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Abstract
Frosty pod rot (FPR) of cacao is caused by Moniliophthora 
roreri (MR). Effective management must include chemical 
or biological control, in addition to agronomic tactics. 
Flutolanil has been effective in controlling FPR. The 
objective of this research was to determine the response 
to flutolanil of MR isolates from the Amazon and Coast 
regions of Ecuador. Percentage of mycelial growth 
inhibition (PGI), and medium inhibitory concentration 
(IC50) against three concentrations of the fungicide were 
determined. One µg  mL-1 of flutolanil in the culture 
medium inhibited completely the growth of the 76 MR 
isolates. At 0.1 μg mL-1, 74/76 were inhibited between 70-
97 % compared to the control. Conversely, at the lower 
concentrations (0.01-0.001 μg mL-1) the results of inhibition 
were only of 22 % and 47 %, respectively. Four groups were 
identified: one included the most sensitive (66/76) to 
different degrees, and three groups representing 10 isolates 
that were stimulated at low concentrations of flutolanil. 
IC50 values were low, indicating very high sensitivity in 
the MR population. IC50max were 0.1342 and 0.1457 in 
two isolates from the Coast and the Amazon regions, 
respectively. Isolates from the Coast were significantly 
less sensitive to flutolanil than those from the Amazon 
( IC50 = 0.046 ± 0.03 and  IC50 = 0.030 ± 0.02, respectively), 
however, the differences were minimal. There were no 
significant differences when comparing the provinces. The 
most stimulated isolates were found in the provinces of 
Orellana and Los Ríos. It is concluded that flutolanil seems 
effective against the causal agent of FPR in Ecuador, both 
Coast and Amazon regions.
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Resumen
La pudrición helada de la mazorca (PHM) del cacao es 
causada por Moniliophthora roreri (MR). El manejo efectivo 
debe incluir el control químico o biológico, además de 
las prácticas agronómicas. El flutolanil ha sido eficaz 
controlando la PHF. El objetivo de esta investigación 
fue determinar la respuesta al flutolanil de aislados de 
MR de las regiones Amazonas y Costa de Ecuador. Se 
determinaron el porcentaje de inhibición del crecimiento 
micelial (PGI) y la concentración inhibitoria media (IC50) en 
respuesta a tres concentraciones del fungicida. A 1 µg mL-1 
de flutolanil en el medio de cultivo se inhibió totalmente 
el crecimiento de los 76 aislados de MR. A 0.1 μg mL-1; 
74/76 fueron inhibidas entre el 70-97 % en comparación 
con el control. Por el contrario, a las concentraciones más 
bajas (0.01-0.001  μg mL-1) los resultados de inhibición 
fueron solo del 22  % y 47  %, respectivamente. Se 
identificaron cuatros grupos: uno incluyó a la mayoría 
sensible (66/76) en diferente medida y tres grupos 
representaron 10 aislamientos que fueron estimulados a 
bajas concentraciones de flutolanil. Los IC50 fueron bajos, 
lo que indica una alta sensibilidad de la población de MR. 
Los IC50max fueron 0.1342 y 0.1457 en dos aislamientos 
de la costa y el Amazonas, respectivamente. Los aislados 
de la costa fueron significativamente menos sensibles 
al flutolanil que los del Amazonas (  IC50 = 0.046 ± 0.03 
y   IC50  =  0.030  ±  0.02, respectivamente), sin embargo, 
las diferencias fueron mínimas. No hubo diferencias 
significativas al comparar las provincias. Los aislados más 
estimulados se encontraron en las provincias de Orellana 
y de Los Ríos. Se concluye que el flutolanil parece efectivo 
para el manejo del agente causal de la PHM en la Costa y 
en el Amazonas.

Palabras clave: sensibilidad a fungicidas, moniliasis, pudrición 
helada de la mazorca.
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Introduction
The frosty pod rot (FPR) of cacao is caused by 
the basidiomycete fungus Moniliophthora roreri. 
This endemic disease is considered one of the 
most destructive for cacao crops (Evans, 2016). 
Fortunately, to this day, FPR is still limited to the 
Western Hemisphere (Krauss et al., 2012). In Ecuador, 
symptoms and damage in plantations were first 
reported in the province of Guayas in 1916 and their 
impact on production remains the same as before, 
constituting one of the two most destructive diseases 
of the crop along with witches’ broom disease of the 
cacao tree (Evans, 2016).

To keep FPR at low rates, the elimination 
of symptomatic fruits as cultural practice must 
be included in the management (Evans, 2016). 
An additional level of protection is achieved by 
combining maintenance and plant pruning with the 
application of fungicides (Krauss et al., 2010; Krauss 
& Soberanis, 2001). It is only with good agricultural 
practices that chemical and biological interventions 
are cost-effective, because cultural methods alone 
are inadequate to control FPR (Bateman et al., 2005). 
Several studies report the use of fungicides as a tactic 
within a FPR disease management in cacao farms 
(Anzules et al., 2019; Bailey et al., 2018; Bateman et al., 
2005; Krauss et al., 2010; Terrero Yépez et al., 2018; 
Torres De La Cruz et al., 2013). In this context, the lack 
of cacao resistant clones (Yamashita & Fraaije, 2018; 
Zhao et al., 2019), high morphological and molecular 
diversity of pathogen (Maridueña-Zavala et al., 2016), 
and the disease development due to climatic variables 
(Leandro-Muñoz et al., 2017) make it necessary to 
develop programmed applications of fungicides.

Flutolanil fungicide is used to control diseases 
caused by basidiomycetes in different crops (Ito et al., 
2004; Li et al., 2014; Mahmoud et al., 2006), including 
cacao (Krauss et al., 2010; Torres-de-la-Cruz et al., 
2019). The mode of action of flutolanil affects the 
mitochondrial respiratory Complex II by inhibiting 
succinate-dehydrogenase (SDH) and consuming O2 
from the mycelium, which converges in the growth 
decrease. Flutolanil was tested for the first time on 
cacao infected by M. perniciosa (witch’s broom disease) 
in Trinidad (Laker, 1991). The fungicide reduced 
the number of brooms in flower cushions and 
basidiocarps. Due to the biological similarity among 
M. perniciosa and M. roreri, flutolanil was included for 
trials in Costa Rica against FPR (Bateman et al., 2005), 
giving relevant results. This fungicide complemented 
the protection provided by cupric fungicides in an 
FPR management system (Bateman et al., 2005), 
as the authors suggested, providing protection in 
the initial stages of fruit development. Afterwards, 
flutolanil was subsequently tested in Colombia and 
Mexico (Tirado-gallego et al., 2016; Torres-de-la-Cruz 
et al., 2019).

In summary, i) flutolanil has been effective in the 
control of witch’s broom diseases and FPR, especially 
in the endophytic stages of Moniliophthora spp., in 
which the pathogen is in the form of mycelium within 
the plant; ii) the sensitivity to flutolanil is different 
between isolates as observed from other pathogens 
populations (Lehtonen et al., 2008), and iii) this 
variation has implications in the local management 
of the disease. Considering these arguments, the 
objective of this research was to determine the 
response to flutolanil of M. roreri isolates from 
commercial cacao farms in the Amazon and Coastal 
regions of Ecuador to explore the sensitivity of the 
population of the pathogen.

Materials and methods
Sampling. Symptomatic fruits of FPR were collected 
from six provinces of the Amazon Region (Sucumbíos, 
Orellana, Morona Santiago, Napo, Pastaza, Zamora-
Chinchipe) and three provinces from the Coastal 
Region (El Oro, Los Ríos, and Guayas) in Ecuador 
during 2018. The preferred symptoms were the 
necrotic external surface covered by a thick and 
felty fungal growth (pseudostroma from frost-white 
to cream, but not light brown) (Krauss et al., 2012). 
In farms with such symptoms, one pod per farm was 
sampled. When such conspicuous symptoms were 
not present, two pods/tree/farm with dark-brown 
spots with irregular borders or with partial or total 
premature ripening were taken. Pods with less than 
25 % of diseased tissue were taken. Each fruit was 
individually wrapped in newspaper, and the wrapper 
was changed daily until laboratory processing within 
1-3 days after the fungus collection. Both regions, 
Amazonian and Coastal, are separated by the 
Andes mountains. Figure 1 shows the geographical 
distribution of the sites.

Isolation, purification and monosporic cultures of 
M. roreri. Even though up to two pods were taken 
per farm, only one isolate per farm was conserved. 
That is, isolates were separated at least 10 km from 
each other. Fragments of 0.5 cm2 with both healthy 
and diseased parts were cut. This process was first 
carried out under septic conditions. Then, under 
laminar flow cabinet, fragments were disinfected 
(70 % ethanol and 2 % sodium hypochlorite), washed 
in sterile distilled water (2 min), and dried on sterile 
paper towels. Four fragments per Petri dish were 
seeded onto potato–dextrose–agar (PDA, Difco). The 
plates were incubated in the dark (26 ± 1  ºC) until 
visualizing mycelial growth (2-4 d). Subsequently, 
pieces of mycelium growing from each fragment 
were isolated in four new Petri dishes containing PDA 
and incubated under the same conditions for 11 d to 
observe the morphology of the colonies. Then, one 
colony with a typical morphology of the species was 
chosen for monosporic cultures.
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Monosporic cultures were obtained according to 
the described recommendations. One ml of sterile 
water was added to the dishes with the selected 
colonies. The water was carefully rubbed to loosen 
the conidia and the mixture was transferred to a 
15 ml tube with 8 ml of sterile water. Serial dilutions 
from 10-1 to 10-7 were made to reach a concentration 
between 50-100 conidia (Neubauer chamber). Later, 
100  µl of each isolate solution were spread on PDA 
individually. Dishes were incubated (see above) for 
3-5 days, until the germination of the conidia and the 
visualization of isolated colonies were done under 
the stereoscope. These colonies were transferred to 
fresh PDA and incubated up to 11 days when the plate 
surface was covered by the colony. Then, isolates 
were conserved in 1.5 ml tubes with sterile distilled 
water. The symptom and the sign of the disease 
(Krauss et al., 2012), together with the morphology 
of the colonies and the conidia in PDA indicated the 
identity of M. roreri (Bailey et al., 2018). Finally, the 
76 isolates were preserved in the Culture collections 
of Microorganism of the Culture collections of 
Microorganism, Ecuadorian Center of Biotechnology 
Research (World Data Centre for Microorganisms, 
WDCM1151).

Half inhibitory concentration (IC50). M. roreri isolates 
were assessed for fungicide sensitivity in Petri dishes 
(⌀ = 90 mm) containing 15 ml of fungicide-enriched 

PDA (Amiri et al., 2014; Campion et al., 2003). The 
fungicide was added after sterilization, resulting 
in the following final concentrations: 0.001, 0.01, 
0.1, and 1 mg L−1 of flutolanil. Petri dishes without 
fungicide were also included as control. Each Petri 
dish was centrally inoculated with a 5 mm (⌀) mycelial 
plug taken from the margin of an actively growing 
M. roreri colony on PDA (10-11  d). Five replicates 
per isolate and fungicide concentration (including 
controls) were incubated at 26 ºC. Colonies growths 
were measured along four radii at right angles with 
a graduated ruler (cm) at the 6th d after inoculation. 
Growth (average of area of the colony) was calculated. 
The percentage of colony growth inhibition (PGI) 
for each isolate with respect to the control were 
calculated according to equation 1, where R1 and R2 
are the largest and smallest radii of the MR colonies.

(PGI = )   Eq. 1

The half inhibitory concentration (IC50) value 
for each isolate was estimated (Eq. 2). Values were 
calculated after linear regression of the area (as 
percentage of control) plotted against the log10 
of fungicide concentration, then loaded into the 
GRAPHPAD-PRISM6 software.

Y = min+   IC50  Eq. 2

Figure 1. Sensitivity to flutolanil of M. roreri in Ecuador derived from cacao farms sampled in 2018.
Colors are according to the IC

50
s of the isolates with the two least sensitive are indicated with red dots. mRF indicate median resistance factors by province 

and n the number of isolates (= nº of farms) to estimate it (ratio of IC
50

 values between resistant and sensitive isolates). From each farm an isolate was 
cultivated (n), and farms were separated by at least 10 km (GPS coordinates in Supplementary Table 1).
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PGI and IC50 allowed to analyze the influence 
of flutolanil on the mycelial growth of MR and its 
sensitivity to the fungicide, respectively. Phenotypes 
of the isolates were determined based on resistance 
factor (RF) (IC50 of the test isolate/IC50 value for 
the most sensible isolate which was MR36) (Amiri 
et al., 2014) to flutolanil calculated from IC50 
values, being highly sensitive (RF  <2), sensitive 
(RF  =  2  to  5), sensitivity reduced (RF  >5  to  20), 
moderately resistant (RF  =  >20  to  100), highly 
resistant (RF = >100 to 1000) and very highly resistant 
(RF  >  1000). Sensitive phenotypes for flutolanil 
were the same as established for boscalid (Amiri et 
al., 2014), another SDH inhibitor fungicide. Values 
of RF for each isolate and median resistance factor 
(mRF = mean IC50 of isolates from every population/
mean IC50 of the two sensitive standard isolates) were 
estimated (Russell, 2003). The two most sensitive 
isolates from the Zamora-Chinchipe province 
(MR36 and MR39), were used as sensitive standard 
in this study. Flutolanil phenotype of each isolate 
were named as HS = highly sensitive, S = sensitive, 
RS  =  reduced  sensitivity, and MR  =  moderately 
resistant based on the resistance factor (RF) (Amiri 
et al., 2014). The data (geographic origin, PGIs, IC50s, 
and RFs) were analyzed using descriptive statistics 
and cluster analysis in the INFOSTAT2019 software. 
The map was generated with EXCEL 2016 3D MAP. 
For additional details of each analysis see the results.

Results
Seventy-six monosporic isolates were obtained 
from commercial plantations of T.  cacao: 22 were 
from the Coast and 54 from the Amazon (Figure 
1, Supplementary Table 1). The isolates from the 
Amazon were obtained from plantations between 5 
and 15 years old. These relatively new plantations 
were promoted by programs of the Ecuadorian 
Ministry of Agriculture through the provision of 
nursery seedlings.

Percentage of Growth Inhibition (PGI). Flutolanil 
concentrations differentiated MR groups of isolates 
regarding their mycelial growth response. The highest 
concentration of flutolanil totally inhibited the 
growth of all the colonies (Figure 2). On average the 

isolates showed PGI values of 84.8, 11.4, and -3.15 
at concentrations of 0.1, 0.01, and 0.001  μg mL-1, 
respectively. 0.1  μg  mL-1 68/76 were inhibited by 
more than 71 % in their growth (Table 1). It is worth 
noting that at this concentration growth stimulation 
was not observed in any of the isolates either. 
Negative PGI value correspond to the isolates that 
grew more in the presence of the fungicide than in 
its absence (control). Concentrations of 0.01 and 
0.001 μg mL-1 stimulate 17 and 36 isolates (Table 1). 
Only to show stimulation effect of M. roreri growth 
by the fungicide, nine isolates (MR43, MR77, MR102, 
MR94, MR93, MR85, MR58, MR96, and MR100) grew 
between 50 % and 140 % more than the control at the 
lowest concentrations (data not shown). The isolates 
responded differently in each concentration, for 
example MR43, MR77 and MR102 were stimulated 
less than 50 % at 0.01 μg mL-1, however at 0.001 μg mL-1 
they did not behave like this, as did the rest of the 
previously. Based on this fact, a cluster analysis was 
performed to visualize the response similarities at 
all concentrations. An input matrix (76×3) with the 
isolates in rows and the averages of the PGIs on the 
sixth day from the three differential concentrations 
in columns was used (except 1 μg mL-1, where all the 
isolates were 100 % inhibited). Four groups of isolates 
were distinguished (Figure 2).

Isolates were grouped by their simultaneous 
response to the three differentiating concentrations 
(cluster analysis, Figure 2). Cluster 4 grouped 86 % 
of the isolates that on average never stimulated 
growth at any of the tested concentrations. The other 
clusters (1, 2, and 3) included the rest of the isolates 
and showed stimulation activity on average at the 
lowest concentrations. It appears that the isolates 
from the three clusters were able to adapt their 
metabolic machinery on the sixth day sufficient to 
stimulate growth in the presence of flutolanil (Figure 
2). This result shows that in the population there 
are groups of isolates that are stimulated at the two 
lowest concentrations (Figure 2 Cluster 1, 2, and 3), 
unlike Table 1 where the identity of the isolates is 
not considered in each class of PGI.

Half inhibitory concentration (IC50). In general, the 
sensitivity of the isolates to flutolanil was high when 
IC50 values are lower than 1  μg mL-1 (Edgington et 
al., 1971). In the present work, the IC50 values were 
0.0026  <0.03489  <0.1457  μg  mL-1 (min  <    <  max). 
The least sensitive isolates were MR95 from El Oro 
province on the Coast (IC50 = 0.1342) and MR68 from 
the Amazonian province Orellana (IC50  =  0.1457) 
(Figure 1). Cumulative frequency curve for sensitivity 
of MR to flutolanil indicates that most isolates 
(74/76,  97  %) showed IC50s below 0.0885  μg  mL-

1, and only 2/76 above 0.1342  μg  mL-1 (Figure 3, 
isolates MR95 and MR68). The ordering of the 
means indicates an increase of 1.7  times between 
two consecutive means. This fact separates the less 
sensitive isolates (MR95 and MR68) from the rest. 

Table 1. Frequencies of M. roreri isolates from Ecuador distributed 
according to mycelium growth levels.

Levels of 
PGIa

Efects on 
growth

Nº of isolates by concentrations

1  
μg ml-1

0.1  
μg ml-1

0.01 
μg ml-1

0.001  
μg ml-1

< 0 Stimulation 17 36

0 - 50 Inhibition 2 47 40

51 – 90 Inhibition 37 12

> 90 Inhibition 37

100 Inhibition 76

a Arbitrary classes of the Percentage of growth inhibition (PGI).

Inhibition and stimulation of mycelial growth of  
Moniliophthora roreri by flutolanil in populations of Ecuador
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The two less sensitive isolates (MR95 and MR68) 
could be a sign of some small shifts in population 
sensitivities. The isolates from the Coast region 
(IC50    =  0.046  ±  0.03, range 0.0026-0.1457) were 
significantly less sensitive to flutolanil than those 
from the Amazon region (IC50  = 0.030 ± 0.02, range 
0.0036 to 0.1342) (P = 0.0097). However, there were 
no significant differences when comparing the IC50 
values of isolates subdivided in nine provinces (data 
not shown).

Levels of resistance to flutolanil in M. roreri 
population by resistance factor (RF) were showed. 
RF decreased from the isolates RFMR68  =  56 
and RFMR95 = 51.6, to the lowest RFMR49 = 1.1 
and RFMR38  =  1.2. The RFs in Figure 1 show a 

clear difference in sensitivity of MR populations 
throughout the provinces of Ecuador, with the most 
sensitive population being in the central Amazonian 
province of Pastaza (mRF = 8). The highest RFs were 
encountered in the coastal provinces of Guayas 
(mRF = 19) and El Oro (mRF = 18). The mRFs for both 
regions were mRFAmazon = 14, mRFCoast = 18, and 
the mRF for Ecuador was 14. In the calculations of 
the RFs and mRFs, isolates MR36 and MR39 were 
not included as they were used as standard isolates 
with the least IC50 (0.0026). 63.2 % of the isolates 
classified as with reduced sensitivity to flutolanil 
with RFs > 5 and < 20 (Table 2) (Amiri et al., 2014). 
Although only 26 showed a small RFs < 10 (data not 
shown) (Brent & Hollomon, 2007).

Figure 2. Inhibition/stimulation of mycelial growth of M. roreri in response to flutolanil concentrations in PDA.
The line in the middle indicates: PGI < 0 stimulation, and PGI > 0 inhibition. Cluster analysis using PGIs of 76 isolates at three concentrations as inputs 
(UPGMA method and Euclidean distance, cophenetic correlation 0.87). Different letter indicates statistical differences among cluster 1, 3, and 4 (p < 0.05).
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Discussion
In the present study, 76 monosporic M. roreri isolates 
were obtained from FPR symptomatic cacao fruits 
collected in the two main producing regions of 
Ecuador, Amazon and Coast. It is worth noting that, 
in previous studies with this pathogen, the Amazon 
region was underrepresented (Phillips-Mora et al., 
2007) or no detailed information of the origin of each 
isolate is given (Maridueña-Zavala et al., 2016). Hence, 
this study includes 52 isolates from georeferenced 
sites from the six provinces of Ecuadorian Amazon 
(Figure 1).

All MR isolates completely inhibited mycelial 
growth in contact with flutolanil during 6  d at 
1 µg mL-1 (Table 1). Even at concentrations 10 times 
lower, 58/76 isolates (76 %) inhibited at least 80 % of 
the growth. Flutolanil has shown the highest PGIs 
when compared with three fungicides: 100  % in 
field isolates of Ceratobasidium cereale and Rhizoctonia 
solani and 86 % in R. zeae (Koehler & Shew, 2017). 
This effectiveness was manifested at a single dose 
of 10 µg mL-1, 10 times greater than the maximum 
used in our work (1 µg mL-1). A lab resistant mutant 
of Coprinus cinereus grew as vigorously on medium 
containing 6.6 µg mL-1 as on the medium without 
flutolanil (Ito et al., 2004), whereas the wild strain 
could not grow on medium containing 0.3 µg mL-

1. On average, the calculated IC50 of flutolanil for 
MR isolates assessed in the present work was 
0.0026 < 0.03489 < 0.1457 µg mL-1, very low values 
compared to the average response of other reports for 
the same compound, such as within 221 isolates from 
Rhizoctonia spp. (0.0240 < 0.1727 < 0.7302 µg mL-1) 
(Zhao et al., 2019) and in R. solani with values ranged 
from 0.05-0.5  μg  mL-1 (Campion et al., 2003). The 
IC50 scale for designation of an isolate as sensitive, 
intermediate and insensitive was < 0.3, 0.5-0.3 and 
>  0.5  μg  mL-1 fungicide, respectively (Lehtonen et 
al., 2008). Among 450 Sclerotium rolfsii isolates, the 
sensitivity to flutolanil was between medium and 
high (0.41-17.70  μg  mL-1). In general, fungi which 
have an IC50 > 50, 1 to 10 and < 1 μg mL- 1 could be 
considered resistant, moderately sensitive, and highly 
sensitive, respectively. Differences in PGI within C. 
cereale isolates could be used to consider rotating 
fungicides throughout the course of an epidemic 

(Koehler & Shew, 2017). The high sensitivity observed 
in our results indicate the potential of this molecule 
(Zhao et al., 2019) as part of the FPR management 
system in Ecuador.

SDHI fungicides belonging to the eight different 
chemical subgroups are available for control of fungal 
plant pathogens. Artificial mutants with amino acid 
substitutions in sdhB in vitro in Ustilago maydis and in 
Mycosphaerella graminicola, and in subunit C of SDH in 
Coprinus cinereus and Aspergillus nidulans were detected 
expressing resistance to SDHIs such as flutolanil 
(Sierotzki & Scalliet, 2013). Several mutations in the 
sdhC (R. solani), and sdhB (B. cinerea) subunits of the 
gen were responsible to diminish (Zhao et al., 2019) 
or increase (Leroux et al., 2010) the sensitivity to 
flutolanil, respectively. These mutations may not be 
excluded from the populations of MR, as responsible 
for a shift in reduction of sensitivity to flutolanil. 
The molecule represents a medium to high risk for 
development of field fungal resistance (FRAC, 2020), 
although a rotation of fungicides can delay the onset 
of resistance in managing the disease (Zhao et al., 
2019). The pathosystem Rhizoctonia spp. -Festuca 
arundinacea has shown to maintain its sensitivity 
(IC50) for 94  field isolates between 2003 and 2015 
(Koehler & Shew, 2017). In laboratory, it has taken 
10 generations to create artificially two resistant R. 
solani mutants, with an increase of IC50 from = 0.0460 
in the wild isolate (the most sensitive of a total of 
221) to 2.8831 and 3.7379 (Zhao et al., 2019).

Flutolanil also stimulated notably the mycelial 
growth of 17/76 (at  0.01  μg  mL-1) and 36/76 
(at 0.001 μg mL-1) of MR isolates at two out of four 
concentrations analyzed. See Table 1 for isolates 
individually and Figure 2 for groups of similar isolates 
in the response to three out of four concentrations 
simultaneously. To our knowledge, this is the first 
report about stimulation of MR growth by a fungicide 
and in a sample of 76 isolates, a relative high number 
of isolates. Four isolates deserve special mention 
(MR94, MR93, MR58, and MR100) since showed 
negative PGI values <  -50 at both concentrations. 
In our study, growth stimulation of several field 
isolates of MR at the lowest concentrations could 
possibly indicate that suboptimal doses of fungicide 
application in the field may have an opposite effect 

Table 2. Summary of sensitivity to flutolanil of M. roreri isolates (n = 76) from cacao fields in Ecuador in 2019.

Flutolanil Phenotypea N° Isolates Percentage Cumulative percentage. Average RF Range RF Average IC
50

Range IC
50

Standard 2 2.6 2.6 0.0026

HS (RF < 2) 8 10.5 13.2 1.5 1.1-1.9 0.004 0.0029-0.0050

S (RF > 2-5) 6 7.9 21.1 3.7 2.9-4.8 0.0096 0.0076-0.0125

RS (RF > 5-20) 48 63.2 84.2 13.3 6.2-19.3 0.0346 0.0162-0.0502

MR (RF > 20-100) 12 15.8 100.0 28.6 20.9-56.0 0.0743 0.0544-0.14587

a Isolates were characterized as HS = highly sensitive, S = sensitive, RS = reduced sensitivity, and MR = moderately resistant based resistance factor (RF) 
(Amiri, 2014).

Inhibition and stimulation of mycelial growth of  
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than desired, since these concentrations allowed 
stimulation of the pathogen when applied in vitro. 
Topsin® M70  WG (metil tiofanato) stimulated 
Aspergillus niger, a common contaminant in plant tissue 
culture laboratories (Kowalik & Gródek, 2002). Some 
detoxification mechanisms may explain better the 
growth of MR isolates in the presence of flutolanil. 
In Alternaria alternata was reported the excretion of 
antimicrobial compounds; this detoxification limits 
the intracellular accumulation of natural/synthetic 
chemicals (Yang et al., 2019).

The presence of two isolates detected with the 
highest IC50, one from the Coast and the other from 
the Amazon (Figure 3), may be attributed to the 
natural diversity of the pathogen population (Russell, 
2003). In this case, more sample effort to collect 
the whole variability should be done. Alternatively, 
such high IC50 may be indicative of the contact of 
this pathogen population with flutolanil, leading 
to a previous selection. The cacao farm where one 
of the less sensible isolates was originated (El Oro 
province) does not use any fungicides in the disease 
management of the crop. However, we were informed 
that an adjacent banana farm uses it. Unfortunately, 
no further information was obtained on the history 
of the visited or adjacent farms. Most of the time, 
the technicians of the Ministry of Agriculture guided 
us on the visits, without contacting the farmers. The 
adjoining cacao farms with banana plantations, and 
the application of fungicides in the latter has been 
reported in El Oro and Guayas provinces (Quevedo 
Guerrero, et al., 2018). Cross-resistance of flutolanil 
with thifluzamide and penthiopyrad (all from the 
same SDHI-fungicide group) and with tebuconazole 
(demethylation inhibitor, DMI-fungicide) were 
reported (Zhao et al., 2019). Thus, the proximity 
to banana plantations supports this hypothesis 
of a natural selection. It is worth to mention that 
flutolanil is marketed in neighboring countries, but 
not in Ecuador.

In Ecuador, three genetic groups have been 
reported, two in the Coast region (IV = Co-West and 
V = Bolivar, according to Phillips-Mora et al., 2007), 
one in the Sierra region in the province of Imbabura 
(I  =  Gileri) and one in Napo (V  =  Bolivar), in the 
Amazon region. These genetic differences between 
groups must be playing a role in the fungicide 
phenotype. Although, this study did not associate 
a phenotype with genetic diversity. The continental 
territory of Ecuador is clearly differentiated by the 
Sierra region, in which the Andes mountains separate 
the Coast from the Amazon. The sampling effort was 
focused on achieving an ex-situ representation of the 
six provinces of the Amazon, and does not include 
the Sierra region. Phillips-Mora et al. (2007) found 
the same genetic group in Napo, Amazonas, and on 
the Coast, although the latter region showed greater 
genetic diversity.

Conclusions
The sensitivity of the isolates from the Coast was 
significantly less than those from the Amazon 
(  IC50  =  0.046  ±  0.03 and   IC50  =  0.030  ±  0.02, 
respectively), nevertheless the difference was 
minimal. At the time of this report, it was assumed 
that populations of MR had not been exposed to 
flutolanil since is not approved to be marketed in 
Ecuador, thus low sensitivity was not unexpected. 
The lower sensitivity of the population of MR in the 
Amazon with respect to the Coast may be related to 
the fact that the expansion of cacao cultivation is more 
recent in the former, the industry is less intensified, 
and there is less technified banana plantations. 
All of the above considerations translate into less 
exposure of MR populations to agrochemicals and, 
ultimately, less selection pressure for resistance in 
the pathosystem M. roreri - T. cacao. Hence, flutolanil 
seems effective against the causal agent of FPR 
in Ecuador, both Coast and Amazon. However, 
stimulation of the growth of the pathogen and the 
variability in sensitivity to flutolanil suggested that 
may be a potential for fungicide-insensitive field 
isolates of M. roreri to emerge. Other aspects must 
be considered, in addition to its effectiveness in vitro 
observed against most of the 76 isolates of MR in this 
study, and other reports in the field. Among them, 
their performance once released to the environment 
(PubChem, 2021). Genetic and aggressiveness analysis 
are in progress (manuscript in preparation).

Acknowledgments
We thank Juan M. Cevallos for GRAPHPAD-PRISM6, 
and Byron Moyano, Jhonny España, Guido Morera 
and technicians of MAGAP for the access to farms. 
Funded by UNEMI Project 2016-CONV-P-01-04. DAM 
thanks VLIR NETWORK Ecuador. We appreciate the 
suggestions made by the reviewers.

References
Amiri, A., Heath, S.M., & Peres, N.A. (2014). Resistance to 

Fluopyram, Fluxapyroxad, and Penthiopyrad in Botrytis cinerea 
from Strawberry. Plant Disease, 98(4), 532-539. https://doi.
org/10.1094/PDIS-07-13-0753-RE

Anzules, V., Borjas, R., Alvarado, L., Castro-Cepero, V., & Julca-
Otiniano, A. (2019). Cultural, biological and chemical control 
of Moniliophthora roreri and Phytophthora spp IN Theobroma 
cacao ‘CCN-51.’ Scientia Agropecuaria, 10(4), 511-520. https://
doi.org/10.17268/SCI.AGROPECU.2019.04.08

Bailey, B., Evans, H.C., Phillips-Mora, W., Ali, S.S., & Meinhardt, 
L.W. (2018). Moniliophthora roreri, causal agent of cacao frosty 
pod rot. Molecular Plant Pathology, 19(7), 1580-1594. https://
doi.org/10.1111/mpp.12648

Bateman, R.P., Hidalgo, E., García, J., Arroyo, C., Ten Hoopen, 
G.M., Adonijah, V., & Krauss, U. (2005). Application of 
chemical and biological agents for the management of frosty 
pod rot (Moniliophthora roreri) in Costa Rican cocoa (Theobroma 

Acta Agronómica. 70-3 / 2021, p 240-248

https://doi.org/10.17268/SCI.AGROPECU.2019.04.08
https://doi.org/10.17268/SCI.AGROPECU.2019.04.08
https://doi.org/10.1111/mpp.12648
https://doi.org/10.1111/mpp.12648


247

cacao). Annals of Applied Biology, 147(2), 129-138. https://doi.
org/10.1111/j.1744-7348.2005.00012.x

Brent, K., & Hollomon, D. (2007). Fungicide resistance: 
The assessment  of  r i sk  [monograph] .  Fungic ide 
Resistence Action Committee (FRAC), 2, 1-53. https://www.
semanticscholar.org/paper/FUNGICIDE-RESISTANCE-
%3A-THE-ASSESSMENT-OF-RISK-Brent-Hollomon/
b9b7aa046d5f3437b898c855bbb9a0c8addb81b1

Campion, C., Chatot, C., Perraton, B., & Andrivon, D. (2003). 
Anastomosis groups, pathogenicity and sensitivity to 
fungicides of Rhizoctonia solani isolates collected on potato 
crops in France. European Journal of Plant Pathology, 109(9), 983-
992. https://doi.org/10.1023/B:EJPP.0000003829.83671.8F

Edgington, L.V., Khew, K.L., & Barron, G.L. (1971). Fungitoxic 
spectrum of Benzimidazole compounds. Phytopathology, 61(1), 
42-44. https://doi.org/10.1094/Phyto-61-42

Evans, H.C. (2016). Frosty pod rot (Moniliophthora roreri). In B.A. 
Bailey, & L.W. Meinhardt (Eds.), Cacao Diseases: A History of Old 
Enemies and New Encounters (pp. 63–96). Springer International 
Publishing. https://doi.org/10.1007/978-3-319-24789-2_3

Fungicide Resistance Action Committee (FRAC). (2020). FRAC Code 
List ©* 2020: Fungal control agents sorted by cross resistance pattern 
and mode of action (including FRAC Code numbering). https://u.osu.
edu/fruitpathology/files/2020/02/frac-code-list-2020-final.pdf

Ito, Y., Muraguchi, H., Seshime, Y., Oita, S., & Yanagi, S.O. 
(2004). Flutolanil and carboxin resistance in Coprinus cinereus 
conferred by a mutation in the cytochrome b 560 subunit of 
succinate dehydrogenase complex (Complex II). Molecular 
Genetics and Genomics, 272(3), 328-335. https://doi.org/10.1007/
s00438-004-1060-2

Koehler, A.M., & Shew, H.D. (2017). Seasonal dynamics and 
fungicide sensitivity of organisms causing brown patch of tall 
fescue in North Carolina. Mycologia, 109(4), 667-675. https://
doi.org/10.1080/00275514.2017.1377587

Kowalik, M., & Gródek, M. (2002). Effect of fungicides on the 
growth of fungi isolated from in vitro propagated fruit-bearing 
plants. Plant Protection Science, 38(Special Issue 2), 329-331. 
https://doi.org/10.17221/10482-PPS

Krauss, U., Adonijah, V., Arroyo, C., Bekker, M., Gamboa, A., 
Steuten, C.D.M., Crozier, J., & Holmes, K. (2012). Cocoa 
(Theobroma cacao) yield increase in Costa Rica through novel 
stress management and fertilization approach. Greener Journal 
of Agricultural Sciences, 2(3), 68-78. https://www.researchgate.
net/publication/280561894_Cocoa_Theobroma_cacao_yield_
increase_in_Costa_Rica_through_novel_stress_management_
and_fertilization_approach

Krauss, U., Hidalgo, E., Bateman, R., Adonijah, V., Arroyo, C., 
García, J., Crozier, J., Brown, N.A., Ten Hoopen, G.M., & 
Holmes, K.A. (2010). Improving the formulation and timing 
of application of endophytic biocontrol and chemical 
agents against frosty pod rot (Moniliophthora roreri) in cocoa 
(Theobroma cacao). Biological Control, 54(3), 230-240. https://
doi.org/10.1016/j.biocontrol.2010.05.011

Krauss, U., & Soberanis, W. (2001). Rehabilitation of diseased 
cacao fields in Peru through shade regulation and timing 
of biocontrol measures. Agroforestry Systems, 53(2), 179-184. 
https://doi.org/10.1023/A:1013376504268

Laker, H.A. (1991). Evaluation of systemic fungicides for control 
of witches’ broom disease of cocoa in Trinidad. Tropical 
Agriculture, 68(2), 119-124. http://pascal-francis.inist.fr/vibad/
index.php?action=getRecordDetail&idt=5517015

Leandro-Muñoz, M.E., Tixier, P., Germon, A., Rakotobe, V., 
Phillips-Mora, W., Maximova, S., & Avelino, J. (2017). Effects 

of microclimatic variables on the symptoms and signs onset of 
Moniliophthora roreri, causal agent of Moniliophthora pod rot in 
cacao. PLOS ONE, 12(10), e0184638. https://doi.org/10.1371/
JOURNAL.PONE.0184638

Lehtonen, M.J., Ahvenniemi, P., Wilson, P.S., German-Kinnari, M., 
& Valkonen, J.P.T. (2008). Biological diversity of Rhizoctonia 
solani (AG-3) in a northern potato-cultivation environment 
in Finland. Plant Pathology, 57(1), 141-151. https://doi.
org/10.1111/J.1365-3059.2007.01694.X

Leroux, P., Gredt, M., Leroch, M., & Walker, A.S. (2010). Exploring 
mechanisms of resistance to respiratory inhibitors in field 
strains of Botrytis cinerea, the causal agent of gray mold. Applied 
and Environmental Microbiology, 76(19), 6615-6630. https://doi.
org/10.1128/AEM.00931-10

Li, S., Hou, Y., Peng, D., Meng, L., Wang, J., Zhou, M., & Chen, C. 
(2014). Baseline sensitivity and control efficacy of flutolanil 
in Rhizoctonia solani. Australasian Plant Pathology, 43(3), 313-320. 
https://doi.org/10.1007/S13313-014-0272-0

Mahmoud, Y.A.G., Aly, A.A., Omar, M.R., & Ismail, A.W.A. (2006). 
Variation in sensitivity among some isolates of Macrophomina 
phaseolina isolated from cotton roots to flutolanil fungicide. 
Mycobiology, 34(2), 99-103. https://www.tandfonline.com/doi/
abs/10.4489/MYCO.2006.34.2.099

Maridueña-Zavala, M.G., Villavicencio-Vásquez, M.E., Cevallos-
Cevallos, J.M., & Peralta, E.L. (2016). Molecular and 
morphological characterization of Moniliophthora roreri isolates 
from cacao in Ecuador. Canadian Journal of Plant Pathology, 
38(4), 460-469. https://doi.org/10.1080/07060661.2016.12
61372

Phillips-Mora, W., Aime, M.C., & Wilkinson, M.J. (2007). 
Biodiversity and biogeography of the cacao (Theobroma cacao) 
pathogen Moniliophthora roreri in tropical America. Plant 
Pathology, 56(6), 911-922. https://doi.org/10.1111/j.1365-
3059.2007.01646.x

Phillips-Mora, W., Baqueros, F., Melnick, R.L., & Bailey, B.A. 
(2015). First report of frosty pod rot caused by Moniliophthora 
roreri on cacao in Bolivia. New Disease Reports, 31(1), 29-29. 
https://doi.org/10.5197/J.2044-0588.2015.031.029

PubChem. (2021, January 16). Flutolanil (Annotation). Environmental 
fate & exposure. https://pubchem.ncbi.nlm.nih.gov/source/
hsdb/6658#section=Environmental-Fate-%26-Exposure

Quevedo Guerrero, J., Infante Noblecilla, C.J.C., & García Batista, 
R.M. (2018). Efecto del uso predominante de fungicidas 
sistémicos para el control de Sigatoka negra (Mycosphaerella 
Fijiensis Morelet) en el área foliar del banano. Revista Científica 
Agroecosistemas, 6(1), 128-136. https://aes.ucf.edu.cu/index.
php/aes/article/view/181

Russell, P.E. (2003). Sensitivity baselines in fungicide resistance research 
and management [monograph]. CropLife International, FRAC. 
https://www.frac.info/docs/default-source/publications/
monographs/monograph-3.pdf

Sierotzki, H., & Scalliet, G. (2013). A review of current knowledge 
of resistance aspects for the next-generation succinate 
dehydrogenase inhibitor fungicides. Phytopathology, 103(9), 
880-887. https://doi.org/10.1094/PHYTO-01-13-0009-RVW

Terrero Yépez, P.I., Peñaherrera Villafuerte, S.L., Solís Hidalgo, 
Z.K., Vera Coello, D.I., Navarrete Cedeño, J.B., & Herrera 
Defaz, M.A. (2018). In vitro compatibility of Trichoderma spp. 
with fungicides commonly used in cocoa (Theobroma cacao L.). 
Investigación Agraria, 20(2), 146-151. https://doi.org/10.18004/
INVESTIG.AGRAR.2018.DICIEMBRE.146-151

Tirado-Gallego, P.A., Lopera-Álvarez, A., & Ríos-Osorio, L.A. 
(2016). Estrategias de control de Moniliophthora roreri y 

Inhibition and stimulation of mycelial growth of  
Moniliophthora roreri by flutolanil in populations of Ecuador

https://doi.org/10.1111/j.1744-7348.2005.00012.x
https://doi.org/10.1111/j.1744-7348.2005.00012.x
https://www.semanticscholar.org/paper/FUNGICIDE-RESISTANCE-%3A-THE-ASSESSMENT-OF-RISK-Brent-Hollomon/b9b7aa046d5f3437b898c855bbb9a0c8addb81b1
https://www.semanticscholar.org/paper/FUNGICIDE-RESISTANCE-%3A-THE-ASSESSMENT-OF-RISK-Brent-Hollomon/b9b7aa046d5f3437b898c855bbb9a0c8addb81b1
https://www.semanticscholar.org/paper/FUNGICIDE-RESISTANCE-%3A-THE-ASSESSMENT-OF-RISK-Brent-Hollomon/b9b7aa046d5f3437b898c855bbb9a0c8addb81b1
https://www.semanticscholar.org/paper/FUNGICIDE-RESISTANCE-%3A-THE-ASSESSMENT-OF-RISK-Brent-Hollomon/b9b7aa046d5f3437b898c855bbb9a0c8addb81b1
https://doi.org/10.1023/B:EJPP.0000003829.83671.8F
https://doi.org/10.1094/Phyto-61-42
https://doi.org/10.1007/978-3-319-24789-2_3
https://u.osu.edu/fruitpathology/files/2020/02/frac-code-list-2020-final.pdf
https://u.osu.edu/fruitpathology/files/2020/02/frac-code-list-2020-final.pdf
https://doi.org/10.1007/s00438-004-1060-2
https://doi.org/10.1007/s00438-004-1060-2
https://doi.org/10.1080/00275514.2017.1377587
https://doi.org/10.1080/00275514.2017.1377587
https://doi.org/10.17221/10482-PPS
https://www.researchgate.net/publication/280561894_Cocoa_Theobroma_cacao_yield_increase_in_Costa_Rica_through_novel_stress_management_and_fertilization_approach
https://www.researchgate.net/publication/280561894_Cocoa_Theobroma_cacao_yield_increase_in_Costa_Rica_through_novel_stress_management_and_fertilization_approach
https://www.researchgate.net/publication/280561894_Cocoa_Theobroma_cacao_yield_increase_in_Costa_Rica_through_novel_stress_management_and_fertilization_approach
https://www.researchgate.net/publication/280561894_Cocoa_Theobroma_cacao_yield_increase_in_Costa_Rica_through_novel_stress_management_and_fertilization_approach
https://doi.org/10.1016/j.biocontrol.2010.05.011
https://doi.org/10.1016/j.biocontrol.2010.05.011
https://doi.org/10.1023/A:1013376504268
http://pascal-francis.inist.fr/vibad/index.php?action=getRecordDetail&idt=5517015
http://pascal-francis.inist.fr/vibad/index.php?action=getRecordDetail&idt=5517015
https://doi.org/10.1371/JOURNAL.PONE.0184638
https://doi.org/10.1371/JOURNAL.PONE.0184638
https://doi.org/10.1111/J.1365-3059.2007.01694.X
https://doi.org/10.1111/J.1365-3059.2007.01694.X
https://doi.org/10.1128/AEM.00931-10
https://doi.org/10.1128/AEM.00931-10
https://doi.org/10.1007/S13313-014-0272-0
https://doi.org/10.1080/07060661.2016.1261372
https://doi.org/10.1080/07060661.2016.1261372
https://doi.org/10.1111/j.1365-3059.2007.01646.x
https://doi.org/10.1111/j.1365-3059.2007.01646.x
https://doi.org/10.5197/J.2044-0588.2015.031.029
https://aes.ucf.edu.cu/index.php/aes/article/view/181
https://aes.ucf.edu.cu/index.php/aes/article/view/181
https://www.frac.info/docs/default-source/publications/monographs/monograph-3.pdf
https://www.frac.info/docs/default-source/publications/monographs/monograph-3.pdf
https://doi.org/10.1094/PHYTO-01-13-0009-RVW
https://doi.org/10.18004/INVESTIG.AGRAR.2018.DICIEMBRE.146-151
https://doi.org/10.18004/INVESTIG.AGRAR.2018.DICIEMBRE.146-151


248

Moniliophthora perniciosa en Theobroma cacao L.: revisión 
sistemática. Revista Corpoica. Ciencia y Tecnología Agropecuaria, 
17(3), 417-430. https://doi.org/https://doi.org/10.21930/rcta.
vol17_num3_art:517

Torres de la Cruz, M., Ortiz García, C.F., Téliz Ortiz, D., Mora 
Aguilera, A., & Nava Díaz, C. (2013). Effect of the Azoxystrobin 
on Moniliophthora roreri, causal agent of frosty pod rot of cocoa 
(Theobroma cacao). Revista Mexicana de Fitopatología, 31(1), 65-69. 
http://www.redalyc.org/articulo.oa?id=61230974007

Torres de la Cruz, M., Quevedo Damián, I., Ortiz García, C.F., 
Lagúnez Espinoza, L. del C., Nieto Angel, D., & Pérez de la 
Cruz, M. (2019). Control químico de Moniliophthora roreri en 
México. Biotecnia, 21(2), 55-61. https://doi.org/10.18633/
BIOTECNIA.V21I2.906

Yamashita, M., & Fraaije, B. (2018). Non-target site SDHI 
resistance is present as standing genetic variation in field 
populations of Zymoseptoria tritici. Pest Management Science, 
74(3), 672-681. https://doi.org/10.1002/PS.4761

Yang, L.N., He, M.H., Ouyang, H.B., Zhu, W., Pan, Z.C., Sui, 
Q.J., Shang, L.P., & Zhan, J. (2019). Cross-resistance of the 
pathogenic fungus Alternaria alternata to fungicides with 
different modes of action. BMC Microbiology, 19(1), 1-10. 
https://doi.org/10.1186/S12866-019-1574-8/FIGURES/4

Zhao, C., Zhang, X., Hua, H., Han, C., & Wu, X. (2019). Sensitivity 
of Rhizoctonia spp. to flutolanil and characterization of the 
point mutation in succinate dehydrogenase conferring 
fungicide resistance. European Journal of Plant Pathology, 155(1), 
13-23. https://doi.org/10.1007/S10658-019-01739-6

Acta Agronómica. 70-3 / 2021, p 240-248

https://doi.org/https://doi.org/10.21930/rcta.vol17_num3_art:517
https://doi.org/https://doi.org/10.21930/rcta.vol17_num3_art:517
http://www.redalyc.org/articulo.oa?id=61230974007
https://doi.org/10.18633/BIOTECNIA.V21I2.906
https://doi.org/10.18633/BIOTECNIA.V21I2.906
https://doi.org/10.1002/PS.4761
https://doi.org/10.1186/S12866-019-1574-8/FIGURES/4
https://doi.org/10.1007/S10658-019-01739-6

