fact that some of
the commercial fungicides registered for PFD control are marketed in
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prepackaged mixtures and available as different mode of action ac-
tive ingredients might have contributed in avoiding fungicide selec-
tion for resistance. In addition, a PFD decision-support system that
uses a model to predict PFD risks has been adopted by Brazilian cit-
rus growers and may reduce fungicide applications by up to approx-
imately 70% in a season by informing growers of critical periods for
PFD management (Gama et al. 2019). Limiting sprays to critical
periods for C. acutatum infection may contribute to reducing the
selection for resistant isolates. Monitoring of the sensitivity status
of C. acutatum isolates to fungicides is important to provide insight
on the efficacy of the three main fungicide groups applied in Brazil-
ian citrus orchards in previous years. Because no sensitivity shifts
were found in the assessed pathogen population, our study may
serve as a baseline for future monitoring assays targetingC. acutatum
sensitivity to carbendazim, difenoconazole, tebuconazole, and
trifloxystrobin.
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