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Abstract

Abiotic stress factors have an impact on both plants and their pathogens. Water and nutrient deficiencies are among the major
abiotic stress factors in agricultural systems. Viruses are obligate parasite pathogens causing detrimental yield reductions on crop
plants worldwide. However, there have been limited studies on the impact of abiotic factors on plant-virus interactions. In this
study, the effects of different forms of nitrogen (N) fertilizers on Tomato spotted wilt virus (TSWV) infection in pepper plants grown
under two different irrigation regimes [water deficient (30%) and full irrigation] were investigated in a growth room condition.
Fertilizer applications consisted of five individual treatments with three replications. The pepper plants were supplied with 12 kg
of N/da using different sources of nitrogen [urea (CH4N20), NH4NO3, Mg(NO3)2 and (NH4)2S04]. MgS04 was also added to the
experiment for comparison of the effects of Mg2+ and SO42- in the fertilizers. Each treatment consisted of TSWV-inoculated plants,
as well as non-inoculated (healthy) and non-fertilized plants as controls. Every plant in all treatments was tested by enzyme-linked
immunosorbent assay (ELISA) to confirm virus infection four and eight weeks after mechanical inoculation. The results showed
that the virus-inoculated plants treated with urea and NH4NO3 had lower ELISA absorbance values in both deficient and full-
irrigated conditions (p<0.01), suggesting greater tolerance to TSWV infection with these fertilizers. Additionally, the plants treated
with Mg(NO3)2-containing fertilizer were relatively more affected by the virus under full irrigation than in water-deficient
conditions. Conversely, the plants treated with (NH4)2S04 had high virus content in deficient irrigation conditions. Despite better
canopy development in full-irrigated conditions, TSWV symptoms in pepper plants were less prominent in water-deficient
conditions than in full irrigation across all nutrient treatments. This study suggests that urea, NH4NO3, and Mg(NO3)2 may provide
a positive contribution to plant fitness and virus suppression under water-deficient conditions. It is necessary to conduct further
research to determine the impact of different nutrients and water levels on plant-virus interactions in field conditions.
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INTRODUCTION

Interactions between plants, pathogens, and abiotic stress factors involve complex mechanisms
that are not completely understood. Nutrient deficiencies and water shortage are among the major abiotic
stressors in agricultural systems. The amount and type of nutrients significantly impact plant growth as
well as the reproduction and development of microorganisms surrounding them. It has been found that
plant disease development is connected with nutrients and soil water content (Agrios, 2005). Resistance
or tolerance of plants to pathogenic microorganisms is mainly controlled by specific genes. However,
the ability of a plant to express these genes, which can enhance the plant's fitness against pathogens, is
affected by some environmental factors, such as mineral nutrition (Walters and Bingham, 2007;
Marschner and Marschner, 2012). Nutrients play a crucial role in activating the production of enzymes
that influence the synthesis of defense-related metabolites in plants (Datnoff et al., 2007). Seventeen
mineral nutrients are essential for the survival of plants (Bolat and Kara, 2017), with nitrogen (N) being
particularly important for various biochemical and physiological processes (Fageria, 2009). Adequate
uptake of nitrogen is vital for the production of various structures and biochemical substances necessary
for growth (Elmer ve Datnoff, 2014). Nitrogen may also affect plant-pathogen interactions (Dordas,
2008). However, different forms of nitrogen have varying effects on plant diseases (Bolton and
Thomma, 2008; Mur et al., 2017). For instance, Fusarium wilt problem increased in plants such as
asparagus, basil, sugar beet, tobacco, tomato, and watermelon when grown in soils with nitrate (NO3)
fertilization, while it decreased in soils with ammonium (NH.") fertilization. On the other hand,
Gaeumannomyces spp., Thielaviopsis spp., and Verticillium spp. infections were supressed by NH4-N,

but not by NO3-N (Elmer ve Datnoff, 2014).

Viruses are among the most challenging pathogens to control, causing significant yield reductions
in crop production. Tomato spotted wilt virus (TSWYV), is one of the most devastating plant viruses,
infecting over 1000 species worldwide. It has been ranked second in the top ten list of plant viruses in
terms of scientific and economic significance (Scholthof et al., 2011). Tomato, pepper, tobacco, peanut,
lettuce, and ornamental plants are among the most affected crops (Pataky, 1991; Rosello et al., 1996).
The virus is a member of the Orthotospovirus genus in the Tospoviridae family (Abudurexiti et al.,
2019), and the quasispherical enveloped virus particles (80-120 nm in diameter) contain three negative
sense or ambisense single-strand RNA components (Kormelink, 2005). In nature, TSWYV is efficiently
transmitted by thrips (Thysanoptera: Thripidae) in a persistent-propagative manner, with Thrips tabaci
Lindeman and Frankliniella occidentalis Pergande being the most important vectors (Krishna-Kumar et
al., 1993).

There have been fewer studies on the impact of abiotic factors on the interactions between plants
and viruses compared to fungal and bacterial pathogens. This paper presents the findings of a study that

looked at how different nitrogen fertilizers affect TSWV infection in pepper plants grown under two
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different irrigation regimes, water deficient (30% of maximum water holding capacity) and full

irrigation (70% of maximum water holding capacity), in a growth room condition.
MATERIALS and METHODS
Propagation of the virus isolate

The TSWYV isolate-Tsw RB (kindly provided by Dr. Ilyas Deligoz, The Black Sea Research
Institute, Samsun, Tiirkiye), which is known to overcome the Tsw-resistance gene in pepper, was used
in this study. Six week-old seedlings of pepper cv. Kandil Dolma (Arzuman), susceptible to TSWV,
were inoculated with the TSWV isolate.

The inoculum was prepared by grinding 1 g of infected leaves in 10 ml of phosphate buffer [1%
K>HPO;4 (w/v) containing 0.1% sodium sulfite (w/v) and 0.2 M 2-mercapto ethanol] in a sterilized ice-
cold mortar with a pestle (Mandal et al., 2008). The inoculum was then mixed with 1% carborundum
powder (400 mesh; w/v) and rubbed onto the leaves of pepper plants (Mandal et al., 2001). The
inoculated plants were maintained in growth room with 16 hours of photoperiod and temperatures of

25°C (light) and 20°C (dark) for virus propagation.
Nutrient applications

Four-week-old pepper seedlings were planted in 20-cm-diameter plastic pots containing a growth
media mixture of perlite and peat in a ratio 1:4 (w: w). The study aimed to assess the impact of different
nitrogen sources on TSWV infection in pepper plants. Four different N fertilizers [urea (CH4N:O),
NHsNO;, Mg(NOs3),, (NH4)2SO4 were used in the study. Additionally, MgSO4 was used as a fertilizer
source to compare the effects of Mg®" and SO4* having in the fertilizers besides nitrogen. The pepper
plants received 12 kg/da dose of N from each fertilizer. The experiment was arranged in a randomized
complete-plot design with three replicates. Each irrigation treatment contained virus-inoculated, non-
inoculated (control 1) and non-fertilized (control 2) plants (Table 1). The experiment involved a total of
72 plants, half of which were mechanically inoculated with TSWV as described above 2 weeks after
nutrient application. Throughout the experiment, the plants were observed for virus symptoms and vigor

twice a week.
Irrigation and determination of the maximum water-holding capacity of growth medium

Two different irrigation levels consisting of 30% (deficient irrigation) and 70% (full irrigation)
of the maximum water-holding capacity were used to investigate the impact of water stress on plant
virus-nutrient interactions and disease severity in a pot experiment. The maximum water-holding
capacity of the growth medium was determined based on previous reports linking it to the total porosity
of the growth medium (Reynolds et al., 2002). The determination of the maximum water-holding

capacity of the growth medium was carried out following the method outlined by Labuschagne et al.
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(1995). Throughout the nine-week experiment, each plant in all treatment groups was watered at two-

day intervals to ensure that the moisture content of the growth medium was maintained.

Table 1. Treatments used to investigate the effects of different sources of nitrogen fertilizers on Tomato
spotted wilt virus infection in pepper under two irrigation regimes

Treatments
Full irrigation Replication Deficient irrigation Replication
(70%) (30%)
NH4NO:; 3 NH4NO:; 3
(NH4)2804 3 (NH4)2S04 3
TSWV-inoculated Mg(NO3) 3 Mg(NOs)2 3
MgSO4 3 MgSO4 3
Urea 3 Urea 3
Non-fertilized 3 Non-fertilized 3
NH4NO:; 3 NH4NO:; 3
(NH4)2804 3 (NH4)2S04 3
Non-inoculated Mg(NO3) 3 Mg(NOs)2 3
MgSO4 3 MgSO4 3
Urea 3 Urea 3
Non-fertilized 3 Non-fertilized 3
Total 36 36

Phenotypic assessment of pepper plants

Pepper plants in all treatments were individually assessed for virus symptoms and plant vigor on
a weekly basis. Virus symptoms and general plant characteristics were then recorded and photographed

four and six weeks after virus inoculation.
Serological testing of pepper plants

The upper leaves from each plant in all treatments were collected and subjected to double antibody
sandwich-enzyme linked immunosorbent assay (DAS-ELISA) following the method described by Clark
and Adams (1972) and the instructions provided by the antiserum manufacturer (Bioreba, Switzerland).
This testing was performed at the fourth and eighth weeks after virus inoculation. Each plant sample
was tested in duplicate wells, and a sample with mean absorbance values at 405 nm two-fold higher than

that of non-inoculated controls was considered positive for the virus infection (Uyemeto et al., 1989).
Statistical Analysis

ANOVA test for the data obtained from this study was conducted using the randomized complete
plot design in the SPSS program (Version 17). Statistical differences among the mean values were

determined using the Duncan multiple comparisons test.
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RESULTS and DISCUSSION
Symptoms of the Tomato spotted wilt virus-7sw RB isolate on pepper

Two weeks after inoculation, inoculated pepper cv. Kandil dolma plants to propagate the TSWV-
Tsw RB isolate displayed chlorotic ring spots on older leaves and yellow patches and mosaic on upper
leaves (Fig. 1). The ELISA method applied for testing these leaves confirmed TSWYV infection in the
pepper plants.

Figure 1. Symptoms of Tomato spotted wilt virus-7sw RB isolate on older leaf (A) and upper leaves of
pepper cv. Kandil Dolma

Effects of fertilizer applications on TSWYV infection in pepper under full and deficient-

irrigation conditions

Comparing non-inoculated pepper plants treated with five different fertilizers [urea, NHsNOs3,
Mg(NOs3)2, (NH4)2SO4, MgSO4] to non-fertilized control plants showed that the fertilized plants,
regardless of the irrigation regime, exhibited larger canopy development compared to the non-fertilized
plants. Additionally, the leaves of the non-fertilized plants displayed a yellowish appearance by the end
of the experiment. Most of these plants produced fewer flowers and fruit, as expected. The plants that
were fertilized with urea, ammonium nitrate, and magnesium nitrate displayed better vegetative growth
and had abundant flowers and fruits, unlike the plants fertilized with magnesium sulfate (data not
shown). Additionally, pepper plants that were inoculated with TSWV and non-inoculated plants under
30% water deficit in all nutrient treatments showed reduced leaf size and plant height compared to those
under full irrigation (70%). Despite better canopy development in well-watered conditions, virus
symptoms in pepper plants were less noticeable in water-deficient conditions across all nutrient
treatments (Fig. 2). Similarly, in their 2016 study, Putra and Damayanti found that Sugarcane streak
mosaic virus (SCSMV) infections were more severe when soil water content was higher. This confirmed

their previous field observations showing that the incidence of SCSMV was higher under irrigated
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conditions than under rain-fed conditions (Damayanti and Putra, 2011). Hosseini et al. (2018)
demonstrated that the severity of Cucumber mosaic virus (CMV) symptoms in tomato plants decreased
in dry conditions. While most previous studies have focused on the interactions between plants and
viruses concerning water content or nutrients (Putra and Damayanti, 2016; Kendig et al., 2020;
Easterday et al., 2022; Mutebi and Moranga, 2022), this study reports the results of multiple interactions

involving plant, virus, nutrient, and water content.

When testing pepper plants using DAS-ELISA four weeks after virus inoculation, it was observed
that the virus-inoculated-non-fertilized plants had relatively higher mean ELISA absorbance values in
low irrigation conditions compared to plants in fully irrigated conditions. Interestingly, plants treated
with either urea or ammonium nitrate displayed lower ELISA absorbance values in both deficient and
fully irrigated conditions. There was no significant difference between the mean absorbance values of
infected and healthy (non-inoculated) plants in these fertilizer treatments in both irrigation regimes
(p<0.01), suggesting increased tolerance to TSWV infection with these fertilizers (Fig. 3). Moreover,
virus-infected plants treated with magnesium nitrate fertilizer exhibited lower mean ELISA absorbance
values under water-deficit (30%) conditions compared to fully irrigated (70%) conditions (Fig. 3).
Virus-infected plants treated with ammonium sulfate fertilizer gave higher ELISA values (Fig. 3),
indicating increased virus concentration under full irrigation and water-deficient conditions.
Additionally, magnesium sulfate fertilization may have a negative effect on pepper plants' health, as
evidenced by the less vigorous appearance of plants in both irrigation conditions (Fig. 2). These findings
suggest that Mg"" in magnesium nitrate fertilizer and SO4* in ammonium sulfate fertilizer may not

significantly contribute to pepper plant’s tolerance to TSWV infection.

In a 1998 study, it was found that the incidence of TSWV infection in field-grown plants using
100 kg N/ha in full water conditions was 19.1%, while it was 69.1% in plants grown under water stress
(Camele et al., 2000). The difference between the results of this study and our study regarding the
relationship between virus supression and water conditions could be attributed to the form of nitrogen
in the fertilizer used and the involvement of vectors in virus transmission in the field. It has been reported
that nitrate and ammonium forms of nitrogen have different effects on plant's tolerance to pathogen
attacks (Sun et al., 2020). The role of nitrogen in the mechanism of plant defense has not been well
understood. While a high dose of nitrogen increased the disease incidence of some obligate parasite
fungi, it decreased the incidence of some facultative parasite fungi (Dordas, 2008). The effect of
different doses of nitrogen on TSWV infection was not investigated in our study; however, future
investigations about the impact of different doses of nitrogen in pepper-TSWYV interaction are necessary

to be completed in the field conditions with various water contents.
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Non-fertilized

Figure 2. Symptoms of Tomato spotted wilt virus in pepper cv. Kandil Dolma under full (plants on the
left) and deficient irrigation (plants on the right) conditions six weeks after fertilization/four weeks after
virus inoculation. Chlorotic spots and leaf deformations were indicated with red arrow.
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Figure 3. The mean ELISA absorbance values of virus-inoculated and non-inoculated pepper plants
grown under full (70%) and deficient water (30%) conditions and treated with different nutrient sources.
H: non-inoculated plants, E: virus-inoculated plants. The same letters indicate the absence of significant
statistical differences between treatments (p < 0.01)

The results of this study indicated that the nitrogenous fertilizers containing urea and ammonium
nitrate had a beneficial effect on pepper plants infected with TSWV, both under full irrigation and water-
deficient conditions. Ammonium sulfate showed a similar impact under full irrigation conditions, while
magnesium nitrate was effective under water-deficient conditions (Fig.3). This study did not explain
why these plants exhibited milder virus symptoms and had lower ELISA absorbance values, especially
in water-deficient conditions, but it is known that plant hormones can influence plant tolerance to biotic,
and abiotic factors such as drought (Takahashi et al., 2020). Water shortage can be detected by plant
root systems, which leads to the production and transportation of some signal molecules from roots to
shoots, ultimately resulting in abscisic acid (ABA) synthesis in plant leaves. ABA may have positive
and negative effects on the plant defense system against viruses. In the early stages of infection, it
regulates the stomata closure and causes the accumulation of callose that limits cell-to-cell movement
of viruses such as Tobacco mosaic virus and Tobacco necrosis virus. Application of ABA from external
sources has been shown to reduce virus symptoms and virus levels (Iriti and Faoro, 2008; Alazem et al.,
2014). Furthermore, ABA may have positive impact on other resistance mechanisms such as RNA
interference (Li et al., 2012). On the other hand, activated ABA during the late stages of infection may
potentially have an antagonistic effect on salicylic acid, which plays a crucial role in the local and
systemic resistance of plants to certain pathogens (Alazem and Lin, 2015). Additionally, interactions
between nitrogen and other plant nutrients may impact disease suppression. For instance, the NO3
induces potassium (K) uptake of the plant, but NH4" has a controversial role in K uptake (Marschner,

1995). It is well known that K is one of the key elements in disease protection.
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Conclusion

Plant-pathogen-environment interactions are based on various complex biological events.
Although disease resistance to a specific pathogen is controlled by the interaction of both plant and
pathogen genes, properly managing nutrition supply to plants can reduce disease severity and symptoms.
Nitrogen is an essential nutrient for plants and crucial for many metabolic and physiological processes.
In the current study conducted in controlled growth room conditions, pepper plants were treated with
different sources of nitrogen [urea (CH4N20), NH4NO3, Mg(NO3)2 and (NH4)2S0O4] and exposed to
TSWYV infection and different irrigation levels. The results of the study indicated that CH4N20 and
NH4NO3 may provide a positive contribution to plant fitness and virus supression under both full
irrigation and water-deficient conditions. Additionally, Mg(NO3)2 had a similar positive effect under
water-deficient conditions. In contrast, the application of (NH4)2SO4 fertilizer resulted in a lower virus
level under full irrigation conditions. Despite better canopy development in full-irrigated
conditions, TSWV symptoms were less pronounced in pepper plants in water-deficient conditions than
in full irrigation, regardless of the nutrient treatments. It is necessary to conduct further research to
understand the impact of different nutrients and water levels on plant-virus interactions in field

conditions.
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