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Net blotch of barley caused by Pyrenophora teres (Died.) 
Drechsler, is one of the most destructive diseases on 
barley in Algeria. It occurs in two forms: P. teres f. teres 
and P. teres f. maculata. A total of 212 isolates, obtained 
from 58 fields sampled in several barley growing areas, 
were assessed for fungicide sensitivity by target gene 
analysis. F129L and G137R mitochondrial cytochrome 
b substitution associated with quinone outside inhibi-
tors (QoIs) resistance, and succinate dehydrogenase 
inhibitors (SDHIs) related mutations (B-H277, C-N75S, 
C-G79R, C-H134R, and C-S135R), were analyzed by 
pyrosequencing. In vitro sensitivity of 45 isolates, to-
wards six fungicides belonging to three chemical groups 
(QoI, demethylase inhibitor, and SDHI) was tested by 
microtiter technique. Additionally, sensitivity towards 
three fungicides (azoxystrobin, fluxapyroxad, and ep-
oxiconazole) was assessed in planta under glasshouse 
conditions. All tested isolates were QoI-sensitive and 
SDHI-sensitive, no mutation that confers resistance was 
identified. EC50 values showed that pyraclostrobin and 
azoxystrobin are the most efficient fungicides in vitro, 
whereas fluxapyroxad displayed the best disease inhibi-

tion in planta (81% inhibition at 1/9 of the full dose). 
The EC50 values recorded for each form of net blotch 
showed no significant difference in efficiency of QoI 
treatments and propiconazole on each form. However, 
in the case of fluxapyroxad, epoxiconazole and tebuco-
nazole treatments, analysis showed significant differ-
ences in their efficiency. To our knowledge, this study is 
the first investigation related to mutations associated to 
QoI and SDHI fungicide resistance in Algerian P. teres 
population, as well as it is the first evaluation of the 
sensitivity of P. teres population towards these six fungi-
cides.
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Net blotch is one of the most common diseases of barley 
worldwide and it occurs in all barley growing regions 
(Weibull et al., 2003). The causal agent is the heterothallic, 
ascomycete fungus Pyrenophora teres (Died.) Drechsler 
(asexual morph: Drechslera teres (Sacc.) Shoem.). It oc-
curs in two forms, P. teres f. teres (Ptt) and P. teres f. 
maculata (Ptm). In Algeria, where net blotch is widespread 
(Benbelkacem et al., 2002; Srivastrava and Tewari, 2002), 
barley (Hordeum vulgare L.) is one of the most important 
cereals. Barley is used in human nutrition for traditional 
dishes (Hales, 2015; Rahal-Bouziane, 2015) and serves 
as sheep, cattle and camels feed. The consumption has 
increased since 2000 due to the rise of livestock numbers 
in Algeria (Hales, 2015; Rahal-Bouziane, 2015). For these 
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needs, Algeria produced 1,957,327 tons in 2018, with a 
cultivated area of 1,277,512 ha (Food and Agriculture Or-
ganization of the United Nations, 2020). 

However, the production level remains low compared 
with the market needs; therefore Algeria imported 289,644 
tons of barley in 2018 (Observatoire National des filières 
Agricoles et Agroalimentaires, 2019). Among many biotic 
antagonists with which barley cultivation is faced (Ben-
belkacem, 1996), net blotch can cause an average loss up 
to 40% (Sayoud et al., 1999). Only two barley landraces, 
Saida183 and Tichedrette, are relevant in Algeria (Ghalem-
Djender et al., 2016) and they are both highly susceptible 
to net blotch (Reguieg et al., 2013).

In addition to disease-resistant varieties and agricultural 
practices, fungicides are used to support the control of P. 
teres worldwide. With the lack of highly resistant cultivars, 
net blotch diseases are mostly controlled by fungicides ap-
plication (Sierotzki et al., 2007). Many fungicides classes 
are used in the control of net blotch worldwide and these 
include: quinone outside inhibitors (QoIs), succinate dehy-
drogenase inhibitors (SDHIs), and demethylase inhibitors 
(DMIs) (Mair et al., 2016a; Rehfus et al., 2016; Stepanović 
et al., 2016).

Different QoIs show excellent control of net blotch and 
are registered in most important barley growing regions 
(Semar et al., 2007). This fungicide group inhibits mito-
chondrial respiration of the fungus by binding to the Qo 
site of the cytochrome bc1 complex, the electron transfer is 
then blocked and ATP synthesis is halted (Fernández-Ortu-
ño et al., 2008). Consequently, an inhibition of spore germi-
nation and mycelia development is induced (Reddy, 2013). 
SDHI fungicides are also currently used in the control of 
P. teres, especially in Europe (Rehfus et al., 2016). Their 
target site is the succinate dehydrogenase (SDH) enzyme, 
fungal respiration is inhibited by blocking the ubiquinone-
binding sites in the mitochondrial complex II (Avenot and 
Michailides, 2010). DMIs are still used worldwide and are 
also important fungicides in Algeria (Direction de la Pro-
tection des Végétaux et des Contrôles Techniques, 2017). 
The enzyme cytochrome P450 sterol 14α-demethylase is 
the specific target site of DMIs, thus, they inhibit sterol 
14α-demethylation by binding selectively to CYP51 and, in 
consequence, DMIs block the biosynthesis of fungal ergos-
terol, which is the major component of fungal membranes 
(Lamb et al., 1991; López-Ruiz et al., 2010).

Despite the excellent efficacy of fungicides in plant 
disease control, after many years of application, many 
pathogens have succeeded to develop fungicide resistance 
(Avenot and Michailides, 2010; Fernández-Ortuño et al., 
2008; Mair et al., 2016a). Hence, the rise of pathogens’ 

lineage that show resistance or reduced sensitivity has af-
fected the performance of numerous modern fungicides 
(Marzani et al., 2013).

Three target site mutations in cytochrome b (F129L, 
G137R, and G143A) have been detected in plant patho-
genic fungi that are responsible for QoI resistance (Fisher 
and Meunier, 2008; Fungicide Resistance Action Commit-
tee, 2019). Two of them, F129L (substitution of phenyl-
alanine by leucine at 129 position) and very rarely G137R 
(substitution of glycine by arginine at 137 position) have 
been found in P. teres population (Fungicide Resistance 
Action Committee, 2019; Marzani et al., 2013). The emer-
gence of resistance to SDHI fungicides in this fungus was 
found to be associated with numerous mutations that occur 
in the genes coding for SDH enzyme subunits. In Europe, 
genetic analyses have highlighted one mutation in sdh-
B (B-H277Y), 4 mutations in sdh-C (C-N75S, C-G79R, 
C-H134R, C-S135R), and 4 in sdh-D (D-D124N/E, D-
H134R, D-D145G, D-E178K), and that mutations in sdh-
C genes have been found to be the most frequent (Rehfus 
et al., 2016). The main mechanisms that cause lower DMI 
sensitivity are amino acid changes in the molecular target 
of azoles (CYP51) and overexpression of CYP51 (Mair 
et al., 2016a). Thus, P. teres f. teres strains with lower 
DMI carry Cyp51A:KO103A1, an allele with the mutation 
F489L in Cyp51A gene (Mair et al., 2016a).

Fungicides efficiency analyses and resistance monitor-
ing are very important in disease control strategies. In 
Australia, a failure in barley powdery mildew control us-
ing DMIs led to an economic damage estimated to be AU 
$100 m annually. This is the most damaging epidemic in 
history caused by fungicide resistance (Tucker et al., 2015). 
Although QoI, SDHI, and DMI resistances in P. teres are 
currently extensively spread in several countries (Mair et 
al., 2016a; Marzani et al., 2013; Rehfus et al., 2016; Semar 
et al., 2007; Sierotzki et al., 2007), no investigations have 
been made with respect to the status of these resistances in 
Algeria and in North African geographical areas. 

Hence, our interest should be focused on the fungicide 
sensitivity status in this area because the epidemiology of 
this fungus shows sexual and asexual reproduction. This 
could lead to a higher possibility of evolution, and to an 
increased risk of the emergence of fungicide resistance 
(McDonald and Linde, 2002). This is also likely in Algeria, 
where a high pathogenic variability has been reported in 
the population of P. teres f. teres (Boungab et al., 2012).

In fact, pathogen populations with large genetic variation 
can rapidly respond to changing environments and over-
come fungicide treatments (Peltonen et al., 1996). Further-
more, during the growing season, several secondary cycles 
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of P. teres can occur through conidia production (Liu et al., 
2011); hence, this fungus is in haploid state for the major 
part of his life. Haploidy and a high genetic adaptability of 
fungi are factors that are associated with a higher risk for 
fungicide resistance emergence and spread within a popu-
lation (Angelini et al., 2015; Brent and Hollomon, 2007).

Several DMI and QoI fungicides are commercialized in 
Algeria for the control of net blotch (Direction de la Pro-
tection des Végétaux et des Contrôles Techniques, 2017). 
However, the lack of data about the sensitivity of the Alge-
rian population of P. teres to SDHI fungicides, hampers the 
setup of efficient chemical control programmes that include 
this important group of fungicides. An effective chemical 
control for this disease in Algeria would be very helpful; 
it would the barley yield to increase and thus to decrease 
the need for its importation. This study was conducted in 
order to investigate the actual status of fungicide sensitivity 
in Algeria against the three fungicides groups (QoI, SDHI, 
and DMI). Its main objective was to assess their efficien-
cies against Algerian population of P. teres. To this pur-
pose, the presence of mutations that lead to QoI and SDHI 
resistance were first investigated. Then, the efficacies of 
six fungicides from the QoI, SDHI, and DMI groups, were 
compared in vitro in microtiter plates, and in planta under 
controlled conditions.

Materials and Methods 

Fungal isolates. A total of 58 barley fields were moni-

tored at 42 distinct locations in 17 Algerian provinces. The 
survey was conducted in the western, central and eastern 
regions in the northern part of Algeria (Fig. 1, Supplemen-
tary Table 1). After surface leaf sterilization in 3% sodium 
hypochlorite solution for 5 min, barley leaf sections with 
net blotch symptoms were rinsed three times in sterilized 
distilled water, and then incubated in a moisture chamber. 
After a 3-day incubation period at 22°C under 12 h pho-
toperiod, single conidia of P. teres were picked from the 
lesions with a stretched sterile Pasteur pipette under a bin-
ocular magnifying glass (G × 40) and transferred to potato 
dextrose agar plates. A total of 212 monospore isolates (165 
P. teres f. teres and 47 P. teres f. maculata) were obtained 
and used in this work (Lammari et al., 2020).

Nucleic acid extraction. For DNA extraction, approxi-
mately 100 mg of fresh fungal tissue (of each isolate) were 
scraped from pure fungal colonies and ground to a fine 
powder, using sterilized steel beads and thoroughly ho-
mogenized in a Tissue Lyser (Qiagen, Hilden, Germany). 
DNA extraction of the 212 isolates was conducted using 
Nucleo-Spin DNA Plant II kit, with the vacuum processing 
(Macherey-Nagel, Düren, Germany), according to instruc-
tions of the manufacturer.

Detection of QoI and SDHI resistance by pyrosequenc-
ing. Pyrosquencing assays were performed according to 
Rehfus (2018) in order to detect mutations in cytochrome 
b (F129L mutation) and in the SDH enzyme (different 

Fig. 1. Map of Algeria, 
showing sampled areas, 
where barley is growing.
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mutations in sdh-B and sdh-C subunits). PCR reactions 
were made in a final volume of 25 μl. This contained 12.5 
µl Maxima Hot Start PCR Master Mix (2×) (Fermentas 
GmbH, St. Leon-Rot, Germany), 1.25 µl (10 pmol/µl) of 
primer pairs where one primer was a biotinylated oligo-
nucleotide (biomers) (Supplementary Table 2), 7.5 µl of 
distilled water and 2.5 µl (1-30 µg) of template DNA. The 
Maxima Hot Start PCR Master Mix included Maxima Hot 
Start Taq DNA polymerase, 2× hot start PCR buffer, 0.4 
mM of each dNTP, and 4 mM Mg2+. Every template was 
applied in duplicate and a negative control was supplied by 
sterilized distillated water. Reaction conditions consisted 
of an initial heating at 95oC for 4 min, 39 cycles at 94oC for 
15 s, 55oC for 20 s and 72oC for 20 s, followed by a final 
elongation step at 72oC for 5 min. Biotinylated PCR prod-
uct were immobilized on streptavidin sepharose beads (Py-
roMark Binding Buffer, Qiagen), cleaned up with ethanol 
(70%), denatured with sodium hydroxid (0.2 M) and finally 
washed in tris-acetate (10 mM) implementing the Vacuum 
Prep Worktable (Qiagen), following the instructions of the 
manufacturer.

Then, immobilized single strand samples were trans-
ferred to annealing buffer (Pyro Mark Annealing Buffer, 
Qiagen) amended with the appropriate sequencing primer, 
as listed in Supplementary Table 2. The samples were 
heated at 80oC for 3 min and then cooled to room tempera-
ture. After cooling, the samples were pyrosequenced using 
Pyro Mark Gold Q96 reagents (Qiagen) on a PSQ96MA 
machine (Qiagen), as described by the manufacturers. 
Samples with 100% wild-type and/or mutated isolate were 
used as references.

In vitro fungicides sensitivity test. The sensitivities of 
45 isolates of P. teres (34 Ptt and 11 Ptm) from several 
regions in Algeria (Supplementary Table 3) were tested in 
microtiter tests against a range of fungicides. Sensitive and 
resistant isolates sampled from Europe were used as con-

trol (Supplementary Table 4).
Fungicide activity of propiconazole (Tilt, Syngenta, Ba-

sel, Switzerland), tebuconazole (Folicur, Bayer, Leverku-
sen, Germany), epoxiconazole (Opus, BASF SE, Lud-
wigshafen, Germany), azoxystrobin (Amistar, Syngenta), 
pyraclostrobin (Cabrio, BASF SE), and fluxapyroxad 
(Imtrex, BASF SE), were tested (Table 1). Sensitivity tests 
were conducted as described for P. teres on the web page 
of the Fungicide Resistance Action Committee (FRAC) 
monitoring method (2019) (http://www.frac.info/monitor-
ing-methods). 

For conidial production, isolates were cultivated on POA 
plates (50 g peanut leaf extract, 15 g oatmeal, 20 g agar 
and fill up to 1,000 ml with water), and incubated under 
12 h darkness at 18°C, then under 12 h light at 22°C for 
12 days (Speakman and Pommer, 1986). Conidia were 
dislodged from the surface of the plates with a Drigalski 
spatula, the suspension was then filtered through a single 
layer of cheese cloth and adjusted to a density of 4 × 103 

spore/ml. Spore suspensions for each isolate were prepared 
in double-concentrated YBA medium (20 g of yeast ex-
tract, 20 g of Bacto peptone, 40 g of sodium acetate, filled 
up to 1,000 ml with water). The formulated products of 
the fungicides tested, were suspended in sterile deionized 
water immediately before mixing with spore suspensions. 
Seven concentrations of each fungicide were used in mi-
crotiter assays: (0.03-0.1-0.3-1-3-10-30) for propiconazole 
and tebuconazole, (0.001-0.03-0.1-0.3-1-3-10) for epoxi-
conazole, (0.003-0.01-0.03-0.1-0.3-1-3) for azoxystrobin 
and fluxapyroxad, and (0.001-0.003-0.01-0.03-0.1-0.3) for 
pyraclostrobin (Table 1).

Different treatments with P. teres isolates and without 
spores (blanks) were tested in four replicates in 96-well 
microtiter plates by mixing 50 µl of fungicide dilutions 
with 50 µl of spore suspension or medium. Eight isolates 
from Europe, previously classified as sensitive or resistant 
to SDHI and QoIs, were used as controls. The isolates, 

Table 1. Fungicides and concentrations used for microtiter and glasshouse tests

Classa Fungicide Companya Formulation Concentrations (ppm) used  
for microtiter test

Concentrations (g a.i./ha) 
used for glasshouse test

DMI Propiconazole Syngenta Tilt, 250 SC 0.03-0.1-0.3-1-3-10-30 -
Tebuconazole Bayer Folicur, 250 EW 0.03-0.1-0.3-1-3-10-30 -
Epoxiconazole BASF Opus, 125 SC 0.001-0.03-0.1-0.3-1-3-10 14-42-125

QoI Azoxystrobin Syngenta Amistar, 250 SC 0.003-0.01-0.03-0.1-0.3-1-3 28-83-250
Pyraclostrobin BASF Cabrio, 250 EC 0.001-0.003-0.01-0.03-0.1-0.3 -

SDHI Fluxapyroxad BASF Imtrex, 62.5 EC 0.003-0.01-0.03-0.1-0.3-1-3 14-42-125
DMI, demethylase inhibitor; QoI, quinone outside inhibitor; SDHI, succinate dehydrogenase inhibitor.
aAccording to ACTA (Association de Coordination Technique Agricole, 2017).
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their origins and corresponding mutations are listed in the 
Supplementary Table 4.

Plates were incubated in darkness at 18°C and growth 
was measured in a photometer (96-well reader) at 405 nm 
after five days. The values were then corrected by compari-
son with the blanks. The EC50 values (the concentration at 
which 50% of the fungus growth was inhibited) were deter-
mined by probit analysis and compared with sensitive and 
resistant (mutant) control isolates. The efficiencies of the 
different fungicides were then compared by EC50 values.

Glasshouse experiments. The sensitivity of 2 Algerian 
P. teres isolates (Pt142 and Pt157) to three fungicides, 
azoxystrobin (QoI), fluxapyroxad (SDHI) and epoxicon-
azole (DMI) was tested in planta in the glasshouse. Three 
resistant isolates (Pt1669, Pt1685, and Pt1900) with cytb-
F129L and/or sdh-C-G79R mutations and 2 wild types 
from Europe were used as controls (Supplementary Table 
4). Different treatments were applied in a spray chamber 
using flat fan nozzles with a water amount of 400 l/ha. Ap-
plications were made preventatively one day before inocu-
lation at BBCH 11 stage. As barley cultivar “Astrid” was 
used, which was sown seven days before application. Three 
replicates were used, each one includes 10 plants cultivated 
in pot of 10 cm diameter, under 16 h photoperiod at 20°C 
in glasshouse. Fungicides were applied according to Table 
1. After application, plants were placed in a growing cham-
ber to dry overnight. 

Spore suspensions were prepared in a malt and gelatin 
medium (2.5 g of malt, 2.5 g of gelatin and filled up to 1,000 
ml with water). Suspensions of all isolates tested were ad-

justed to 1-2 × 104 conidia/ml and a volume of 1-2 ml was 
needed for each pot of 10 seedlings. The plants were in-
oculated with an airbrush (0.8 mm) to give complete cover-
age without run-off and then placed in a fully randomized 
experimental design. Subsequently, the inoculated plants 
were held in a humid chamber for 2 days, followed by a 
16 h photoperiod at 20°C in glasshouse. Infected leaf area 
percentages were evaluated ten days after inoculation, and 
then compared to those recorded for the sensitive and resis-
tant controls (Rehfus et al., 2016). 

Data analysis. In order to classify Algerian isolates accord-
ing to their sensitivity to each fungicide, a k-mean cluster 
test (MacQueen, 1967) was performed on EC50 mean val-
ues, using SPSS software (IBM SPSS Statistics version 
23.0, IBM Corp., Armonk, NY, USA). Clusters were cho-
sen to maximize the differences between the observations 
of the different clusters. Clustering quality was checked 
through an evaluation of coefficient of determination R2, 
and F value (F = (R2/k – 1)/((1 – R2)/n – k)). A good clas-
sification is assumed when R2 is close to 1, and F is as high 
as possible (Tufféry, 2012). Otherwise, a T two-tailed test (P 
< 0.05) was used to compare the EC50 values.

Results

Detection of QoI and SDHI resistance by pyrosequenc-
ing. Pyrosequencing assays were performed in order to 
detect cytb and sdh (B-C) mutations. Results showed that 
no F129L or G137R mutations were found in the cytb gene 
in all tested isolates and no mutations in sdh-B and sdh-C 

Fig. 2. Sensitivity of Algerian Pyre-
nophora teres isolates towards the 
six fungicides tested based on EC50 
values (mean ± SD), compared to 
sensitive and resistant control iso-
lates sampled from Europe. SDHI, 
succinate dehydrogenase inhibitor; 
QoI, quinone outside inhibitor; 
DMI, demethylase inhibitor.
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genes were detected, where the five mutations B-H277Y, 
C-N75S, C-G79R, C-H134R, and C-S135R had been 
tested. 

Sensitivity of the Algerian P. teres population towards 
QoIs, SDHI, and DMIs. It could be shown that the Alge-
rian isolates tested were more sensitive to epoxiconazole 
and in particular to tebuconazole and propiconazole than 
all European samples, whereas the isolates from Algeria 

showed similar sensitivity to azoxystrobin, pyraclostrobin 
and fluxapyroxad as the QoI and/or SDHI sensitive Euro-
pean isolates. The effect of the fungicides on the growth 
inhibition of P. teres isolates in vitro was different (Fig. 2). 

Statistical analysis of the EC50 values recorded for each 
fungicide (Supplementary Table 5), using the k-mean clus-
ter, divided the isolates into 5 homogenous clusters with 
highly significant differences (Table 2).

Assessing the sensitivity of the Algerian P. teres popula-
tion towards QoIs. Results showed that the mean EC50 
of azoxystrobin for wild type isolates from Algeria was 
around 0.021 mg/l and that the EC50 values of all isolates 
ranged from 0.005 to 0.041 mg/l compared to the range 
of 0.39 to 1.34 mg/l for F129L isolates from Europe. EC50 
values for pyraclostrobin of Algerian isolates ranged be-
tween 0.002 and 0.026 mg/l with a mean of 0.011 mg/l. 
These values were also lower than for the F129L isolates 
(EC50 values ranged from 0.043 to 0.095 mg/l). The wild 
type and F129L differences were lower for pyraclostrobin 
than for azoxystrobin (Fig. 2). 

According to the k-mean cluster test, about 89% (40 
isolates) of Algerian isolates had an EC50 equal or less than 
0.029 mg/l for azoxystrobin, and that 93% (42 isolates) ex-
pressed an EC50 equal or less than 0.018 mg/l for pyraclos-
trobin (Table 2).

A comparison of EC50 of azoxystrobin and pyraclos-
trobin (baseline) for Ptt and Ptm isolates showed that the 
mean EC50 of the net form was equal to 0.24 mg/l and 0.11 
mg/l, respectively and of the spot form about 0.21 mg/l 
azoxystrobin and 0.12 mg/l pyraclostrobin. A two-tailed t-
test confirmed that the EC50 values obtained for each of the 
two forms were not significantly different at a level of 5% (P 
= 0.34 for azoxystrobin and P = 0.76 for pyraclostrobin).

Assessing the sensitivity of the Algerian P. teres popula-
tion towards SDHI (baseline). For the SDHI fungicide 
tested (fluxapyroxad), we registered a mean EC50 of 0.047 
mg fluxapyroxad/l and EC50 values ranging from 0.008 to 
0.098 mg/l for Algerian isolates. These values were close 
to those of sensitive controls (Fig. 2), whereas they were 
clearly lower than those expressed by isolates carrying sdh-
C-G79R and sdh-C-N75S mutations, these values ranged 
from 0.64 to 4.93 mg fluxapyroxad/l. However, the net 
form isolate Pt157 that had been collected in Ain-defla 
(Bni-mghenem) displayed a higher EC50 of 0.41 mg fluxa-
pyroxad/l, compared with the rest of the Algerian isolates 
and sensitive controls. 

The statistical analysis showed that the EC50 values for 
the 45 Algerian isolates can also grouped in five homoge-

Table 2. K-mean cluster test results, showing number of isolates 
and EC50 intervals of each cluster, recorded for the six fungicides 
tested

Cluster Interval Isolate
Azoxystrobin

A 0.005-0.009 2
B 0.01-0.019 20
C 0.021-0.029 18
D 0.034 1
E 0.038-0.041 4

Pyraclostrobin
A 0.002-0.0062 9
B 0.0065-0.01 17
C 0.011-0.014 9
D 0.015-0.018 7
E 0.023-0.026 3

Fluxapyroxad
A 0.008-0.0286 16
B 0.0307-0.044 17
C 0.0537-0.0696 8
D 0.076-0.098 3
E 0.41 1

Epoxiconazole
A 0.0015-0.035 15
B 0.037-0.091 13
C 0.099-0.152 9
D 0.166-0.215 5
E 0.228-0.26 3

Tebuconazole
A 0.0256-0.098 19
B 0.113-0.216 12
C 0.251-0.315 10
D 0.37-0.444 3
E 1.217 1

Propiconazole
A 0.0323-0.0835 14
B 0.086-0.149 14
C 0.155-0.227 12
D 0.249-0.307 4
E 0.43 1
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neous clusters, with highly significant differences (Table 2). 
According to these clustering results, about 91% (41 iso-
lates) of P. teres population had an EC50 ≤ 0.07 mg fluxa-
pyroxad/l and 97.8% (44 isolates) had an EC50 ≤ 0.098 mg 
fluxapyroxad/l (Table 2). In the case of fluxapyroxad, the 
mean EC50 for the Ptt isolates was equal to 0.44 mg/l and to 
0.22 mg/l for the Ptm isolates. A two-tailed t-test analysis 
conducted at a level of 5% significance, confirmed that the 
EC50 values obtained for each form was highly significant 
different (P < 0.001). 

Assessing the sensitivity of the Algerian P. teres popu-
lation towards DMIs. In the case of DMIs, the P. teres 
Algerian population showed wide ranges of EC50 for the 
three fungicides tested. Our result showed a range of EC50 
between 0.032 and 0.43 mg/l for propiconazole, 0.026 and 
1.22 mg/l for tebuconazole and 0.0015 and 0.26 mg/l for 
epoxiconazole, with mean values of 0.14, 0.18, and 0.08 
mg/l, respectively. Hence, Algerian population was more 
sensitive than DMI shifted controls, for which higher EC50 
values were clearly monitored, with a mean value of 3.56 
mg propiconazole/l, 15.13 mg tebuconazole/l and 0.69 mg 
epoxiconazole/l. 

When treated with epoxiconazole, the EC50 mean value 
noted for the Algerian population was very close to that 
of the sensitive controls. Whereas with tebuconazole and 
propiconazole, a clear difference in EC50 mean values was 
measured (Fig. 2). The k-mean cluster test indicated that 
the EC50 values of all tested isolates can be grouped in five 
clusters that display highly significant differences (Table 
2). According to these results, about 82% (37 isolates) of 
the Algerian population had an EC50 ≤ 0.152 mg epoxicon-

azole/l, 91% (41 isolates) expressed an EC50 equal to or less 
than 0.315 mg tebuconazole/l and that 89% (40 isolates) 
indicated an EC50 ≤ 0.227 mg propiconazole/l (Table 2).

All DMIs tested in this investigation were more efficient 
against Ptt isolates, than Ptm isolates; this difference was 
significant for epoxiconazole and tebuconazole in the two-
tailed t-test results (P < 0.001 and P = 0.003, respectively). 
A mean EC50 of 0.07 mg/l epoxiconazole was recorded 
for the net blotch form, whereas a remarkably higher 
value of 0.15 mg/l was noted for the spot blotch form. The 
values recorded for Ptt were also less than those for Ptm 
isolates for tebuconazole (0.14 mg/l and 0.33 mg/l, respec-
tively). However, with propiconazole, the mean EC50 of 
the two forms were very close with a mean EC50 of 0.13 

Fig. 3. Disease control efficacy (mean) of three doses (full dose, 
1/3, 1/9) of azoxystrobin, fluxapyroxad and epoxiconazole, tested 
as one day preventive, against barley net blotch caused by Alge-
rian Pyrenophora teres isolates (Pt157 and Pt142) under glass-
house conditions.

Fig. 4. Disease control efficacy 
(mean ± SD) of azoxystrobin in 
a one-day preventive treatment 
against barley net blotch caused 
by Pyrenophora teres wild-type 
isolates from Algeria (Pt157 and 
Pt142) and from Europe (Pt1830, 
Pt1804 and Pt1746), and by P. teres 
F129L-mutated isolates (Pt1669, 
Pt1685) from Europe under glass-
house conditions.
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mg/l for Ptt isolates and 0.16 mg/l for Ptm isolates. 

Glasshouse experiments (in planta). Glasshouse experi-
ments revealed that treatments’ efficacies varied between 
the different fungicides classes applied. Excellent growth 
inhibition of the Algerian isolates were obtained with 
azoxystrobin and fluxapyroxad treatments. Epoxiconazole 
showed a lower level of control of Algerian net blotch 
isolates, compared with other treatments. This is true for 
inhibition of the recommended field dose, as well as for 
reduced doses (Fig. 3). 

Efficiencies of azoxystrobin and fluxapyroxad were af-
fected by the cytb-F129L and sdh-C-G79R mutations, 
respectively. This was shown with isolates Pt1685 and 
Pt1669 with the F129L mutation (Fig. 4) and with Pt1900 
with the C-G79R mutation (Fig. 5). In the case of azoxys-

trobin and fluxapyroxad, a high disease inhibition percent-
age was recorded, for all sensitive isolates, even at 1/3 and 
1/9 full recommended field doses.

The curves show high control of Algerian isolates Pt157 
and Pt142 with fluxapyroxad, with mean inhibition values 
of 81%, 90%, and 96%, respectively for 1/9, 1/3, and full 
dose. These values are comparable with sensitive European 
isolates. Pt157 was slightly less sensitive at 1/9 rate. Mean 
efficacy values for azoxystrobin for Algerian isolates were 
68%, 82%, and 92% for 1/9, 1/3, and full dose, respec-
tively, and these were also similar to those of the sensitive 
European isolates. Also here, Pt157 was slightly less sensi-
tive when compared to the other sensitive isolates.

In addition to this, the glasshouse tests revealed that 
Pt142 and Pt157 are more sensitive against epoxiconazole 
than European sensitive isolates. However, Pt142 was more 

Fig. 5. Disease control efficacy 
(mean ± SD) of fluxapyroxad in a 
one-day preventive treatment against 
barley net blotch caused by Pyre-
nophora teres wild-type isolates 
from Algeria (Pt157 and Pt142) and 
from Europe (Pt1830, Pt1804 and 
Pt1746), and by P. teres C-G79R 
mutated isolates (Pt1900 and Pt1669) 
from Europe under glasshouse con-
ditions.

Fig. 6. Disease control efficacy 
(mean ± SD) of epoxiconazole in a 
one-day preventive treatment against 
barley net blotch caused by Pyre-
nophora teres isolates from Algeria 
(Pt157 and Pt142) and from Eu-
rope (Pt1830, Pt1804, Pt1746, and 
Pt1635) under glasshouse conditions.
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sensitive than Pt157: Inhibition rates for the isolate Pt157 
were 20%, 44%, and 60% respectively for 1/9, 1/3 and full 
dose of epoxiconazole and 69%, 83%, and 90% for isolate 
Pt142 (Fig. 6). 

Discussion 

Sensitivity to QoI fungicides. Resistance to QoI fun-
gicides in P. teres is conferred in nearly all cases by the 
F129L mutation. Single reports exist that indicate the 
G137R mutation also to confer QoI resistance, but this mu-
tation is very seldom (Fungicide Resistance Action Com-
mittee, 2019). In BASF internal monitoring studies, which 
have also been reported to the annual FRAC meetings, the 
F129L was the only mutation detected in the last years of 
monitoring. All isolates with a lower QoI sensitivity that 
have been so far monitored in Europe since the launch of 
QoI products more than 20 years carry the F129L muta-
tion and only rarely G137R. The G143A mutation has not 
been found, an intron directly after codon 143 (Grasso et 
al., 2006) is obviously highly conserved in both P. teres 
forms. The genetic analysis of F129L and G137R is there-
fore a valid method to monitor the sensitivity of popula-
tions or isolates to QoI fungicides. The data in this study 
indicate that there is no QoI resistance in Algeria, based 
on the collection of samples analysed. This is confirmed 
by the sensitivity analysis in our microtiter tests, which 
show EC50 values in a sensitive range for azoxystrobin and 
pyraclostrobin. The EC50 mean values for azoxystrobin and 
pyraclostrobin obtained for Ptt and for Ptm were very simi-
lar, and this is consistent with Akhavan (2017), who has 
assessed efficiency of pyraclostrobin against a population 
of Ptt and Ptm from Western Canada.

Additionally, glasshouse tests confirmed that the Algeri-
an isolates included in these tests were as equally well con-
trolled as the sensitive European isolates, whereas F129L 
isolates were less well controlled.

Sensitivity to SDHI fungicides. The resistance mecha-
nisms for SDHI fungicides are more complex, since sev-
eral mutations have been detected. These mutations cause 
sensitivity losses at different levels in P. teres (Fungicide 
Resistance Action Committee, 2019; Rehfus et al., 2016). 
Therefore, it is recommended to analyse the sensitivity of 
isolates to SDHIs stepwise. Should isolates be detected 
with EC50 values outside the baseline sensitivity, the target 
genes should be sequenced to identify the resistance mech-
anisms. In all cases of SDHI resistance in P. teres known 
to the authors (where internal BASF monitoring studies 
over many years are the most important source), mutations 

in the target genes sdh-b, sdh-c, and sdh-d are the respon-
sible resistance mechanisms. In this study, we analysed 
the sensitivity of 45 isolates. All were in a sensitive range, 
only one isolate had a slightly higher EC50 value. However, 
since SDHIs have still not been introduced in barley culti-
vation in Algeria, the presence of acquired SDHI resistance 
in P. teres is rather unlikely and would be against experi-
ences in fungicide resistance monitoring studies. There is 
one exception known from Zymoseptoria tritici, where a 
case of natural, inherent resistance in around 25% of iso-
lates of Z. tritici to the SHA-SDHIs fluopyram and isofeta-
mid has been described (Steinhauer et al., 2019; Yamashita 
and Fraaije, 2018). This resistance is due to a paralog sdh-c 
gene with a different amino acid sequence compared to the 
“normal” sdh-c gene (Steinhauer et al., 2019). Such natural 
resistance has not so far been identified in P. teres in the 
European population, despite very intensive monitoring 
studies.

We made an additional analysis of all isolates for five 
SDH-mutations known to confer SDHI resistance, includ-
ing the B-H277Y, which was the first mutation detected in 
SDHI resistant isolates in Europe in 2012 and the C-G79R, 
which has been the most frequent one in SDHI resistant iso-
lates in European populations from 2013 on. We are aware 
that the absence of these five mutations provide does not a 
fully prove for the absence of SDHI resistance, as there are 
some additional mutations in the sdh-d gene known as re-
sistance mechanisms (Rehfus et al., 2016), which have not 
been included in our study. Nevertheless, the fact that there 
were no isolates found with high EC50 values in addition to 
the absence of the in Europe earliest (B-H277R) and most 
frequent (C-G79R) mutations, together with the up to now 
absence of SDHIs in barley disease control programmes 
in Algeria makes it most likely that the current Algerian P. 
teres population is highly SDHI sensitive. 

In case of fluxapyroxad, EC50 values differed between 
Ptt and Ptm, with a higher sensitivity of the spot form. That 
these differences could be caused by variations in the sdh-
genes is rather unlikely. Sequences of the sdh-b, sdh-c, and 
sdh-d sequences were obtained for 2 Ptt (from Hungary) 
and 4 Ptm (from different European countries) isolates 
by the method described by Rehfus et al. (2016) and are 
provided as Supplementary Figs. 1-3. The sequences are 
identical within the net blotch form and nearly identical 
between the two forms. The Ptt amino-acid sequences are 
identical to the sequences provided by Mair et al. (2016b). 
There are 5 silent single nucleotide polymorphisms (SNPs) 
in the sdh-b gene between Ptt and Ptm. Four SNPs were 
found in the sdh-c gene, one leads to the amino acid R46 
in Ptt and K46 in Ptm. This SNP was also detected in 2013 
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monitoring studies and first misinterpreted as a C-R46K 
mutation, which would be related to SDHI resistance (Fun-
gicide Resistance Action Committee, 2019). Additional 
studies have shown that there is no link to SDHI sensitiv-
ity. The sequencing of many further isolates showed that 
this amino acid variation is linked to spot and net form and 
might serve as a valid identification tool to distinguish the 
two forms (data not shown). This is also true at least for 
the silent SNPs in the sdh-b gene at positions 819 and 822, 
where data from a lot more isolates than the 6 shown in 
Supplementary Fig. 1 are available. 819 and 822 are close 
to the H277 codon, which is the target of pyrosequencing 
assays for the B-H277Y monitoring assay and sequence 
data on these positions are therefore available (data not 
shown). SNPs have also been detected in the sdh-d gene, 
one of them is silent, one leads to L40 or V40, but this 
is not form-specific. The slight differences in the SDH-
sensitivity between the two forms might therefore also be 
caused by factors other than the sdh-subunits, e.g., by dif-
ferences in uptake or efflux or metabolization.

The glasshouse tests showed that the Algerian isolates, 
including the one with the somewhat higher EC50 value in 
the microtiter test, were similarly well controlled as the 
sensitive European isolates, while the SDHI-resistant ref-
erence isolates with the C-G79R mutation were not com-
pletely controlled, even at the highest dose.

Sensitivity to DMI fungicides. The Algerian population 
showed a range of sensitivity to all three DMIs included, 
which could be the result of DMI use for several years 
in barley and the fact of “shifting” to lower sensitivities, 
as has been described by FRAC for many fungal spe-
cies (Fungicide Resistance Action Committee, 2019). 
However, the EC50 values were lower than for European 
isolates, which would indicate a less adapted situation for 
the Algerian P. teres population. Mutations in other cereal 
pathogens such as Z. tritici (Huf et al., 2018) or Ramularia 
collo-cygni (Rehfus et al., 2019) have been found to influ-
ence DMI sensitivity. However, there are only limited data 
on target site mutations which influence DMI sensitivity in 
P. teres (Mair et al., 2016a) available. Therefore, a genetic 
analysis was not undertaken. All DMIs tested were more 
efficient against Ptt than against Ptm, with a high statistical 
significance in case of epoxiconazole and tebuconazole. 
These results are in line with those of Campbell and Crous 
(2002), who reported that spot-form isolates from South 
Africa showed a lower sensitivity than net-form isolates, 
against five fungicides tested, these included propiconazole 
and tebuconazole. A tendency to a lower propiconazole 
sensitivity of Ptm has also been described by Akhavan 

(2017) in his study with isolates from Western Canada.
The glasshouse experiments with epoxiconazole showed 

that some European isolates had high adaption levels, 
whereas the two Algerian isolates included were better 
controlled at the different rates. This also confirms the 
more advanced DMI sensitivity shift in Europe, which is 
most likely the result of the more intensive barley produc-
tion, the higher disease pressure and, therefore, the more 
intensive fungicide use in many European regions.

Disease and resistance-management. SDHIs are not 
yet registered in Algeria, which means that the Algerian 
isolates had never been exposed to them. The sensitivity 
values can therefore been seen as representing the natural 
sensitivity, the baseline towards these fungicides. Knowl-
edge of baseline sensitivity levels in unexposed pathogen 
populations is essential to identify early changes in sensi-
tivity aftermarket launch of products (Russell, 2002). Early 
measures can then be taken in form of timely adjustment 
of spray programmes and other management strategies to 
avoid loss of field efficacy (Avenot and Michailides, 2010). 
The DMIs propiconazole, tebuconazole and epoxiconazole, 
and the QoI azoxystrobin are commonly used in Algeria 
for control of cereal leaf diseases that include net blotch 
of barley. Our study indicates a slight shift for DMIs and 
full sensitivity to QoIs. Therefore, DMIs and QoIs are still 
valuable tools in control of both forms of P. teres. 

Based on the sensitivity values determined by the mi-
crotiter tests it could be concluded that the QoIs pyra-
clostrobin and azoxystrobin are most active, followed 
by fluxapyroxad and the DMIs. However, in planta test 
showed that fluxapyroxad was most efficient and provided 
best disease control against all wild type isolates, even at 
1/9 and 1/3 doses. These differences between microtiter 
tests and glasshouse studies could be related to host effects, 
to the plant-pathogen interactions, retention, uptake and 
metabolization of the fungicide on and in the plant. Glass-
house tests are a step closer to the field and do, therefore, 
better reflect the efficacy of fungicide products under field 
conditions and are also valuable to estimate the practical 
relevance of acquired resistance on product performance.

Reports on fungicide sensitivity of cereal pathogens 
in Algeria are rare. In fact, sensitivity studies on cereal 
pathogens have only been reported for Z. tritici (Allioui 
et al. 2016; Meamiche Neddaf et al. 2017). They detected 
QoI resistance in a low percentage of isolates in various 
provinces of Algeria. However, considering the European 
experience of development and spread of QoI resistance, 
it is recommended to continue this research. Such results 
show the need for monitoring studies on fungicide sensi-
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tivity also of other cereal pathogens in Algeria for a better 
understanding of the current situation and an optimization 
of disease control and resistance management. Our study 
contributes insights into the situation of the sensitivity of P. 
teres to the most important fungicide classes used for net 
blotch control. Even if the sensitivity situation in P. teres 
for QoIs, SDHIs, and DMIs is, according to our investiga-
tions, quite favourable, sound resistance management strat-
egies are mandatory to maintain the high field efficacy of 
these modes of action. 

The objective of anti-resistance management strategies 
is the reduction of selection pressure to avoid or delay the 
occurrence of resistance, or to keep the frequency of resis-
tant isolates in a population low. This includes continuous 
sensitivity monitoring and the implementation of good 
agricultural practice, which leads to less infection pressure 
(e.g., phytosanitary measurements, crop rotation, appropri-
ate fertilization, cultivation of less susceptible varieties, 
appropriate crop cultivation unfavourable for both forms 
of P. teres). Limiting the number of sprays is also an im-
portant factor in delaying the build-up of resistant pathogen 
populations (Hobbelen et al., 2013). A further tool is the 
use of fungicide mixtures. Recent studies have shown that 
especially mixtures help to delay the selection of resis-
tance (Hobbelen et al. 2011, 2013, 2014, Van den Bosch 
et al. 2014). Alternation with different modes of action is 
also seen as effective resistance management (Hobbelen 
et al., 2013). Since population size of pathogens is lower 
at disease onset than when already established in the field, 
selection pressure is less when using preventive applica-
tions rather than curative or eradicative spray schemes. An 
optimal timing is also an effective resistance management 
(Van den Berg et al., 2013). Therefore, products should be 
applied in a preventive manner or at early stages of disease 
according to the recommendations on the label and the rec-
ommendations of integrated pest management. The FRAC 
recommendations for the use of QoI, SDHI, and DMI in 
cereals are the result of many years’ experience of sensi-
tivity monitoring studies and use of these modes of action 
in many regions worldwide (Fungicide Resistance Action 
Committee, 2019). These should be considered in the ad-
vice for the use of QoIs, SDHIs, and DMIs in the control of 
net blotch in barley for a sustainable use in Algeria.

Conclusion. This study provides information about the cur-
rent fungicide sensitivity status of the Algerian net blotch 
population to QoIs, SDHIs, and DMIs. To our knowledge, 
this is the first molecular genetic study on cyt b and sdh (B-
C) point mutations that confer QoI and SDHI resistance to 
barley net blotch in Algeria, as well as being the first evalu-

ation of the sensitivity of Algerian P. teres isolates towards 
the six fungicides azoxystrobin, pyraclostrobin, fluxapy-
roxad, epoxiconazole, tebuconazole and propiconazole. 
Monitoring of fungicide sensitivity should be performed 
routinely to identify sensitivity changes at an early stage 
and to respond with appropriate resistance management 
strategies. 
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