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Viola Kunos 1, Mónika Cséplő 1, Diána Seress 2, Adnan Eser 3, Zoltán Kende 3 , Andrea Uhrin 1, Judit Bányai 1,
József Bakonyi 2, Magda Pál 1 and Klára Mészáros 1,*

1 Agricultural Institute, Centre for Agricultural Research, 2462 Martonvásár, Hungary;
kunos.viola@atk.hu (V.K.); cseplo.monika@atk.hu (M.C.); uhrin.andrea@atk.hu (A.U.);
banyai.judit@atk.hu (J.B.); pal.magda@atk.hu (M.P.)

2 Plant Protection Institute, Centre for Agricultural Research, 1022 Budapest, Hungary;
seress.diana@atk.hu (D.S.); bakonyi.jozsef@atk.hu (J.B.)

3 Institute of Agronomy, Hungarian University of Agriculture and Life Sciences, 2100 Gödöllő, Hungary;
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Abstract: Changes in superoxide dismutase (SOD) enzyme activity were examined in infected barley
seedlings of five cultivars with the goal to study the role of SOD in the defense mechanism induced by
Pyrenophora teres f. teres (PTT) infection. Our results showed that although there were differences in
the responses of the cultivars, all three PTT isolates (H-618, H-774, H-949) had significantly increased
SOD activity in all examined barley varieties at the early stages of the infection. The lowest SOD
activity was observed in the case of the most resistant cultivar. Our results did not show a clear
connection between seedling resistance of genotypes and SOD enzyme activity; however, we were
able to find strong significant correlations between the PTT infection scores on the Tekauz scale and
the SOD activity. The measurement of the SOD activity could offer a novel perspective to detect the
early stress responses induced by PTT. Our results suggest that the resistance of varieties cannot be
estimated based on SOD enzyme activity alone, because many antioxidant enzymes play a role in
fine-tuning the defense response, but SOD is an important member of this system.

Keywords: barley; Pyrenophora teres f. teres; net blotch disease; biotic stress; superoxide dismutase;
antioxidant enzyme

1. Introduction

Food security highly depends on successful plant breeding activity and the production
of adaptive, disease-resistant crops. Cultivation of tolerant or resistant varieties is one of
the most effective and eco-friendly methods of controlling plant diseases [1]; therefore, the
resistance of breeding lines against pathogens is among the main selection criteria in plant
breeding. Controlling foliar diseases is essential in barley (Hordeum vulgare L.) production,
especially in the case of the damaging fungal pathogen Pyrenophora teres f. teres Drechsler
(anamorph Drechslera teres (Sacc.) Shoem.) (PTT) [2]. This ascomycete fungus causes the
typical net-like leaf symptoms of the net blotch disease and necrotic lesions with chlorotic
borders on sensitive barley genotypes [3]. PTT infection could cause significant damage
both in spring and winter barley genotypes with an average of 20–30% grain yield loss,
especially in rainy weather [4]. In case of very sensitive barley genotypes, the damage can
be up to 100% [5,6].

Pathogen infection-induced oxidative stress has been observed in several cases such
as the powdery mildew on cereals [7] and the PTT and Rhynchosporium secalis on barley [8];
Lehmann [9] also summarizes several other relevant results. During oxidative stress,
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reactive oxygen species (ROS) appear in plant cells and have important roles in control-
ling signaling, metabolic and developmental processes [10–14]. ROS are able to act as
signaling molecules at low concentrations, but they can cause oxidative stress at high
concentrations [8,15–19]. The balance between ROS generation and its scavenging has
a key role to combat the effects of pathogen attack in plants [20]. Production of O2• is
considered as the first response in a cell because it is involved in the generation of other
ROS [21]. High concentrations of ROS activate ROS-dependent programmed cell death
(PCD) pathways [22,23]. Avoiding cell damage and expanding the range of ROS scaveng-
ing mechanisms is necessary [24,25]. Superoxide dismutase (SOD) is one of the several
defense-related antioxidant enzymes involved in the elimination of ROS [26]. The lifetime
of superoxide anion (O2•) depends on the enzymatic activity of CuZn superoxide dismu-
tase (SOD) [27]. SOD enzymes are responsible for the conversion of the superoxide anion
(O2−) to molecular oxygen and hydrogen peroxide (H2O2) [28]. Among the reactive oxygen
species, H2O2 is the only one able to cross the plant membrane, therefore being essential
in cell signaling [10,25,29]. Enhanced H2O2 production was observed as a response to
pathogen attack [30]. The pathogens trigger the ROS production mainly in apoplasts [29].
Several papers have described the effects of biotic stress on the antioxidant system in
cereals [31–33]. SOD is the first barrier of oxidative damage [34] and plays a significant role
in the control of ROS resulting from both abiotic and biotic environmental stresses [35,36].
The role of SOD was also proven under abiotic stress conditions of cereal, such as higher
or lower light intensity, drought or waterlogging [37], salinity [38], heavy metal toxicity,
mineral nutrient deficiencies [26] and other environmental stresses [26,39–41]. There are
two distinct peaks of ROS production during an oxidative burst caused by multiple abiotic
stresses. The initial burst of ROS triggers the cell-to-cell communication and activates the
specific signals. The second is the ROS burst at target [13]. Biphasic ROS accumulation
with a low-amplitude, transient first phase is followed by a sustained phase of much higher
magnitude that correlates with disease resistance [42,43]. Reactive oxygen species (ROS)
can reduce the symptoms and block pathogen growth in plants [44]. The influence of ROS
was reversed by the SOD, which indicated that O2− and H2O2 were the most relevant
reactive oxygen species during the pathogen infection [45]. Early elevations of ROS levels
and increased SOD activity were observed after the appearance of net blotch symptoms in
stressed barley cultivars [12,46]. In the study of Able [8], three barley cultivars were tested
with virulent and avirulent PTT isolates, and an increased level of SOD activity was ob-
served in the resistance response of barley varieties. The timely recognition of an invading
microorganism coupled with the rapid and effective induction of defense responses appears
to make a key difference between resistance and susceptibility [47]. The resistance of barley
varieties against PTT depends on the pathotype of fungus. However, the effects of various
pathotypes of PTT infection on SOD activity in the case of different barley genotypes with
different resistance against PTT have not yet been investigated widely.

In this study, the aim was to investigate the relationship between SOD enzyme ac-
tivity stimulated by PTT infection and the susceptibility of barley cultivars. According to
these aims, we examined the change in super-oxide dismutase enzyme activity caused by
the Pyrenophora teres f. teres infection in the first 72 h after infection and the subsequent
two weeks on barley varieties with different PTT resistance. Five barley cultivars were
inoculated in the seedling stage with three different monosporic PTT isolates from Hun-
gary to study the defense response triggered by different PTT pathotypes in each variety.
Changes in SOD enzyme activity and the severity of PTT infection were determined in
inoculated barley seedlings to study the role of SOD in the defense mechanism induced by
PTT pathogenesis.

2. Materials and Methods

Our experiments were performed between 2018 and 2019 in the laboratory and the
greenhouse of the Agricultural Institute of the Centre for Agricultural Research, under
controlled conditions.
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2.1. Preparation of Inoculum

Three PTT isolates (H-618, H-774, H-949), originating from Hungary, were used in
the experiment. Previously infected leaves were placed into moist chambers (water-logged
filter papers in glass Petri dishes), which were incubated under white light (OSRAM model
L36W/640) in a 16 h light/8 h dark cycle for 24 h at 20–22 ◦C to induce conidiogenesis.
Monoconidial isolates were made aseptically in a laminar air flow device by transferring
conidia from the leaves to V8 juice agar (V8A; 16 g agar, 3 g CaCO3, 100 mL Campbell’s V8
juice, 900 mL distilled water) with a sterile needle, using a Leica MZ6 stereomicroscope at
40× magnification. Plates were incubated for 10 days in the dark at 17–19 ◦C. To produce
inoculum for the artificial inoculation experiments, isolates were grown on V8A and/or
autoclaved maize leaves in 90 mm diameter plastic Petri plates under white light (OSRAM
model L36W/640) in a 16 h light/8 h dark cycle at 17–19 ◦C for 10 days. Then, sterile distilled
water containing 0.01% Tween 20 was added to the sporulating cultures (10 mL solution per
plate), and conidia were removed from the conidiophores by gently agitating the mycelium
mat with a sterile paint brush. Finally, the suspension was filtered through a fine sieve with
100 µm diameter pore size and the concentration of conidia was adjusted to 10.000/mL.

2.2. Plant Material

Five barley varieties were selected based on their different susceptibility to PTT, which
we determined in our previous greenhouse experiments and field trials [48]. The following
genotypes were selected: cv. ”Canela”, cv. “Harrington”, cv. “Manas”, cv. “Mv-Initium”
and cv. “Antonella”.

2.3. Setup of Treatments

Plants were grown up until the two-leaf stage at 22 ◦C on average in a greenhouse
under a 12 h photoperiod in five replications. Plants were inoculated later with the conidial
suspension of the selected PTT isolates by spraying with a hand sprayer on the surface of
the leaves with a concentration of 10.000 conidia/mL until runoff. After inoculation, the
plants were kept in a greenhouse chamber under a transparent plastic tent for 48 h at 22 ◦C
and 100% humidity, which provided suitable environmental conditions and appropriate
humidity for the development of the fungus.

The leaf samples were collected 0 h (as the control), 24 h, 48 h and 72 h after infection.
The sampling dates were chosen based on Able’s previous study [8]. In the case of treatment
with H-949, infected barley seedlings were sampled on 7 and 15 DAI (days after inoculation);
the longer incubation time was based on the work of Pál et al. [49] to investigate the SOD
activity at a later stage in the infection. In all cases, 0.2 g of the middle part of second leaf
tissue was collected in five repetitions from different pots. After that, the samples were
snap-frozen in liquid nitrogen and kept at −70 ◦C until processing and measurement.

The evaluation of the PTT responses was based on the infection recorded on the second
leaves using the 10-point scale of Tekauz [50] for single plants evaluated from each pot in
three replicates until the fifteenth day.

2.4. Measurement of SOD Activity

The xanthine oxidase (EC 1.1.3.22) assay, the most frequently used method [8,28], was
performed for the analysis of SOD activity according to Sigma-Aldrich’s manufacturer
instructions, based on the work of Bergmeyer et al. [51]. Measurements were performed
with a Shimadzu UV-160A UV-VIS spectrophotometer (Shimadzu, Japan) at 550 nm with
1 cm glass cuvettes and the absorbance followed for 1 min in 10 s intervals. During the
data processing, the measured changes in absorbance values were converted to enzyme
activity according to the work of Zhang et al. [52].

2.5. Data Analysis

One-way ANOVA was conducted to compare the effect of infection with different
PTT isolates on the different barley genotypes and the length of the contagion on the
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SOD activity in the tissue samples. The Tekauz scoring points were statistically evaluated.
ANOVA was performed at the p = 0.05 level of significance. Post-hoc comparisons using the
least significant difference (LSD) test were made at p < 0.05. For the statistical evaluation of
the results, we used the Explore and ANOVA modules of the IBM SPSS V.23 software.

3. Results
3.1. Results of the SOD Activity Measurements
3.1.1. Results of the Treatment with Isolate H-618

In the case of infection with H-618, significant differences were found between the
genotypes and the SOD activity in the leaf samples at 0 h [F(4, 10) = 4189, p = 0.03], 24 h
[F(4, 10) = 4.681, p = 0.22], 48 h [F(4, 10) = 12.191, p = 0.001] and 72 h [F(4, 10) = 22.610,
p = 0.000] (Figure 1). We recorded slight differences between the cultivars in the first 24 h,
and SOD activity increased significantly in all genotypes in the 48 h after inoculation; the
largest jump in SOD activity was shown by cv. “Canela” with 678.25 ∆A/min, followed by
cv. “Mv-Initium” with 340.60 ∆A/min. At 72 h, the highest SOD activity (528.02 ∆A/min)
was measured in cv. “Harrington”, followed by cv. “Canela” (490.84 ∆A/min). On the
other hand, the SOD activity of cv. “Manas”, cv. “Canela” and cv. “Mv-Initium” genotypes
decreased in 72 h of the measurement with 112 ∆A/min, 188 ∆A/min and 70 ∆A/min, re-
spectively, while cv. “Antonella” and cv. “Harrington” had further increases of 128 ∆A/min
and 160 ∆A/min in the last 24 h, respectively. It is clear from the data that inoculation
with H-618 influenced the SOD activity of all cultivars and that cv. “Harrington” and
cv. “Canela” reacted most sensitively to the isolate. The SOD activity of cv. “Harrington”
ranged between 122.98 and 528.02 ∆A/min, while cv. “Canela” had minimum activity of
101.21 ∆A/min and maximum of 782.26 ∆A/min.
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Figure 1. SOD activity of the tissue samples by the infection time in the case of H-618 treatment at 0,
1, 2 and 3 DAI. Error bars indicate the standard error (SE) of the mean instead of standard deviation
(SD) at the p = 0.05 level. Values denoted with different letters are significantly different at p < 0.05.

We also performed the LSD post-hoc test on all the data to explore differences in SOD
activity between barley varieties inoculated with isolate H-618 (Table 1). The post-hoc
comparison showed at 0 h that the average SOD activity of cv. “Manas” (156.89 ± 8.80)
was significantly lower than cv. “Harrington” (222.60 ± 38.34) and cv. “Mv-Initium”
(207.71 ± 22.89). The cv. “Harrington” (222.60 ± 38.34) showed a difference only from cv.
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“Antonella” (149.25 ± 15.96), which had also lower SOD activity than cv. “Mv-Initium”
(207.71 ± 22.89). The genotype cv. “Canela” (185.40 ± 35.35) did not show a significant
difference in SOD activity in opposition to the other examined genotypes at the beginning
of the experiment at 0 h.

Table 1. Mean differences in SOD activity of genotypes after inoculation with H-618 according to
LSD test for multiple comparisons.

0 h

Manas Harrington Canela MV-Initium Antonella

Manas - −65.707 * −28.511 −50.817 * 7.638
Harrington - - 37.196 14.889 73.345 *

Canela - - - −22.306 36.149
MV-Initium - - - - 58.455 *
Antonella - - - - -

24 h

Manas Harrington Canela MV-Initium Antonella

Manas - 67.516 * 4.814 −21.997 8.355
Harrington - - −62.702 * −89.514 * −59.160 *

Canela - - - −26.812 3.541
MV-Initium - - - - −30.353
Antonella - - - - -

48 h

Manas Harrington Canela MV-Initium Antonella

Manas - −0.468 −427.996 * −90.349 80.028
Harrington - - −427.527 * −89.880 80.497

Canela - - - 337.646 * 508.025 *
MV-Initium - - - - 170.378
Antonella - - - - -

72 h

Manas Harrington Canela MV-Initium Antonella

Manas - −333.04 * −295.857 * −65.614 −103.541 *
Harrington - - 37.183 267.425 * 229.498 *

Canela - - - 230.242 * 192.315 *
MV-Initium - - - - −37.927
Antonella - - - - -

* The mean difference is significant at the p = 0.05 level. Significant differences shown in the table are different
than those shown in Figure 1 because in the figure, error bars indicate the standard error (SE) of the mean instead
of standard deviation (SD) at the p = 0.05 level.

Measurements after 24 h showed that the average SOD activity of cv. “Manas”
(184.95 ± 4.00) was significantly higher only than cv. “Harrington” (117.43 ± 18.49). In com-
parison, the cv. “Harrington” (117.43 ± 18.49) was significantly different from cv. “Canela”
(180.14 ± 51.28), cv. “Mv-Initium” (206.95 ± 23.22) and cv. “Antonella” (176.59 ± 5.92)
because of its lower SOD activity. No statistically significant change in SOD activity was
found in other combinations of the genotypes after the first 24 h.

After 48 h of inoculation, only cv. “Canela” (678.25 ± 142.17) showed significantly
higher differences from the other examined genotypes, the cv. “Manas” (250.25 ± 127.78),
the cv. “Harrington” (250.72 ± 85.86), the cv. “Mv-Initium” (340.60 ± 46.06) and cv.
“Antonella” (170.22 ± 54.28). No statistically significant change in SOD activity was found
in other combinations of the genotypes after the first 48 h.

The cv. “Manas” (194.98 ± 10.66) after 72 h showed a significantly lower difference
in opposition to cv. “Harrington” (528.02 ± 107.73), cv. “Canela” (490.84 ± 30.52) and cv.
“Antonella” (298.52 ± 38.03), but there was no difference between cv. “Manas” and cv. “Mv-
Initium” (260.59 ± 13.42). However, the cv. “Mv-Initium” showed a significant difference
against cv. “Harrington” (528.02 ± 107.73) and cv. “Canela” (490.84 ± 30.52) because they
showed higher SOD activity. The cv. “Antonella” had a different SOD activity than all of
the other examined genotypes except the cv. “Mv-Initium”. No statistically significant
change in SOD activity was found in other combinations of the genotypes after 72 h.
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3.1.2. Results of the Treatment with Isolate H-774

The H-774 treatment induced no significant differences between SOD activity of geno-
types at 0 h [F(4, 10) = 3.026, p = 0.71], 24 h [F(4, 10) = 0.982, p = 0.46], 48 h [F(4, 10) = 1.104,
p = 0.406] and 72 h [F(4, 10) = 0.673, p = 0.626]; however, it is important to note that after
48 h, SOD activity increased for all genotypes, just like in the case of isolate H-618, but it
decreased in the last 24 h (Figure 2).
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Figure 2. SOD activity of the tissue samples in the case of H-774 treatment at 0, 1, 2 and 3 DAI. Error
bars indicate the standard error (SE) of the mean instead of standard deviation (SD) at p = 0.05 level.
Values denoted with different letters are significantly different at p < 0.05.

For isolate H-774, the largest jump in SOD activity was measured in the 48 h after
inoculation in cv. “Manas” (+267 ∆A/min), followed by cv. “Mv-Initium” (+238 ∆A/min)
and cv. “Canela” (+221 ∆A/min), although the change was also significant for the varieties
cv. “Harrington” (+178 ∆A/min) and cv. “Antonella” (+100 ∆A/min). The 72 h mea-
surement showed a decrease in the SOD activity in all genotypes except cv. “Antonella”,
where a slight increase was observed. The largest decreases in activity of 170 ∆A/min and
140 ∆A/min occurred in the cases of cv. “Manas” and cv. “Mv-Initium”, respectively.

3.1.3. Results of the Treatment with Isolate H-949

To study the changes in SOD activity in the longer term in different barley genotypes,
we measured the absorbance at 0 h and on the 7th and 15th days after infection with the
H-949 isolate. Although there was no significant difference between the genotypes at the
beginning of the experiment at 0 h [F (4, 20) = 1.714, p = 0.186], later, a significant genotype
effect was found on the SOD activity on the 7th day [F (4, 20) = 16.903, p = 0.000] and on
the 15th day [F (4, 20) = 5.571, p = 0.004] (Figure 3). On the 7th day, there were significant
changes in the SOD activity of the studied genotypes. The SOD activity of cv. “Manas”,
cv. “Harrington” and cv. “Antonella” increased greatly by 444 ∆A/min, 254 ∆A/min
and 154 ∆A/min, respectively, in the first 7 days. In contrast, the cv. “Canela” and cv.
“Mv-Initium” showed a significant decrease in their SOD activity by 257 ∆A/min and
322 ∆A/min, respectively.



Sustainability 2022, 14, 2597 7 of 15

Sustainability 2022, 14, x FOR PEER REVIEW 8 of 16 
 

had 743 ΔA/min and 754 ΔA/min of SOD activity at the end of the experiment, with total 
changes of 448 ΔA/min and 393 ΔA/min, respectively.  

 
Figure 3. SOD activity of the tissue samples in the case of H-949 treatment at 0, 7 and 15 DAI. Error 
bars indicate the standard error (SE) of the mean instead of standard deviation (SD) at the p = 0.05 
level. Values denoted with different letters are significantly different at p < 0.05. 

The LSD post-hoc test was performed to explore differences between varieties in the 
case of H-949 treatment (Table 2) during the 15 days of the experiment. There were no 
significant differences among the SOD activities at 0 h control samples of the genotypes. 

The SOD activity of cv. “Manas” (805.58 ± 219.32) at the 7th day was significantly 
higher from cv. “Harrington” (548.81 ± 203.48), cv. “Canela” (92.86 ± 55.15), cv. “Mv-Init-
ium” (52.06 ± 26.74) and cv. “Antonella” (434.47 ± 235.58). Furthermore, the SOD activity 
of cv. “Harrington” (548.81 ± 203.48) was significantly higher than cv. “Canela” (92.86 ± 
55.15) and cv. “Mv-Initium” (52.06 ± 26.74). Moreover, cv. “Antonella” (434.47 ± 235.58) 
had a significantly different SOD activity from cv. “Canela” (92.86 ± 55.15) and cv. “Mv-
Initium” (52.06 ± 26.74) because of their lower results. 

At the measurements on the 15th day, cv. “Canela” (289.68 ± 69.33) showed signifi-
cantly lower SOD activity, in contrast to the genotypes of cv. “Manas” (757.25 ± 94.05), cv. 
“Harrington” (734.40 ± 150.40), cv. “Mv-Initium” (668.60 ± 333.44) and cv. “Antonella” 
(657.00 ± 128.04). There was no statistically significant difference found between the ex-
amined genotypes in any other cases.  

Table 2. Post-hoc comparisons of genotypes in the case of H-949 treatment at 0, 7 and 15 DAI ac-
cording to LSD test for multiple comparisons. Mean differences are shown. 

0 h 

 Manas Harrington Canela MV-Initium Antonella 
Manas - 66.309 11.583 −13.354 80.508 

Harrington - - −54.726 −79.663 14.199 
Canela - - - 24.937 93.863 

MV-Initium - - - - −93.863 
Antonella - - - - - 

7th day  Manas Harrington Canela MV-Initium Antonella 

0

200

400

600

800

1000

1200

Manas Harrington Canela MV-Initium Antonella

M
ea

n 
SO

D 
ac

tiv
ity

 (Δ
A/

m
in

)

Genotype

Treatment: H-949

Time 0h Control 7 days infected 15 days infected

c
c

c c

ab

ab

abc

d

bc

d

c

a

abc

ab

c

Figure 3. SOD activity of the tissue samples in the case of H-949 treatment at 0, 7 and 15 DAI. Error
bars indicate the standard error (SE) of the mean instead of standard deviation (SD) at the p = 0.05
level. Values denoted with different letters are significantly different at p < 0.05.

On the 15th day, the SOD activity of cv. “Canela” almost reached its initial values,
because in the last 7 days, its SOD activity increased by 198 ∆A/min, while cv. “Mv-Initium”
exceeded its initial value by 285 ∆A/min.

All genotypes, except cv. “Canela”, showed an increasing SOD response to isolate
H-949 on the 15th day compared to the initial values. The cv. “Antonella” reached its final
SOD activity at 657 ∆A/min on the 15th DAI with a total change of 376 ∆A/min. In total,
cv. “MV-Initium” reached the 669 ∆A/min of SOD activity for the 15th DAI and showed
a total of 296 ∆A/min change in SOD activity. The cv. “Harrington” and the cv “Manas”
had 743 ∆A/min and 754 ∆A/min of SOD activity at the end of the experiment, with total
changes of 448 ∆A/min and 393 ∆A/min, respectively.

The LSD post-hoc test was performed to explore differences between varieties in the
case of H-949 treatment (Table 2) during the 15 days of the experiment. There were no
significant differences among the SOD activities at 0 h control samples of the genotypes.

The SOD activity of cv. “Manas” (805.58 ± 219.32) at the 7th day was signifi-
cantly higher from cv. “Harrington” (548.81 ± 203.48), cv. “Canela” (92.86 ± 55.15),
cv. “Mv-Initium” (52.06 ± 26.74) and cv. “Antonella” (434.47 ± 235.58). Furthermore,
the SOD activity of cv. “Harrington” (548.81 ± 203.48) was significantly higher than
cv. “Canela” (92.86 ± 55.15) and cv. “Mv-Initium” (52.06 ± 26.74). Moreover, cv. “An-
tonella” (434.47 ± 235.58) had a significantly different SOD activity from cv. “Canela”
(92.86 ± 55.15) and cv. “Mv-Initium” (52.06 ± 26.74) because of their lower results.

At the measurements on the 15th day, cv. “Canela” (289.68 ± 69.33) showed signif-
icantly lower SOD activity, in contrast to the genotypes of cv. “Manas” (757.25 ± 94.05),
cv. “Harrington” (734.40 ± 150.40), cv. “Mv-Initium” (668.60 ± 333.44) and cv. “Antonella”
(657.00 ± 128.04). There was no statistically significant difference found between the
examined genotypes in any other cases.
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Table 2. Post-hoc comparisons of genotypes in the case of H-949 treatment at 0, 7 and 15 DAI
according to LSD test for multiple comparisons. Mean differences are shown.

0 h

Manas Harrington Canela MV-Initium Antonella

Manas - 66.309 11.583 −13.354 80.508
Harrington - - −54.726 −79.663 14.199

Canela - - - 24.937 93.863
MV-Initium - - - - −93.863
Antonella - - - - -

7th day

Manas Harrington Canela MV-Initium Antonella

Manas - 256.77 * 712.713 * 753.514 * 371.11 *
Harrington - - 455.943 * 496.744 * 114.34

Canela - - - 40.8 −341.602 *
MV-Initium - - - - −382.403 *
Antonella - - - - -

15th day

Manas Harrington Canela MV-Initium Antonella

Manas - 10.84 464.567 * 85.650 97.25
Harrington - - 453.722 * 74.805 86.405

Canela - - - −378.916 * −367.317 *
MV-Initium - - - - 11.599
Antonella - - - - -

* The mean difference is significant at the 0.05 level. Significant differences shown in the table are different than
those shown in Figure 3 because in the figure, error bars indicate the standard error (SE) of the mean instead of
standard deviation (SD) at p = 0.05 level.

3.2. Infection of Barley Cultivars Due to Inoculation with Different PTT Isolates

We found statistically significant differences between the examined isolates while mea-
suring on the Tekauz scoring scale the severity of the infections H-618 [F(4, 10) = 35.389,
p = 0.000], H-774 [F(4, 10) = 24.757, p = 0.000] and H-949 [F(4, 10) = 16.346, p = 0.000]. We
could evaluate the degree of infection after 3 days of inoculation when the first symptoms
appeared. Our results are based on the Tekauz [27] scale. The infection rates of cv. “An-
tonella” were significantly lower in the case of every PTT isolate, except in the case of cv.
“Manas” with isolates H-618 (Figure 4).

The LSD post-hoc test was performed to explore differences between varieties in the
case of isolate H-618 infection scoring on the Tekauz (1985) scale 15 days after infection
(Table 3). The LSD test showed that the infection scoring was significantly different in each
case. The lowest scoring points were showed by cv. “Antonella” (2.33 ± 0.577) and cv.
“Manas” (4.00 ± 1.00). The only two varieties which did not differ significantly from each
other were cv. “Harrington” (8.00 ± 1.00) and cv. “MV-Initium” (8.67 ± 0.578), and these
two had the highest measured scoring points (9) against isolate H-618.

In the case of isolate H-774, the LSD test showed that the infection scoring was
also significantly different in each case (Table 4). The only two varieties which were not
significantly different from each other were cv. “Canela” (4.67 ± 1.15) and cv. “MV-Initium”
(5.00 ± 1.00). The lowest scoring points were shown by cv. “Antonella” (1.00 ± 0.289) and
cv. “Manas” (2.00 ± 0.575).

The results of isolate H-949 showed a slight degree of susceptibility. The cv. “Manas”
(5.00 ± 1.00) did not show a significant difference from cv. “Canela” (6.00 ± 1.00) and cv.
“MV-Initium” (0.56 ± 0.55), and cv. “Canela” and cv. “MV-Initium” did not differ from
each other in this case. The highest scoring points were obtained by cv. “Harrington” (9).
The lowest scoring points were shown by cv. “Antonella” (3) (Table 5).
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Table 3. Post-hoc comparisons of the isolate H-618 infection scoring on the Tekauz scale by genotypes
3 DAI using Tamhane LSD. Mean differences are shown.

Manas Harrington Canela MV-Initium Antonella

Manas - −4.00 * −1.66 * −4.66 * 1.66 *
Harrington - 2.33 * −0.66 5.66 *

Canela - −3.00 * 3.33 *
MV-Initium - 6.33 *
Antonella -

* The mean difference is significant at the 0.05 level. Significant differences shown in the table are different than
those shown in Figure 4 because in the figure, error bars indicate the standard error (SE) of the mean instead of
standard deviation (SD) at the p = 0.05 level.

Table 4. Post-hoc comparisons of the isolate H-774 infection scoring on the Tekauz scale by genotypes
3 DAI using Tamhane LSD. Mean differences are shown.

Manas Harrington Canela MV-Initium Antonella

Manas - −4.00 * −2.00* −2.33 * 1.83 *
Harrington - 2.00 * 1.66 * 5.83 *

Canela - −0.33 3.83 *
MV-Initium - 4.16 *
Antonella -

* The mean difference is significant at the 0.05 level. Significant differences shown in the table are different than
those shown in Figure 4 because in the figure, error bars indicate the standard error (SE) of the mean instead of
standard deviation (SD) at the p = 0.05 level.
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Table 5. Post-hoc comparisons of the isolate H-949 infection scoring on the Tekauz scale by genotypes
15 DAI using Tamhane LSD. Mean differences are shown.

Manas Harrington Canela MV-Initium Antonella

Manas - −3.00 * −1.00 −0.66 3.00 *
Harrington - 2.00 * 2.33 * 6.00 *

Canela - 0.33 4.00 *
MV-Initium - 3.66 *
Antonella -

* The mean difference is significant at the 0.05 level. Significant differences shown in the table are different than
those shown in Figure 4 because in the figure, error bars indicate the standard error (SE) of the mean instead of
standard deviation (SD) at the p = 0.05 level.

Overall, our scoring point results show that the isolates had different degrees of sever-
ity on each genotype. The most severe symptoms were caused by the H-618 (5.73 ± 2.54)
followed by the H-949 (5.33 ± 2.16) and the H-774 (3.97 ± 2.19) on average. The least
susceptible genotype overall was cv. “Antonella”, followed by cv. “Manas”, and the most
susceptible genotypes were cv. “Harrington” and cv. “MV-Initium” (Figure 4).

We examined the correlation between the SOD activity and the registered Tekauz
infection scoring points by genotypes and isolates (Table 6). In the case of cv. “Manas”, we
found a significant, positive, strong correlation between the SOD activity and the Tekauz
infection scores at the treatment with the H-774 isolate (r = 0.778) and we found a strong but
negative correlation (r = −0.914) at the treatment with the H-949 isolate. The cv. “Harring-
ton” showed a strong, significant, positive correlation between the SOD activity and the
Tekauz infection scoring points in the case of the treatments with H-774 and H-949 isolates.
On the other hand, cv. “Canela” and cv. “MV-Initium” showed a significantly strong but
inverse correlation in the case of treatments with H-618 (rCanela = −0.787, rInitium = −0.917)
and H-949 (rCanela = −0.956, rInitium = −0.853) isolates. In relation to cv. “Antonella”, we
registered a strong positive correlation between the SOD activity and the Tekauz infec-
tion scorings at the treatments with isolates H-618 and H-774, which were r = 0.99 and
r = 0.99, respectively.

Table 6. Pearson’s correlation matrix between SOD activity (∆A/min) and infection scoring on the
Tekauz scale by genotypes after 3 DAI in the case of H-618 and H-774 and after 14 DAI in the case
of H-949.

Genotype Isolate H-618 Tekauz H-774 Tekauz H-949 Tekauz

Manas
H-618 SOD 0.143 - -
H-774 SOD - 0.778 * -
H-949 SOD - - −0.914 *

Harrington
H-618 SOD 0.662 - -
H-774 SOD - 0.938 * -
H-949 SOD - - 0.997 *

Canela
H-618 SOD −0.787 * - -
H-774 SOD - 0.144 -
H-949 SOD - - −0.956 *

MV-Initium
H-618 SOD −0.917 * - -
H-774 SOD - −0.584 -
H-949 SOD - - −0.853 *

Antonella
H-618 SOD 0.999 * - -
H-774 SOD - 0.999 * -
H-949 SOD - - 0.588

* The correlations are significant at the 0.05 level.

We did not find significant correlations between the SOD activity and the Tekauz
infection scorings in cv. “Manas” and cv. “Harrington” in the case of the isolate H-618, in
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cv. “Canela” and cv. “MV-Initium” in the case of the isolate H-774 or in cv. “Antonella” in
the case of the isolate H-949.

4. Discussion

Changes in environmental factors, which include abiotic and biotic stress, cause
modified ROS homeostasis within the plant cell. To protect plant cells from oxidative stress,
ROS removal mechanisms have been developed that include antioxidant enzymes. The
reactive oxygen species also play a key role as signal molecules in initiating plant defense
mechanisms [19,24]. Fine-tuning this system is essential for effective defense. Although
SOD, along with several other antioxidants, regulates ROS, its role is still dominant because
it is the first barrier to oxidative damage. In the present study, we investigated the change
in SOD activity after PTT infections in barley seedlings. Our results showed that all three
PTT isolates caused significant changes in the SOD activity of all examined barley varieties
in the early stages of the infection.

The treatment with H-618 resulted in significant increases in SOD activity in the
examined genotypes after 48 h. The measured SOD activity highly increased in the case
of every genotype except cv. “Antonella”, which showed a slight decrease, but this result
was not significant. Cv. “Antonella” was the most resistant genotype to PTT. Able et al. [8]
observed a lower ROS production in resistant reaction to necrotrophic pathogens, and
in larger amounts in susceptible plants [12]. The ROS induces the activation of different
antioxidant enzymes and defense mechanism against pathogens [12,53]. On the other hand,
the accumulation of ROS blocked the early growing of fungus in [23,54]. Apart from cv.
“Antonella” and cv. “Harrington”, the other examined genotypes showed decreases in SOD
activity at the 72 h measurements. In the last 24 h, the cv. “Antonella” and cv. “Harrington”
increased the measured activity significantly. Despite our results, cv. “Harrington” did
not show a significant correlation between the H-618-induced PTT infection and the SOD
activity; however, cv. “Antonella” had a strong significant correlation with its PTT infection
with H-618, as did cv. “Canela” and cv. “MV-Initium”.

The characteristic of SOD activity change was quite similar in the case of H-774 isolate
to the case of H-618. For the 48 h measurements, the SOD activity reached the maximum
regarding every examined genotype, expect cv. “Antonella”, which showed a further
increase in SOD activity in the last 24 h. However, we did not find any statistically valid
differences in SOD activity between genotypes in the treatment with H-774. We found a
significant correlation between the severity of the H-774-induced PTT infection and the
measured SOD activity in genotypes cv. “Manas”, cv. “Harrington” and cv. “Antonella”.

If we compare the two isolates which were examined in the same timeframe (H-618 and
H-774), we can conclude that the SOD activity was higher in cv. “Canela” in the case of H-618
infection than H-774 infection. The cv. “Harrington” was sensitive to both PTT isolates, and
its SOD activity was also one of the highest in both cases on average. In contrast, the most
resistant genotype to both isolates was cv. “Antonella”, although its SOD activity was the
lowest on average, followed by cv. “Manas” and cv. “Mv-Initium”. These results support the
fact that the susceptibility of barley cultivars to individual PTT isolates varies [9].

The subsequent effect of PTT infection on SOD activity was examined on days 7
and 15 after infection with the H-949 isolate. The SOD activity of cv. “MV-Initium” and
cv. “Canela” decreased between 0 h and the 7th day, while significant or near significant
increases in SOD activity were observed in other varieties. Further increases in activity were
observed in cv. “Harrington”, cv. “Canela”, cv. “MV-Initium” and cv. “Antonella”, and no
significant decrease in SOD activity was observed in cv. “Manas”. Cv. “Antonella“ and cv.
“MV-Initium” showed the lowest SOD activity in the case of H-949 treatment right after cv.
“Canela”. A negative significant correlation was observed between the infection level based
on the Tekauz scale and SOD activity in the case of all cultivars expect cv. “Antonella”. This
result contradicts the findings of previous research that resistant varieties have higher SOD
activity [8]. In our experiment, cv. “Antonella”, which is the most resistant to PTT, had the
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lowest SOD activity in all isolates. However, this coincides with the findings that reported
a positive association between the presence of ROS and disease resistance [12,55,56].

In conclusion, in our experiment, we observed a significant increase in SOD activity
upon PTT inoculation, although the extent of this was genotype- and isolate-dependent.
An increase in SOD activity presupposes the appearance of reactive oxygen species as a
result of infection, as Able’s [8] hypotheses has noted. Although he stated that a higher
SOD activity suggests resistance to PTT infection, as previously advocated by Urbanek [57]
and Gil-ad et al. [58], the opposite was observed in our experiment—the SOD activity
of susceptible cultivars increased to a greater extent. Shetty et al. [30] state that removal
of H2O2 by catalase at both early and late stages made wheat plants more susceptible
to Septoria tritici, whereas H2O2 formation made them more resistant. Furthermore, our
results also support those which show the inoculation-dependent increase in SOD activity
at the 24 h stage of powdery mildew infection mentioned by Vanacker [59]. Higher SOD
activity was detected in the susceptible genotype than in the resistant genotype, just like in
our experiment. Increased activity of all three SOD isoforms was observed in increased
Pseudomonas susceptible double mutant Arabidopsis thaliana (At-pao1-1 x Atpao2-1) after
inoculation [55]. The previous results are in contradiction with those of Lightfoot et al. [12],
who detected higher SOD activity in resistant barley genotypes, and smaller symptoms
were detected in transgenic HcCSD1 knock-down lines. However, when the expression
pattern of SOD2 gene was investigated, it was found that except for clear activation of
expression at 8 h after infection measured in the resistant genotype, the expression pattern
fluctuated more in the sensitive ones, and there was a second expression peak at 120 h in
resistance one after a decline at 48 h [56].

Based on this, our findings could offer a novel perspective of the measurement of the
SOD activity to detect the early stress responses induced by PTT.

However, it should be noted that our results do not show a clear connection between
seedling resistance of genotypes and SOD enzyme activity, although we did find significant
correlations between the PTT infection scores and the SOD activity in several cases.

Overall, our results suggest that the SOD activity induced by the PTT infection will
increase with elapsed time of infection, especially after 48 h. Increased SOD activity due to
pathogenic attack promotes H2O2 formation and protects the plant cell from superoxide ac-
cumulation. In the case of increased production of O2−, enhanced SOD activity reduces the
risk of hydroxyl radical formation due to Fenton-type chemistry [57]. These results suggest
that although many antioxidant enzymes play a role in fine-tuning the defense response,
the resistance of varieties cannot be estimated based on SOD enzyme activity alone.

Studying the other members of the antioxidant enzyme system is necessary to clarify
their role during biotic stresses, such as pathogen infection. We would like to continue
our work and extend our studies beyond 3 and 15 DAI to learn more about the associ-
ation between PTT infection and SOD activity, as we were unable to examine the full
phenomenon because we assumed that the highest SOD activity could be observed in the
early phase of the PTT infection. Furthermore, we may extend this work by involving more
genotypes and isolates to understand the connection between ROS accumulation and an
early pathogen infection.
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