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SUMMARY

This study analyses the defence response of two pepper 
cultivars, Serrano Criollo de Morelos (SCM, resistant) and 
California Wonder (CW, sensitive) to oomycete pathogen 
Phytophthora capsici. We compare the production of reac-
tive oxygen species (O2

− and H2O2) in vitro and in vivo, as 
well as the activity of antioxidative enzymes in the cuts of 
the decapitated stems elicited with P. capsici.

In all tests, following elicitation O2
− and H2O2 are pro-

duced in both cultivars, but in higher amount in SCM 
cells. In vivo assays show that infection by the pathogen 
causes progressive necrosis in the decapitated SCM and 
CW stems and that necrosis length is inversely propor-
tional to resistance. The antioxidative enzymes tested 
(superoxide dismutase, peroxidase, catalase and glutathi-
one reductase) increase their activity after infection, to a 
significant extent in SCM plants and to a lesser extent in 
CW plants.

Therefore, we conclude that if H2O2 were to play a role 
in resistance, it would be due to its possible signalling 
function. These findings are corroborated by the results 
of our analysis of the spatial distribution of H2O2 pro-
duction along the stem, since in the SCM cultivar H2O2 
penetrates deeper, and can be detected in regions not 
reached by the P. capsici hyphae. The accumulative effect 
of oxidative damage mediated by H2O2 plus the attain-
ment of homeostasis in SCM plants results in cells being 
capable of a defense response that is efficient enough to in-
hibit pathogen growth. Therefore, reactive oxygen species 
production, lipid peroxidation increase and antioxidative 
enzymes change play an important role in the resistance 
of this pepper cultivar to P. capsici.

Keywords: hydrogen peroxide, superoxide anion, cata-
lase, peroxidase, lipid peroxidase, superoxide dismutase.

INTRODUCTION

Phytophthora capsici is an oomycete that attacks the pep-
per plant, causing generalised wilting and plant death a 
few days after the first symptoms of infection are observed 
(Candela et al., 1995). The disease can only be avoided by 
using resistant pepper cultivars or by locating the culture 
in sanitised areas, since soil treatment the highly effective 
disinfectant methyl bromide is banned.

When it comes to the interaction between P. capsici and 
pepper plants, there has been a good deal of research on 
the defence response of two plant cultivars with differ-
ing sensitivity to the oomycete pathogen, Serrano Criollo 
de Morelos (SCM, resistant) and California Wonder (CW, 
sensitive). In the stems of these cultivars inoculated by de-
capitation with P. capsici, various compounds have been 
found that undergo alterations as a defense response, such 
as phenolic acids (Candela et al., 1995), phytoalexin cap-
sidiol (Egea et al., 1996a), proteins with peroxidase activ-
ity (Alcazar et al., 1995; Egea et al., 2001), chitinase (Egea 
et al., 1996b), glucanase and its related genes (Egea et al., 
1999) and even nitric oxide (Requena et al., 2005). All 
these compounds are involved in one way or the other in 
processes that inhibit pathogen growth. Up till now, how-
ever, no single compound has been identified with a deci-
sive role in the resistance mechanism so as to be deemed 
responsible for halting the advance of the pathogen.

The defense response of a plant involves numerous re-
actions, many of which are mediated by the formation of 
reactive oxygen species (ROS) (Apel and Hirt, 2004). Dif-
ferent ROS may act directly as pathogen killers and/or as 
intra or extracellular carriers of the defence signal (Mino 
et al., 2004; Torres et al., 2006). According to Doke et al. 
(1996), anion superoxide (O2

−) is initially produced, but 
due to its high oxidative capacity, it is very toxic for the 
cell. The latter therefore relies on superoxide dismutase 
(SOD) to convert it immediately into hydrogen peroxide 
(H2O2), a less reactive compound. Among ROS, H2O2 in 
particular is important in signaling because of its relatively 
low toxicity, and its ability to cross cellular membranes 
through aquaporins and thereby migrate to different cel-
lular compartments (Cuypers et al., 2016). These findings 
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also show that plants respond to penetration processes in 
different ways, depending on pathogen activity penetrat-
ing or causing only some injury. Specifically, H2O2 has 
been proposed as second messenger for the activation of 
defense genes in response to injury, and these genes are 
different from those induced during plant/pathogen in-
teractions (Choi et al., 2009). Wounding stimuli also in-
duce H2O2 production in both local and systemic tissue 
(Orozco-Cárdenas et al., 2001; Miller et al., 2009).

Equilibrium between oxidative damage and the activ-
ity of antioxidants determines whether plant cells live or 
die from HR. ROS are highly toxic compounds for the 
cell and can oxidise biological macromolecules such as lip-
ids, proteins and nucleic acids, causing lipid peroxidation, 
damaged membranes and enzyme inactivation. Through-
out their evolutionary process, plants have developed 
antioxidant defence mechanisms to avoid the deleterious 
effects of ROS. They include certain enzymes – such as 
superoxide dismutase (SOD), ascorbate peroxidase (APX), 
catalase (CAT), peroxidase (POX) and glutathione reduc-
tase (GR) – as well as non-enzymatic compounds such as 
ascorbate-glutathione-cycle, whether oxidised (GSSG), re-
duced (GSH) or total (GLU). SOD converts the O2

− into 
H2O2, any excess of H2O2 being eliminated by peroxidas-
es. POX reduces H2O2 to water using various substrates 
as electron donors. APX uses ascorbate to reduce H2O2 to 
water. CAT can break H2O2 into water and oxygen, elimi-
nating the excess of H2O2 (Horvath et al., 2007). Defense 
mechanisms against oxidative damage caused by ROS have 
been observed in many plants infected by pathogen agents. 
They involve alteration of the levels of ROS produced and 
those of their antioxidant enzymes (Auh and Murphy, 
1995), as well as the activation of protein kinases (Xu et al., 

2014). According to Bailey-Serres and Mittler (2006), the 
evolution of efficient mechanisms for the elimination of 
ROS has enabled plants to overcome their toxicity so as to 
allow them to function as signalling molecules. Notwith-
standing these findings, there is still controversy regarding 
the response to oxidative stress due to biotic stress, since 
such response is highly determined by the interaction be-
tween specific plants and pathogens. Looking into ROS/
enzymatic alterations in interactions between resistant and 
sensitive plant cultivars may shed light on their role in re-
sistance mechanisms.

This study seeks to investigate the production of O2
− 

and H2O2 spatially and temporally, by comparison be-
tween two pepper varieties, CW and SCM that exhibit 
different degrees of sensitiveness to P. capsici. We also 
analyse the role of antioxidant enzymes in the defense re-
actions of each of these two pepper cultivars. Our assays 
of time-dependent ROS production were based on cellu-
lar suspensions of peppers infected at different times with 
an elicitor, obtained from filtrates of the liquid cultures, 
of P. capsici. For our study of spatial production of ROS, 
we used pepper plant stems inoculated by decapitation, 
following both histological and histochemical detection 
methods. When studying the intracellular H2O2 dynamics, 
we sought to determine the role of H2O2 as a signalling 
molecule linked to resistance in this interaction.

MATERIALS AND METHODS

Plant material. Pepper plants (Capsicum annuum L.) 
cvs. CW (susceptible) and SCM (resistant) were grown 
from seed in a Fisson climate chamber at 25ºC with 175 
μmol m−2 s−1 photosynthetically active radiation (Osram L 
40W/10S lamps) for a 16 h photoperiod and at a relative 
humidity of 75-80% (Fig. 1A).

Pepper cellular suspensions were obtained according 
to García-Pérez et al. (1998) with certain modifications: 
seeds of CW and SCM were sterilised by immersion in a 
calcium hypochlorite solution at 10% for 2 min, followed 
by 4 washing cycles of 5 min each in sterile distilled water. 
Seeds were then left to dry in a laminar airflow chamber. 
Finally, they were placed in Erlenmeyer flasks with MS 
(4.4 g l−1), 0.8% (w vol−1) agar (Difco) and 3% sucrose, ad-
justed to pH 5.8. Morel vitamins supplements were added 
with the following composition: 50 ml water, 0.05 g calcium 
pantothenate, 5 g myo-inositol, 0.05 g nicotinic acid, 0.05 g 
thiamine, 0.05 g pyridoxine and 0.0005 g biotin. Seeds 
were left to germinate in a climate chamber at 25ºC with 
a 16 h photoperiod, until they presented 2 true leaves. At 
this time, segments of 1 cm were collected from cotyledon 
explants, and of these, the proximal and distal parts, with 
the top surface in contact with the medium, were cultured 
in 50 ml Erlenmeyer flasks containing MS-PDA medium 
supplemented with 5% sucrose and 1 mg l−1 2,4- dichloro-
phenoxy-acetic acid (2,4-D). After three weeks the calluses 

Fig. 1. (A) Healthy 3 month-old pepper plant. (B) P. capsici 
growing on PDA. (C) Pepper plant decapitated and inoculat-
ed with the pathogen. (D and E) Pepper plants after 6 days 
from stem inoculation with the pathogen, showing descend-
ing necrosis; (D) CW cultivar, sensitive and (E) SCM cultivar, 
resistant. (F) Details of a pepper plant stem after 6 days from 
inoculation by decapitation with P. capsici, showing the re-
gions defined for our work in the histochemical ROS study 
(intermediate region) and antioxidative enzymes (intermedi-
ate and healthy).
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used to obtain the cellular suspensions were produced. 
Five g of friable calluses were crumbled in 50 ml of MS 
medium containing 5% sucrose and 1 mg l−1 2,4- D. This 
was shaken at 150 rpm for 30 days until they reached a 
degree of cell packaging of 50-60%. For repetitive assays, 
the pepper cells had to be sub-cultured every 3 weeks and 
transferred to fresh MS-PDB medium.

Pathogen and elicitor preparation. The pathogen used 
was the oomycete P. capsici Leonian, isolate 17, which was 
maintained in the dark on potato dextrose agar (PDA) at 
25ºC (Fig. 1B).

To obtain the elicitor, P. capsici was grown in Murashige 
and Skoog medium (MS), supplemented with potato dex-
trose agar (MS-PDA) at 8% in Petri dishes. From a new 
5-day culture, 1 cm2 discs were taken from the colony’s 
edge, and added to 100 ml flasks containing 20 ml of MS-
potato dextrose broth medium (MS-PDB) at 8%. The cul-
ture was then placed in an orbital shaker (at 25 rpm) in a 
culture chamber with continuous lighting at 25ºC. The 
oomycete grew as a white sphere and released metabolic 
compounds into the medium. After 30 days, the com-
pounds that forms the “elicitor” were collected (referred 
to as EF). Immediately prior to use, the EF was filtered 
through a 0.2 μm, GF/C grade Whatman filtering disk 
(Maidstone, UK).

Elicitation of pepper cellular suspensions and mea-
surement of O2

− and H2O2. To elicit the pepper cells, 
500 μl of SCM or CW cellular suspension at 60% cell 
packaging were placed in 1.5 ml eppendorf tubes. 500 μl 
of EF were added to each tube and left to rest for periods 
of 5, 10, 30 min and 1, 8, 24 h. After each infection period, 
the tubes were centrifuged at 10,000 rpm for 2 min, af-
ter which 500 μl of supernatant were discarded. O2

− was 
measured qualitatively by reduction of nitroblue tetrazo-
lium (NBT, Sigma-Aldrich) from a NBT reagent stock. 
Briefly, 0.5 g NBT (1%) and 0.06501 g of 20 mM NaN3 

were dissolved in 50 ml of 20 mM phosphate buffer, pH 
7.5. Staining with NBT was carried out by adding to each 
eppendorf containing the previous medium 500 μl of NBT 
reagent. The mix was left to react in the dark at room tem-
perature for 30 min, and then placed in a bath at 85ºC for 
15 min to accelerate the reaction. Control tubes contained 
500 μl of cellular suspensions and 500 μl of MS-PDB me-
dium without EF.

The detection of H2O2 was carried out using 3,3´-di-
aminobenzidine (DAB, Fluka) according to Thordal-
Christense et al. (1997). To analyse the H2O2 produced by 
the in vitro cells elicited with P. capsici, 1 ml of above each 
cellular suspension of SCM and CW was placed in a well 
of a multi-well plate, adding 1 ml of EF and leaving it to re-
act during periods of 1, 2, 3, 4, 5, 6, 7, 8, 9 and 10 minutes, 
after each of which the reaction was halted by adding 1 ml 
of DAB solution. Cells were then incubated in the growth 
chamber for an additional 8 h period to allow DAB uptake 

and reaction with H2O2 and peroxidase. The control test 
was carried as above but without the addition of EF.

Readings from the cell suspensions were taken 
at 560 nm in an INFINITE 200 spectrophotometer 
(OD560 nm) against a blank of medium and DAB. We 
took the average of 9 spots in each well and worked out 
from these absorbance values the accumulation of H2O2 
using a calibration line built as follows: based on mother 
solution prepared immediately before use of H2O2 20 
mmol ml−1, dilutions with milli-Q ultrapure water were 
prepared at concentrations 0.65; 1.25; 2.5; 5.0 and 10.0 
mmol ml−1. Absorbance at 560 nm was plotted in the y-
axis and H2O2 concentration in mmol ml−1 was plotted in 
the x-axis. Accumulation of H2O2 measured as staining 
intensity, using the INFINITE 200 spectrophotometer at 
560 nm, is presented in arbitrary units (Vidović et al., 2016).

Assay of the modulation of the system through spe-
cific cell protectants. Two compounds were tested to mea-
sure how H2O2 production is able to change the effects 
induced by the pathogen, using the method of Frew et al. 
(1983). The compounds (SIGMA) were: a) Catalase (CAT) 
(EC 1.11.1.6 from bovine liver) 500 units ml−1 prepared in 
phosphate buffer 0.05 M and pH=7.0 and b) Superoxide 
dismutase (SOD) (EC 1,15.1.1) 150 units 10 ml−1 prepared 
in 50% glycerol/10 mM Tris-Mes pH=7.5 buffer. Both 
compounds were prepared as stock solutions of 100, 50 
and 25 μg ml−1, amongst which one (50 μg ml−1) was used 
in subsequent experiments. 100 μl of each compound solu-
tion was later added to 3 ml of cellular pepper suspensions, 
30 minutes before the addition of EF which was main-
tained at 25ºC for 6 h. Control tests were carried out as just 
described for the samples tests, using the same media, but 
without addition of EF.

H2O2 production in the samples tested and their con-
trols were measured as described in the previous section.

Spatial detection of ROS in pepper stems inoculated 
with P. capsici. Plants (with 5-6 true leaves) of each cul-
tivar, SCM and CW were infected with plugs of actively 
growing P. capsici mycelium (Candela et al., 1995), inocu-
lated by cutting off the tops of the stems (Fig. 1C). Control 
stems were inoculated using PDA medium alone. Three, 
six and nine days after inoculation, cylinders of each tissue 
of necrotic, intermediate (0.5 cm below the necrotic zone), 
and healthy stems of both cultivars and their controls were 
collected and further used in the histochemical studies. 
(Fig. 1). Each assay used 10 plants and was performed at 
least twice. For each infection period, the necrosis length 
was measured in each of the 10 plants of the two cultivars, 
the necrotic region was discarded and the intermediate 
region is collected, as well as the one we referred to as 
healthy region, located below the intermediate region and 
showing no apparent symptoms (Fig. 1F).

Six days after infection by decapitation with P. capsici, 
the detection of ROS was carried out by histochemical 
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staining (Requena et al., 2005). Briefly, the stem cylinders 
were enclosed in sauco medulla. Using a microtome, semi-
fine sections of 200 μm were made serially from top to 
bottom of the cylinder, starting by the intermediate region 
(immediately below the necrotic region). The discs were 
placed in a well plate in the same order as they were made, 
and were stained to locate in situ O2

− and H2O2.
The histochemical detection of O2

− was performed by 
infiltrating the stems discs directly with 0.1 mg ml−1 NBT 
staining solution in 25 mmol K-Hepes [4-(2-hydroxyethyl)-
1-piperazine-ethane-sulfonic acid] buffer (pH 7.5) and in-
cubating at 24ºC in the dark for 1 h. For the control test 
we used stems discs from non-infected plant, stained in 
the same way as already described. O2

− was visualized as 
a blue/violet colour.

The histochemical detection of H2O2 was performed 
by infiltrating stems discs directly with 0.1 mg ml−1 DAB 
staining solution in 50 mM Tris-acetate buffer (pH 5.1) and 
incubating at 24ºC in the dark for 24 h (Romero-Puertas et 
al., 2004). The discs from non-infected plants were stained 
as already described. H2O2 was visualized as an ochre/
brown colour.

The stained stem discs were placed in slides ordered 
from the start of the intermediate zone, (bordering the 
necrotic zone) along the stem towards the healthy zone. 
Stem sections were observed with an Optika B600Ti 
microscope (Optik, Systeme Gmbh). Each experiment 
was repeated at least three times with four replicates and 
a mean of three seedlings stems were analyzed in each 
replication.

Antioxidant enzyme activity and lipid peroxidation in 
pepper stems inoculated with P. capsici. Measurements 
of CAT, POX, SOD, APX, GR enzymes and lipid per-
oxidation (LP) were taken from the intermediate (0.5 cm 
below necrotic) and healthy (0.5 cm below intermediate) 
regions in the stems of 20 plants 6 days after infection with 
P. capsici. For the assays the INFINITE 200 spectropho-
tometer was used, thermostat set at 25ºC. SOD activity 
was determined according to Beauchamp and Fridovich 
(1971), one SOD activity unit (UA) was defined as the 
amount of enzyme required to inhibit 50% of NBT photo 
reduction. POX activity was determined according to Ros-
Barcelo (1998) based on the H2O2-dependent oxidation of 

4-methoxy-α-naphthol (4-MN) at 593 nm. Measurement of 
APX was based on the ascorbic acid oxidation with H2O2 
at 290 nm for 1 min (Hossain and Asada, 1984). CAT was 
assayed measuring decrease of absorbance at 240 nm due 
to progressive depletion of H2O2 (Del Río et al., 1977). 
Measurement of GR (E: 1.6.4.2) was based on the decrease 
in absorbance at 340 nm due to oxidation of NADH dur-
ing reduction of GSSG to GSH (Edwards et al., 1990). 
Measurement of LP was carried out by determining the 
substances that react with thiobarbituric acid (Cakmak 
and Horst, 1991). All enzymatic activities obtained were 
expressed as nM or μM (g FW min)−1. LP was expressed 
as nM MDA - malondialdehyde (g FW) −1.

Statistical analysis. The experiments were conducted 
using a completely randomized design. Statistical data 
analysis was carried out by SPSS package program. The 
statistical significance between mean values was deter-
mined by one-way analysis of variance (ANOVA); Dun-
can’s multiple range test was performed if the differences 
between the groups were identified as α = 0.05.

RESULTS

Evaluation of plant resistance. Necrosis length, depth 
of pathogen penetration. Fig. 1 shows the plants used 
(SCM and CW), a Petri dish with growing oomycete in 
PDA, necrosis in each pepper variety and the stem of a 
pepper plant after 6 days from inoculation by decapitation 
with P. capsici, where the three zones (necrotic, intermedi-
ate and healthy) can be observed. The region defined for 
our work in the histochemical ROS study is the intermedi-
ate region, whereas the intermediate and healthy regions 
were those analysed for our study of antioxidant enzymes.

The in vivo tests performed in pepper stems decapitated 
and inoculated with P. capsici showed that the progres-
sive necrosis induced by the pathogen along the stem are 
different for each cultivar, being resistance inversely cor-
related with necrosis length (Table 1). Oomycete hyphae 
penetration, measured from the necrotic region, reaches 
after 3 days after inoculation 14.5 mm in the sensitive 
cultivar CW (corresponding to necrosis of 29 sections of 
0.5 mm length). At 6 days, in CW, necrosis had advanced 

Table 1. Necrosis length and oomycete pathogen penetration (after necrosis zone), along stems of CW (sensitive) and SCM (resis-
tant) pepper cultivars, after 3, 6 and 9 days from inoculation by decapitation with P. capsici. Oomycete penetration was analyzed 
in each 0.5 mm section and measured from the end boundary of the necrotic region, at each tested time lapse. Values are the 
mean ± standard deviation from 20 plants. Different letters indicate significant differences according to Duncan’s test (P ≤ 0.05).

CW SCM

Time after infection 
(days)

Necrosis length 
(mm)

Oomycete penetration section and depth 
(mm)

Necrosis length 
(mm)

Oomycete penetration section and depth 
(mm)

3 21.0 + 0.2a Sec. 29; 14.5 + 0.5 1.7 + 0.4a Sec. 4; 2 + 0.5
6 56.3 + 0.4b Sec. 21; 10.5 + 0.5 5.3 + 0.9b Sec. 2; 1 + 0.5
9 77.0 + 0.3c Whole stem 5.7 + 0.9b 0 + 0.5
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over a further 10.5 mm more (21 sections), measured from 
the boundary of the necrotic region at 3 days. This makes 
a total 25 mm from origin. At 9 days, the CW stem was 
invaded and necrosed to its full length. In contrast, oomy-
cete penetration in the SCM resistant cultivar reached only 
2 mm after 3 days (4 sections) and a further 1 mm after 
6 days (2 sections). At 9 days after infection, no further 
necrosis had taken place, meaning that pathogen invasion 
was halted. In sum, the defense response in the SCM re-
sistant cultivar was able to stop pathogen growth and ar-
rested the infection, whereas in the CW sensitive cultivar, 
necrosis continued to progress along the stem until it is 
fully necrosed and the plant dies.

Qualitative analysis of O2
− in elicited cellular suspen-

sions. In vitro assays carried out in pepper cell suspen-
sions, treated with the EF of P. capsici, resulted in a HR 
that translates in necrosis, the latter being more intense 
in SCM cells than in CW cells. O2

− was formed instantly 
with different intensity in both cultivars and did not in-
crease over time (Fig. 2). SCM cells produced much higher 
amounts of O2

− than CW cells, from the moment of elicita-
tion and at all periods analysed.

Accumulation of H2O2 in elicited cellular suspensions. 
H2O2 was produced in both cultivars instantaneously, but 
production varied over time (Fig. 3). It increased during 
the first 3 minutes, at similar levels albeit slightly higher 
in SCM cells. As of 4 minutes, however, differences be-
came clearly significant between the two cultivars. H2O2 

accumulation reached 0.5 arbitrary units and did no longer 
increased in CW cells, whereas it continued to increase 
in SCM cells, reaching up to 1.4 arbitrary units at 9 min, 
when production stabilised.

Assay of the modulation of the system through spe-
cific cell protectants. When CAT was added, H2O2 pro-
duction decreased significantly in both cultivars (Fig. 4), 

being higher in SCM peppers compared to elicited cells 
without CAT added. In the case of SOD, addition entailed 
a significant rise in H2O2 in the cells of both cultivars, 
being the production of H2O2 significantly higher in the 
resistant cultivar than in the susceptible one (Fig. 4).

Fig. 2. Nitro blue tetrazolium (NBT) stain for O2
− production 

in cellular suspensions of pepper: CW (left) and SCM (right), 
after different times of elicitation with a P. capsici filtrate.

Fig. 3. Time course of H2O2 quantification, by 3,3’-diamino-
benzidine (DAB) stain measured at 560 nm, in pepper suspen-
sion cells, SCM and CW, elicited with P. capsici filtrate over 
time. Values are means ± standard deviations from three in-
dependent experiments. Error bars indicate the standard er-
rors of the means. The results were analyzed by Duncan’s test 
following one-way analysis of variance (ANOVA). Values with 
diverse letters are significantly different (P ≤ 0.05). Accumula-
tion of H2O2, measured as staining intensity is presented in 
arbitrary units.

Fig. 4. Effects on H2O2 production by adding of CAT and 
SOD on cells of CW and SCM peppers, incubated with each 
compound during 30 min and then treated with P. capsici fil-
trate during 6 hours. The control consisted on cells of CW and 
SCM peppers, incubated with each component dilution me-
dium alone. Values are means ± standard deviations from three 
independent experiments. Error bars indicate the standard 
errors of the means. The results were analyzed by a Duncan’s 
test following one-way analysis of variance (ANOVA). Values 
with diverse letters are significantly different (P ≤ 0.05). Accu-
mulation of H2O2, measured as staining intensity is presented 
in arbitrary units.
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Spatial detection of ROS in pepper stems inoculated 
with P. capsici. O2

− was produced following an abiotic 
stress (tissue injury on cutting) and even more follow-
ing biotic stress (infection), in the two cultivars (Fig. 5). 
The production of O2

− was slightly more intense in SCM 
healthy (control) plants (Fig. 5C) than in CW healthy 
(control) plants (Fig. 5A), possibly due to the tissue dam-
age caused by cutting. However, in infected stems, NBT 
stained vascular bundle cells was more intense in SCM 
plants (Fig. 5D), where O2

− concentrates, in both in phlo-
em and xylem vessels than in CW infected plants (Fig. 5B), 
where there is also O2

− production in the vascular system, 
but less intense than in SCM.

H2O2 production was measured spatially along the 
stem in semi fine sections (200 μm) after inoculation with 
P. capsici for 6 days. Figs. 6, 7 and 8 show 10 sections from 
CW and SCM plants stained with DAB, respectively. It 
can be seen that after the infection, H2O2 is produced by 
both cultivars in vascular bundles as in epidermic cells 
(Fig. 6; Fig. 7; Fig. 8). Also, production concentrates essen-
tially in the vascular system. Sections from the sensitive 
CW cultivar in Fig. 6 show H2O2 production (as staining 
intensity) is more or less uniform from section 1 to 6. A 
more intensely stained zone can be observed, which could 
correspond to the phloem, and although all the vascular 
system appears stained, xylem vessels, by their lighter 
staining, appear to contain less H2O2. As of section 7, the 
staining intensity of the whole vascular system is visibly 

Fig. 5. Nitro blue tetrazolium (NBT) stain for O2
− produc-

tion in semi-fine sections from the intermediate region of CW 
(sensitive) and SCM (resistant) pepper stems. A) Healthy CW 
stem section. C) Healthy SCM stem section. B) Infected CW 
stem section and D) Infected SCM stem section, both B and 
D after 6 days from inoculation with P. capsici. The bars rep-
resent 500 μm.

Fig. 6. Detection of H2O2 in CW pepper stems decapitated 
and inoculated with P. capsici mycelia disks for 6 days. 10 se-
quential sections (200 μm) from the intermediate region (im-
mediately below the necrotic region) are shown, stained with 
DAB for 1 h. The bars represent 300 μm in the first column 
(LX3), 20 μm in the second column (10×) and 50 μm in the 
third column (20×).
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lower, almost fading out by sections 9 and 10. In the epi-
dermis, production is visible in the first sections, but as of 
section 8 several epidermic cells are visibly free of stain. 
If we correlate H2O2 production with signalling, we ob-
serve that detection weakens in CW plants as of section 
7 (1.4 mm). Therefore, defence response signals reach less 
depth and are of lower intensity in the sensitive cultivar. 
Sections from resistant SCM plants (Fig. 7) show H2O2 
production levels both in the epidermic and in the vascu-
lar system that are much higher than those seen in CW 
plants. The most significant observation is that staining is 
intense up to section 10 (the last analysed), without fading 
after section 7 as seen in the CW cultivar. In SCM plants, 
H2O2 production reaches further along the stem (2.0 mm) 
and when set in relation to signalling, H2O2 informs more 
cells under attack by the pathogen, thereby inducing a 
more intense and far-reaching defence response. Fig. 8 
shows sections of stem tissue from CW not elicited with 
P. capsici, corresponding to controls. No difference can be 
observed between CW and SCM tissue (data not shown).

Antioxidant enzymatic activity and lipid peroxidation 
in pepper stems inoculated with P. capsici. Antioxidant 
enzyme activity (SOD, POX, GR and CAT) was higher 
in the SCM resistant cultivar in the 2 stem zones anal-
ysed (intermediate and healthy zones, Fig. 1F), compared 
to the CW sensitive one (Table 2). The most significant 
increase in SOD enzyme activity took place in the inter-
mediate region of the resistant cultivar, where the increase 
rate [(Intermediate-Healthy)/Healthy) × 100)] reached 
154.7% compared to the levels seen in the CW that only 
increased 75.6%. POX activity was similar in the healthy 
region (used as control) in both cultivars, whereas in the 
intermediate region, the increase rate was 126.5% in SCM 
and 102.2% in CW plants. On the contrary, APX activ-
ity increased significantly in the intermediate region com-
pared to the healthy region, at an increase rate of 177.2% 
in CW and 71.41% in SCM plants. GR variations were 
not significant between the two cultivars, although the 
trend was still observed whereby activity increased in the 
intermediate region in both cultivars, in contrast with the 

Fig. 7. Detection of H2O2 in SCM pepper stems decapitated 
and inoculated with P. capsici mycelia disks for 6 days. 10 se-
quential sections (200 μm) from the intermediate region (im-
mediately below the necrotic region) are shown, stained with 
DAB for 1 h. The bars represent 250 μm in the first column 
(LX3), 25 μm in the second column (10×) and 50 μm in the 
third column (20×).

Fig. 8. Production control of H2O2 in pepper stems, decapi-
tated and inoculated with PDA medium disks without P. cap-
sici. One CW stem section of 200 μm thin from the intermedi-
ate region stained with DAB for 1 h, is shown. The bars rep-
resent 500 μm in the first column (LX3), 25 μm in the second 
column (10×) and 25 μm in the third column (20×).



192 Role of ROS in the interaction pepper-Phytophthora capsici Journal of Plant Pathology (2017), 99 (1), 185-196

results obtained from the healthy region, the increase rate 
was 30.1% in SCM, slightly higher than in CW (28.8%). 
Regarding to CAT activity the increase rate was 76.4% 
in SCM and 22.2% in CW plants. LP levels were higher 
in resistant plants compared to sensitive ones (Table 2). 
Peroxidation levels were similar for both cultivars in the 
healthy region, but increased significantly with the infec-
tion (129.6%) in intermediate region of SCM plants, com-
pared to an increase rate of 35.5% in CW plants.

DISCUSSION

By analysing the activity of the oxidative burst compo-
nents (ROS and antioxidative enzymes) in the interaction 
pepper plants and P. capsici we conclude that resistance is 
inversely proportional to the necrosis length zone of the 
stems (Table 1). This indicates that the defense response in 
SCM plants has been efficient enough to inhibit oomycete 
growth and repeal the infective invasion, contrary to what 
is seen in the sensitive variety CW. O2

− analysis shows that 
its production occurs immediately after fungal penetration 
both in sensitive CW cells as in resistant SCM cells, but 
more intense in the latter (Fig. 2), results that are consistent 
with those obtained for superoxide anion by Doke et al. 
(1996). The HR that is observed upon elicitation with P. 
capsici of these pepper cultivars is similar to that observed 
in other pepper cultivars, and the reaction intensity is con-
sistently higher in the resistant cultivars (García-Pérez et 
al., 1998). In this interaction, the immediate detection of 
O2

− in infected tissue, along with the high toxicity of this 
molecule, suggest that it could be one of the inducers of 
the HR in the initially infected cells. By inducing necrosis, 
it could also be deemed as one of the responsible factors of 
pathogen growth arrest (Van Breusegem and Dat, 2006). 
However, O2

− transforms into H2O2 very rapidly. Thus, 
in order to ascertain its role in ulterior defence mecha-
nisms–involving signalling in neighbouring cells–focusing 
on H2O2 is appropriate, as this is the reactive species that 
persists over time. H2O2 forms initially at the same level 
in cells of both cultivars, but it stabilises relatively soon in 
CW cells compared with SCM cells, where it continues to 

increase until it stabilises at a maximum of 1.4 arbitrary 
units (Fig. 3).

If we identify necrosis as the defence reaction that the 
plant opposes to pathogen progress in vivo, we see that 
it occurs in both cultivars. However, whereas the reac-
tion is sufficient to arrest the pathogen in SCM plants, 
the defence compounds produced by CW plants are not 
sufficient to inhibit pathogen growth, thereby allowing it 
to continue its progress until it invades the stem fully and 
kills the plant (Table 1). Among other factors, it is worth 
noting that in the CW cultivar the pathogen is always seen 
progressing beyond the necrotic reaction (Table 1). The 
plant is thus producing defence compounds at the rear 
of the hyphae progress, where they do not hinder growth. 
Instead, the hypersensitive reaction plus the availability 
of defense substances in the resistant cultivar are able to 
arrest pathogen growth because after 9 days from infec-
tion, oomycete growth is no longer observed beyond the 
necrosis boundary, and this allows the SCM plant to sur-
vive. This explanation coincides with that offered by other 
authors who relate resistance or susceptibility to attack by 
a pathogen to the concentration of defense substances 
produced by the plant in the course of the hypersensitive 
response, and to the rapidity of production (Delledonne 
et al., 2002).

Our interpretation of the results obtained after adding 
compound involved in H2O2 production (Fig. 4) would be 
consistent with that offered by Lherminier et al. (2009); 
they assert that H2O2 production does not seem deter-
minant in relation to HR triggering, but may be relevant 
in relation to the signalling pathway associated with plant 
cell protection. According to Neill et al. (2002), H2O2 
may act as a second messenger activating expression of 
defense genes not only against pathogens but also in case 
of injury, thereby acting as a versatile molecule of the ROS 
network (Quan et al., 2008; Keshavarz-Tohid et al., 2016). 
The results of the present study, lead us to suggest that 
reactions leading to an increase in ROS take place both 
in the vascular tissue and in the epidermis. They can be 
consistent with those of other authors that link H2O2 to 
systemic signalling (Orczyk et al., 2010). Our results show 
that there is a difference in P. capsici hyphae penetration 

Table 2. Superoxide dismutase (SOD), Peroxidase (POX), Ascorbate peroxidase (APX), Glutathione reductase (GR), Catalase 
(CAT) and Lipid Peroxidation (LP) in each pepper cultivar (CW or SCM) for each analyzed step region (I: intermediate and H: 
healthy), following 6 days after decapitation and inoculation with P. capsici. FW: fresh weight. MDA: malondialdehyde. Values 
are means ± standard deviations from three independent experiments. The data shown are the average values (n=20) analyzed by 
Duncan ś test following one-way analysis of variance (ANOVA). Values with diverse letters are significantly different (P≤0.05).

SOD 
nM (g FW min)−1

POX 
µM (g FW min)−1

APX 
nM (g FW min)−1

GR 
nM (g FW min)−1

CAT 
µM (g FW min)−1

LP 
nM·MDA (g FW)−1

SCM
I 469.5 ± 11b 5257.3 ± 14b 3287.3 ± 14b 61.8 ± 3b 126.5 ± 7b 16.3 ± 1b
H 184.3 ± 9a 2321.1 ± 6a 1917.5 ± 8a 47.5 ± 2a 71.7 ± 4a 7.1 ± 1a

CW
I 109.6 ± 7b 4244.4 ± 11b 2619.1 ± 9b 49.6 ± 3b 73.2 ± 3b 8.4 ± 1a
H 62.4 ± 5a 2098.6 ± 9a 944.7 ± 5a 38.5 ± 3a 59.9 ± 2a 6.2 ± 1a
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and in H2O2 detection in stems of each cultivar, whereas 
in both of them, ROS signalling not only diffuses through 
the phloem as observed by Ryals et al. (1996), but may also 
be channelled through the xylem (Fig. 6; Fig. 7), as ob-
served by Ros-Barcelo (1998).

The physiological relevance of the signals carried by 
ROS can be appreciated by the immediate alteration of 
antioxidative enzymes and the lipid peroxidation that is 
triggered in both cultivars and in different regions of the 
stem. In the SCM resistant cultivar, the higher activity of 
the SOD, POX, APX, GR and CAT enzymes is found in 
the intermediate region (Table 2), indicative that tissues 
neighbouring the infected region have triggered defense 
responses based on the production of antioxidative en-
zymes. In turn, this indicates that the responses induced 
by the pathogen are the result of reactions not only in the 
cells subject to HR, but also in neighbouring tissue which 
has been informed by signals originating in such cells 
(Zhang and Tang, 2012).

In this study, the enzymes most related with H2O2 
(Table 2), namely SOD (production) and CAT (destruction) 
exhibit a behaviour that reflects the spatial distribution of 
H2O2 in stems inoculated with the pathogen. SOD activ-
ity increase in the intermediate regions of both cultivars 
suggests that SOD protects cells from damages caused by 
the O2

−, in a higher proportion in SCM plants than in 
CW plants (Table 2). The production of H2O2 leads to an 
increase in tissue lignifications, ensuring better protection 
against pathogens (Gill et al., 2010).

It is known that CAT, APX and POX remove H2O2 
excess in severe stress conditions (Mittler, 2002). Accord-
ingly, an increase in those activities, as seen in our study, 
could be due to the plant’s need to tackle the high H2O2 
build-up resulting from SOD activity on O2

− in the in-
termediate region of the SCM resistant cultivar. The fact 
that in CW plants there is only a less variation in CAT and 
POX activity between the healthy and the intermediate 
regions (increase rate by 22.2% in CAT and 102.2% in 
POX) indicates that CAT activity is of low significance 
in terms of the antioxidative response in this cultivar 
(Table 2). These results coincide with those of Mittler et 
al. (1999), according to which tobacco plants with reduced 
capability to detoxify reactive oxygen intermediates are 
more sensitive to pathogen infection.

Another approach to the analysis of the oxidative burst 
and the plant’s reaction to mitigate oxidative stress is based 
on the glutathione cycle. The results of GR assay (Table 2) 
indicate that it increases in concentration in both cultivars 
after infection, but that differences are not significant. We 
deduce therefore that the reactions in which this enzyme 
is involved have a lesser relevance in relation to the resis-
tance to the pathogen exhibited by SCM plants, compared 
to the sensitivity exhibited by the CW cultivar. LP is an 
indicator of oxidative tissue damage in response to biotic 
or abiotic stresses (Apel and Hirt, 2004). Its intensity is 
determined by the pathogen-host relationship. High ROS 

and free radical production levels may affect the plasma 
membrane, leading to the loss of cellular integrity and 
necrosis, in a reaction that the plant triggers to prevent 
pathogen growth and thereby stop infection. In our study, 
the high levels of LP observed in the intermediate region 
of SCM (129.6%) indicate a higher damage in the resistant 
cultivar tissue than in the susceptible (35.5%) (Table 2), 
due possibly to a higher production of ROS in SCM. If we 
look at the intermediate region levels, the increase seen in 
SCM plants may be indicative of the damage inflicted to 
cell membranes. Such damage rendered cells unsuitable for 
pathogen growth, thereby arresting infection. Our results 
systematically yield higher LP values in the resistant cul-
tivar compared to the sensitive one, consistent with those 
obtained by Muckenschnabel et al. (2002), leading us to 
confirm that LP may be one of the defence factors at play.

In conclusion, in this study we have confirmed that fol-
lowing elicitation of resistant and sensitive pepper cells 
with P. capsici filtrates, an instantaneous oxidative burst 
has been visualized with the production of O2

−, more in-
tensely, in qualitative terms, in the resistant cultivar SCM. 
Therefore, we relate the oxidative action of O2

− with the 
defense reaction of pepper cells, which include the HR. 
This is essentially because in CW plants it does not in-
crease with time after elicitation (Fig. 2), and in addition 
this cultivar is not able to stop the pathogen’s advance 
(Table 1). With the potential involvement of SOD, H2O2 
is produced, reaching higher levels in the SCM cultivar, 
with concentration increasing over time. Although, SOD 
increased the level of H2O2 in CW, the levels are not 
enough in this cv. to inhibit the growth of P. capsici hy-
phae. Therefore, we conclude that if H2O2 were to play a 
role in resistance, it would not be due to a direct cytotoxic 
action on the pathogen hyphae, but rather to its possible 
signalling function, consistent with the results obtained 
by Miguel et al. (2000). These findings are corroborated 
by the results of our analysis of the spatial distribution 
of H2O2 production along the stem, since in the SCM 
cultivar H2O2 penetrates deeper, and can be detected in 
regions not reached by the hyphae, where it likely signals 
the pathogen invasion to healthy cells so that these trigger 
the production of defense compounds capable of arresting 
pathogen growth, This, together with a higher antioxida-
tive enzyme activities in SCM cells allowing homeostasis, 
suggests that the two processes are important components 
of the resistance exhibited by the SCM cultivar to infec-
tion by P. capsici, compared to that exhibited by CW pep-
per plants.
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