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Abstract 

The research was focused on the persistence of resistance of V. inaequalis to 
strobilurins from resistant populations occurring in the field. It was studied 
with two types of experiments: the first in apple orchards where resistance 
occurred in 2005 and employ of these fungicides was suspended from 2006 to 
2011, realizing every year sensitivity/resistance assays on strobilurins. In the 
second was verified the sensitivity/resistance of the same 2015 populations, 
repeatedly multiplied (ten inoculations) in glasshouse on apple seedlings. Re-
sults showed that the resistance survived in orchards all the years of tests (six 
years), despite sensitivity fluctuations occurred on infected leaves due to sex-
ual crosses, competition with sensible strains and soil management. In glass-
house, the level of resistance of all populations increased quickly in first in-
oculations and values remained high (EC50 > 10 mg·L−1) in all the following 
inoculations, until the last, the 10th. V. inaequalis resistant strains seemed to 
show high fitness: relevant persistence in the field, and a capacity of prevail on 
sensible ones in absence of factors of field variability. 
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1. Introduction 

Venturia inaequalis (Cke) Wint. is the causal agent of one of the most important 
diseases of apple cultivation in over 65 countries in the world [1]. The control of 
this disease requires many treatments with several chemical groups of fungicides 
and possibly an expert technical organization. Strobilurins fungicides, named 
also QoI (Inhibitors of Quinone outside), were introduced at the end of 90 years. 
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They showed excellent activity against apple scab even when applied under high 
concentration of inoculum and favorable epidemiological conditions. However, 
cases of practical resistance of V. inaequalis were reported in the early 2000s [2] 
[3] and were confirmed by further surveys [4] [5].  

In particular, the survey conducted in Italy showed that the presence and fre-
quency of resistance to strobilurins differed among apple areas [6] and in those 
more interested by the problem the use of these QoI fungicides was generally in-
terrupted. The knowledge of the fitness of these populations could be interesting 
in these situations, especially to evaluate the persistence and the possibility to the 
back employ of these fungicides where the problem occurred. There is currently 
a lack of information about the persistence of resistant populations to different 
fungicides groups: few reports deal on SBI and dicarboximides, while a higher 
number of researches are available for benzimidazoles. Concerning the last 
group of fungicides, resistant strains have shown a high persistence of resistance, 
10 years in Tapesia sp. [7] and over 4 years in Venturia pirina [8]. A persistence 
of resistance of 10 years was also detected for ethirimol (chemical group IBS) in 
Spaeroteca fuliginea [9], while resistance to dicarboximides showed a rather high 
decrease after two years of no use on Botrytis cinerea [10] and Monilia fructicola 
[11]. 

The aim of this research was to verify the evolutions of V. inaequalis popula-
tions that were found to be resistant to strobilurins in Italian commercial orc-
hards in 2005. Experiments were realized following two lines: 1) to verify the 
persistence of resistance of these 2005 field populations in the same orchards, 
from 2006 to 2011, in which strobilurins were no more used; 2) to assay persis-
tence of resistance and fitness of these 2005 resistant populations in glasshouse, 
in absence of perturbative agents on these phenotypes (gamic cross, climatic and 
epidemiologic situations, fungicides etc.).  

2. Materials and Methods 

2.1. Population’s Collection 

Populations of V. inaequalis were collected from four apple orchards (N. 143, 
144, 148 and 150, comprehending apples cv Imperatore Dallago, from five to 
eight years old)of Emilia-Romagna Region (Northern Italy) where strobilurin 
fungicides (kresoxim-methyl firstly and trifloxystrobin subsequently) were ap-
plied for several years, and where resistance to strobilurins in 2005 was detected 
[3].  

So scabbed leaves (30 - 50 in number) of the field for each population were 
randomly collected and 50 - 60 scab spots were added with a drop of sterile wa-
ter, successively sucked, obtaining a dispersion with conidia. It was filtered and 
adjusted to a conidia concentration of 1 - 2 × 105 mL−1. The dispersion was in-
oculated on leaves of apple seedlings in glasshouse and after about 22 days the 
leaves with sporulated conidia were detached and conserved in silica gel until the 
use in the two kinds of test. 
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2.2. Persistence of Resistance: Assays in the Field  

In the tested orchards, where strobilurins were used and resistance was detected 
in 2005, strobilurins were not applied from 2006 to 2011, and apple scab control 
was carried out with other kind of fungicides such as aniline-pyrimidines, sterol 
biosynthesis inhibitors and dithianon. 

Every year, samples of leaves were collected in each orchard, at the end of 
primary or at the beginning of secondary infective cycle, choosing scabbed 
leaves, on which was realized the multiplication of conidia, as explained before.  

2.2.1. Preparation of Fungicide 
The strobilurin named trifloxystrobin was used for tests, because it was the 
mostly employed in considered orchards and in apple areas. The fungicide was 
used as active material (Sigma-Aldrich, St. Louis, USA). It was dissolved in ace-
tone at final concentration < 0.01 L−1 and added to water-agar (2%, Agar Grade 
A, Becton, Dickinson and Company) to achieve the following fungicide concen-
trations: 0, 0.001, 0.01, 0.1 and 2 mg·L−1. The antibiotic streptomycin sulphate 
was added to water agar at a final concentration of 200 mg·L−1.  

2.2.2. Preparation of Conidia 
Pieces (0.01 g) of scabbed leaves were randomly collected from each multiplied 
population and introduced in micro tubes containing 1 mL of sterile water. After 
shaking, the conidial concentration was adjusted to 1 - 3 × 105 conidiam L−1. 
Two drops of 20 μL of spore suspension for every fungicide concentration were 
placed on agar plates and incubated for 24 hours at 20˚C.  

2.2.3. In Vitro Assays 
300 conidia per concentration were visually assessed at the microscope, counting 
those germinated. Tests showing less than 50% conidia germinated in the con-
trol were not considered. On each population the assays were repeated three 
times, which permitted to get the mean (geometric) EC50 values (fungicide Effi-
cacy Concentration reducing 50% the percentage of germination of conidia) by 
probits analysis and EC50 max (maximum value of EC50 detected among the sev-
eral in vitro tests on every population). EC50 values were calculated with probits 
using Finney & Stevens table [12]. The software of the probits program was Excel. 

The classification of a population as sensible or resistant was based on previ-
ous researches on different types of population (wild type, well and poorly con-
trolled ones) that showed specific sensitivities [3] [6].  

The used parameter was the EC50 max value because had a practical use, iden-
tifying the lowest value of sensitivity in population and consequently in the orc-
hard. Sensible populations showed all the EC50 values inferior to 0.063 mg/L. 
When at least one EC50 value was higher than 0.169 mg·L−1, the population was 
considered resistant. Values in the very short intermediate range from 0.063 and 
0.169 mg/L are considered in an intermediate situation, difficultly to evaluate as 
sensitivity. Wild-types populations showed always EC50 values inferior to 0.031 
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mg/L. 
A classification of populations was also realized as mean EC50 values, where 

wild-type populations have EC50 mean inferior to 0.013 mg/L, those sensible are 
inferior to 0.049 mg/L, while that resistant are superior to 0.049 mg/L. This me-
thod presents values not highly different from that based on EC50 max, but this 
is more reliable for a practical evaluation of the presence of resistance in the 
orchards. However the EC50 value presents the advantage to be scientifically 
more available for evaluations of sensitivity of populations and can be better uti-
lized in statistic elaborations. 

2.3. Persistence of Resistance: Assays in Glasshouse 

The conidia from orchards with resistance to strobilurins, after the propagation 
(see Chapter 2.2), were repeatedly inoculated on apple seedlings (10 times) in 
glasshouse, using always the conidia of the previous inoculation (Table 4). The 
inoculations were realized with little mechanical sprayers containing from 20 to 
30 mL. After two-four inoculations, the conidia of each sample were subjected to 
an in vitro evaluation on strobilurins sensitivity. Each inoculation was realized 
on 8 - 10 apple seedlings (cv. Golden), 4 - 5 weeks old, with 5 - 7 formed leaves. 

Inoculation of V. inaequalis populations was performed with a suspension of 
conidia at the concentration of 1 - 2 × 105 mL of sterile water that was uniformly 
sprayed on both leaf surfaces (1.2 mL each plant). The seedlings were then put in 
a plastic bag, closed to maintain wetness on leaves for 48 hours at 18˚C. Subse-
quently the plants were incubated for further 18 days with light at an intensity of 
25 μ Einstein. m−2·s−2, a photoperiod of 12 hours a day, mean temperature about 
18˚C and 60% - 80% relative humidity. Then the scabbed leaves were collected 
and dried with paper and silica gel until the following inoculation. 

2.3.1. Sensitivity Assays In Vivo 
To evaluate the persistence of resistance, in vitro tests (sensitivity as EC50 values) 
were realized with the same methodology used for field and glasshouse popula-
tions. Three assays were realized, utilizing for each one a subpopulation with a 
part of scabbed leaves. The methodology used was previously described in the 
paper.  

2.3.2. Statistic Analysis 
ANOVA factorial analysis was preliminarily realized on the three populations 
with the higher number of data based on the most important parameter: mean 
EC50 value. Successively a non-parametric analysis with ez-Perm function (Ez 
package in R) was performed [Stat.Soft.inc. (2013), STATISTICA (version 12)], 
P: 0.05. 

3. Results 

3.1. Assays from Orchards 

The evolution of sensitivity to strobilurins from 2005 to 2011 in the four orc-

https://doi.org/10.4236/ajps.2018.94042


R. Fiaccadori 
 

 

DOI: 10.4236/ajps.2018.94042 556 American Journal of Plant Sciences 

 

hards, expressed as concentrations of fungicide (mean and max EC50 values) is 
showed in Table 1 and data are evaluated with parametric and non parametric 
analysis. EC50 values in the first year presented a rather high range of values. The 
populations N. 143 presented high mean and max EC50 values in 2005, and 
showed a light fluctuation of sensitivity in the following years, without employ of 
strobilurins, always in the range of resistant values, returning in 2011 to EC50 
values similar to 2005. 

Population N. 144 presented lower values (as EC50) in 2005, but in the follow-
ing years, the EC50’s showed no reduction, but on the contrary, there is an in-
crease until 2011. Even in this case the EC50 values are always superior to the 
minimum values for resistance. 

In addition, population N. 150 showed a variability of EC50 values (both con-
sidering mean and max), with fluctuations in the years, from 2005 to 2009, that, 
however, permitted to population to remain always in a situation of resistance. 

Samples of population N. 148 were collected only in 2005, 2009 and 2011 and 
showed, quite always, very low values of sensitivity as EC50 values, with only a 
case in 2011, of moderate increase of sensitivity (EC50 mean) that remained, 
however, in a situation of resistance.  

The statistic elaboration used, with ANOVA factorial analysis (Table 2), 
showed no differences about mean sensitivity data among the populations and 
the years; but it presents a poor homogeneity in variance.  

As data are not suitable to be examined in a parametric method, 
anon-parametric analysis with ez-Perm function was realized (Table 3). Also 
this elaboration evidenced a non significative interaction between years and 
populations in EC50 means; so all the sensitivity values, in all considered years, 
were caused only by the occurrence and the persistence of resistance. 
 

Table 1. Effective EC50 values of trifloxystrobin on V. inaequalis resistant populations in commercial orchards from 2005 to 2011. 

N˚ 
population 

2005 2006 2007 2008 2009 2010 2011 

EC50 
mean 

EC50 
max 

EC50 
mean 

EC50  
max 

EC50 
mean 

EC50 
max 

EC50 
mean 

EC50 
max 

EC50 
mean 

EC50 
max 

EC50 
mean 

EC50 
max 

EC50 
mean 

EC50 
max 

143 >10 >10 3.3 5.6 2.11 4.60 1.81 >10 7.35 >10 1 1 3.7 >10 

144 0.32 4.11 0.29 3.19 1.47 1.92 1.2 6.6 3.68 >10 >10 >10 7.6 <10 

150 1.11 6.47 >10 >10 1.25 5.12 2.11 4.8 3.42 <10 2 

148 >10 >10 1 1 1 1 1 1 >10 >10 1 1 1.48 >10 

1: sample not available; 2: estirpate orchard. 

 
Table 2. Parametric variance analysis with ANOVA test. 

Effect Sum of squares Degree of freedom Variance Variance error F-value P-value 

Year 132.72 5 26.45 29.98 0.88 0.53 

Population 4.25 2 2.12 29.98 0.07 0.93 

Year × population 269.90 9 29.98 27.95 1.07 0.40 
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Table 3. Non-parametric analysis of variance with EZ-Perm. 

Effect 
Effect 

SS 
Degree 

MS 
Den.Syn. Den.Syn. 

F-value P-value 
(F/R) Freedom Error df Error MS 

Intercept Fixed 183.38 1 183.38 5.04 26.46 6.92 0.04 

Year Random 132.27 5 26.45 9.00 29.98 0.88 0.53 

Popul/site Fixed 4.25 2 2.12 9.00 29.98 0.07 0.93 

Year × popul/site Random 269.90 9 29.98 34.00 27.95 1.07 0.40 

Error 
 

950.32 34 27.95 
    

3.2. Assays from Glasshouse 

Three of the four V. inaequalis populations, which occurred as resistant to stro-
bilurins in orchards in 2005 year, were used also for glasshouse studies. These 
populations were repeatedly inoculated in glasshouse as reported in Table 4. 
The first examined population, N. 143, showed very high EC50 values in the first 
assessment (after the second inoculation), similar to that of field sensitivity in 
2005. This high reduction of sensitivity (mean and max EC50 values) remained 
constantly high also after the 4th, 8th and 10th inoculation.  

Also the population N. 144 showed very high EC50 values already after the first 
assessment (2nd inoculation) with mean and max EC50 values that are sensibly 
higher compared to the initial sensitivity in 2005. This population maintained 
substantially the same level of very low sensitivity after the other three inocula-
tions. 

Likewise the population N. 150 presented a very low sensitivity already after 
the first glasshouse assessment, showing higher EC50 (mean and max) compared 
to the initial sensitivity values from the orchard. The population maintains the 
same high degree of resistance also after the three cited assays, subsequent to the 
4th, 8th and 10th inoculation. 

4. Discussion 

The research was carried out examining V. inaequalis populations from four 
Italian orchards that were assayed and classified as resistant to strobilurins in 
2005 (characterized by poor field control and high EC50 values for the prevalence 
of resistant spores respecting sensible ones). The evolution and persistence of re-
sistant populations were studied in that orchards, assaying sensitivity to strobi-
lurins in the following six years), and in glasshouse, where the populations 
coming from these orchards were repeatedly inoculated (ten times). 

The assessment of sensitivity of V. inaequalis populations permits to evidence 
that all tested orchards can be considered resistant during all the six years, de-
spite fluctuations in sensitivity due to several causes.  

Indeed all fungi populations, comprehending also those that are a mix be-
tween sensible and resistant spores, present sexual crosses between antheridia 
and oogonia in parasitic phase of the fungus in winter that can modify characte-
ristics of strains and populations, also regarding sensitivity. Moreover, during  
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Table 4. Mean EC50 values of trifloxystrobin on V. inaequalis resistant populations, re-
peatedly inoculated* on seedlings in glasshouse. 

N
˚ p

op
ul

at
io

n 

Initial  
sensitivity of 
populations 

(2005) 

Results of sensitivity (in vitro test ) on spores after the sporulation of: 

2nd  
inoculation 

4th inoculation 8th inoculation 
10th  

inoculation 

Mean 
EC50 

Max 
EC50 

Mean 
EC50 

Max 
EC50 

Mean 
EC50 

Max 
EC50 

Mean 
EC50 

Max 
EC50 

Mean 
EC50 

Max 
EC50 

143 >10 >10 8.6 >10 >10 >10 >10 >10 >10 >10 

144 0.32 0.39 >10 >10 >10 >10 >10 >10 >10 >10 

150 0.18 6.47 >10 >10 >10 >10 >10 >10 >10 >10 

*Inoculations: 1st 08.05.09; 2nd 10.11.09; 3rd 29.12.09; 4th 02.02.10; 5th 31.03.10; 6th 12.05.10; 7th 17.06.10; 8th 
12.07.10; 9th 07.09.11; 10th 08.01.11. 

 
the vegetative phase, the competition between resistant and sensible strains dur-
ing repeated agamic cycles of the fungus can modify the proportion of resistant 
and sensible spores. In addition, the soil management could have influence, as 
lawn permits a better conservation of the leaves and of the populations of V. in-
aequalis, while ploughings and shredding could cause reductions, selections and 
modifications of populations. However, I have observed that these modifications 
were not able to modify the status of populations which have a majority of 
spores resistant to strobilurins. Concluding, the presented data emphasize that 
the resistance of V. inaequalis to strobilurins showed characteristics of a long 
persistence in the orchards, at least 6 years. 

The assays in glasshouse evidenced that repeated inocula increased quickly the 
levels of resistance until the maximum admissible values (EC50 >10 mg/L). It 
must be pointed out that the conidia were used in glasshouse, only with agamic 
multiplications, while the conservation occurred at −20˚C, in lyophilized status. 
In these situations, these conidia appear to undergo an inferior variability res-
pecting those in field conditions, previously examined. 

As presented in introduction, the knowledges about the persistence of fungi-
cide resistance of strains of populations are very low on less recent chemical 
groups (IBS, dicarbossimides, benzimidazoles) and practically absent on more 
recent others, as strobilurins, and anilino-pyrimidines. Now we are continuing 
researches on persistence to QoI in the same orchards and are working on per-
sistence of resistance to difenoconazole, but I do not know other research groups 
that are involved on the same arguments. 

The persistence of resistance in fungi populations is an aspect of the much 
wider argument of the fitness of resistance strains. 

About strains resistant to strobilirins, researches on Erisiphe graminis showed 
no differences in aggressiveness between the two types of strains (sensible and 
resistant) [13], while in several other cases a reduced fitness of isolates resistant 
to strobilurins is reported, but it must be pointed out that it generally concerns 
artificial mutants with the introduction of G143A substitution, as on Botrytis 
cinerea [14]. However it is not known the field behavior of these resistant 
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strains. 

5. Conclusions 

In conclusion, the aspects of fitness studied that spores resistant to strobilurins, 
generally related to G143A substitution, do not present a lower fitness respecting 
sensible ones, as demonstrated on animal and vegetal types of organisms [15]. 
Our research on Venturia inaequalis, especially in glasshouse, supports the 
theory that the resistant strains to strobilurins present characteristics of fitness 
surely not inferior to that of sensible strains. I also demonstrated the mainten-
ance of resistance in orchards for several years after its appearance. 

Moreover, in controlled conditions, where genetic, environmental or agro-
nomic factors cannot influence these phenotypes and genotypes, the fitness of 
strains resistant to strobilurins seemed to appear superior to that of sensible 
strains. However very few data are available about fitness of other resistant fungi 
populations respecting sensible ones, with referring to all recent and actually 
used fungicides. 
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