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Abstract

Zucchini represents one of the most important species within
the Cucurbitaceous family, but diseases appear as a limiting
factor. The Papaya ringspot virus-Watermelon type (PRSV-W)
is the virus with higher occurrence in producing regions. Viral
replication and disease development may promote changes
involving defense-related enzymatic components. This study
evaluated alterations in the oxidative metabolism as well as
viral load of two cultivars of zucchini, Adele and Caserta,
infected by PRSV-W. Plants were inoculated and leaf samples
were collected to determine the activity of antioxidant enzymes
and viral load. The intensity of the disease was measured. In
local level, there was a decrease of the viral load for both
cultivars, increasing significantly again at 8 days. The viral load
in the new leaves of the Caserta was at least 3 times higher
than in the Adele ones. Mosaic symptoms were mild in Adele
and expressive in Caserta. The activity of the APX in the
Caserta increased faster than in Adele in inoculated leaves, but
this increase was not related to the reduction in viral load. At
the systemic level, APX, presented higher activity in both
cultivars, however, over time Adele reduced, which may have
resulted in a lower effect of the enzyme on hydrogen peroxide
and this contribute to the reduction of viral multiplication. The
rapid systemic response of Adele (tolerant) and the increase in
the activity of GPX and GR in the first day after inoculation,
may be one of the factors that contributed to the lower load
viral and severity of the symptoms. On the other hand, in the
Caserta (intolerant), pronounced increases in antioxidant
enzyme activity were observed over the course of disease
evolution in an attempt to contain plant cell oxidative damage,
which may have favored the advance of a bio trophic pathogen
such as viruses.

Keywords: Papaya ringspot virus-Watermelon type; Cucurbita
pepo; metabolic changes; antioxidant enzymes; plant-virus
interactions

Introduction

Plants of the family Cucurbitaceae have a wide range of fruit
characteristics and are grown worldwide in different environmental
conditions. Cucurbits are a source of food and income for small and
large producers. Cultivation of cucurbits generates employment,
helping farmers to remain in business [1]. The zucchini (Cucurbita
pepo) is one of the most important cultivated species of this family [2].

Viruses of the family Potyviridae, genus Potyvirus, including
Papaya ringspot virus— Watermelon type (PRSV-W), Watermelon
Mosaic Virus (WMV) and Zucchini Yellow Mosaic Virus (ZYMV) are
present worldwide and reduce the production of various cucurbits [3].
Due to the difficulty of controlling and the damage caused, these
viruses are the most important objective of breeding programs for C.
pepo [4].

Losses caused by PRSV-W occur independently of the stage in
which the plant is infected, but are more pronounced when infections
occur at initial stages of the crop, and can reach 100%. C. pepo plants
infected with the virus exhibit mosaic, atrophy, distortion, blisters, and
narrowing of the leaf blade, which can be reduced to the main veins.
The fruits show malformation and color change. Disease control is
difficult, so recommended preventive measures include pest
management (mainly vectors of the family Aphididae), choice of
planting location and timing (avoiding sowing next to or following
other cucurbit crops), weeding, crop rotation, and use of resistant
cultivars, among others [5,6].

Most cultivars are susceptible to PRSV-W. A susceptible plant
allows virus infection and replication [7]. Plants may be resistant to
infection, replication and/or systemic invasion of the virus. Both
resistant and susceptible plants may or may not tolerate the disease.
Tolerant plants may show no symptoms, or if present, symptoms are
barely visible; whereas virus-intolerant plants exhibit severe symptoms

[8].

Plants possess mechanisms to defend themselves, regardless of the
type of relationship established between plants and the pathogens.
Reactive Oxygen Species (ROS) are one of the first defense responses
of plants when in stress conditions, whether from abiotic or biotic
causes, but they can damage the plant cell structure. Plants infected by
viruses, as well as different pathogens, also produce ROS. The first
studies were done by Doke and Ohashi with the Tobacco Mosaic Virus
(TMV), where infected plants showed an increase in the production of
superoxide (O,) [9-11].

To prevent damage to their cells, plants activate antioxidant
components of defense system, which involves enzymes such as
Ascorbate Peroxidase (APX), Catalase (CAT), Glutathione Reductase
(GR), Guaiacol Peroxidase (GPX) and Superoxide Dismutase (SOD),
among others. APX participates in the ascorbate-glutathione cycle and
plays the role of eliminating Hydrogen Peroxide (H,O,) from the
cytosol and chloroplasts using ascorbic acid and Docosahexaenoic
Acid (DHA) to reduce H,0, in water (H,0). The same role developed
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by CAT, however this enzyme acts on the peroxisomes [12,13]. CAT
has a high turnover rate and is the only antioxidant enzyme that does
not require one reduction-equivalent [14].

In turn, GPX plays an important role in defense against biotic
stresses using H,O, and degrading indoleacetic acid [13]. GR is an
oxide reductase flavoprotein that uses NADPH to reduce oxidized
Glutathione (GSSG and turn it into reduced Glutathione (GSH,
which is used to regenerate ascorbic acid from Dehydroascorbate
(DHA and Monodehydroascorbate (MDHA, the result of this
reaction is converted to its oxidized form (GSSG. GR is found mainly
in chloroplasts and less in mitochondria and cytosol [13]. Under stress
conditions, SOD forms the first line of defense against ROS. This
enzyme catalyzes the removal of O, by dismutation of O,  and
H,0,, and has different forms, such as Mn-SOD located in the
mitochondria, Fe-SOD localized in chloroplasts and Cu/Zn-SOD
located in the cytosol, peroxisomes and chloroplasts [15]

Thus, the main objective of this study was to evaluate alterations in
the antioxidant metabolism in two zucchini cultivars infected with the
PRSV-W, which show differences in susceptibility to the infection and
tolerance to the disease.

Materials and Methods

Plant and pathogen

The studies were conducted at the Phytopathology Laboratory of the
Center of Agricultural Sciences of the Federal University of Santa
Catarina and were repeated twice. The seedlings of C. pepo were
produced from seeds of the hybrid cultivars Caserta and Adele,
purchased from Horticeres seeds LTDA and Sakata Seed Sudamerica,
respectively. As soon as the seedlings reached the cotyledonary stage,
they were transplanted into 400 ml plastic pots containing germina
planta substrate. Plants were kept in the greenhouse during the
experiment.

The PRSV-W isolate from the collection at the Department of Plant
Pathology, ESALQ/USP, Piracicaba, SP was used in this study. It was
keptin C. pepo plants.

Mechanical transmission

PRSV-W-infected C. pepo leaves, exhibiting mosaic symptoms,
were used as source of inoculum for experimental mechanical
transmissions. They were macerated in porcelain mortar with 200 mM
potassium sodium phosphate buffer, pH 7.0, diluted at 1:20 (w/v). The
inoculum was rub inoculated on the leaves of test-plants containing the
abrasive silicon carbide (carborundum).

For the first experiment, PRSV-W was mechanically inoculated on
the first true leaf of newly developed test-plants, which were used in
the analyzes. As control, some plants were mock inoculated with
buffer, whereas others were only sprayed with distilled water. Five
plants of each cultivar were inoculated for each treatment, for each
sample dating. Afterwards, the inoculated plants were sprayed with
distilled water to remove the abrasive excess.

For the second assay, zucchini plants of both cultivars, containing
three true leaves, were mechanically inoculated at the cotyledons.
Mock plants inoculated with buffer were used as controls. Five plants
of each cultivar were inoculated for each treatment, for each sample
dating.

Enzyme activities

For the first experiment, the first true leaves from the plants
(mechanically inoculated with PRSV-W, water or carborundum were
collected at 1, 2, 4 and 8 days after inoculation.

For the second assay, where the cotyledons were mechanically
inoculated with PRWV-W or carborundum, the third true leaf of each
plant was collected at 8, 12, 16, 20, and 30 days after inoculation. Five
plants of each cultivar were inoculated for each treatment, for each
sample dating.

All leaf samples were macerated with liquid nitrogen and stored
inside Eppendorf tubes kept in a freezer at -80°C. To prepare the
extract for evaluations of enzymatic activity, 1.5 ml of 50 mM
potassium phosphate buffer pH 7.0 was added to 50 mg of previously
macerated leaf tissue. The suspension was centrifuged at 20,000 g and
the supernatant (protein extract was collected for enzymatic analysis.

Ascorbate peroxidase

The determination of Ascorbate Peroxidase (APX activity was
based on Parida, et al. and Freitas and Stadnik [16,17]. For the
reaction, 20 pl of sample (protein extract)was added to 280 pl of 50
mM potassium phosphate buffer, pH 7.0, containing 0.25 mM
hydrogen peroxide (H,0, 0.5 mM ascorbic acid and 0.2 mM EDTA.
The decline in absorbance was visualized for 1 minute in a microplate
reader at 290 nm at 25°C. The results were expressed as units of
ascorbate peroxidase per minute per mg protein (APX units mg!
protein min-! in which one unit of APX was considered as the amount
of enzyme required to reduce 0.01 absorbance units.

Catalase

For Catalase (CAT)activity, 10 pl of sample and 280 pl of reaction
buffer (50 mM potassium phosphate buffer, pH 7.0, containing 15 mM
H,0, were added into wells of the Greiner (UV microplate, under
incubation at 30°C. Absorbance was measured for 3 minutes in a
microplate reader at 240 nm and 30°C (adapted from Parida, et al. The
results were expressed in units of catalase per minute per mg of
protein (CAT units mg' protein min! in which a CAT unit was
considered the amount of enzyme required to reduce 0.01 absorbance
units [17].

Glutathione reductase

The activity of Glutathione Reductase (GR) was determined
according to Freitas and Stadnik, with some modifications. For the
reaction, 50 mM potassium phosphate buffer, pH 7.8, containing 2 mM
EDTA, 0.75 mM 5,5’-dithio-bis-(2-nitrobenzoic acid) (DTNB) and 0.1
mM Nicotinamide-Adenine Dinucleotide Phosphate (NADPH) was
used [17]. In 250 pl of reaction buffer (kept at 35°C in a water bath),
30 ul of sample and 20 pl of 1 mM oxidized Glutathione (GSSG) were
added. The reaction was determined for 3 minutes in a microplate
reader at 412 nm and 35°C. The results were expressed in units of
glutathione reductase per minute per mg protein (GR units mg-1
protein min-!) in which one unit of GR was considered the amount of
enzyme required to increase 0.01 absorbance units.

Guaiacol peroxidase

Guaiacol Peroxidase (GPX) activity was determined according to
Luiz et al. [18], in which 50 mM potassium phosphate buffer pH 6.0

*Page2 0f9



Volume 11 ¢ Issue 1 « 1000275

Citation:

Ludiana Canton, Eduardo Gainete Ramos, David Marques de Almeida Spadotti, Jorge Alberto Marques Rezende, Tiago Camponogara Tomazetti,

et al. (2023). Changes in Antioxidant Enzyme Activity and Viral Load in Zucchini Cultivars Infected with Papaya ringspot virus-Watermelon type.

J Plant Physiol Pathol 11:1

containing 0.125% H,0, and 0.250% guaiacol was used. For the
reaction, 20 pul of extract and 280 ul of reaction buffer (kept at 30°C in
a water bath) were added. Subsequently, absorbance of the samples
was determined for 3 minutes in a microplate reader at 470 nm
wavelength. The results were expressed as units of guaiacol peroxidase
per minute per mg protein (GPX units mg! protein min™') in which a
GPX unit was considered as the amount of enzyme needed to increase
0.01 absorbance units.

Superoxide dismutase

Superoxide Dismutase (SOD) activity was determined using 50 pl
of sample and 1.7 ml of 50 mM potassium phosphate buffer, pH 7.8
containing 13 mM L-methionine, 75 pM NBT, 100 nM EDTA and 100
UM riboflavin (added to the buffer only at the time of reaction) adapted
from Negro, et al. [19]. Two test tubes were prepared for this enzyme,
one as blank and one as sample. The blank tube received the sample
and the buffer, and it was kept in the dark to reset the
spectrophotometer. In the reaction tube, the sample and buffer were
added and kept in the light to determine the inhibition rate of NBT
photoreduction. A third tube containing only the buffer served as a
control, which was subjected to light to determine NBT total
photoreduction. After incubation of the tubes in light or dark for 10
minutes, the absorbances at 560 nm were determined. Calculations for
the specific activity of SOD were made considering the sample
volume, the inhibition percentage and the amount of protein present in
the sample. A unit of SOD was considered as the enzyme amount
required to inhibit 50% of NBT photoreduction. The results were
expressed in units of SOD pg protein™.

Total protein dosage

Protein content present in the samples was determined by Bradford
method [20]. 6 pl of sample and 294 pl of diluted Bradford reagent
were added to a 96-well Elisa plate, which was shaken gently, and after
15 minutes, the absorbances of the samples were determined on a
microplate reader at 595 nm. The values were converted to protein
concentration through the known values of standard solutions of
Bovine Serum Albumin (BSA), which gave rise to a standard curve.

Quantification of PRSV-W by RT-qPCR

For RT-qPCR only 3 replicates of each cultivar were used. Samples
were collected at the same times used for enzymatic analysis, that is,
1, 2, 4 and 8 days after viral inoculation in the first experiment and 8§,
12, 16, 20 and 30 days in the second experiment. The RNA was
extracted by using a SV Total RNA Isolation System kit (Promega,
“SV Total RNA Isolation System”) according to the manufacturer’s
protocol. Viral RNA concentration and quality were determined using
a Nanodrop 2000 Spectrophotometer (Thermo Scientific, Waltham,
MA, USA) using the absorbance ratio at 260 nm and 280 nm (A260/
A280 ratio).

The set primer used (PRSVtW CP3) for PSRV-W were designed to
bind conserved regions of the viral coat protein (forward 5’-
TCGCAGAATGTTTGGTATGGA-3’ and reverse 5’-
ATGCACTCTCTCCTGGGTAT-3") which amplify a 116 base pairs
(bp) fragmente. These primers were previously designed by using
software BioEdit and PrimerQuest (IDT).

RT-qPCR reactions were performed using 1 ng of template RNA,
GoTaq mastermix (1x), primer CP3 senso (0.3 pM), primer CP3
antisenso (0.3 uM), GoScript (1x), MgCl, (25 mM) (10 mM), CXR

reference dye (30 pum) (0.03 pl), template (1 ng) water (2.7 pl). The
cDNA was obtained at 37°C for 15 minutes then at 75°C for 10
minutes. The specific target amplification was analyzed by melt-curve
analysis which consisted of first melting step at 95° for 15 s, annealing
at 60° for 1 min, and second melting step at 95° for 15s.

RT-qPCR was conducted for 40 cycles of denaturation at 95°C for
10 s, annealing and synthesis at 60°C for 30 s, and extension at 72°C
for 30 s, using a software StepOneTM Software v2.3 (Applied
Biosystems, Foster City, CA, USA). Both negative (nuclease free
water) and positive (symptomatic infected plants with PRSV-W)
controls were included in each RT-qPCR assay.

A standard curve was obtained from a sample with the know amount
of PRSV-W RNA quantified by NanoDrop2000 spectrophotometer.
Five diluitions (0.01; 0.1; 1; 10 and 100 pg.mL-1) were prepared. EFla
was used as a reference gene for the calculation of AACt.

Disease incidence and severity

All plants inoculated with PRSV-W was used to determine the
disease incidence (20 plants of each cultivar, in each experiment), at
the end of the experiment. Plant infection with the PRSV-W was
confirmed by PTA-ELISA (Plate-Trapped Antigen Enzyme-Linked
Immunosorbent Assay) with some modifications [21]. The leaf
samples were collected at 30 days after inoculation, macerated in
liquid nitrogen and kept inside a freezer at -80°C. The test was
performed according to Bonilha, et al. using specific antiserum against
the PRSV-W capsidial protein. A 405 nm filter was used to read the
absorbance in ELISA reader [22]. Extracts from healthy and PRSV-W
infected plants were used as controls. The sample was considered
positive when its mean absorbance value was three or more times
higher than the mean absorbance value of the healthy plant extract.

The severity of PRSV-W symptoms in infected plants was
evaluated with a scale adapted from Freitas which ranged from 0 to 3
[23]. Three evaluations were performed every 7 days from the 14th
Day after Inoculation (DAI) in the 1st experiment and from 5th day in
the 2nd experiment. Asymptomatic plants received score 0; score 1
was attributed to plants with leaves presenting weak mosaic
symptoms, without deformation or blisters; score 2, for plants with
obvious mosaic, but leaves with little deformation and blisters; and
score 3 for plants presenting severe mosaic, leaf deformation, blisters
and reduced growth.

Statistical methods

The enzyme activity data over time for each cultivar were subjected
to analysis of variance and when significant, the means were contrasted
using the Tukey test (0=0.05). The same procedure was used to analyze
treatment data within the same cultivar. To compare the cultivars, the
Tukey test was used. The analyzes were carried out with the aid of the
statistical software Sisvar [24].

Results

Determination of antioxidant enzyme activities of zucchini
plants

Ascorbate Peroxidase (APX) activity: In assessing the local effect,
for Adele plants, activity of APX on inoculated leaves increased only
at 2 DAIL on the other days there were no differences between
treatments (Figure 1A). The activity of APX on the PRSV-W inoculated
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leaf of Caserta plants was higher than in the controls at 1, 2 and 8
DAI (Figure 1B). The Adele plants presented higher activity when
treated with water or carborundum and compared to those of Caserta in
all days after leaf inoculation (Figures 1A and 1B). The activity of
this enzyme decreased over time, regardless of virus inoculation
(Figures 1A and 1B). Systemic activity of APX was higher in virus
infected plants than in the control at 8, 20 and 30 DAI for Adele plants
(Figure 1C) and at 8, 12 and 30 DALI for those of Caserta (Figure 1D).
At the systemic level, the Adele cultivar presented higher activity of
APX than those of Caserta in virus infected plants (Figures 1C
and 1D).
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Figure 1: Ascorbate Peroxidase (APX) activity in plants of two
cultivars of Curcubita pepo, Adele and Caserta. In (A) and (B), the
enzymatic activity was determined at a local level, directly from
leaves treated with distilled water or mechanically inoculated with
carborundum or with carborundum+PRSV-W at 1, 2, 4 and 8 days
after leaf inoculation. In (C) and (D), enzymatic activity was
determined at a systemic level, from leaves of plants whose
cotyledons were inoculated only with carborundum or inoculated with
carborundum+PRSV-W at 8, 12, 16, 20 and 30 days after cotyledons
inoculation.

Note: Vertical bars above the averages indicate the standard
deviation. Different lowercase letters indicate differences among
treatments within a given date, while different uppercase letters
indicate differences over time within the same treatment, for the same
cultivar (Tukey test at 5%); * indicates differences among cultivars
within a given date and treatment, at the 5% level of significance
according to Student’s t-test.

Catalase (CAT activity: Plants of both cultivars showed no
significant difference between treatments at the inoculation site
(Figures 2A and 2B). However, at the systemic level, Adele plants
infected with the PRSV-W showed higher CAT activity from 20 DAI
compared to the control (Figure 2C). The Caserta plants responded
to the viral infection sooner than those of Adele, i.e. at 16 DAI,
showing high activity compared to control until 20 DAI (Figure 2D).
Caserta plants infected showed higher CAT compared to Adele
from 12DAI.
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Figure 2: Catalase (CAT) activity in plants of two cultivars of
Curcubita pepo, Adele and Caserta. In (A) and (B), the enzymatic
activity was determined at a local level, directly from leaves treated
with distilled water or mechanically inoculated with carborundum or
with carborundum+PRSV-W at 1, 2, 4 and 8 days after leaf
inoculation. In (C) and (D), enzymatic activity was determined at a
systemic level, from leaves of plants whose cotyledons were
inoculated only with carborundum or inoculated with carborundum
+PRSV-W at 8, 12, 16, 20 and 30 days after cotyledons inoculation.

Note: Vertical bars above the averages indicate the standard
deviation. Different lowercase letters indicate differences among
treatments within a given date, while different uppercase
letters indicate differences over time within the same treatment, for
the same cultivar (Tukey test at 5%); * indicates differences among
cultivars within a given date and treatment, at the 5% level of
significance according to Student’s t-test.

Guaiacol Peroxidase (GPX) activity: At the local level, Adele plants
infected with the PRSV-W showed higher GPX activity to 1 DAI
compared to the controls (Figure 3A). Caserta plants infected with the
PRSV-W showed higher GPX activity in all times compared to the
plants sprayed with distilled water. GPX activity has progressively
increased over time and the Caserta cultivar presented higher activity
than Adele at 1 and 2 DAI in plants treated with carborundum and
at 8 DAI in those inoculated with the virus (Figures 3A and 3B).
At the systemic level, Adele plants inoculated with the virus had
higher GPX activity from 16 DAI when compared to the control
(Figure 3C). Caserta plants inoculated with the PRSV-W presented
higher activity than those not inoculated from 12 DAI onwards
(Figure 3D). Over time, enzyme activity increased, regardless of
treatment, for both Adele and Caserta. GPX activity was higher in
Caserta than in Adele (Figures 3C and 3D).
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Figure 3: Guaiacol peroxidase (GPX) activity in plants of two
cultivars of Curcubita pepo, Adele and Caserta. In (A) and (B), the
enzymatic activity was determined at a local level, directly from
leaves treated with distilled water or mechanically inoculated with
carborundum or with carborundum + PRSV-W at 1, 2, 4 and 8§ days
after leaf inoculation. In (C) and (D), enzymatic activity was
determined at a systemic level, from leaves of plants whose
cotyledons were inoculated only with carborundum or inoculated with
carborundum+PRSV-W at 8, 12, 16, 20 and 30 days after cotyledons
inoculation.

Note: Vertical bars above the averages indicate the standard
deviation. Different lowercase letters indicate differences among
treatments within a given date, while different uppercase letters
indicate differences over time within the same treatment, for the same
cultivar (Tukey test at 5%); * indicates differences among cultivars
within a given date and treatment, at the 5% level of significance
according to Student’s t-test.

Glutathione Reductase (GR) activity: At the local level, glutathione
reductase showed higher activity from the fourth day in inoculated
Adele plants when compared to treatments without the virus (Figure
4A). In Caserta activity remained relatively stable up to 4 DAI and
showed a great increase at 8 DAI, regardless of treatment. The
cultivars differed mainly at 8 DAI, when Caserta plants presented
higher enzymatic activity in comparison to Adele (Figure 4A and 4B).
Systemically, Adele plants inoculated with the virus had higher
enzymatic GR activity at 12, 16 and 30 after inoculation compared to
the control (Figure 4C). Inoculated Caserta plants always had higher
enzymatic activity in comparison to those treated with carborundum
(Figure 4D) or in comparison to the inoculated Adele plants, except at
12 DAI (Figures 4C and 4D). In general, for both inoculated cultivars,
there were no much changes in GR activity over time (Figures 4C and
4D).

Days after inoculation Days after inoculation

Figure: 4 Glutathione reductase (GR activity in plants of two
cultivars of Curcubita pepo, Adele and Caserta. In (A and (B, the
enzymatic activity was determined at a local level, directly from
leaves treated with distilled water or mechanically inoculated with
carborundum or with carborundum + PRSV-W at 1, 2, 4 and 8 days
after leaf inoculation. In (C and (D, enzymatic activity was
determined at a systemic level, from leaves of plants whose
cotyledons were inoculated only with carborundum or inoculated with
carborundum+PRSV-W at 8, 12, 16, 20 and 30 days after cotyledons
inoculation.

Note: Vertical bars above the averages indicate the standard
deviation. Different lowercase letters indicate differences among
treatments within a given date, while different uppercase letters
indicate differences over time within the same treatment, for the same
cultivar (Tukey test at 5%; * indicates differences among cultivars
within a given date and treatment, at the 5% level of significance
according to Student’s t-test.

Quantification of PRSV-W by RT-qPCR: The RT-qPCR
amplification curves were generated by using 10-fold dilutions. Thus, a
slope of -3.256 and an efficiency of 102,84% were obtained in this
study.

The viral loads in artificially inoculated Adele and Caserta leaves
(Local effect are shown in Figure 5A. There is no statistically
significant difference between cultivars for all evaluated times.

The cv. Caserta showed higher viral load than Adele from the first
time analyzed (8 days after inoculation) in zucchini leaves systemically
infected by PRSV-W. The viral load stabilized in Caserta from 12
days after inoculation,
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while for Adele, this stabilization occurred later, after 20 days of
inoculation. In the last analyzed time, the viral load in the new leaves
of the Caserta cultivar was at least 3 times higher than in the Adele
ones (Figure 5B).
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Figure 5: Viral load in two mechanically inoculated zucchini
cultivars: PRSV-W quantification occurred in inoculated leaves (local
effect-A) or in leaves of plants whose cotyledons had been inoculated
(systemic effect-B)

Note: Vertical bars above the averages indicate the standard
deviation. Different lowercase letters indicate differences among
treatments within a given date, while different uppercase letters
indicate differences over time within the same treatment, for the same
cultivar (Tukey test at 5%).

Disease incidence and severity: In the evaluation of the local response
all plants used in the first experiment were infected with PRSV-W,
regardless of cultivar (Incidence-Table 1). The Caserta plants exhibited
characteristic severe symptoms, unlike the Adele plants, which showed
mild virus symptoms until the end of evaluations, 30 days after
inoculation-DAI (Figure 6). All Caserta plants presented severe
symptoms in the first evaluation, 14 DAI. Plants of the cv. Caserta
showed higher scores than Adele, about 8 times higher (Figure 6).

Figure: 6 Leaves of Curcubita pepo cultivars Adele (a) and Caserta
(b) with symptoms of PRSV-W infection at 30 days after inoculation.
The two samples were positive for the virus in the PTA-ELISA.

Therefore, in the systematic response experiment, symptoms
appeared earlier and assessments began at 5 DAI. Even so, the Caserta
plants exhibited more severe symptoms than the Adele plants and,
after 12 DAI, 100% of the Caserta plants were infected with a
maximum severity score and with scores 5 times higher than Adele
(Table 1).

Table 1: Result of the evaluation of symptoms (severity) and the
incidence of PRSV-W in two mechanically inoculated zucchini
cultivars.

Cultivar Severity grades—First experiment Average | Incidence?
14° DAI 21°DAI 28° DAI
Adele 0,151 0,35 0,65 0,38 20/20
Caserta 3,00 3,00 3,00 3,00 20/20
Severity grades—-Second experiment
5°DAI 12°DAI 19°DAI
Adele 0,45 0,45 0,55 0,48 20/20
Caserta 1,75 3,00 3,00 2,58 20/20
Note: 'Average of 20 plants. 2Virosis incidence: number of positive plants in
the PTA-ELISA test/total number of plants evaluated. For severity,
3evaluations were performed every 7 days from the 14th Day After Inoculation
(DAI) in the 1st experiment and from 5th in the 2nd experiment.

Discussion

Cucurbit plants are affected by pathogens that limit their
development. To defend themselves, they can modulate their defense
mechanisms and are able to fight the pathogens [25]. The C. pepo cv.,
Adele and Caserta, exhibited different response against PRSV-W
infection resulting in different symptomatology, viral load and
enzymatic content.

In response to infection, the plants produce Reactive Oxygen
Species (ROS) that can cause serious damage to cell structure, thus
possibly leading to death. To avoid damage caused by ROS, plants
developed an efficient antioxidant defense system with enzymatic and
non-enzymatic components that prevent the onset of free radical chain
reactions by eliminating and reducing O, and H,0, [26].

According to Demidchik, enzymes are present at different cell sites,
virtually participate in all biochemical reactions and help to control
ROS in plants. Examples of enzymes that have antioxidant effect are
SOD, APX, GR and CAT, and the balance between activities them in
cells is crucial for determining the level of superoxides and H,O, [27].

At adequate concentrations, HO, has the ability to rapidly diffuse
through the plant membrane, aiding in plant defense responses,
apparently having a dual effect, causing localized death of host plant
cells to restrict pathogens and acting as a diffusible signal for the
induction of genes involved in pathogenesis. However, its
accumulation at a toxic level inside the cell is harmful [28].

APX is an enzyme that plays an important role in preventing the
deleterious effects of H,O, [29]. In the present study, it was possible
to observe that in the absence of the virus, Adele plants showed higher
APX activity than Caserta, but when challenged with the virus there
was a faster local response in Caserta plants (1 DAI) than in plants to
Adele (2 DAI), and this response differs from the control up to 8 DAIL
with the exception of 4 DAI This increase in APX activity at the site
of infection in Caserta plants was apparently not related to the
reduction in viral load, on the contrary, since increases in virus
multiplication at the site of infection were observed throughout the
evaluations. One explanation for this result is that the induction of
APX can cause a reduction in the level of H,O, (APX converts H,O,
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into water) limiting the signal transduction by this compound in the
plant and facilitating the proliferation and dissemination of the virus, as
seen at the site of infection.

Systemically, APX activity was high at the beginning of evaluations
in inoculated plants of both cultivars, compared to their controls.
However, it decreases abruptly in Adele (approximately 50% lower at
30 DAI compared to 8 DAI which does not occur with such intensity
in Caserta. This reduction in enzymatic activity over time may result in
a lesser effect of the enzyme on H,O, and consequently explain the
lower load viral observed in Adele plants, since H,O, may act in
signaling the plant's defense responses against the virus. The low
symptomology in Adele plants reinforces this systemic effect of APX
that may have contributed to the low severity of viral symptoms in
these plants, compared to Caserta. These results are in agreement with
Fodor, et al. who found that the onset of TMV symptoms in tobacco
plants was preceded by a slight decline in APX and other enzymes,
and that this reduction in antioxidant capacity and the appropriate
accumulation of some ROS contribute to the plant's defense
mechanisms [30].

Despite the possible increase in H,O,, due to the decline in APX
activity, it is possible that it also influenced CAT activity at the site of
infection. Adele and Caserta infected with the virus did not show
significant differences in CAT activity in relation to the respective
controls, but at the end of the local evaluation, Caserta plants showed
higher enzymatic content than Adele, which converges with the results
obtained with APX, in which increases of enzymatic activity reduces
H,0, which may contribute to increased viral content. At the systemic
level, the effects were similar, inoculated Caserta plants showed
greater CAT activity compared to Adele, contributing to the reduction
of H,O, and its effects on an acquired systemic response. Similar
results were obtained by Riedle-Bauer when studying antioxidant
enzymes in the interaction of cucumber (Cucumis sativus )
and zucchini (C pepo ) infected with CMV and ZYMYV, respectively
[31]. For peroxidases, all isoforms were detected both in
cucumber and zucchini, not only functioning as free radical
scavengers, but also
catalysts for the formation of H,O,. The author points out that the
formation of ROS in plants was not sufficient for tissue collapse and
restriction of the pathogen, as the increase in antioxidant enzymes
prevented cell death.

It is notable that both cultivars infected with the virus had
significant increases in GPX activity over time compared to controls.
In Adele, GPX and GR activities were started locally earlier than in
Caserta. At the systemic level, the activity of GPX and GR is activated
earlier in Caserta than in Adele, probably in an attempt to get rid of
the virus at the site of infection. Adele had a quick response to the
viral infection at the beginning, and this may have contributed to
reducing the viral load in this cultivar and making it difficult for the
virus to translocate systemically. Possibly, GPX plays an important
role in Adele, hindering virus replication within the plant, which does
not occur in Caserta, which increases GPX activity only after the virus
has established itself within the plant.

In young leaves of both cultivars there was greater GPX activity
than in non-infected ones, proving the action of the enzyme not only
on inoculated leaves, but also on leaves where the virus was
systemically established. However, the systemic increase of virus in
Caserta plants triggered earlier and greater responses in GPX and also
GR activities (12 and 8 DAI, respectively) when compared to Adele
(16 and 12 DAI, respectively). Plants that have suffered stress have

greater GPX activity, because the enzyme, to maintain the integrity of
plant cells, needs greater activity to reduce the peroxide generated due
to the action of the virus within the plant. Similar to the work by
Missiura, where GPX had greater activity in four watermelon cultivars
(Citullus lanatus Schrad) infected with PRSV-W than in healthy plants
[32]. The presence of the virus can induce a stressful condition in the
plant that culminates in the formation of ROS and, consequently, lead
to greater activity of antioxidant enzymes to combat possible toxic
effects of these compounds.

GPX and GR are also involved in H,0, detoxification. According to
Das and Roychoudhury, GPX eliminates H,O, present in cells not
only when plants are under stress conditions, but even under normal
conditions [13]. In the present study, a gradual and systemic increase
of GPX was observed in both cultivars, which is in agreement with the
results obtained by Diaz-Vivancos, et al. in a study with different
peach cultivars infected with Plum Pox Virus (PPV), also found an
increase in the activity of some enzymes such as APX and GPX in the
susceptible and resistant cultivars, however, the increase in activity
was greater in the cultivar susceptible [33]. However, it is clear that
the increase in enzymes was not enough to prevent the spread of the
virus in Caserta plants.

Overall, some enzymes were activated rapidly in Adele in response
to the virus in the inoculated leaf and could help in restricting viral
replication and movement. On the other hand, in situations where the
virus established a high concentration (Caserta, systemically), the
increase in the activity of some antioxidant enzymes in younger leaves
may be an attempt by the plant to reduce the damage generated by
ROS, contributing little to contain the evolution of the virus. Through
the results, it can be seen that there is a relationship between the stress
generated (load viral) and activities of antioxidant enzymes (Figure 7).

CASERTA
~ T'systemic
antioxidants enzymes

1 Detoxification of
the H,0,

¥ H,0,-dependent

hypersensitivity reaction ¥ H,0, dependent signaling

1 Load viral

1 Symptoms

Figure 7: Hypothesis of the events after Caserta PRSV-W infection.
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Therefore, this study hypothesizes that viral infection led to the
production of ROS systemically in zucchini cultivars, which
culminated in an increase in the activity of some antioxidant enzymes
and different responses regarding viral load and severity. It is possible
that for Caserta the action of these enzymes in the detoxification of
H,0, reduced its effects on cell signaling and, consequently, the
reduction of SAR. Linked to this, the elimination of H,O, by
enzymes prevents oxidative explosion and direct toxicity to the virus,
leading to viral systemic proliferation and increased severity (Figure
7). On the other hand, based on symptoms, viral load and enzymatic
activities, it is clear that Adele plants have greater tolerance to virus
replication, especially in younger leaves, since both cultivars did not
differ in load viral in inoculated leaves, but, systemically, this cultivar
had lower load viral than Caserta.

One of the limiting factors of the present study is that it was not
possible to measure the H,O, levels that could better confirm the
hypothesis.
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