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Abstract The relationship between active oxygen metabolism and resistance to late
blight (Phytophthora infestans) in potato (Solanum tuberosum L.) was studied for
72 h post-inoculation by comparing three resistant cultivars (low disease index) with
three susceptible ones (high disease index). Activities of superoxide dismutase
(SOD), catalase (CAT) and ascorbate peroxidase (APX), and the content of ascorbic
acid (ASA), were higher in the resistant cultivars than in the susceptible ones. The
production rate of the superoxide anion radical (O2

−) was lower in the resistant
cultivars than in the susceptible ones. These changes, which were associated with
the potato plant’s response to infection with P. infestans, provide some insight into
the physiological basis of resistance and may also provide a screening tool for
resistance to late blight.
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Introduction

The potato (Solanum tuberosum L.) plays an important role in food production in Inner
Mongolia, North China (Vleeshouwers et al. 2011, Haverkort et al. 2009). Rainfall,
temperature and soil conditions are conducive to potato production, so this region has
one of the largest growing areas and highest potato yields in China, which is the largest
potato producer in the world.

Potato production is affected by many different diseases, especially late blight. Late
blight is caused by the oomycete Phytophthora infestans (Mont.) de Bary and is
potentially the most devastating disease of potato worldwide (Fry and Goodwin
1997). Symptoms of late blight include chlorosis, necrosis, vascular discoloration,
stunting and wilting (Jean 1998; Park et al. 2005; Fry 2008), resulting in reductions
in both tuber quality and yield. Annual worldwide potato crop losses due to late blight
have been conservatively estimated at 6.7 billion dollars (Haverkort et al. 2008).

Late blight in potato can also be viewed as an example of biotic stress. Many biotic
stresses induce the formation of reactive oxygen species (ROS) in plant cells and lead
to the oxidative destruction of cells (Schützendübel and Polle 2002). To protect cellular
compartments from the damaging effects of ROS, plants have evolved multiple
detoxification mechanisms, including synthesis of antioxidant molecules (ascorbic acid,
glutathione and carotenoids) and enzyme systems such as superoxide dismutase (SOD),
ascorbate peroxidase (APX) and catalase (CAT). As part of a plant’s defence mecha-
nisms, several studies have documented that plants can regulate the enzyme systems’
activity to enhance disease resistance under biotic stresses (Wojtaszek 1997; Bolwell
et al. 2002; Bhattacharjee 2005; Torres et al. 2006).

It is expected that oxidative stress is likely to be an important component of potato
response to late blight. The objective of this work was to compare the changes in active
oxygen metabolism in resistant and susceptible potatoes before and after inoculation
with Phytophthora infestans, to ascertain whether late blight induces oxidative stress,
and whether it is involved in disease tolerance mechanisms. Knowledge of the rela-
tionship between active oxygen metabolism and disease tolerance will improve our
understanding of the physiology of disease resistance and may facilitate potato breed-
ing for late blight resistance.

Materials and Methods

Plants and Inoculation Procedure

Six potato cultivars were used in this study: Neishu No. 7, Tiger Head and Kexin No. 1,
which are known to be resistant to P. infestans, and Atlanta, Favorita and Shepody, which
are known to be susceptible. Tuberswere planted in plastic pots in amixture of sand and soil
(1:1, v/v) supplemented with slow-release fertiliser in a greenhouse (20/15 ± 2 °C day/night
temperatures, 16-h photoperiod, light intensity of 300 μmol m−2 s−2) until tuber initiation.

P. infestans race 3a.3b.4.7.10, mating type A1, was provided by Inner Mongolia
Academy of Agricultural and Animal Husbandry Sciences, Huhhot. This virulent strain
was isolated from an infected potato plant in 2002 in Huhhot and propagated in vitro
until its use as inoculum in our experiment. P. infestans was grown on rye medium and
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maintained in darkness at 18 °C for mycelia and sporangia production. After 10 days,
mycelia were harvested in sterile water and stimulated to release zoospores by incuba-
tion for 4 h at 4 °C. After filtration through muslin, the resulting suspension was
observed with a light microscope to quantify spores and sporangia. The concentration
was adjusted to 105 sporangia ml−1.

All plants were inoculated with P. infestans at tuber initiation by spraying a zoospore
suspension evenly on the plant foliage with a hand sprayer. Plants were left for 15 h at
20 °C and 90% relative humidity to allow disease progression. Finally, control leaves
were sprayed with water instead of suspension. Then six intermediary fully expanded
leaves for each cultivar (two leaves × three plants) were sampled 0, 24, 48 and 72 h
after inoculation and frozen in liquid nitrogen. The experiment was repeated indepen-
dently three times.

Enzyme Assay

Superoxide anion radical (O2
−) content was determined according to protocol of Doke

(1983). SOD activity was assayed using the method described by Beauchamp and
Fridovich (1971). CAT activity was analysed using the method of Dhindsa et al. (1981)
and Aebi (1984), as described by Morkunas and Bednarski (2008). APX and ASA
activity were measured spectrophotometrically at 290 and 265 nm using the methods of
Nakano and Asada (1981) and Luwe et al. (1993) with minor modifications.

Disease Index

The disease index was calculated according to the formula:

Disease index ¼ ∑ the number of diseased leaves� gradeð Þ
the number of investigated leaves� 9

� 100

The disease grades were as follows: grade 0, lesion area was under 5%; grade 3,
lesion area was 6–10%; grade 5, lesion area was 11–20%; grade 7, lesion area was 21–
50%; grade 9, lesion area was > 50%.

Statistical Analysis

Statistical analyses were carried out by analysis of variance (ANOVA) and the means
were compared by t tests at the 5% level of significance. SAS software (SAS Institute,
Inc. Version 8.0) was used for the analysis of variance. GraphPad Prism software
(version 6.0) was used for the figures.

Results

Disease Index After Inoculation

The disease indices of the six cultivars after inoculation confirmed their classification as
susceptible or resistant and revealed the rate of infection (Table 1). Furthermore, there
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were differences between the three susceptible cultivars (Shepody > Atlantic >
Favorita) and between the three resistant ones (Kexin > TigerHead > Neishu).

Effect of P. infestans Infection on Active Oxygen Metabolism

The O2
− concentrations remained constant without inoculation (Fig. 1a). However, all

cultivars exhibited an increase in O2
− production 24 h after inoculation (Fig. 1b).

Subsequently, between 24 and 72 h post-inoculation, O2
− concentrations in the three

susceptible cultivars were higher than those of the three resistant cultivars. Higher O2
−

concentrations within the three susceptible cultivars were most evident 24 and 48 h
after inoculation.

SOD activity slightly increased in all six potato cultivars in uninoculated plants from
0 to 72 h, but there were no significant differences between resistant and susceptible
cultivars (Fig. 2a). However, SOD activity was enhanced in all six potato cultivars after
inoculation with P. infestans (Fig. 2b). In the resistant cultivars, SOD activity increased
quickly in the first 24 h after inoculation compared to the three susceptible cultivars.
For resistant cultivars, SOD activity reached its highest values 24 h post-inoculation
and then gradually decreased. For susceptible cultivars, SOD activity increased more
slowly and reached maximum levels after 48 h. From 48 to 72 h post-inoculation, SOD
activities were not significantly different between resistant and susceptible cultivars.

Table 1 Disease index after inoculation

Cultivar Disease index (%)

24 h 48 h 72 h

Atlanta 0.5 9.7 66.7

Shepody 3.3 25.6 75.0

Favorita 2.7 15.5 50.0

Neishu No. 7 0.0 0.0 0.1

TigerHead 0.1 0.4 3.3

Kexin No. 1 0.1 0.3 22.2

Fig. 1 The rate of O2
− production: uninoculated (a), inoculated (b). The lines refer to different cultivars.

Vertical bars represent the standard errors of mean
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CAT activity remained stable without inoculation (Fig. 3a). Inoculation caused an
increase in the levels of CAT activity in the six potato cultivars (Fig. 3b). However, the
CAT activity of the three resistant cultivars increased to significantly higher rates
compared to the three susceptible cultivars 24 to 48 h after inoculation. The highest
values of CAT activity for resistant cultivars occurred 48 h post-inoculation, followed
by a decrease in CAT activity from 48 to 72 h post-inoculation. Despite this decline,
CATactivity of the resistant cultivars was greater than that of the susceptible cultivars at
72 h post-inoculation.

ASA concentration remained stable without inoculation (Fig. 4a). ASA concentra-
tion was higher in resistant cultivars than in the susceptible cultivars 24 and 48 h after
inoculation (Fig. 4b). However, the increase in ASA concentration for resistant culti-
vars was only statistically significant at 48 h post-inoculation. The greatest elevation in
ASA concentration in resistant cultivars occurred 48 h after inoculation, and by 72 h
ASA concentration declined to a level similar to that found in the susceptible cultivars.

APX activity remained stable without inoculation (Fig. 5a). APX activity increased
in all cultivars after inoculation with P. infestans, although the extent differed between
the resistant and susceptible cultivars (Fig. 5b). APX activity increased within 24 h in
the susceptible cultivars. In the resistant cultivars, APX did not increase before 24 h
post-inoculation, although the activity was greater in resistant cultivars relative to the
susceptible ones 48 h after inoculation.

Fig. 2 Activity of SOD: uninoculated (a), inoculated (b). The lines refer to different cultivars. Vertical bars
represent the standard errors of mean.

Fig. 3 Activity of CAT: uninoculated (a), inoculated (b). The lines refer to different cultivars. Vertical bars
represent the standard errors of mean

Potato Research (2018) 61:365–373 369



Discussion

A rapid increase in the concentrations of reactive oxygen species (ROS) is known to be
an early plant response to pathogen infection (Wojtaszek 1997), and some evidence has
shown that this burst of ROS species is involved in plant defence responses. For
example, increased accumulations of ROSs were detected in wheat attacked by
Diuraphis noxia (Biemelt et al. 1998; Xinzhi et al. 2001; Moloi and van der
Westhuizen 2006), in peach resistant to Myzus persicae (Sauge et al. 2002), in barley
and oat in response to feeding of Schizaphis graminum and Rhopalosiphum padi
(Smith and Boyko 2007) and in pea in response to Acyrthosiphon pisum (Mai et al.
2013). Among the ROS, O2

− is thought to play an important role in plant defence
mechanisms. O2

− generation in response to biotic stress has been found in a wide range
of plant species during plant-pathogen interactions involving avirulent bacteria, fungi
and viruses (Doke and Ohashi 1988; Apel and Hirt 2004; Morkunas et al. 2008). In
addition, O2

− can be converted into H2O2 and oxygen in an important step for
protecting the cell against oxidative damage, and in that conversion, SOD is
considered to be a key enzyme (Abassi et al. 1998; Orozco-Cardenas and Ryan
1999). CAT and peroxidases such as APX are important antioxidant enzymes in
scavenging or utilising H2O2. As key elements in plant defence, changes in ROS-
scavenging enzyme activities have been found in response to a wide range of environ-
mental stresses. For example, it has been reported that ROS-scavenging enzymes

Fig. 4 ASA content: uninoculated (a), inoculated (b). The lines refer to different cultivars. Vertical bars
represent the standard errors of mean

Fig. 5 Activity of APX: uninoculated (a), inoculated (b). The lines refer to different cultivars. Vertical bars
represent the standard errors of mean
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increased under iron deficiency in maize (Sun et al. 2007), under heat stress in the
callus of reed (Song et al. 2006) and under drought stress in rice (Shehab et al. 2010).

In the present experiment, we found changes in the rate of O2
− production, the

activities of SOD, CAT and APX and ASA concentration in leaves of six cultivars of
potatoes after inoculation with P. infestans, the causal organism of late blight.
Significant differences in the rate of O2

− production, the activities of SOD, CAT and
APX, and ASA concentration were noted between resistant and susceptible cultivars.
Although both susceptible and resistant cultivars contained antioxidative enzymes and
the antioxidative metabolite, ASA, antioxidative enzymes and ASA concentrations
were generally greater in the resistant cultivars, and the rate of O2

− production was
lower in the resistant cultivars. These differences were clearest from 24 to 48 h post-
inoculation whereas the differences in severity of the disease (disease index) were
clearest from 48 to 72 h post-inoculation. These results suggest that the former may be
the cause of the latter and hence provide some insight into the physiological basis of
resistance. They indicate that the oxidative enzymes differ in the rate at which they are
induced by pathogen infection and suggest that the enzymes contribute to the antiox-
idative defence of the plant at different times post-infection. These results imply that
active oxygen metabolism may play an important role in protecting potatoes from the
oxidative damage generated during pathogen attack. They may also be useful in future
breeding efforts for resistance to late blight since they provide a physiological basis for
late blight resistance that can be used for screening germplasm.
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