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ABSTRACT

The aim of this research is to determine the physiological responses of
tomato seedlings treated with 24-epibrassinolide (EBL), given via
different methods such as immersion, irrigation, and foliar spray,
followed by inoculation of root-knot nematode Meloidogyne incognita
(Kofoid & White 1919) Chitwood, 1949 (Tylenchida: Meloidogynidae).
Physiological measurements (chlorophyll, flavonols, nitrogen balance
index, and anthocyanins) were carried out non-destructively with a

affected by both the EBL applications and the methods. Chlorophyll
contents were better protected with the irrigation method. Flavonols and
nitrogen balance index were inversely related with the application
method. Leaf anthocyanin index was affected just by the EBL
applications. Depending on the physiological aspect under observation,
the method (immersion against irrigation, for instance) might present a
challenging status in terms of providing protection against root-knot
nematode when tomato plants are treated with EBL.

portable chlorophyll meter at the end of the 56th days post inoculation.
Results showed that chlorophyll contents of the tomato leaves were
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1. Introduction

Responses of plants to stress factors are elucidated through assessment of changes in morphology, biochemistry, and genetics.
Plant stress can be caused by abiotic factors, such as drought, salinity, or heat or by biotic ones such as diseases and herbivorous
pests like viruses, bacteria, or nematodes (Jagodic et al. 2017; Voglar et al. 2019). Detrimental consequences occurring after a
biotic or abiotic stress can be alleviated through the utilization of synthetic elicitors (Llorens et al. 2017), chemical compounds
activating plant’s reaction to sustain health and productivity (Ramirez-Godoy et al. 2018). Brassinosteroids are among these
elicitors, and they have been proven by various research to stimulate antioxidant defense mechanism of a plant against numerous
abiotic factors (Jan et al. 2018).

Most information about protective properties of brassinosteroids in plants under stress have been provided from studies
evaluating abiotic factors such as salinity, drought, or heavy-metal accumulation in the soil. In these studies, it was reported that
acquisition of resistance with brassinosteroid applications derive from protection of chlorophyll content, increase in
photosynthetic rate and stimulation of antioxidative system (Fariduddin et al. 2013; Yang et al. 2019; Santos de Fonseca et al.
2020). On the other hand, research pertaining to the effects of brassinosteroids in protecting plants against pathogen attacks have
been quite limited. They were found to mitigate fungus-related deleterious influences in cotton (Bibi et al. 2017), cucumber
(Ding et al. 2009) and barley (Ali et al. 2013).

Increases in resistance after brassinosteroid application against viruses have also been shown by Ali et al. (2014) in Hordeum
vulgare, and by Zhang et al. (2015) in Arabidopsis thaliana. In recent years, responses against root-knot nematode damage in
plants have also been carried out and positive results have been reported by Jasrotia & Ohri (2014; 2017), Kaur et al. (2013;
2014), Song et al. (2017) and Gozel (2021) against Meloidogyne incognita (Kofoid & White 1919) Chitwood 1949 (Tylenchida:
Meloidogynidae).
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Early detection of stress symptoms in plants presents an invaluable tool to manage and abate them before any reduction in
yield and quality appears and causes an income loss. Non-destructive and in-field measurement via technological tools,
thermographic or optical, have made it possible. Among these tools, leaf-clip chlorophyll-meters use chlorophyll fluorescence
screening method (Agati et al. 2016), and estimate chlorophyll, flavonoids, and anthocyanins. These optical sensors have been
shown to be superior to lab-based and destructive leaf chlorophyll measurement (Dong et al. 2019).

As opposed to abundant research on effects of brassinosteroids on plant growth and development as well as on response to
abiotic stress, information about their role against biotic stress, specifically plant parasitic nematodes, are quite limited. Thus,
aim of this study was to non-destructively evaluate whether exogenously applied 24-epibrassinolide to roots or leaves can induce
protective effects on physiological aspects (chlorophyll, flavonols or antioxidants) of tomato seedlings inoculated with M.
incognita.

2. Material and Methods

2.1. Plant material and nematode inoculum

3-4 leaved seedlings of tomato (Lycopersicon esculentum Mill.) cv. Heinz 2274 were obtained from a commercial nursery. These
seedlings used in a study conducted at Department of Plant Protection, Faculty of Agriculture, University of Canakkale Onsekiz
Mart, Canakkale in 2020. Second-stage juveniles (J2s) of Meloidogyne incognita after reproduction from a single egg mass on
a cucumber plant were inoculated at the dose of 1000 per plant.

2.2. 24-epibrassinolide application and nematode inoculation

E-1641 EBL (Sigma Aldrich) was used after dilution in ethanol absolute, and working solutions of 1, 5 and 10 uM were prepared.
Experimental design was shown in Table 1. Repetitive applications of irrigation and spraying were done at transplanting and on

the following 7t and 14" day.

Table 1- Experimental design of the study

Methods concen tlrzfti;m (uM) Nematode inoculation Application times (x)

0 (DW) - 1

| - 0 (DW+J2s) + 1
mmersion

- 1 +/- 1

(20 min.) 5 - 1

10 +/- 1

0 (Dw) - 3

0 (DW+J2s) + 3

Irrigation 1 +- 3

5 +- 3

10 +/- 3

0 (DW) - 3

0 (DW+J2s) + 3

Spraying 1 +- 3

5 +- 3

10 +/- 3

2.3. Growth conditions

The pots (1.4-liter volume) into which the plants were transplanted contained 70:30 (v/v) sterilized sand and soil mixture (approx.
450 g). Later the pots were placed in a growth chamber under the conditions of 261 °C and 18/6 hours of photoperiod until the
end of the experiment (56 days post inoculation).

2.4. Data analysis

At the end of the experiment synchronous readings using Dualex Scientific+™ were made on each side (abaxial and adaxial) of
the third youngest leaf and a mean value was obtained. Measured indices were chlorophyll (ug per cm?), relative absorbance
units of flavonols (0 to 3) and anthocyanins (0 to 1.5), and the nitrogen balance index (NBI), determined by the relationship
between chlorophyll and flavonols.

The experiment was arranged in a completely randomized design with three replications of one plant per pot. The data for
chlorophyll, flavonols, anthocyanins and NBI were analyzed using ANOVA on Minitab® (v. 17.1.0 for Windows) statistics
package program. Significant differences between the means were compared using Duncan’s multiple comparison test at 95%
confidence level.
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3. Results and Discussion

Chlorophyll contents of the tomato leaves were interactively affected by both EBL applications and the methods they were given
(P=0.001, Figure 1). Best EBL applications in the immersion group protecting the chlorophyll contents were 5 uM and 1 uM-+J2s,
following the distilled water (DW). Irrigated plants had better contents in all the applications except for 5 uM+J2s, 10 uM EBL+J2s
and DW+J2s. Foliar spraying was generally the least supporting in all treatments, except for 5 uM EBL (Figure 1).

Effect of nematode inoculation on chlorophyll content was abated with 1 uM EBL application given via irrigation. Increasing
concentration did not provide a positive response in suppressing the nematode stress comparing to control groups (Figure 1). In
general, irrigating the seedlings with 1 uM EBL+J2s improved chlorophyll contents in the tomato leaves. Overall, irrigation was
the best among the application methods at keeping chlorophyll at higher levels.
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Figure 1- Effects of 24-epibrassinolide (EBL) on chlorophyll contents of tomato cv. Heinz 2274 plants given in three
treatments (immersion, irrigation, and spraying) followed by Meloidogyne incognita inoculation at a dose of 1000
J2s. *Different capital letters denote significant differences in methods at the same concentration of EBL and different
small letters indicate significance in the treatments of EBL at the same methods. P=0.001. Means+S.E.

NBI is an indicator of plant growth, using the relation between chlorophyll and flavanols contents (Figure 2). Although a
significant effect of the applications was detected (P=0.019), a clear distinction was only seen between DW and 5 uM EBL+J2s.
The NBI of the seedlings were in general supported by the EBL treatments in DW (hematode-free soil) more than DW+J2s, and
as the concentration of EBL increased this effect was lessened. NBI was also under the influence of the methods (figure not
shown, P=0.015) and it was in the decreasing order of immersion, irrigation, and foliar spraying. Significant differences were
only observed between immersion and foliar spraying.
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Figure 2- Effects of 24-epibrassinolide (EBL) on NBI (nitrogen balance index) of tomato cv. Heinz 2274 plants given
in three treatments (immersion, irrigation, and foliar spraying) followed by Meloidogyne incognita inoculation at a
dose of 1000 J2s. *Different letters show significant differences at P<0.05. Means+S.E.

Flavonols contents of the seedling significantly changed with the methods the EBL concentrations (p=0.021) and distinct
difference was only observed between the foliar spraying and the immersion methods (Figure 3).
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Figure 3- Effects of 24-epibrassinolide (EBL) on flavonols index (radiance absorbance unit, 0-3) of tomato cv. Heinz
2274 plants given in three treatments (immersion, irrigation, and foliar spraying) followed by Meloidogyne incognita
inoculation at a dose of 1000 J2s. *Different letters show significant differences at P<0.05. Means+S.E.

Leaf anthocyanin contents of the seedlings at the end of the experiment was affected by the EBL applications (P= 0.036,
Figure 4). The highest anthocyanin accumulation was observed in the DW+J2s application, indicating nematodes in the soil
induced it as a response to the stress. However, the difference among the rest of the treatments was not clear enough to
differentiate the effects of EBL. The application of 5 uM EBL provided the lowest content of anthocyanins.
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Figure 4- Effects of 24-epibrassinolide (EBL) on anthocyanins index (radiance absorbance unit, 0-1) of tomato cv.
Heinz 2274 plants given in three treatments (immersion, irrigation, and foliar spraying) followed by Meloidogyne
incognita inoculation at a dose of 1000 J2s. *Different letters show significant differences at P<0.05. Means+S.E.

Root-knot nematodes induce plants to develop galls on their roots, damaging root structure and preventing water and nutrient
uptake. Most of the assimilates produced in the plant is redirected from shoot to root to support nematode’s growth and
reproduction (Maleita et al. 2012). Since the study of Loveys & Bird (1973), which showed that photosynthetic rate and
chlorophyll content in the nematode infected plants decreased, several other reports (Melakeberhan et al. 1985; Gine et al. 2014;
Lopez-Gomez & Verdejo-Lucas (2017) also supported this observation. In the current study, a great deal of reduction in
chlorophyll was also observed in the DW plants with nematode infestation.

When plants were exposed to nematode infestation, applying 1 uM EBL through immersion or irrigation resulted comparably
closer chlorophyll contents to DW plants. As the concentration increased, the positive effect weakened and became negative.
Similar results were obtained in rice plants to which brassinolide was given as foliar spraying (Nahar et al. 2013). Since low
concentration (0.1 pM) was successful in ameliorating the effects of M. graminicola, but higher concentrations (1, 5, 10 uM)
were not, they concluded that exogenous brassinolide created negative feedback on brassinosteroids biosynthesis. It has been
also reported that brassinosteroids act as stimuli on chlorophyll through activation of chlorophyllase and Rubisco (Xia et al.
2009).
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NBI, the ratio of chlorophyll to flavonols, is an index proven to be a reliable indicator of plant N content (Cartelat et al. 2005;
Padilla et al. 2014). The current study found that brassinosteroids application protected the N reserve of the nematode infested
plants at the lowest concentration of EBL. Schlemmer et al. (2013) stated that chlorophyll is closely related to leaf N status. One
possible reason for the root treatment to cause an increased N content might be the increased root activity and increased
chlorophyll concentration in the leaves. This kind of relationship between NBI and the chlorophyll content can be seen in the
response of DW plants, showing a decrease in the irrigated and sprayed plants. Changes depending on the methods also revealed
the inverse relationship between the flavonols and the N content, being the lowest in the sprayed plants, this relationship was
also indicated in the studies of Stewart et al. (2001) and Fallovo et al. (2011).

Non-enzymatic antioxidants, such as polyphenols including flavonoids, come into play to mitigate the adverse effects of
stress on plant. Although specific effects were not found significant in the current study, it was revealed that flavonols respond
to method of the application. Since polyphenols are accumulated on the epidermal tissue of the leaves covering chlorophyll
molecules from above, foliar spraying with epibrassinolide might have stimulated the synthesis of flavonols (Brunetti et al. 2013)
with an ease of infuse on the surface or protected the integrity of the chloroplast and hence the flavonols in them. It was shown
that chloroplasts have flavonoids, presenting an additional defense line against reactive oxygen species produced under stressful
conditions (Triantaphylidés et al. 2008).

4. Conclusions

Studies on brassinosteroids mostly involve its effects on growth and development, and stress responses, specifically to abiotic
factors. the physiological response of the tomato plant differs with the application method that EBL was given to plants. Results
showed that chlorophyll contents were responsive to the EBL concentrations and the method. An inverse relationship was found
between flavonols and nitrogen balance index depending on the application method. The findings of the study illustrate that
possible effects of 24-epibrassinolide might be concentration-dependent and how it is administered to the plants should be taken
into consideration in both scientific studies and agronomic use.
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