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cold-hardening in the resistant genotype. POX III activity 
was enhanced by abiotic stress in leaves of DH1 seedlings, 
while it was not detected in susceptible genotype in any 
experimental term.

Keywords Cereals · Cold-hardening · Fungal infection · 
Cross-tolerance · Antioxidant enzymes

Abbreviations
APX  Ascorbate peroxidase
CAT  Catalase
Cu/ZnSOD  Copper/zinc superoxide dismutase
DH  Doubled haploid
MnSOD  Manganese superoxide dismutase
PAGE  Polyacrylamide gel electrophoresis
PR  Pathogenesis-related protein
POX  Peroxidase
ROS  Reactive oxygen species
SAR  Systemic acquired resistance
SOD  Superoxide dismutase
TBARS  Thiobarbituric acid reactive substances

Introduction

Cereal’s overwinterness depends on resistance to many 
stresses; among others, the tolerance to snow moulds is one 
of the most important factors determining survival in cold 
and moderate climates. Microdochium nivale (Samuels and 
I.C. Hallett) is a widely spread fungus causing pink snow 
mould of cereal seedlings [1]. It infects winter triticale (× 
Triticosecale, Wittm.), a man-made hybrid crop [2] with 
great yielding potential particularly in severe culture condi-
tions. Variable levels of M. nivale infection in triticale were 
reported from field experiments and from testing at control 
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leaf TBARS content was always lower in seedlings of snow 
mould-resistant DH1 line in comparison with susceptible 
DH92 ones, suggesting that tissue damage was more pro-
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conditions [3–5], but no fully resistant genotype was found. 
The fungicides used so far against M. nivale are very 
harmful to the environment and not sufficiently effective 
[6–8]. Only cold-hardening is regularly reported to induce 
increased resistance against pink snow mould [4, 5, 9–14], 
but its effect is genotype-dependent.

Despite many efforts made for dissecting the mecha-
nisms underlying increased pink snow mould resistance, 
it is still uncertain which molecule serves as a cogent and 
easily measurable marker for screening a wide pool of 
cereal genotypes. A potential role in the defence response 
against M. nivale infection was previously proposed for 
unspecific catalase and peroxidase [10] as well as chitinase 
[14] in winter triticale; chitinase, endochitinase and 1,3–β 
glucanase in winter rye [15, 16]; and chitinase, endochi-
tinase, 1,3–β glucanase, PR1-a protein, peroxidase [17] and 
thaumatin-like proteins in winter wheat [18]. Gołębiowska 
and Wędzony [4] proposed two model winter triticale cul-
tivars for triticale–fungus interaction research: partly pink 
snow mould-resistant Hewo and susceptible Magnat. With-
out hardening, seedlings of both cultivars were completely 
damaged by M. nivale mycelium; when exposed to low 
temperature in cold chamber (4 weeks at 4 °C), they exhib-
ited different levels of resistance. From F1 hybrids of the 
described previously cultivars, a population of 92 doubled 
haploid (DH) lines was developed by an anther culture 
method [19]. Subsequently, we selected DH lines exhibit-
ing transgression of resistance in relation to parental lines 
in three separate cold chamber tests, for further studies.

As reported by many authors, an excess of reactive oxy-
gen species (ROS) produced in plant tissues subjected to 
abiotic and/or biotic stresses could be scavenged by their 
antioxidant system, consisting of non- and enzymatic 
antioxidants. Among them, several antioxidant enzymes 
such as superoxide dismutase (SOD, EC 1.15.1.1), cata-
lase (CAT, EC 1.11.1.6) and ascorbate peroxidase (APX, 
EC 1.11.1.11) were documented to facilitate cereal sur-
vival during both cold [20–26] and pathogen infection [9, 
10, 27, 28]. The oxygen scavenging systems activated by 
cold-hardening play a key role in enhancing cold tolerance 
[29], especially those in chloroplasts and mitochondria, the 
major sites of ROS production in plant cells [30, 31]. Nev-
ertheless, little is known about the responses of antioxidant 
systems in cereals infected by snow moulds and their role 
in improving M. nivale cold-induced tolerance in triticale. 
Therefore, in the present study we aimed to dissect the ini-
tial differences as well as the role of cold- and inoculation-
induced changes in the activity of SOD, CAT and POX in 
leaves of pink snow mould-resistant triticale seedling and 
susceptible triticale seedling. As was suggested by Reu-
veni [32], the differences between susceptible and resist-
ant plants are related to the rapidity and magnitude of the 
response rather than to the specificity of one or several 

possible defence mechanisms. In addition to that, we have 
attempted to identify a possible enzymatic marker for dis-
ease resistance.

Materials and methods

Plant material

Two winter hexaploid triticale (× Triticosecale Wittm., 
2n = 6× = 42) doubled haploid (DH) lines: DH1, with 
the highest cold-induced snow mould resistance (the mean 
level of infection index P = 38 ± 10 %) and DH92 with 
the lowest resistance (P = 71 ± 19 %), were used in this 
study. They were selected according to the results of the 
preceding three cold chamber M. nivale resistance tests as 
described in Gołębiowska and Wędzony [4], performed in 
the frame of National Science Centre project No. N N310 
140239. Additionally, 90 other DH lines were derived at 
the Department of Cell Biology of IPP PAS from F1 hybrid 
of cross between model [4] winter triticale cultivars: snow 
mould-resistant Hewo (Strzelce Plant Breeding—IHAR 
Group Ltd., Poland) and susceptible Magnat (Danko 
Plant Breeders Ltd., Poland) by the anther culture method 
according to Wędzony [19]. Their homozygosity was con-
firmed with DArT and SSR markers as described in Tyrka 
et al. [33].

Plant growth conditions

The effect of cold‑hardening

Well-formed kernels of DH1 and DH92 lines were sur-
face-sterilized as described in Gołębiowska and Wędzony 
[4] and grown on filter paper soaked with sterile water in 
plastic Petri dishes at 26 °C in darkness for 2 days. Subse-
quently, healthy seedlings (24 per genotype) were planted 
in sterile mixture of soil, turf substrate and sand (2:2:1) in 
multipots. On day 7, plants reached one leaf trough coleop-
tile—growth stage Z10 in the Zadoks’ scale [34], and they 
were supplemented once with Hoagland and Arnon’s [35] 
sterile medium, 0.5 L per pot.

The six control seedlings (control) of each genotype 
were grown for 21 days in optimal conditions in a climatic 
chamber: light of 100 ± 10 μmol (photon) m−2 s−1 PAR, 
8 h/16 h (day/night) photoperiod, temperature 16/12 °C 
and RH = 60–67 %. After this period, they reached the 
Z22 growth stage in the Zadoks’ scale (seven leaves and 
two tillers). The remaining seedlings (18 per genotype), 
after 7 days in the above conditions, were subjected to the 
prehardening at 12/12 °C with 8/16 h (day/night) photoper-
iod for 14 days, followed by cold-hardening at 4/4 °C for 
28 days in the same light regime. Plants after prehardening 
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had two unfolded leaves on main shoot, and a third leaf 
appeared (growth stage Z13 in the Zadoks’ scale). After 
49 days of growth, cold-hardened plants reached the same 
developmental stage considering the number of leaves and 
tillers as the control—non-hardened plants after growing in 
optimal conditions for 21 days.

The effect of Microdochium nivale infection

Hardened plants (12 per genotype) from the first part of the 
experiment were covered with moistened cellulose wad-
ding on rolls and black plastic bags to imitate conditions 
occurring under a snow cover and then grown in darkness 
in the cold chamber at 4 °C for 21 days. One half of those 
plants was inoculated with fungal mycelium from mono-
sporal isolate of Microdochium nivale 38z/5a/01 derived 
and used as described earlier [4], before applying the cover. 
The control plants were treated and grown under artificial 
covers as the inoculated ones except inoculation.

Plant sampling

For the present analyses, leaves of six seedlings from each 
genotype/treatment were collected. This included: (1) non-
hardened, control plants; (2) cold-hardened plants; (3) cold-
hardened plants with the artificial snow-imitating cover; (4) 
cold-hardened, inoculated plants with the artificial snow-
imitating cover. Leaves were immediately frozen in liquid 
nitrogen and stored at −80 °C. Analysis was performed in 
three biological replicates for gel activity assays and four 
biological replicates for spectrophotometric analysis, con-
sisting of four leaves each in a single growth experiment.

Determination of thiobarbituric acid‑reactive substances 
(TBARS)

The extent of lipid peroxidation was assessed according 
to Gawronska et al. [36]. Leaf tissue (0.1 g) was homog-
enized in 1 mL 0.1 % trichloroacetic acid (TCA). Homoge-
nates were centrifuged at 10 000×g for 5 min at 4 °C. The 
obtained supernatant was mixed 1:4 (v/v) with 0.5 % bar-
bituric acid solution in 20 % TCA and incubated at 95 °C 
for 30 min, cooled on ice and centrifuged at 10 000×g for 
5 min. The coloured complexes of TBARS (products of 
lipid peroxidation) were determined at 532 nm, and the 
non-specific absorption at 600 nm was subtracted. Extinc-
tion coefficient of 1.56 × 105 M−1 cm−1 was used for 
TBARS concentration calculations.

Antioxidant enzymes activities

For extraction of SOD and CAT, 0.1 g plant material was 
homogenized in liquid nitrogen and re-suspended in cold 

phosphate buffer (0.1 M KH2PO4/Na2HPO4 pH 7.5, con-
taining 3 mM ethylenediaminetetraacetic acid EDTA and 
2 % (w/v) polyvinylpolypyrrolidone) in proportion 3:1 v/
FW and 10:1 v/FW, respectively. For extraction of POX, 
0.1 g plant material was homogenized in liquid nitrogen 
and re-suspended in cold 50 mM sodium acetate buffer pH 
5.5 in proportion 3:1 v/FW. The homogenate was centri-
fuged at 12 000×g for 5 min at 4 °C, and supernatant was 
used for measuring antioxidant enzyme activity. Protein 
concentration was determined according to Bradford [37].

For determining the activity of SOD and POX, the frac-
tions of soluble proteins isolated as described above were 
analysed using native polyacrylamide gel electrophoresis 
(PAGE) at 4 °C and a constant voltage 180 V and the Lae-
mmli [38] buffer system without sodium dodecyl sulphate 
(SDS). Electrophoresis was performed for 60 min with the 
Bio-Rad Mini-Protean device.

To determine SOD activity, samples containing 6 μg of 
protein were loaded on 1-mm-width 12 % polyacrylamide 
gel and were separated by native PAGE in triplicate. We 
used 10-well combs of the 5.08 mm width and 44 µl maxi-
mum sample volume per well. SOD bands were visualized 
using the activity staining method described by Beauchamp 
and Fridovich [39]. All gels were incubated in staining 
buffer (potassium phosphate buffer pH 7.8, 10 mM EDTA, 
28 mM tetramethylethylenediamine TEMED, 22 mM ribo-
flavin and 0.25 mM nitro blue tetrazolium NBT) for 30 min 
in the dark at RT. After incubation, the gels were exposed 
to white light until SOD activity bands became visible 
(10 min). Identification of different SOD forms was based 
on their sensitivity to 3 mM KCN and 5 mM H2O2 added 
during activity staining according to Fridovich [40].

To determine POX activity, samples containing 8 μg of 
protein were loaded on 8 % polyacrylamide gel and sepa-
rated by native PAGE. POX bands were visualized using 
the activity staining method described by Ros Barceló [41]. 
All gels were incubated in staining buffer (50 mM acetate-
phosphate buffer pH 5, 2 mM 3,3′-diaminobenzidine DAB) 
for 20 min at RT. After incubation, 3 mM H2O2 was added 
and the gels were shaked gently until POX activity bands 
became visible (30 min).

For densitometric quantification, all gels were scanned 
under the identical standard settings of scanner (EPSON 
V7000) and the gel images were analysed using ImageJ 
program. The activity of all isoforms was expressed in arbi-
trary units corresponding to the area under the densitomet-
ric curve (the mean of three biological replicates ± SD).

CAT activity was determined according to Aebi [42]. 
The reaction mixture contained 50 mM potassium phos-
phate buffer pH 7.0, 0.1 mM EDTA, 0.04 % (v/v) H2O2 and 
20 µl enzyme extract in 1 ml total volume. Decomposition 
of H2O2 was measured with 1 min at 240 nm. As a unit of 
enzyme activity, a decrease in absorbance equal to 0.0145 
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was assumed (consumption of 1 µM of H2O2). Extinction 
coefficient of H2O2 of 42.6 M−1 cm−1 was used. The spec-
troscopic analysis was performed using UV–visible record-
ing spectrophotometer (UV–VIS Specord plus 210, Ana-
lytic Jena, Germany).

Statistics

Statistical significances were evaluated by analysis of vari-
ance and Duncan’s test. Additionally, correlations between 
the antioxidants and infection index were calculated. Cal-
culations were performed with STATISTICA® version 10.0 
software at P ≤ 0.05. When necessary, values were trans-
formed logarithmically before applying a selected test.

Results

The products of lipid peroxidation were measured via 
a TBARS assay. In leaves of non-hardened plants of 
the resistant DH1 line (the mean level of infection index 
P = 38 ± 10 %), the mean TBARS level was lower 
in comparison with values obtained for susceptible 
(P = 71 ± 19 %) DH92 line (Fig. 1). After cold-hardening, 
the increase in TBARS level was observed in leaves of both 
genotypes studied, but it was higher in tissues from the 
susceptible line. Covering the plants with artificial snow-
imitating covers did not change the TBARS level in leaves 
of both lines with respect to cold-hardened plants before 
covering (Fig. 1). However, inoculation caused the increase 
in the TBARS level in both genotypes, with a significantly 

higher rate in DH92 seedlings. The highest experimental 
level of oxidative damage (3.98 nmol TBARS/mg FW) was 
observed in leaves of DH92-inoculated seedlings (Fig. 1).

Two forms of SOD: manganese superoxide dismutase 
(MnSOD) and copper/zinc superoxide dismutase (Cu/
ZnSOD), were identified in extracts from leaves of both 
winter triticale DH lines (Fig. 2a, b). MnSOD activity was 
not found in non-hardened plants (Figs. 2, 3a). The expo-
sure to low temperature led to an increase in MnSOD 
activity in both analysed genotypes, which was more 
pronounced in susceptible DH92 line (Fig. 3a). In hard-
ened and covered plants, the MnSOD activity increased 
in comparison with cold-hardened plants before cover-
ing in leaves of both genotypes, but more pronounced in 
DH92 seedlings. Plant inoculation with fungal mycelium 
decreased MnSOD activity in both genotypes, in relation 
to a non-inoculated control. The activity of this SOD form 
was significantly lower in the leaves of resistant DH1 line 
in comparison with susceptible DH92 line in all treatments 
(Fig. 3a).

Fig. 1  Level of oxidative damage in leaves of the two genotypes 
(resistant DH1 and susceptible DH92) subjected to the three kinds of 
treatment: cold, cold + artificial system to mimic the snow cover and 
cold + artificial system to mimic the snow cover + inoculation with 
M. nivale. Values represent mean ± SD (n = 4). Letters above the 
bars indicate significant differences, according to the Duncan’s test 
at P ≤ 0.05
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Fig. 2  SOD activity bands, as visualized by native PAGE, in resistant 
(DH1) and susceptible (DH92) genotype of winter triticale. Extracts 
containing 6 μg of soluble protein were loaded to each well (a). 
Identification of SOD forms stained with NBT in the presences of 5 
mMH2O2 or mM KCN (b)
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In leaves of non-hardened, cold-hardened and covered 
plants of both DH lines, Cu/ZnSOD was represented by 
three isoforms, while in leaves of inoculated plants of 
both DH lines, Cu/ZnSOD was represented by four iso-
forms (Fig. 2a, b). In leaves of non-hardened plants of 
both lines, the mean activity of Cu/ZnSOD I was equal 
and increased after the exposition to low temperature in 
comparison with the non-hardened control (Fig. 3b). This 
increase was more prominent in resistant DH1 line. The 
Cu/ZnSOD I activity was not changed after plant cover-
ing, but the decrease after the exposition to biotic stress 
of M. nivale infection was noted in leaves of both DH 

lines with respect to cold-hardened and covered hardened 
plants (Fig. 3b).

Without hardening, the activity of Cu/ZnSOD II was 
equal in both genotypes studied (Fig. 3c). After cold-
hardening, it increased in comparison with non-hardened 
plants of both genotypes. That change was more distinct in 
resistant DH1 line. Plant covering combined with inocula-
tion caused a decrease in the activity of Cu/ZnSOD II in 
resistant genotype DH1 as well as in susceptible genotype 
DH92. In inoculated plants, the activity of Cu/ZnSOD II 
was higher in leaves of susceptible DH92 than in the resist-
ant DH1 line (Fig. 3c).

Fig. 3  Quantification of MnSOD (a), Cu/ZnSOD I (b), Cu/SOD II 
(c), Cu/SOD III (d) and Cu/SOD IV (e) activities in the two geno-
types (resistant DH1 and susceptible DH92), cold + artificial system 

to mimic the snow cover + inoculation with M. nivale. Values repre-
sent mean ± SD (n = 3). Letters above the bars indicate significant 
differences, according to the Duncan’s test at P ≤ 0.05
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In leaves of non-hardened and cold-hardened plants, the 
activity of Cu/ZnSOD III was similar in both genotypes 
studied (Fig. 3d). Plant covering caused an increase in the 
activity of Cu/ZnSOD III in comparison with cold-hard-
ened plants in leaves of both genotypes, but more promi-
nent in DH92 seedlings. The highest activity of Cu/ZnSOD 
III was observed in leaves of inoculated seedlings of both 
genotypes (Fig. 3d). The Cu/ZnSOD IV activity was not 
found in extracts from leaves of non-hardened, cold-hard-
ened and cold-hardened plants with the artificial snow-imi-
tating cover (Fig. 3e). It was noted only in leaves of inocu-
lated plants and was equal in both genotypes studied.

Differential induction of CAT activity was noticed 
between resistant and susceptible genotypes of winter triti-
cale. In non-hardened plants of resistant DH1 line, the CAT 
activity was lower in comparison with values obtained for 
DH92 line (3.49 and 4.67 µmol H2O2 decomposed/min-
ute/mg protein, respectively) (Fig. 4). Enzyme activity 
was enhanced with cold treatment for the resistant geno-
type, but not for the susceptible ones. Covered plants of 
the resistant DH1 line showed similar catalase activity. In 
contrast, plant covering combined with plant inoculation 
caused an increase in the activity of catalase in susceptible 
genotype DH92. The increase observed after inoculation in 
DH92 line was twofold in comparison with cold-hardened 
plants of this genotype before covering (Fig. 4).

Three isoforms of POX were identified in extracts from 
leaves of the resistant line, and two isoforms of POX were 
identified in extracts from leaves of the susceptible line of 
winter triticale (Fig. 5a). The investigated genotypes sig-
nificantly differed in the activity of POX isoforms. Even in 

control conditions (non-hardened plants), the mean POX 
I activity was higher in leaves of resistant DH1 line than 
in DH92 ones (Fig. 5b). In extracts from leaves of both 
resistant DH1 and susceptible DH92 lines, POX I activ-
ity increased after cold-hardening. There was no change 
in POX I activity after both plant covering and inocula-
tion of resistant DH1 line (Fig. 5b). In contrast, in leaves 
of the susceptible DH92 line, the decrease in activity of the 
enzyme was noted in covered cold-hardened plants. The 
activity was decreased after infection, in comparison with 
cold-hardened plants before covering. After plant covering, 
the POX I activity was higher in leaves of resistant DH1 
line than in susceptible DH92 ones (Fig. 5b). In non-hard-
ened and cold-hardened plants, the activity of POX II was 
higher in leaves of resistant DH1 than in the susceptible 
DH92 line (Fig. 5c). The activity of POX II did not signifi-
cantly change after covering and inoculation in leaves of 
the resistant DH1 line. It was also not changed in DH92 
leaves after inoculation, but it was increased in non-inocu-
lated covered plants of this genotype in relation to the cold-
hardened individuals (Fig. 5c). The POX III activity was 
not found in extracts from leaves of susceptible DH92 line 
(Fig. 5a, d). It was noted only in leaves of resistant DH1 
line, in which was enhanced by cold and decreased by plant 
inoculation to the level observed in optimal conditions.

Discussion

In this study, we documented that both triticale genotype 
and seedling treatment influence the level of TBARS. 
Even in optimal conditions, the leaf TBARS level was 
lower in seedlings of snow mould-resistant DH1 line in 
comparison with susceptible DH92 ones. Also, cold- and 
inoculation-driven accumulation of TBARS was stronger 
in plants of the second genotype. This suggests that tissue 
damage was more pronounced in seedlings of the suscep-
tible line, especially in leaves of infected seedlings. The 
level of TBARS is broadly used as a marker of oxidative 
stress in response to different abiotic and biotic factors 
[43–45]. The studies of fungal resistance of parental cul-
tivars have shown that M. nivale behaves as a biotroph in 
the resistant triticale cv. Hewo and as a necrotroph in sus-
ceptible tissue of cv. Magnat [46]. Here, we suggest that 
a similar relationship may occur for the tested genotypes. 
The increase in the level of TBARS observed in seed-
lings of the susceptible line after infection may directly 
result from higher levels of ROS. Other authors also 
indicate that ROS are a virulence factor for necrotrophs 
[47, 48]. However, ROS are toxic not only to the fungal 
pathogen, but also to the plant cell structures. The imbal-
ance between the production of ROS and a biological sys-
tem’s ability to readily detoxify the reactive intermediates 

Fig. 4  CAT activity in leaves of the two genotypes (resistant DH1 
and susceptible DH92) subjected to the three kinds of treatment: cold, 
cold + artificial system to mimic the snow cover and cold +artificial 
system to mimic the snow cover + inoculation with M. nivale. Values 
represent mean ± SD (n = 4). Letters above the bars indicate signifi-
cant differences, according to the Duncan’s test at P ≤ 0.05
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results in oxidative stress and may lead to excessive 
molecular damage and tissue injury [49].

A significant role in the restriction of the peroxidation of 
membrane lipids is played by antioxidants, which remove 
ROS. In this study, we documented changes in SOD, CAT 
and POX activity in response to cold, covering with the 
artificial snow-imitating cover and infection of M. nivale in 
resistant and susceptible triticale seedlings. SOD is one of 
the most important enzymatic antioxidants in first line of 
defence against the toxic effects of ROS. In plants, three 
forms of SOD (MnSOD, FeSOD and Cu/ZnSOD) have 
been described and are classified according to the metal 
at the catalytic site and their subcellular location [50, 51]. 
In our research, two forms of SOD: manganese and cop-
per/zinc superoxide dismutase, were identified in extracts 
from leaves of both winter triticale DH lines, but only the 
activity of MnSOD was induced by stress. The direction of 
changes in SOD activity of all SOD isoforms was similar 
in seedlings of both genotypes, but we observed statisti-
cally significant differences in activity of individual SOD 

isoforms between seedlings with different resistance to M. 
nivale. The activity of MnSOD isoform was higher in the 
leaves of susceptible DH92 line in comparison with resist-
ant DH1 line in all treatments. This indicates higher par-
ticipation of the mitochondrial ROS detoxifying pathways 
in the leaves of susceptible DH92 line. Cold-hardening 
resulted in increased activity of all Cu/ZnSOD isoforms 
in both genotypes studied. However, in leaves of seedlings 
of the resistant DH1 line the Cu/ZnSOD I and II activity 
was significantly higher after cold-hardening in comparison 
with DH92 ones. This result may suggest better adapta-
tion to low temperature of the snow mould-resistant triti-
cale genotype. Other authors also documented an increase 
in the SOD activity after cold acclimation of plants, e.g. in 
wheat [26] and tomato seedlings [52]. The Cu/ZnSOD III 
activity was enhanced by plant inoculation. Additionally, in 
seedlings of both genotypes the Cu/ZnSOD IV activity was 
recorded only in extracts of infected plants. This points out 
that these two isoforms may be involved in general defence 
against the pathogen.
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Fig. 5  POX activity bands, as visualized by native PAGE, in resistant 
(DH1) and susceptible (DH92) genotypes of winter triticale. Extracts 
containing 8 μg of soluble protein were loaded to each well (a). 
Quantification of POX I (b), POX II (c) and POX III (d) activities in 
the two genotypes (DH1 and DH92) subjected to the three kinds of 

treatment: cold, cold + artificial system to mimic the snow cover and 
cold +artificial system to mimic the snow cover + inoculation with 
M. nivale. Values represent mean ± SD (n = 3). Letters above the 
bars indicate significant differences, according to the Duncan’s test 
at P ≤ 0.05
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According to the literature, increase in catalase activity 
may provide protection from oxidative damage by rapid 
removal of H2O2. Differential induction of CAT activity 
was noticed in resistant and susceptible genotypes of win-
ter triticale. The CAT activity was enhanced with cold treat-
ment for the DH1 genotype, but not for the DH92, what 
suggests a better antioxidative efficiency in the more resist-
ant cultivar under the low temperature. This is in agreement 
with earlier results showing higher total CAT activity after 
4 weeks of cold acclimation in parental cultivar Hewo, in 
contrast to Magnat [10]. The increase in CAT activity in 
cold-hardened plants of the frost resistant wheat genotype 
was evidenced also in Janda et al. [23] studies. In contrast, 
in our experiments, plant covering with the snow-imitat-
ing cover and when combined with inoculation caused an 
increase in the activity of catalase only in the susceptible 
genotype DH92. In infected hardened plants of this geno-
type, we also observed a significantly higher activity of the 
MnSOD isoform in comparison with resistant genotype.

Since CAT activity was not enhanced during infection 
in the resistant genotype DH1, other enzymes involved in 
free radical scavenging, such as peroxidases, were studied. 
Peroxidases are oxido-reductive enzymes that are impli-
cated in several plant defence mechanisms. One of the 
important physiological roles of POXs is the synthesis of 
cell-wall polymers (lignin and suberin), which constitute 
physical barriers for both biotic and abiotic stresses [53, 
54]. We observed a positive relationship between resist-
ance and peroxidase activity in genotypes of winter triti-
cale. Even in control—optimal conditions, the activity of 
all POX isoforms was higher in leaves of resistant DH1 
line than in DH92 ones, in contrast to the relation observed 
for SOD and CAT activity. POX I activity was also higher 
in DH1 seedlings after infection with M. nivale; however, 
it was equal after cold-mediated increase, in comparison 
with DH92 plants. Enhanced POX activity has been corre-
lated with resistance in winter triticale [10], winter wheat 
[17], common bean [55], rice [56] and tomato [57] follow-
ing inoculation with pathogens. The activity of POX was 
also used as a marker for localized and systemic acquired 
responses in plants challenged by a pathogen [58]. The 
total unspecific POX activity was higher both after 4 weeks 
of hardening in 4 °C and 10 days post-M. nivale inocula-
tion in leaves of resistant triticale seedlings compared to the 
susceptible ones [10]. Our results seem to be different from 
those cited above. In the resistant genotype, POX I activ-
ity was significantly enhanced only by cold and later main-
tained on the same level under the artificial snow-imitating 
covers with or without plant inoculation. Moreover, POX II 
activity was similar in all experimental terms in the leaves 
of resistant DH1 line and it was higher after cold-hardening 
with respect to susceptible DH92 line. POX III activity was 

increased only by abiotic stress in leaves of DH1 seedlings. 
Stress did not affect POX activity in susceptible genotype.

Most of higher plants possess a large number of POX 
isoenzymes, which are encoded by multigene families [59]. 
A diversity of reactions catalysed by POXs as well as a 
large number of their genes suggests a possible functional 
specialization for each isoform [60]. The earlier results of 
studies carried out by Reuveni and co-workers [32, 61] 
suggested that POX activity is a biochemical marker, which 
may or may not be part of the resistance mechanism, but 
can be used to predict resistance to disease. In Takashima 
et al. [62] research, cationic peroxidase was related to 
basal resistance of Betula platyphylla var. japonica against 
canker-rot fungus Inonotus obliquus. POX activity was 
increased in wheat cultivars expressing resistance to the 
leaf rust fungus [63]. Here, we propose that POX isoform 
activity is worth to be evaluated in a larger set of lines vary-
ing in their level of resistance/susceptibility in a follow-up 
study, complemented with analysis with different number 
of hours/days post-inoculation.
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