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Abstract
Brown rot or bacterial wilt of potato caused by Ralstonia solanacearum, is an economically important disease. Potato, cv. Nicola, was found to be relatively highly resistant to the infection with
R. solanacearum and showed 15.12% wilt disease index, meantime, cv. Kara showed intermediate
resistance with 37.40% disease index while, cv. Spunta was susceptible and showed 80.33% disease index. The role of defense-related enzymes in imparting resistance in potato against R. solanacearum was investigated by quantifying enzymes activity and gene expression of three defenserelated enzymes, peroxidase, polyphenol oxidase and catalase. Peroxidase showed maximum activity 0.488 min−1∙g−1 early at 12 h after pathogen inoculation in the cv. Nicola, whereas in susceptible cultivar Spunta showed lower activity of maximum 0.226 min−1∙g−1 later at 48 h after inoculation. While, the moderately resistant cultivar Kara showed intermediate activity for the peak
and its time. Meanwhile, polyphenol oxidase showed similar trends to that of peroxidase. On the
contrary, catalase showed the highest activity values in the susceptible, cv. Spunta, while, in relatively highly resistant (cv. Nicola) and the moderately resistant (cv. Kara) showed lower values of
activity and up to 96 h after inoculation. Meanwhile, gene expression of related enzymes the
RT-PCR was used. At zero time, the relatively highly resistant potato cultivar, Nicola, showed the
highest values of gene expression for both Peroxidase (POD) and Poly Phenol Oxidase (PPO).
While, the susceptible potato cultivar, Spunta showed the lowest values. On the contrary, Catalase
(CAT) gene expression was the highest in the susceptible, cv. Spunta, and was the lowest in the
relatively highly resistant, cv. Nicola, while, was of intermediate values in the intermediate resistance, cv. Kara. Results show that peroxidase and polyphenol oxidase activities can be used as biochemical markers to reveal the resistance and susceptibility nature of potato cultivars against
bacterial wilt disease of potato caused by R. solanacaerum.
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1. Introduction
Potato (Solanum tuberosum L.) is one of the most consumed crops in the world with global production of approximately 367,753,014 tons, produced from approximately 19,454,997 hectares [1] around the world. Meantime, it is considered one of the most important vegetable crops in Egypt. Potato production is approximately
4,800,000 tons, production from approximately 178,000 hectares, which making Egypt Africa’s No. 1 potato
producer [1]. However, brown rot or bacterial wilt of potato caused by Ralstonia solanacearum constitutes a
threat to potato cultivation in Egypt and in all tropical agriculture [2]. R. solanacearum has a large host range of
more than 200 species in 50 families [3] and affects a wide range of economically important crops such as tomato, potato, eggplant, chili and non solanaceous crops such as banana and groundnut [4]. Bacterial wilt causes
15% to 55% crop losses around the world. Disease resistance in plants is associated with activation of a wide
array of defense responses that slow down or halt infection at certain stages of the host-pathogen interaction.
These defense mechanisms include preexisting physical and chemical barriers that interfere with pathogen establishment. In response to the infection, the host induces a cascade of pathogen inducible enzymes, which are
implemented in defense against phytopathogens. Early and elevated levels of expressions of various defense
enzymes are an important feature including peroxidase (POD), polyphenol oxidase (PPO) and catalase (CAT)
during host pathogen interactions. Polyphenol oxidase (PPO) is one of the main SAR related enzymes in plant,
and their activities are related to plant resistance [5] [6]. Increases in POD activity are often associated with a
progressive incorporation of phenolic compounds within the cell wall during incompatible plant-microbe/elicitor
interactions. CAT is an antioxidative enzyme involved in oxidative burst generated transiently in plant-pathogen
interactions. CAT is involved in regulation of H2O2 levels in plant tissues [7]. Real Time PCR (RT-PCR) has
become an extensively applied technique in molecular plant pathology and it has been extensively used for
quantification of different enzymes gene expression activities [8]. RT-PCR proved to be a successful tool for the
evaluation of possible resistance in wheat [9].
Therefore aims of the present study were to:
1) Investigate the reaction of different potato cultivars to infection with R. solanacearum.
2) Investigate the potential of peroxidase (POD) and catalase (CAT) enzymes activity in relation to potato resistance to R. solanacearum.
3) Quantifying the gene expression levels of peroxidase, polyphenol oxidase and catalase enzymes using Real
Time PCR.

2. Materials and Methods
2.1. Plant and Fungal Materials
Certified tubers of cvs.Spunta, Nicola and Kara potato were purchased from the International Potato Center (CIP)
Kafr El-Zayat, Egypt. These three potato varieties were previously proved to have different degree of susceptibility against R. solanacearum.
A highly virulent isolate of R. solanacearum was obtained from R. solanacearum collection bank, Plant Pathology Dept., Faculty of Agriculture, Damanhour University.
Potato tubers of the three cultivars Spunta, Kara and Nicola were surface sterilized with 1% sodium hypochlorite for five minutes, washed with sterile water, and planted in plastic pots 30 cm diameter filled with sterile
peat moss (one tuber per pot). When plant reached 15 - 20 cm tall (25 days after plantation), stems were inoculated by injecting by a sterilized needle 0.25 ml, bacterial suspension (109 cfu/ml) into the stems at 5 cm above
the soil level according to (Prior and Steva, 1990) [10]. Ten replicates were used in the experiment and plants
injected with sterile distilled water were served as control. Inoculated plants were placed in a greenhouse at
25˚C ± 2˚C.
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2.2. Disease Assessments

After 5 weeks of inoculation, wilt severity was assessed according to [11] as follows: 0:extremely resistant, no
wilting; 1: highly resistant, 1% - 25% of total leaves wilted; 2: moderately resistant, 26% - 50% of total leaves
wilted; 3: susceptible, 51% - 75% of total leaves wilted and 4: highly susceptible, 76% - 100% of total leaves
wilted or plant died. Disease severity as disease index was calculated according to the formula:
 ( ni × vi ) (V × N )  × 100
Disease index ( % ) =Σ

where ni = number of plants with respective disease rating; vi = disease rating; V = the highest disease rating;
and N = the number of plants observed.

2.3. Assessment of Potato Growth Parameter
Five weeks after inoculation plants were uprooted and examined for the following growth parameters:
 Shoot fresh weight (g).
 Root fresh weight (g).
 Total tubers weight/plant (g).
Then, percentage of reduction according to the control was calculated in each potato cultivar.

2.4. Determination of Photosynthetic Pigments
Fresh leaves samples of inoculated and non-inoculated potato cultivars were collected after 5 weeks from inoculation for estimation of photosynthetic pigments.
Chlorophyll A, B and β-carotene were determined according to [12] as follows: half gram fresh leaves were
ground in a pestle and mortar and extracted by 15 ml of 80% acetone (1:100 w/v) and 0.5 g calcium carbonate.
The mixture was filtered through a glass funnel and the residue was washed with a small volume of acetone and
completed to 25 ml. The optical density (O.D) of a constant volume of filtrate was measured at a wave length of
662 nm, 644 nm and 440 nm for chlorophyll A, chlorophyll B and carotene, respectively. The experiment was
repeated thrice.
The following equations were used:
Chl.A = 9.784 E.662 − 0.99 E.644 = mg/L
Chl.B = 21.426 E.644 − 4.65 E.662 = mg/L
Carotene = 4.695 E.440 − 0.268 (Chl.A − Chl.B) = mg/L
where, E. = Optical density at the wavelength indicated.

2.5. Determination of the Defense Related Enzyme Activity in Potato
Cultivars against R. solanacearum
2.5.1. Estimation of Peroxidase Activity
The peroxidase (POD) activity was assayed as described by [13]. The peroxidase activity was measured at 0, 3,
6, 12, 24, 48, 72 and 96 hours (h) after inoculation. Extraction was carried out by homogenizing 1 g of the fresh
leaves of inoculated potato samples in 2.6 mL of 0.1 M sodium phosphate buffer (pH 6.5) using pre chilled pestle and mortar (4˚C). The homogenate was centrifuged at 10,000 rpm for 15 mins at 4˚C. The supernatant was
served as enzyme source for the reaction mixture which consisted of 1.5 mL of 0.05 M pyrogallol, 0.5 mL of
enzyme extract, and 0.5 mL of 1% H2O2. The reaction mixture was incubated at 28˚C ± 2˚C. At the start of enzyme reaction, the absorbance of the mixture was set to zero at 420 nm in the spectrophotometer and the change
in the absorbance was recorded at 20 s intervals for 3 mins. Boiled enzyme preparation was served as a control.
Peroxidase activity was expressed as change in the absorbance of the reaction mixture min−1∙g−1 protein of fresh
tissue. All the experiments were repeated thrice.
2.5.2. Estimation of Polyphenol Oxidase Activity
One gram of the leaf sample was homogenized in 2 mL of 0.1 M sodium phosphate buffer (pH 6.5) in a prechilled pestle and mortar. The homogenate was centrifuged at 10,000 rpm for 15 min at 4˚C and the supernatant
served as enzyme source. Polyphenol oxidase activity was determined according to the procedure given by [14].
The reaction mixture consisted of 1.5 mL of 0.1 M sodium phosphate buffer (pH 6.5) and 200 µL of the enzyme
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extract. To start the reaction, 200 µL of 0.01 M catechol was added. The reaction mixture was incubated at room
temperature and the absorbance was set to zero at 495 nm. The changes in absorbance were recorded at 30 s interval for 2 min and the activity was expressed as change in absorbance min−1∙g−1 of fresh tissue. The polyphenol oxidase activity was measured at 0, 3, 6, 12, 24, 48, 72 and 96 hours after inoculation. All the experiments
were repeated thrice.
2.5.3. Estimation of Catalase (CAT) Activity
Catalase (CAT) activity was measured according the methods given by [15] with a slight modification. Extraction was carried out by homogenizing 1 g of the fresh leaves of inoculated potato samples in 2.6 mL of 0.1 M
sodium phosphate buffer (pH 6.5) using pre chilled pestle and mortar (4˚C). The assay mixture contained 2.6
mL of 50 mM potassium phosphate buffer (pH 7.0), 0.4 mL of 15 mM H2O2 and 0.04 mL of the enzyme extract.
The extract was centrifuged at 4˚C for 20 min at 12,500 rpm. The supernatant was used for enzyme assay. The
decomposition of H2O2 was followed by the decline in absorbance at 240 nm. The enzyme activity was expressed in mixture min−1∙g−1 protein. The catalase activity was measured at 0, 3, 6, 12, 24, 48, 72 and 96 hours
after inoculation. All the experiments were repeated thrice.

2.6. Quantification of the Enzyme Genes Expression Associated with
Resistance to R. solanacearum
2.6.1. RNA Isolation and Preparation for RT-PCR
Total RNA was extracted from plant tissue using Green Start™ RNA Isolation kit ІІ (guanidiumthiocynate) according to the manfacture procedures.
Reverse transcription (RT) or first strand reaction was performed for converting the mRNA to complementary
DNA (cDNA) in the presence of dNTPs (deoxynucleotide triphosphates) reverse transcriptase. The components
are combined with a DNA primer in a reverse transcriptase buffer for an hour at 42˚C. The exponential amplification via reverse transcription polymerase chain reaction provides a highly sensitive technique, where a very
low copy number of RNA molecules can be detected.
Reverse transcription reaction was performed using oligo (dT) primer (5’-TTTTTTTTTTTTTTT-3’). Each 25
µl reaction mixture contained 2.5 µl (5×) buffer with MgCl2, 2.5 µl (2.5 mM) dNTPs, 1 µl (10 pmol) primer, 2.5
µl RNA (2 mg/ml) and 0.5 unit reverse transcriptase enzyme. PCR amplification was performed in a thermal
cycler programmed at 42˚C for 1 hr, 72˚C for 10 min (enzyme killing) and the product was stored at 4˚C until
use.
2.6.2. Estimation of Quantitative Enzyme Gene Expression Using RT-qPCR
According to [16] with some modifications. Samples were analyzed using the Fermentasekit: Each reaction
contained 12.5 μl of 2× Quanti tech SYBR® Green RT Mix, 1 μl of 25 pm/μl forward primer, 1 μl of 25 pm/μl
reverse primer,1 μl of the cDNA (50 ng), 9.25 μl of RNase free water for a total of 25 μl. Samples were spun
before loading in the Rotor’s wells.
The real time PCR program was as follows: initial denaturation at 95˚C for 10 min; 40 cycles of at ˚C for 15
sec.; annealing at 60˚C for 30 sec and extension at 72˚C for 30 sec. Data acquisition performed during the extension step. This reaction was performed using Rotor-Gene-6000-system (Qiagen, USA) with a set of primers
for peroxidase, polyphenol oxidase and catalase genes (Table 1).
Table 1. Sequence of primers used in the real-time PCR.
Primers

Primer sequence 5’→3’

Catalase (F)

AGGAGGCGGATCTAGCCTTA

Catalase (R)

TGTCAAGAAAGGGGTGTCGT

Peroxidase (F)

GCTTTGTCAGGGGTTGTGAT

Peroxidase (R)

TGCATCTCTAGCAACCAACG

Polyphenol oxidase (F)

CATGCTCTTGATGAGGCGTA

Polyphenol oxidase (R)

CCATCTATGGAACGGGAAGA

(F) Forward primer; (R) Reverse primer.
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60
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2.6.3. Data Analysis
Comparative quantification analysis was done using Rotor-Gene-6000 Series Software according to [17].

( Experimental

control ) =

Fold change in target gene expression ( expt control )

Fold change in reference gene expression ( expt control )

Fold change in target gene expression =

copy number experimental
( expt control ) copy number control

Fold change in reference gene expression=

copy number reference
( expt control ) copy number control

The equation shows a mathematical model of relative expression ratio in real-time PCR. The ratio of a target
gene is expressed in a sample versus a control in comparison to a reference gene.
The sample and control dataset of real-time PCR data were analyzed with appropriate Bioinformatics and Statistical program for the estimation of the relative expression of genes using real-time PCR and the result normalized to ITS housekeeping gene (Reference gene). The data were statistically evaluated, interpreted and analyzed
using Rotor-Gene-6000 version 1.7.

2.7. Statistical Analysis
The obtained data were statistically analyzed using the American SAS/STAT Software, version 6 and means
were compared by the least significant difference test (LSD) [18].

3. Results
3.1. Susceptibility of Different Potato Cultivars to R. solanacearum
Data in (Table 2) shows that potato, cv. Nicola was the most resistant potato cultivar to R. solanacearum and
shows disease index as low as 15.12%. Meantime, cv. Kara, showed moderate resistance as exhibited 37.40%
wilt disease index. On the other hand, cv. Spunta was highly susceptible and showed 80.33% disease index to
the infection with R. solanacearum the incitant of the potato bacterial wilt disease (Table 2).

3.2. Potato Growth Parameters
Data in (Table 3), illustrated in (Figure 1) showed that there was no significant variations among the tested non
inoculated (healthy) potato cultivars for the assessed vegetative traits, i.e. shoot fresh weight/plant, root fresh
weight/plant and total tuber fresh weight/plant. However, after the inoculation with R. solanacearum, the tested
potato cultivars showed significant variations for the tested vegetative traits. Potato, cv. Nicola, showed the most
resistance expressed in terms of the lowest reduction in shoot fresh weight/plant (11.74%), root fresh weight/
plant (13.71%) and total tuber fresh weight/plant (12.59%). This comparing to high percentage of reductions in
the most susceptible potato, cv. Spunta, being 63.98%, 71.25% and 62.68% for the same traits, respectively.
Meanwhile, cv. Kara showed intermediate values for the previous traits being 30.54%, 43.29% and 40.54%, respectively.
Table 2. Wilt disease index (severity) developed on potato plants of different cultivars artificially inoculated with R. solanacearum under greenhouse condition, five weeks after inoculation.
Wilt disease index (%)
Potato cultivars
Inoculated

Uninoculated

Nicola

15.12

0.0

Kara

37.40

0.0

Spunta

80.33

0.0

Data are means of ten replicates.
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Figure 1. Shoot fresh weight/plant, root fresh weight/plant and total tuber fresh weight/plant of three potato cultivars (Nicola,
Spunta and Kara) inoculated with R. solanacearum, under greenhouse conditions, five weeks after inoculation.
Table 3. Values of vegetative traits of three potato cultivars artificially inoculated with R. solanacearum under greenhouse
conditions five weeks after inoculation.
Shoot fresh weight/plant (g)
Traits
Cv.

Root fresh weight/plant (g)

Total tuber fresh weight/plant (g)

Non
inoculated

Inoculated

Reduction
(%)

Non
inoculated

Inoculated

Reduction
(%)

Non
inoculated

Inoculated

Reduction
(%)

Nicola

47.61a

42.02a

11.74C

22.9a

19.76a

13.71C

50.67a

44.29a

12.59C

Kara

49.4a

34.31b

30.54B

23.33a

13.23b

43.29B

54.26a

32.26b

40.54B

Spunta

50.03a

18.02c

63.98A

24a

6.90c

71.25A

54.27a

20.25c

62.68A

Mean

49.02A

31.45B

23.41A

13.3B

53.1A

32.3B

Data are means of four replicates; growth parameters were assessed five weeks after potato inoculation with R. solanacearum; values followed by
different letters for each parameter are significantly different at p = 0.05.

3.3. Potato Chlorophyll Content
Data in (Table 4), illustrated in (Figure 2) shows that, there was no significant variations between healthy noninoculated plants of cv. Nicola (relatively highly resistant) and cv. Spunta (susceptible) for the measured chlorophyll contents, chlorophyll A, chlorophyll B and the carotene. However, after the inoculation with R. solanacearum, considerable variations were revealed where the inoculationwith R. solanacearum resulted in significant decrease in all pigment contents, chlorophyll A, chlorophyll B and the carotene. Meantime, cv. Spunta exhibited the lowest pigment contents being 0.05, 0.11 and 0.1 for chlorophyll A, chlorophyll B and the carotene,
respectively. This comparing to 0.09, 0.16 and 0.28 for the same pigments in cv. Nicola (relatively high resistance). While, for most pigments there was no significant differences between cv. Spunta (susceptible) and cv.
Kara (intermediate resistance).
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Figure 2. Effect of artificial inoculation with R. solanacearum on chlorophyll A, chlorophyll B and carotene contents in
three potato cultivars tested, five weeks after inoculation under greenhouse conditions.
Table 4. Effect of artificial inoculation with R. solanacearum on chlorophyll A, chlorophyll B and carotene contents in the
three tested potato cultivars, five weeks after inoculation under greenhouse conditions.
Traits
Cv.
Nicola

Chlorophyll A (mg/L)
Non
Inoculated
inoculated
a
0.16
0.09b
b

Kara

0.12

Spunta

0.17a
A

Mean

0.15

0.06

c

Chlorophyll B (mg/L)
Non
Inoculated
inoculated
a
0.43
0.16b
a

b

Carotene (mg/L)
Non
Inoculated
inoculated
a
0.39
0.28c

0.19B

0.05c

0.30a

0.11b

0.41a

0.10d

B

A

B

A

B

0.14

0.38

0.21

0.25A
0.21B

0.17

0.36

0.25

Reduction (%)

c

0.36

0.06

0.34

b

Mean

Data are means of three replicates. Photosynthetic pigments were examined five weeks after potato inoculation with R. solanacearum. Values followed by different letters for each parameter are significantly different at p = 0.05.

3.4. Potato enzyme Activity Associated with Resistance to R. solanacearum
Peroxidase (POD), polyphenol oxidase (PPO) and catalase (CAT) activities were assessed spectrophotometrically in the potato tuber tissues after inoculation with R. solanacearum. Data illustrated in (Figure 3) showed
that, in the relatively highly resistant cultivar (Nicola) a drastic increase in peroxidase (POD) activity was noticed after inoculation and reached its peak (0.488 min−1∙g−1) soon at 12 h, and kept at the higher level up to 72 h
after inoculation. On the contrary, in the susceptible, cv. Spunta, the POD activity peak was as low as 0.226
min−1∙g−1 and was recognized later at 48 h, after inoculation (Figure 3). Potato, cv. Kara, however, of the intermediate resistance to R. solanacearum, showed intermediate POD activity for the peak value and its time.
Concerning polyphenol oxidase (PPO) activity, in relatively highly resistant, cv. Nicola, the peak activity of
PPO was the highest (0.445 min−1∙g−1) at 24 h, and kept at high level up to 72 h after inoculation. However, in
susceptible, cv. Spunta, the maximum activity was 0.364 min−1g−1 and was recognized as later at 48 h after inoculation. Meanwhile, cv. Kara, of the intermediate resistance showed intermediate values (Figure 3).
On the contrary, catalase (CAT) activity, in the susceptible, cv. Spunta, was the highest and remained at the
high levels up to 96 h after inoculation, while, in relatively highly resistant one, cv. Nicola, and moderately resistant one, cv. Kara, showed lower values of activity.
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The relative expression of peroxidase (POD), polyphenol oxidase (PPO) and catalase (CAT) genes were quantified by real-time reverse transcription RT_qPCR analysis at 0, 3, 6, 12, 24, 48, 72 and 96 hours after inoculation
of the three tested potato cultivars, Nicola, Kara and Spunta with R. solanacearum. Data illustrated in (Figure 4)
shows that, at zero time, the relatively highly resistant potato cv. Nicola showed the highest values of gene expression for both POD and PPO. However, the susceptible potato cultivar, Spunta, showed the lowest values,
while, the intermediate resistance potato cultivar, Kara, exhibited intermediate values.
Meanwhile, POD and PPO exhibited their peaks sooner at 12 h and 24 h, respectively, after inoculation of the
relatively highly resistant potato cultivar, Nicola, while for the susceptible, cv. Spunta, the POD and PPO peaks
were recognized later at 48 h and with considerable low level.
On the contrary, for CAT, gene expression was the highest in cv. Spunta (susceptible) and was the lowest in,
cv. Nicola, (relatively highly resistant) while, it was of intermediate values in cv. Kara (intermediate resistance)
(Figure 4).

Figure 3. Peroxidase (POD), polyphenol oxidase (PPO) and catalase (CAT) activity in potato cultivars, after inoculation
with R. solanacearum.
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Figure 4. Peroxidase (POD), polyphenol oxidase (PPO) and catalase (CAT) gene expression in potato cultivars, after inoculation with R. solanacearum.

4. Discussion
In the present study potato, cv. Nicola was the relatively highly resistant potato cultivar to R. solanacearum and
showed disease index as low as 15.12%. Meantime, cv. Kara was shown to be moderately resistant as exhibited
37.40% wilt disease index; on the other hand, cv. Spunta, was susceptible and showed 80.33% disease index to
the bacterial wilt disease. The study indicated that there was no significant variations among the tested uninoculated (healthy) potato cultivars for the assessed vegetative traits, shoot fresh weight/plant, root fresh weight/plant
and total tuber fresh weight/plant. However, after the inoculation with R. solanacearum, the tested potato cultivars
showed significant variations for the assessed vegetative traits. Potato plants, cv. Nicola, showed the relatively
highly tolerance expressed in terms of the lowest reduction in shoot fresh weight/plant (11.74%), root fresh
weight/plant (13.71%) and total tuber fresh weight/plant (12.59%). This in comparison with high percentage of
reductions in the susceptible potato, cv. Spunta, being 63.98%, 71.25% and 62.68% for the same traits, respectively. Meanwhile, cv. Kara, showed intermediate values for the previous traits being 30.54%, 43.29% and
40.54%, respectively.
There was no significant difference in the uninoculated healthy potato plants between, cv. Nicola, (relatively
highly resistant) and, cv. Spunta, (susceptible) for the measured pigments contents, chlorophyll A, chlorophyll B
and the carotene. However, after the inoculation with R. solanacearum, more variations were revealed where, cv.
Spunta, exhibited the lowest pigment contents. While, cv. Nicola (relatively highly resistant) exhibited higher
pigment contents. Meanwhile, for most pigments there was no significant difference between cv. Spunta (susceptible) and cv. Kara (intermediate resistance).
Inoculation of potato plants of different cultivars with R. solanacearum showed low levels of chlorophyll
pigments in the leaves which indicated a process of senescence. During senescence, leaf cells undergo drastic
metabolic degeneration of cellular structures, starting with chlorophyll catabolism as well as protein and RNA
degradation, with loss of photosynthetic activity and chlorophyll content, which were greater in susceptible potato cvs. compared to the tolerant potato cvs. [19]. It was obvious that rate of chlorophyll loss due to infection
with R. solanacearum was negatively correlated with tolerance of potato cvs. to R. solanacearum. Increased
plant defense-related enzyme activities were observed in potato cultivars tolerant to the infection with bacterial
pathogen compared to the susceptible ones [20]-[23]. The oxidative enzymes such as POD and PPO, can catalyze the formation of lignin and other oxidative phenols, and contribute in formation of defense barriers by
changing the cell structure defense system get actuated against pathogens [24]. The resistance induced by systemic acquired resistance (SAR) is generally effective against a broad range of pathogens and this type of resistance is associated with an increase in the activity of POD [25], PAL [26] and PPO in the plant [26].
In present study, the relatively highly resistant cultivar (Nicola) showed an increase in POD activity in which
it was noticed initially and reached its peak 0.488 min−1∙g−1 at 12 h, and kept at the higher level up to 72 h after
inoculation. On the contrary, in the susceptible, cv. Spunta, the POD activity peak was as low as 0.226 min−1∙g−1
and was recognized later at 48 h, after inoculation. Potato, cv. Kara, however, of the intermediate resistance to R.
solanacearum, showed intermediate POD activity for the peak value and its time. In tomato, POD is one of the
enzymes believed to catalyse the last step in the lignification pathways. The reinforcement of the plant cell wall
by phenolics and lignin increases plant resistance to wall-degrading enzymes produced by pathogens, and acts as
a mechanical barrier to toxin ingress and to physical penetration toward the protoplast [28].
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POD activity in plants can increase in response to a variety of stresses including biotic stress, indicating that
POD activities involved in defense against attack by pathogens [29]. In the present study, we reported the quick
response of POD when potato inoculated with R. solanacearum, indicating a possible role of the enzyme during
pathogen infection and host-resistance. The fact that POD activity was higher in resistant and moderately resistant cultivars than in susceptible cultivar indicates that POD might have played a specific role in triggering the
development of host resistance. Our findings are similar with the results of the earlier studies of Chittoor et al.
[30] on rice in case of Xanthomonas oryzae pv. oryzae and Vanitha & Umesha [31] on tomato in case of R. solanacearum path-systems. In the relatively highly resistant cultivars, the activity of POD was higher when compared to the un-inoculated plants and also with the susceptible and highly susceptible cultivars.
Under stress conditions, the enhanced POD activity in the intercellular spaces, stimulating cell wall stiffening,
probably reduces cell growth which might represent a mechanical adaption to adverse conditions [32]. Meanwhile, an enhanced POD activity was demonstrated during various pathogenesis systems [29].
Polyphenol oxidase, a copper containing enzyme, oxidizes phenolics to highly toxic quinines and is involved
in the terminal oxidation of diseased plant tissue and is attributed for its role in disease resistance [33].
Concerning PPO activity, in resistant cultivar (Nicola) the peak of activity of PPO was the highest (0.445
min−1∙g−1) early at 24 h, after inoculation with R. solanacearum. However, in susceptible cultivar (Spunta),
maximum activity was lower (0.364 min−1∙g−1) and was recognized as later at 48 h after inoculation. Meanwhile,
cv. Kara showed intermediate values. PPO is a copper-containing enzyme known to be involved in resistance
against R. solanacearum in resistant tomato cultivars [34]. Besides, overexpression of PPO in transgenic tomato
plants enhanced their resistance to Pseudomonas syringae, another bacterial pathogen of tomato [35]. Also,
there are reports that PPO activities increased in resistant tomato cultivars more than those in susceptible and
highly susceptible cultivars after inoculation with Xanthomonas axonopodis pv. vesicatoria [36]. Increased PPO
activity contributed to disease resistance due to its property to oxidize phenolic compounds to more toxic quinines which badly affect pathogenic micro-organisms [37].
On the contrary, CAT activity, in the highly susceptible cv. Spunta, was always higher than its level in both,
the resistant cultivar (Nicola) and moderately resistant one (Kara). CAT is the key H2O2 detoxifying enzyme in
plant which keeps the balance of the active oxygen species (AOS), such as H2O2 level during plant defense.
H2O2 is associated with hypersensitive response (HR) during systemic acquired resistance. Higher concentrations of H2O2 in resistant than in susceptible tomato cultivars have been reported in tomato-Ralstonia interactions [7]. Another study reported that the restriction of R. solanacearum growth could be due to the antimicrobial activity of H2O2, which is strongly increased around bacterial cells. Consequently, the high CAT susceptible
cultivars restrict H2O2 action against R. solanacaerum.
To investigate the association of gene expression of potato cultivars and resistance to R. solanacaerum. The
real-time qPCR technique was used to evaluate changes in the transcription levels of three genes peroxidase,
polyphenol oxidase and catalase. At zero time, the relatively highly resistant potato cultivar, Nicola, showed the
highest values of gene expression for both POD and PPO. However, the susceptible potato cultivars, Spunta,
showed the lowest values, while, the intermediate resistance potato cultivars, Kara, exhibited intermediate values.
On the contrary, the CAT, gene expression was the highest in the susceptible potato, cv. Spunta, and was the
lowest in the relatively highly resistant potato, cv. Nicola, while, was of intermediate values in cv. Kara (intermediate resistance).
Meanwhile, gene expression reached its peak (4.2) for POD in cv. Nicola after 12 hours while, it was at 48
hours for Spunta and at low peak of 2.0. Intermediate values were recognized for cv. Kara. Similar trend was
revealed for PPO gene expression.
However, an opposite trend was revealed for CAT where cv. Nicola (relatively highly resistant) showed the
lowest values while, cv. Spunta (susceptible) showed the highest values. Also, cv. Kara showed intermediate
values. These results were in harmony with findings of Navodit & Prabir [38]. Peroxidase gene expression in
tomato was shown to be induced differentially in resistant and susceptible lines by elicitors of the fungal pathogen Verticillium albo-atrum [39].
Also, catalase expression and activity change during plant-pathogen interactions and a decrease in plant catalase activity occurs in resistant plants in response to attempted infection by viruses [40]. It is thought that this
allows H2O2 to accumulate, resulting in antimicrobial activity through strengthening of the plant cell wall, activation of defense genes, hypersensitive cell death and a subsequent halt to pathogen infection [41]. In contrast,
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in susceptible hosts increases in host catalase activity have been observed by Havelda & Maule, [42] Kuzniak &
Sklodowska, [43] and Pompe-Novaka et al., [44], exogenously applied catalase can result in decreased hypersensitive cell death [45] and increased penetration by pathogens of normally resistant hosts (Borden & Higgins,
[46] and Abel et al., [47].

5. Conclusions
Finally, Peroxidase (POD), Polyphenol oxidase (PPO) and Catalase (CAT) gene expressions and enzymes activities can be used as molecular and biochemical markers to reveal the resistance or susceptibility nature of potato
cultivars against bacterial wilt disease of potato caused by R. solanacaerum.
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