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Abstract

Objective: Grapevine (Vitis vinifera L.) is one of the major crops widely cultivated
for the wine industry, as well as for the production of fresh and dried fruit
in Azerbaijan. Grapevine leafroll disease (GLD) affects the vines throughout
the world and is considered the most economically destructive among all
virus and virus-like diseases. Vineyard surveys were conducted to determine
the virus infection in the major grapevine growing region of Azerbaijan
during 2019-2020. Methods/Statistical analysis: Forty-six samples were
collected from grapevine fields and screened by rapid one-step assay AgriStrip
and double-antibody sandwich Enzyme-linked immunosorbent assay (DAS-
ELISA). In our study, the levels of malondialdehyde (MDA), hydrogen peroxide
(H20,), pigments, relative water content (RWC), alterations in the activities of
peroxidase enzymes (the activities of ascorbate peroxidase (APO), benzidine
peroxidase (BPO) and guaiacol peroxidase (GPO) were investigated. Findings:
The results revealed that tested samples were infected with Grapevine leafroll-
associated virus 3 (GLRaV-3), however, no sample was found infected with
other Grapevine leafroll-associated viruses. Changes in the levels of MDA,
H,0,, pigments, RWC, alterations in the activities of peroxidase enzymes were
studied. Significant reduction in green pigments like chlorophylls (a, b and
total) and a gradual reduction in carotenoids were observed in all infected
species. Obtained results showed that the level of RWC and the amount of
hydrogen peroxide had increased in all infected leaves. The activities of APO,
BPO and GPO were observed to increase in virus-infected leaves compared to
the healthy control. Based on the results, it can be concluded that the effect
of GLRaV-3 was more destructive in the N2 sample. The antioxidant defense
system works more effectively in the N5 sample and this plant is more resistant
to viral infection. Novelty: These results indicate that GLRaV-3 was the only
most prevalent endemic viral pathogen of grapevine in the dominantly warm
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humid continental climate of our country. All variable physiological parameters
are assessed as the plant’s response to the pathogen.

Keywords: activity; chlorophyll; hydrogen peroxide; malondialdehyde;
peroxidase; virus disease

1 Introduction

Grapevine (Vitis vinifera L.) is one of the important and valuable plants cultivated from
ancient times to nowadays in many countries worldwide. Grapevines are sensitive to a
wide range of viral diseases. Phytopathogenic viruses, which cause a very wide range
of symptoms in diseased plants, also moderate host metabolic processes. Therefore, it
leads to major losses in crop yield and its quality. The age of the infected plant, specific
virus-host combinations and interactions as well as the virulence of the virus determine
the level of the negative effect of plant viruses.

The occurrence of single and mixed viral infections often leads to an exacerbation
of the symptoms and crop losses. This may be due to the great potential of
perennial viruses for molecular variability. Genetic variation plays a significant role in
adaptation processes of viruses under unsatisfied conditions and increases the level of
competitiveness, tolerance and overwintering survival. The virus infections associated
with the main complex viral diseases of vines including grapevine leafroll diseases
(GLD), corky rugose wood (CRW), and infectious degeneration (Fanleaf) are the most
spread and threatening viruses of grapevine. It has been reported that most viruses of
grapevine diseases are part of various pathogen complexes depending on the variety
and composition of the vineyard. Among them, GLD is considered a very dangerous
infection for wine grapes in the world and causes a variety of contrasting symptoms in
red and white-berried grapevine cultivars. Generally, symptoms are more dramatic in
red grape varieties than in white ones. Typical symptoms in late July or early August are
visible. During summer, symptoms extend upwards to other leaves and leaf coloration
spreads. The main vein remains green, the areas around it become reddish purplish.
In the later stages of the infection, the leaves turn inwards, which explains the name
of the disease!. Virus-infected plants frequently show mosaic, chlorosis and mottling
symptoms systemically on leaves®. All these changes are highly related to reducing
rates of photosynthetic activity, induction of physiological and metabolic changes
in grapevine leaves. It is known that most viruses from the family Closteroviridae,
related to GLD and GLRaVs, show high prevalence in grapevines worldwide. However,
GLRaV-3 can be transmitted by soft scale insects (Homoptera: Coccidae) or mealybugs
(Homoptera: Pseudococcidae) and also by grafting, belongs to the genus Ampelovirus
and is regarded as the most important causative agent among all GLRaVs®). Symptoms
of GLD could vary depending on the season, the species of grape cultivar, and the
climatic conditions of the growing region. Besides, some species can be completely
symptomless, for example, some rootstocks and certain white V. vinifera cultivars.
Symptoms on leaves firstly appear in early to mid-summer and until late autumn, then
they increase on a large scale .

Grape leafroll disease because of causing a great yield loss, is considered the most
economically harmful among grape viral diseases®. GLRaV-3 has been reported as
the most virulent and dangerous virus infection among all GLRaVs, in most grapevine-
growing regions all over the world, also in Azerbaijan. Gradual reduction of vines
and high yield losses, including virus-like symptoms, are often accompanied by a
decrease in the quality of grape juice, a decrease in soluble solid compounds, and an
increase in phenolic substances and titratable acidity. Various significant aspects of plant
metabolism can also be disrupted as well as qualitative parameters such as the amount of
aromatic compounds in grapes. Such changes as disruption of photosynthesis, transfer
of respiratory assimilators and the life cycle of the vine, as well as suppression of plant
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growth and development, a decrease in such qualities as survival, a decrease in the drought resistance of the vine, etc., are also
can be observed during viral infections of the plant.

Virus diseases in the grapevine have detrimental effects on the agronomic, ecological performance, and morphological
changes of vines. In addition to reduced yield and quality, viruses also damage photosynthesis, chloroplast level, functions and
ultrastructure, accumulation of photoassimilates (*). Viruses also may determine leaf and cluster of morphological modifications
which aid phenotypic expression of disease symptoms and exertion of plenty of other pathological changes in the plant. Defense
responses to plant-virus interactions are related to the accumulation of reactive oxygen species (ROS). ROS play an important
role in many processes in plants”). However, they are free radicals and reactive molecules, the excess of them may be harmful
to the plant and besides the result can be senescence or cell death®). Peroxidases are oxidation-reduction enzymes involved
in cell wall building, such as oxidation of phenols, suberization and lignification of host plant cells that protect plants from
pathogens ®). Their catalyzation increases defense cell wall proteins, these are proteins involved in the hypersensitive response.
Changes in plant metabolism and indices of physiological and biochemical processes that are responsible for plant viability
under stress ensure the plant tolerance degree to various viruses!?). Currently, the researchers have focused on the major
physiological and metabolic changes in plant response to viruses and negative environmental factors. Under natural conditions,
the grapevine is exposed to the effect of numerous pathogens. Therefore, it is very difficult to distinguish the effects of each
pathogen individually. Because of that, physiological consequences of grapevine leafroll diseases need more research.

We aimed to study the contents of MDA, H,0O», photosynthetic pigments, RWC, the activities of peroxidase enzymes in
GLRAV-3 infected plants.

2 Materials and Methods

2.1 Plant material

The phytopathological surveys were carried out to identify GLD symptoms in Jalilabad (39°12°00.0”N 48°18’00.0”E), the major
grapevine-growing region of Azerbaijan, during 2019-2020. Forty-six leaf samples with virus-like symptoms were collected
from field-grown grapevines. Symptomless plant leaves were also used as a control. Collected leaf samples were taken to the
laboratory properly and kept at 4°C until they were processed.

2.2 Virus detection and identification

The possible presence of grapevine leafroll-associated viruses in the original samples was checked by rapid one-step assay
AgriStrip and double-antibody sandwich Enzyme-linked immunosorbent assay (DAS-ELISA) using antisera against Grapevine
fanleaf virus (GFLV) and GLRaV-1, -2, -3, -4, GLRaV 1+3 which were developed by Bioreba AG (Reinach, Switzerland) and
were used according to the manufacturer’s instructions. The completely virus-free plants were used as the control in biochemical
experiments.

2.3 Measured parameters

2.3.1 The relative water content (RWC) assay

RWC of leaves was measured according to Smart and Bingham '), After sampling, leaf discs were taken and the fresh weight
of a mixed sample of five young leaves was immediately determined and then immersed in distilled water, in Petri dishes, for 6
hours at room temperature. The turgid weight was measured. The leaves were then blotted dry and weighed before oven drying
at 60°C for 24 h and their dry weight was recorded. To calculate relative water content, the following formula was used:

RWC(%) = [(FW —DW)/(TW — DW)] x 100

Where, FW is fresh weight, DW-dry weight, and TW- turgid weight '),

2.3.2 Malondialdehyde assay

The intensity of the lipid peroxidation was determined based on the MDA amount in leaf samples of healthy and virus-infected
plants. Malondialdehyde was quantified by the spectrophotometric method based on the reaction with thiobarbituric acid at
wavelengths of 532 and 600 nm and calculated according to the following formula: A, /¢ fresh biomass) = (P532-De00)/46.5 12),
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2.3.3 Hydrogen peroxide assay

Hydrogen peroxide was quantified spectrophotometrically using the Bellincampi (2000) method !*). The method is based on the
oxidation of Fe™? to Fe** ions in the presence of H,O,. The products obtained were stained with xylene orange and measured at a
wavelength of 560 nm using the spectrophotometric method (ULTROSPEC 3300 PRO "Amersham’, USA). Hydrogen peroxide
solutions of various concentrations prepared in acetone were used to construct the calibration curve.

2.3.4 Determination of photosynthetic pigments
The chlorophyll content was determined by Porra et al. 14,

Chl a (nmol/ml) = 14.21 A 663 — 3.01 /A 645
Chl b (nmol /ml) = 25.23 A 645 — 5.16 A 663

Chla + b (nmol/ml) = 22.22 A 645 — 9.05 A 663
The content of carotenoids was determined by Wettstein (1)

Carotenoids (mg/1) = 4.695 - A440.5 — 0.268Chl(a + b)

2.4 Extract preparation for enzyme assays

The leaf samples (0.5 g) were homogenized using a mortar and pestle. For this purpose, 2 ml of an ice-cold extraction buffer
(100 mM potassium phosphate buffer, pH 7.0, 0.1 mM EDTA) was applied. After the filtration of the homogenate through a
muslin cloth, it was centrifuged at 16,000 x g for 15 min. The enzyme activity was determined in the supernatant fraction.
During the experiment, the temperature was maintained at 4°C 19,

2.4.1 The ascorbate peroxidase activity

The spectrophotometric method with some modifications was used to determine the APO activity (APO, EC 1.11.1.11)(
Thus, the rate of the decomposition reaction of hydrogen peroxide by ascorbate to form water and dehydro-ascorbate was
determined. Optical density was measured at 290 nm. The activity was expressed in timol (ascorbate) /mg (protein) /min based

on a molar extinction coefficient: € = 2.8 mMlem™!.

16).

2.4.2 The guaiacol-type peroxidase activity

The enzyme (GPO, EC 1.11.1.7) activity was determined by the change in optical density of the reaction mixture for 3 min at 470
nm 1), The GPO activity was calculated as gmol (oxidized guaiacol) /mg (protein) /min assuming the extinction coefficient:
€=266mMcm.

2.4.3 The benzidine-type peroxidase activity

The enzyme (BPO EC 1.11.1.7.) activity was measured by the increase in optical density of the reaction mixture for 1 min at
590 nm %), The activity was calculated in ptmol (benzidine product) mg/min (protein) assuming extinction coefficient: € = 39
mM'em™.

2.5 Statistical analysis

Statistical analysis was performed in 3 biological replicates using the computer program Excel 2016. In all figures, mean values
are shown with error bars representing standard errors of the mean. The significance of differences between mean values was
compared by Student’s T-test. Differences at P<0.05 were considered significant.

3 Results and Discussion

During surveys performed in Jalilabad vineyards, virus-like symptoms as leaf reddening, greening of main veins, red and
dark-red spots on the leaves, mosaics, leaf yellowing, inward leaf rolling, decay, or irregular ripening of berries were observed
(Figure 1). Contrary to the white grape varieties, typical viral symptoms were detected in leaves of red and black grape varieties.

The field average cumulative percentage of these viruses affecting plants was 28 %. Immunostrip-test bands and the results
of ELISA completely coincided. The results revealed that tested samples were infected with GLRaV-3, however, no sample was
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Fig 1. Symptoms on the grape leaves infected with GLRaV- 3. A - Extensive leaf yellowing, stunting and leaf deformation. B- Leaf curling and
discoloration.

found infected with other GLD viruses. The presence of the virus was confirmed by all ELISA tests. Twenty-five out of forty-six
grapevine samples were tested positive for GLRaV-3. These results indicate that GLRaV-3 was the only most prevalent endemic
viral pathogen of grapevine in the dominantly warm humid continental climate of our country. Samples of GLRaV-3 infected
plants and healthy plants, which were completely virus-free, were subjected to the biochemical and physiological analyses.

To understand plant-pathogen interaction and plant responses to virus infections, metabolic changes caused by a viral
infection in plants must be clarified. Therefore, in our study, the changes in the rate of metabolic compounds such as
malondialdehyde, hydrogen peroxide, pigments, relative water content (RWC), and alterations in the activities of peroxidase
enzymes caused by GLRaV-3 were analyzed in naturally grown grapevine plants. It is known that the transmission of signals
via ROS plays an important role in resistance to pathogens. When the plants are infected, the activity of peroxidases that block
the damaged zones in these genotypes, and the amounts of phenolic compounds increase.

The amounts of hydrogen peroxide, malondialdehyde, and leaf relative water content were found to change (Table 1).
Moreover, other responses of symptomatic plants to viral diseases were also studied. In all infected samples, a gradual reduction
of chlorophylls (Chl a + Chl b) was observed during pathogenesis. The carotenoid content was not significantly affected by
GLRaV-3 infection (Figure 2).

Carotenoids

Ocontrol Rinfected-1 Qinfected-2 Qinfected-3 Binfected-4 Binfected-2

Fig 2. Changes in amounts of photosynthetic pigments in healthy and virus-infected grapevine leaves.

As seen in the table, the MDA amount sharply increased in healthy plant leaves compared to infected leaves. This increase
was ~3.5 and 3.2-fold in the 2nd and 4th samples, respectively.

The increase in MDA content and decline in chlorophyll a, chlorophyll b, RWC of infected grape N2 were much greater
compared to all other infected plants (Table 1). Chlorophyll content in the virus-infected grapevine leaf sample N2 (2.3 £ 0.12
nmol/ml) decreased by 66% when compared with that of the control plant leaf (6.8 £ 0.48 nmol/ml). Similarly, Chl b content
was found to decrease by 62% in the virus-infected grapevine leaf (1.4 & 0.07 nmol/ml) compared to the control leaf (3.7 = 0.19
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Table 1. Changesin amounts of hydrogen peroxide (H,O;),malondialdehyde (MDA), and leaf relative water content (RWC) in healthy

andvirus-infected grapevine leaves

Plant samples H,0;, umol/g MDA, mM/g fresh biomass RWC, %
Control (healthy) 0.53 +0.04 224 +0.11 84.0 3.0
Infected N1 0.81 £ 0.06** 6.85 £ 0.34%** 74.0 + 2.4%
PN1 vs control P <0.01 P <0.001 P <0.05
Infected N2 0.62 + 0.04 7.83 4 0.55%** 61.0 + 1.8%**
PN2 vs control <0.1 <0.001 <0.001
Infected N3 0.61 £ 0.04 6.29 £ 0.44*** 64.0 £ 2.0%**
PN3 vs control <0.1 <0.001 <0.001
Infected N4 0.82 £ 0.06** 7.22 £ 0.51*%* 70.0 + 2.2%*
PN4 vs control <0.01 <0.001 <0.01
Infected N5 0.89 £ 0.07** 6.29 + 0.50%** 71.0 £ 2.1**
PN5 vs control < 0,01 <0.001 <0.01

Significance levels: ™ - P < 0.1; * - P < 0.05; ** - P < 0.01; *** - P < 0.001
P-values were calculated by t-test calculator for 2independent means in regime of two-tailed hypothesis(https://www.socscistatistics.com/tests/studentttest/d
efault2.aspx)

nmol/ml). RWC declined by 24% in the virus-infected leaf samples. The amounts of carotenoids did not change significantly in
the leaf samples infected with GLRaV-3 compared to the healthy plant samples. A relative decrease was observed only in the
N1 and N2 samples compared to the control leaves (by 7.3% and 4.8%, respectively). Based on the results, it can be concluded
that the effect of GLRaV-3 was more destructive in the N2 sample.

The activity of APO, GPO, and BPO enzymes was observed to increase in the infected plant samples compared to the healthy
plants (Figure 3). But this increase was more pronounced in the N5 sample (~1.5 and ~1.8-fold for APO and BPO, respectively).
The activity of guaiacol peroxidase, which is involved in the lignification of cell walls, increased more in the N1 and N2 samples
infected with the virus (1.77 and 1.72-fold, respectively). The amount of HyO», one of the reactive oxygen species, was also
higher in these samples than in others. This indicates that these samples are more affected by stress. The amount of H,O; in
grape samples infected with GLRaV-3 increased ~ 1.2-1.7-fold compared to the healthy samples. The highest increase (67%)
was observed in the N5 sample. The observed increase in the amount of hydrogen peroxide correlated with the activities of
APO and BPO. This fact confirms that the antioxidant defense system works more effectively in the N5 sample and this plant
is more resistant to viral infection.

)

pmol/mg protein min

R

Bcontrol DOinfected-1 DOinfected-2 Binfected-3 Binfected-4 Rinfected-5

Fig 3. Activities ofascorbate peroxidase (APO), guaiacol peroxidase (GPO), and benzidine peroxidase (BPO) in virus-infected grapevine
plants.

Being the principal light-absorbing pigments, chlorophylls are key components of photosynthesis in plants. The obtained
results revealed that the GLRaV-3 infected plants showed a more significant reduction in chlorophyll content than healthy
plants. As a result of the physiological studies of grapevine leaves, a significant decrease in the chlorophyll content leading to
the inhibition of the photosynthetic activity was observed. This decrease may be due to the disintegration of chlorophyll or
inhibition of its synthesis by the growing pathogen inside the leaf tissues. According to!), in vitro cultivated healthy grape
varieties expressed better height growth compared to the seedlings infected with GLRaV-3. Similar results were obtained
in grape plants infected with GLRaV-3, GFLV, and leafroll virus in vitro®”). The experiments performed with potato plants
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showed that the peroxidase amount increased not only in leaves but also in roots ?"). The researchers detected also a correlation
between chlorosis degree induced by the virus and amounts of peroxidases. Experiments by Farkas and Stehmann showed that
an increase in the activity of peroxidases was associated with a change in their isoenzyme content®?, Thus, a new isoform
of peroxidase was observed when the bean plant was treated with actinomycin D in order to increase the resistance of the
bean plant to the pathogen infection. Ascorbate peroxidase is an antioxidant enzyme playing a key role in preventing ROS
accumulation in higher plants, algae, etc. Our results are consistent with those obtained by others showed that the activities of
ascorbate peroxidase and benzidine peroxidase increased in all virus-infected plant samples compared to the healthy plants,
which can be attributed to the antioxidant response of plant cells to increased amounts of HyO, due to oxidative stress. The
activity of ascorbate peroxidase in banana plants infected with BBTV was significantly higher than in healthy plants ?3). Similar
results were obtained for Hibiscus cannabinus, Nicotiana benthamiana, and sunflower plants infected with Begomovirus,
Pepper mild mottle virus and Chlorotic mottle virus, respectively>¥). Increased synthesis of this enzyme in the cell enhances
the activity of peroxidases, which in turn leads to resistance against ROS and oxidative stress.

Malondialdehyde, a product of lipid peroxidation is considered as an indicator of the destruction of cell membranes
There were reports on decreased amounts of carbohydrates and photosynthetic pigments due to viral infections®®. It was
established that viral infections adversely affect the process of photosynthesis, which disrupts the normal transport of phloem.
In Manihot utilissima Pohl, which is the main food of silkworms, as a result of the disease caused by Cassava mosaic geminivirus
(CMG) of the Begomovirus genus in the Geminiviridae family, the leaf surface was reduced, it was twisted and covered
with chlorotic spots ?”). The virus negatively affected all physiological and biochemical properties, significantly reducing the
productivity and quality of leaves. Similar results were obtained for grapevine in our study, the MDA amount significantly
increased in healthy plant leaves compared to infected leaves.

The amount of photosynthetic pigments in infected leaves decreased by 30.02%, the amount of soluble proteins decreased
by about 16.2%, the total amount of sugars increased by 12.8%. In the plant leaves infected with MYMYV, decreased levels
of Chl a and Chl b were due to photooxidation through quenching triplet chlorophyll molecules*®). Carotenoids protect the
photosynthetic apparatus on the one hand and neutralize ROS on the other ?*. In the heat-shocked “Trincadeira” grape variety,
carotenoids, along with ascorbate and glutathione, play an important role in clearing the leaves from ROS %,

25),

4 Conclusion

In summary, the obtained results showed that viral infection caused an increase in the amount of metabolic compounds such
as malondialdehyde and hydrogen peroxide and a decrease in the amount of photosynthetic pigments. The results obtained
suggest that pathogenesis-induced oxidative burst observed in grapevine is characterized by the increase in the MDA content.
Our data indicated a correlation between peroxidase activities and cellular damage provoked by pathogenesis. The considerable
increase of peroxidase activities could not stop the deleterious effects of viral infection, but reduced stress severity. Besides,
the enhanced activity of peroxidases involved in lignification, compared to control, confirms their participation in the defense
mechanism of the plants and the crucial role of the enzymes against phytopathogen attacks.
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