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Abstract: Melatonin (N-acetyl-5-methoxytryptamine) is a
molecule with a reported importance in increasing tolerance to
several types of stress. The present study investigates the effect
of melon (Cucumis melo L.) seed treatment with melatonin
solutions (0, 10, 50 and 100 uM) at two durations (6 and 12 h)
on germination and initial growth of melon plants in salt

stress. Germination under salt stress (14 dS m™! EC) suffered a
decrease, which is reversed after seed treatment with melatonin
and followed to 80% with 10 and 50 uM solutions. Then,

considering plant growing in salt stress (8 dS m™ EC), the best
growth and physiological and biochemical responses (xylem
water potential, leaf relative water content, total chlorophyll,
root viability, proline, malondialdehyde content, peroxidase
and catalase activity) were measured in plants derived from 50
uM seed treatment. No changes were observed at the
anatomical level. Results suggest that melatonin can alleviate
the effect of salt stress during seed germination and early plant
growth. There is a dose-dependent response.

Keywords: early growth, exogenous melatonin, germination,
reactive oxygen species, salt stress.

Resumen: La melatonina (N-acetil-5-metoxitriptamina) es
una molécula con una reportada importancia en el incremento
de la tolerancia a varios tipos de estrés. El presente estudio
investiga el efecto del tratamiento de semillas de melén
(Cucumis melo L.) con soluciones de melatonina (0, 10, 50 y
100 pM) en dos duraciones (6 y 12 h) sobre la germinacién y el
crecimiento inicial de plantas de melén en estrés salino. La

germinacién bajo estrés salino (14 dS m™! CE) experiment6
una disminucidn, la cual se revirti6 luego del tratamiento de las
semillas con melatonina, llegando al 80% con soluciones 10 y
50 uM. Luego, considerando las plantas creciendo en estrés

salino (8 dS m™! CE), se obtuvieron las mejores respuestas de
crecimiento y fisioldgicas y bioquimicas (potencial hidrico del
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xilema, contenido hidrico relativo de las hojas, clorofila total,
viabilidad de las raices, prolina, contenido de malondialdehido,
actividad peroxidasa y catalasa) en plantas provenientes del
tratamiento de semillas con 50 pM. No se observaron cambios
a nivel anatémico. Los resultados sugieren que la melatonina
puede aliviar el efecto del estrés salino durante la germinacién
de las semillas y el crecimiento temprano de las plantas. Hay
una respuesta dosis dependiente.

Palabras clave: crecimiento inicial, melatonina exdgena,
germinacion, especies reactivas al oxigeno, estrés salino.
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Introduction

Soil salinity is one of the limitations that most affect world crop production (Corwin, 2021), particularly
severe in irrigated soils. It has been estimated that more than 20% , 45 million ha of irrigated land, that
represents near to 10% of world’s food production, is affected by salinity, and this area continues to increase
(Pandey et al., 2019). Salts in irrigation water come from natural weathering and dissolution of soil parent
material and accumulate as water evaporates or is consumed by crops (Yasuor et al. 2020).

As consequence of salinity all aspects of plant development are affected, due to a combination of osmotic
stress and ionic toxicity (Hussain et al., 2019). High salt concentration in water reduces osmotic potential
(Yo) and consequently water movement and availability in the soil-plant system. So, cell expansion can be
reduced or inhibited (Hailu & Mehari, 2021). This osmotic effect can also cause stomatal closure, that
difficult the entry of CO., affecting indirectly photosynthesis (Shabala & Munns, 2017). Ionic toxicity, or
ionic stress, is mainly due to the excess Na. and Cl. on critical biochemical processes in plant tissues (Yasuor,

el at. 2020). A high level of Na. can interfere with the absorption of other cations such as K., Mngr and NH..
(Safdar et al, 2019). Membrane depolarization occurs when positively charged Na. crosses the plasma
membrane, affecting uptake of many essential cations and increasing efflux of some of them (e.g. K.) (Shabala
& Munns, 2017). Chloride is an essential micronutrient that regulates enzyme activities in the cytoplasm, co-
factor in photosynthesis, but it can be toxic at high concentration (Geilfus, 2018). Salinity-stressed plants
exhibit dramatically altered levels of many endogenous physiological signaling. Among these, the
accumulation of reactive oxygen species (ROS) (Choudhury et al., 2017). These ROS can lead to oxidative
damages in cellular components such as proteins, lipids, and DNA, and can lead to cell injury and death
(Hasanuzzaman et al., 2021).

Worldwide melon production is 28 million Mgs, with a production area of 1 million ha (FAOSTAT,
2023). It is usually cultivated intensively and with complementary irrigation (Singh & Bharati, 2016).
Salinity is one of the main factors limiting melon production (Sarabi et al., 2017). Although it is considered a
moderately tolerant crop to salinity (Huang et al., 2012), the initial phases of germination, emergence and
seedling, are highly significantly affected (Pinheiro et al., 2019). Some strategies to alleviate the detrimental
effect of salinity in melon are grafting onto tolerant rootstocks (Ulas et al., 2019), proper irrigation
management (Sudrez-Herndndez et al,, 2019), pre-sowing seed treatments (Oliveira et al,, 2019), plant
growth-promoting bacteria (Gopalakrishnan et al., 2022) and exogenous application of specific compounds
(e.g. nutrients, amino acids, plant growth regulators) (Jin et al., 2019; Shalaby & El-Messairy, 2018).

Melatonin (N-acetyl-5-methoxytryptamine) is a molecule isolated for the first time in the bovine pineal
gland (Lerner et al., 1958). For a long time, it was considered a neurohormone exclusive to mammals (Nawaz
et al., 2016), with important roles in regulation of circadian rhythm, antioxidant enzyme activity, seasonal
reproductive physiology and aging (Wu et al. 2021; Fan et al. 2018). In 1995, two groups of researchers
(Dubbels et al., 1995; Hattori et al., 1995), working separately, detected its presence in some edible plants
and since then the number of publications reporting its existence in plants has been increasing (Wu et al.
2021; Arnao and Herndndez-Ruiz 2019). The main functions are associated with its antioxidant capacity
(Sharif et al.,, 2018) by stimulating the activity of antioxidant enzymes or directly neutralizing reactive
oxygen species (ROS) (Zhang and Zhang 2014). In addition, a growing number of studies have shown the
advantages of melatonin application, for the improvement of adaptation and survival against different types
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of stress (Debnath et al., 2019). A specific melatonin receptor (CAND2/PMTRI1) was discovered in
Arabidopsis thaliana (Wei et al. 2018). This receptor is localized in the plasma membrane and interacts with
the receptor-dependent stomatal closure (GPA1) via an NADPH oxidase-mediated ROS signaling pathway
(Arnao & Hernandez-Ruiz, 2020).

Previously, Castafiares and Bouzo (2019) determined that melatonin applied to cantaloupe melon seeds
can alleviate the effects of salt stress on germination and the initial growth of plants grown in saline
conditions. In a recent work (Liu et al., 2020) the authors explained part of the mode of action of melatonin,
although these experiments were carried out on rice. They evaluated the downstream components of
melatonin signaling that lead to increased salinity stress tolerance, at the cellular and molecular levels. Eisa et
al. (2023) analyzed the efficacy of melatonin in enhancing the salinity stress tolerance, but using an
ornamental plant, the persian buttercup (Ranunculus asiaticus L.). These authors revealed the significant
effectiveness of exogenous melatonin treatments for enhancing different traits of plant growth. Although
there is a relatively abundant bibliography on the effect of melatonin in plants, it is very scarce in melon. In
the work carried out here, the purpose was to investigate some of the possible physiological mechanisms that
operate in melon under conditions of saline stress, in response to imbibition with melatonin.

Materials and methods

Plant material

Honeydew melon (Cucumis melo L.) seeds * Green Flesh variety, which are widely cultivated in Argentina,
were used in the present work. Melatonin (N-acetyl-5-methoxytryptamine) was purchased from Drogueria
Saporiti (Buenos Aires, Argentina). All reagents and salts (analytical grade) used in the experiments were
obtained from Sigma-Aldrich (Buenos Aires, Argentina).

Effect of seed treatment with melatonin on germination of melon seeds in salinity stress

Seeds were surface sterilized in a 10% sodium hypochlorite solution during 5 min, washed with deionized
water, placed between two filter papers (Whatman No. 1) in 8.5 cm Petri dishes and soaked for 6 or 12 h in
solutions containing 0, 10, 50 and 100 uM melatonin respectively, in a ratio 1:5 (weight: volume). The assay
was performed in a germination chamber (Semedic I-500 PF, Argentina) at 25 °C (£ 0.5 °C) and dark. After
treatment the seeds were removed, rinsed three times in deionized water and air-dried at 25 °C for 24 h to
reduce moisture content to <10 %. Later, seeds were put to germinate between two filter papers (Whatman
No. 1) in 8.5 cm Petri dishes and soaked with 140 mM NaCl solution (Electrical conductivity, EC: 14 dS
m-1) in a germination chamber at 25 °C (£ 0.5 °C) in dark. Control treatment (Control SO) consisted in
seeds soaked with distilled water (0 dS m-1). After 8 days the number of germinated seeds was recorded
(ISTA, 2022). Seeds were considered germinated when the radicle was visible. Germination percentage (GP)
was calculated according to the following formula: GP (%) = (n/N) x 100, where n is the number of seeds
germinated during the experiment and N is the total number of seeds (ISTA 2022). Five replicates per
treatment with ten seeds per replication were used.

Effect of seed treatment with melatonin on initial growth of melon plants in salinity stress
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Seeds were treated as 2.2 with 0, 10, 50 and 100 uM melatonin solution and the time of imbibition that
allowed the best germination in previous experiment. After treatment seeds were rinsed three times in
distilled water and sown in 1000 cm3 pots filled with perlite, and watered with Hoagland nutrient solution
(Hoagland & Arnon, 1950) with 2.0 dS m-1 EC.

After first leaf emergence, plants started to be watered with the nutrient solution and the addition of
approximately 60 mM NaCl, to obtain 8.0 dS m-1 EC. The EC value was monitored daily using a portable
conductivity meter (Hanna model HI98304, Italy). Control treatment (Control SO) consisted in plants
derived from non-treated seeds and watered only with Hoagland nutrient solution. The experiment was
performed in a phytotron under the following conditions: 60% RH, 16 h light length, 400 umol-2s-1 light
intensity and day/night temperatures of 25/18 °C.

The experiment had a completely randomized design with 40 replications per treatment. Data obtained
were analyzed using Tukey’s test at 0.05 confidence level using Infostat statistical software (Di Rienzo et al.,
2011).

-Growth evaluation

Five plants were extracted from each treatment after 40 days to determinate the following phytometric
parameters: total dry weight, main stem length, number of leaves, and leaf area. Total dry weight was
obtained by introducing the samples in an oven at 60 °C until constant weight was attained (Miller, 1997).
Stem length was obtained by measuring the extension between the insertion of the cotyledons and the apical
end. Leaves number was determined out by counting, considering only those that presented their expanded
leaf blade. Thus, the very small leaflets surrounding the terminal bud were not considered. Leaf area per plant
was measured using Image J image processing software (Schneider et al. 2012).

To analyze the global effects of salinity and each treatment on growth, a Biometric Parameters Index (BPI)
was used, according to the following expression (Larraburu & Llorente, 2015):

BPI (r) =X4 (Vp (i,t) — X(i))/DS(i)

i=1

Where:

Vp (i, t) = Value for the phytometric parameter i in treatment ¢

X(i) = Average of the phytometric parameter i

D(i) = Standard deviation for the phytometric parameter

-Xylem water potential measurement

After 20 days of growth, xylem water potential (¥x) of plants was measured with a pressure chamber a
Scholander-type (Model 0-6 MPA, BioControl, Argentina). Measurements were made in situ on developed
leaves, located in the middle third of the stem (Shabala et al., 2010).

-Determination of leaf relative water content
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Leaf relative water content (RWC) of leaves was measured as an indicator of leaf hydration status as
described by Hafez et al. (2020). The second leaf of cach plant was extracted, and fresh weight (FW) was
determined. Then, the leaves were placed in a beaker with distilled water for 5 h and the saturated weight
(SW) was measured. Finally, the leaves were dried at 80 °C to constant weight was attained and dry weight
(DW) was determined. RWC was calculated using the formula: RWC (%) = [(FW-DW) / (SW -DW)] x
100. In other words, RWC is a ratio of the amount of water in the leaf tissue at sampling to that present
when fully turgid.

-Determination of total chlorophyll content, root viability, proline content and lipid
peroxidation

After 20 days of growth in salinity, five plants per treatment were harvested and used for all biochemical
determinations.

Total chlorophyll (TChl) content in leaves was determined according to Lichtenthaler and Wellburn
(1983). Leaf fresh segments (100 mg) (FW) were cut into small pieces and homogenized in a mortar using 20
mL (V) of 80% (v/v) acetone. The extract was then centrifuged at 8,000xg for 10 min. The supernatant
solution was transferred to a colorimeter tube and the optical density or absorbance (A) was measured at
646.8 and 663.2 nm against an 80% acetone blank using a spectrophotometer (Shimadzu UV-1800, Japan).

Total chlorophyll content was estimated according to the following formula: TChl (mg g'l FW) = (7.15 A
6632 + 18.71 A g46.8) x (V/FW).

Root viability was estimated by measuring the dehydrogenase enzyme activity by using the 2,3,5- triphenyl
tetrazolium chloride (TTC) reduction technique (Lopez Del Egido et al., 2017). A sample of 500 mg of
roots was cut into small pieces and placed in test tubes containing 5 mL of 0.4% TTC and 5 mL of
phosphate buffer (pH = 7) and incubated during 3 h at 37 °C. Then, the samples were extracted into ethyl
acetate for 15 min. Absorbance was measured at 485 nm. Results were expressed as absorbance related to root
dry weight (A4gs g'l DW).

Determination of free proline content was done according to Bates et al., (1973). Leaves samples (300 mg
of fresh weight) were homogenized in 10 mL of 3% aqueous sulfosalicylic acid solution and homogenate
filtered through filter paper (Whatman No. 1). Then, 2 mL of filtrate was reacted with 2 mL of 0.2% acid
ninhydrin and 2 mL of concentrated glacial acetic acid in a test tube for 1 h at 100 °C. Reaction was then
stopped by using ice bath for 15 min. The mixture was extracted with 4 mL of toluene for 20 s with vortex.
The absorption of the upper phase was measured by a spectrophotometer (Shimadzu UV-1800, Japan) at a
wavelength of 520 nm. Proline concentration was determined using calibration curve and expressed as pmol
proline g'1 FW.

Lipid peroxidation was determined by measuring malondialdehyde (MDA) formation using the
methodology described by Heath and Packer (1968). For MDA extraction, 300 mg of fresh leaves were
homogenized with 3 mL of 0.1% trichloroacetic acid (TCA). The homogenate was centrifuged at 3,000 xg
for 10 min. After centrifugation, 1 mL of the supernatant was mixed with 1 mL of the reagent TCA-BHT-
TBA (TCA 20%, thiobarbituric acid (TBA) 0.37% and butyl hydroxyl toluene (BHT) 0.01 g), and
incubated in hot water (95 °C) for 25 min. The reaction was terminated on ice and the sample was
centrifuged at 10,000 xg for 10 min. The absorbance of supernatant was measured at 532 and 600 nm.

-Peroxidase and catalase activity
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Peroxidase activity (POX) was determined as described by Cavalcanti et al. (2004) with minimal
modifications. A fresh leaf sample of 60 mg (FW) was ground in a mortar, resuspended with 1.5 mL of 10
mM phosphate buffer (pH = 6) and centrifuged at 12,000 xg for 20 min. The supernatant was used for the
subsequent enzyme assays. To 100 uL of the extract was added 100 puL of 10 mM sodium phosphate buffer
(pH 6), 20 pL of guaiacol (0.25% v/v) and 50 uL of 0.88 M H202. POX activity was expressed as reduction
in absorbance at 470 nm, measured at 0.5, 1.0, 1.5, and 2.0 min, and related to FW (Cavalcanti et al., 2004).
Catalase activity (CAT) was assayed by measuring the initial rate of disappearance of H,O, (Dai et al.,
2020). An aliquot of 50 pL of the supernatant was extracted and 2000 pL of 50 mM sodium and potassium
phosphate buffer (pH = 7) were added, and the reaction was started with 20 pL of 0.88 M H,0O,. Enzyme

activity was determined by monitoring the decrease in absorbance due to HyO; decomposition for 1.0 min
at 240 nm and related to FW.

-Anatomical study

At 20 days, five plants per treatment in which the best response to salt stress was observed, were randomly
selected for the anatomical determinations. All samples were fixed in FAA solution (10 mL formalin + 5 mL
glacial acetic acid + 50 mL ethyl alcohol 95% + 35 mL distilled water). The central portion of the second
leaf, the middle portion of the main stem and complete roots from the fixed plants were selected. Samples
were then embedded in paraffin. Cross sections of 15-20 um thick were cut, using a rotary microtome
(Numak MRF-1, China). Samples were then stained with safranin-Fast Green and mounted in synthetic
balm (Rady et al. 2016). Slides were microscopically analyzed (100x), and sections were photographed with a
1.3 MP digital camera (Amscope Md 35) coupled to a binocular optical microscope (Numak XSZ 107 BN,
China). By using the image processing software Image J (Schneider et al.,, 2012), width of mesophyll, length
of mesophyll cells, width of adaxial and abaxial epidermis, width of stem bark and vessel elements diameters
were measured.

Results

Effect of seed treatment with melatonin on germination in salinity conditions

Germination in salt stress (14 dS m™) was significantly increased in seeds treated with 10 and 50 pM
melatonin solutions when comparing with untreated seeds (MS 0). With a higher concentration (100 uM) a
reduction even greater than in untreated seeds was observed. On the other hand, increasing the seed

treatment time from 6 to 12 h did not lead to an increase in germination (Fig. 1). With these results, the
following experiments with plants were carried out with 6 h of imbibition time.
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FIGURE 1/FIGURA 1

Figure 1. Effect of seed treatment with melatonin solutions on melon germination percentage (GP) at 14 dS m~L.
Vertical bars represent mean + SE. Different letters indicate a significant difference (P < 0.05) according to Tukey’s
test. Figura 1. Efecto del tratamiento de semillas con soluciones de melatonina en el porcentaje de germinacién (GP) a

14 dS mL. Las barras verticales representan la media + DE. Letras diferentes indican diferencia significativa (P < 0,05)
de acuerdo al test de Tukey.

Effect of seed treatment with melatonin on plant growth in salinity conditions

When considering the response in plant growth, in the first place, salt stress caused a reduction of all

biometric variables measured (Table 1, Fig. 2).

Main stem Total dry weight
Treatment Number of leaves Leaf area (cm?)
length (cm) (9)
Control SO 13.25+£1.032 45.44 +2.992 323.16 + 14.19° 1.07 £0.15°
MS 0 8.00 £ 0.26° 25.77 £0.90° 65.11 £ 3.43¢ 0.48 £ 0.05¢
MS 10 8.25 £ 0.46° 19.32 +1.269 13217 £2.18° 0.50 £ 0.16°
MS 50 11.75 + 1.412 37.24 +2.52° 290.52 + 5.40° 0.88 + 0.10%
MS 100 9.24 + 0.60° 29.16 + 1.39° 123.28 £ 3.21° 0.62 + 0.08°
TABLE 1/TABLA 1

Table 1. Effect of exogenous melatonin on melon growth parameters. Different letters indicate a significant difference
(P £0.05) according to Tukey’s test. Tabla 1. Efecto de la melatonina exdgena en los pardmetros de crecimiento de
melén. Letras diferentes indican diferencia significativa (P < 0,05) de acuerdo al test de Tukey.

Note: Control SO: non-stressed plants, watered with 2.0 dS-m~! EC solution; MS 0, 10, 50, 100: plants from treated seeds with 0, 10, 50 and 100

uM melatonin solutions, respectively, and watered with 8.0 dS m~ ! EC solution. Different letters in the same column indicate a significant
difference (P < 0.05) according to Tukey’s test
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Nota: Control S0: plantas no estresadas, regadas con solucién con 2,0 dS m™ CE; MS 0, 10, 50, 100: plantas de semillas tratadas con

soluciones de melatonina de 0, 10, 50 y 100 uM, respectivamente, y regadas con solucién con 8,0 dS m! CE. Letras diferentes en [a misma
columna indican diferencia significativa (P < 0,05) de acuerdo al test de Tukey

FIGURE 2/FIGURA 2

Figure 2. Phenotypic appearance of 20 days old melon plants. [A: non-stressed plants, watered with 2.0 dS m™! EC
solution; B, C, D and E: plants from treated seeds with 0, 10, 50 and 100 uM melatonin solutions, respectively, and

watered with 8.0 dS m™! EC solution]. Figura 2. Apariencia fenotipica de plantas de melén de 20 dias. [A: plantas no
estresadas, regadas con solucién con 2,0 dS m-1 CE; B, C, D y E: plantas de semillas tratadas con soluciones de

melatonina de 0, 10, 50 y 100 uM, respectivamente, y regadas con solucién con 8,0 dS m’! CE].
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All growth parameters were summarized in the biometric parameter index (BPI), which simplifies
visualization of results (Fig. 3). The more negative the values, the greater the negative effect of stress on the
biometric variables considered. It is evident that the best phenotypic response, under salt stress conditions,
was achieved with 50 uM melatonin solution.

Biometric parameters index

FIGURE 3/FIGURA 3

Figure 3. Effect of seed treatment with melatonin on Biometric Parameters Index (BPI). [Control S0: non-stressed
plants, watered with 2.0 dS m~! EC solution; MS 0, 10, 50, 100: plants from treated seeds with 0, 10, 50 and 100 uM

melatonin solutions, respectively, and watered with 8.0 dS m™ EC solution]. Figura 3. Efecto del tratamiento de
semillas con melatonina en el Indice de Pardmetros Biométricos (BPI). [Control SO: plantas no estresadas, regadas con

solucién con 2,0 dS m™! CE; MS 0, 10, 50, 100: plantas de semillas tratadas con soluciones de melatonina de 0, 10,50 y
100 uM, respectivamente, y regadas con solucién con 8,0 dS m’! CE].

Effect of seed treatment with melatonin on Xylem water potential and relative water in salinity

conditions

Evaluation of water status of plants, by measuring xylem water potential (¥x) (Fig. 4 A) and relative water
content (RWC) (Fig. 4 B), indicated a reduction in the values of these parameters because of salt stress. Seed
treatment with 50 pM melatonin solution was the most effective treatment to partially alleviating ¥x
reduction and completely alleviating RWC reduction.
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Control SO MSO MS10 MS S0 MS 100

Xylem water potential (atm)
8 & Eg
"

]

Relative water content (%)

s

-100
Control SO MSO MS10 MS 50 MS 100

FIGURE 4/FIGURA 4
Figure 4. Effect of seed treatment with melatonin on Xylem Water Potential (A) and Relative Water Content (B)
[Control SO: non-stressed plants, watered with 2.0 dS-m~! EC solution; MS 0, 10, 50, 100: plants from treated seeds
with 0, 10, 50 and 100 uM melatonin solutions, respectively, and watered with 8.0 dS m™ EC solution]. Different
letters indicate a significant difference (P < 0.05) according to Tukey’s test. Figura 4. Efecto del tratamiento de
semillas con melatonina en el Potencial Hidrico del Xilema (A) y Contenido Relativo de Agua (B). [Control SO:
plantas no estresadas, regadas con solucién con 2,0 dS m'! CE; MS 0, 10, 50, 100: plantas de semillas tratadas con

soluciones de melatonina de 0, 10, 50 y 100 uM, respectivamente, y regadas con solucién con 8,0 dS m™ CE]. Letras
diferentes en la misma columna indican diferencia significativa (P < 0,05) de acuerdo al test de Tukey.

Effect of seed treatment with melatonin on total chlorophyll, root viability, proline content and

malondialdehyde accumulation in salinity conditions

Total chlorophyll content significantly decreased in salt stress (Fig. 5 A). This was mitigated by 50 uM
melatonin seed treatment. On the other hand, 10 and 100 uM treatments, did not have a positive effect in
preventing chlorophyll degradation.

In roots, 50 pM melatonin concentration significantly increased viability compared to the Control SO
treatment (Fig. 5 B). However, the negative effect of salinity on roots viability, was not completely reversed.

In response to salt stress, plants showed an increase in the contents of proline (Fig. 5 C). In addition, 50
and 100 pM melatonin treatments, further increased the accumulation under salt stress. Meanwhile, the
highest increase was measured with 50 uM treatment.

A significant decrease in membrane integrity, estimated by measuring the production of malondialdehyde
(MDA), was observed in response to salt stress (Fig. 5 D). Of all the treatments, MS 50 was the one in which
the lowest level of MDA was recorded, after the Control SO treatment.
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Figure 5. Effect of seed treatment with melatonin on total chlorophyll (A), root viability (B), proline (C) and

malondialdehyde content (D) [Control SO: non-stressed plants, watered with 2.0 dS:m™! EC solution; MS 0, 10, 50,
100: plants from treated seeds with 0, 10, 50 and 100 uM melatonin solutions, respectively, and watered with 8.0 dS

m ™! EC solution]. Different letters indicate a significant difference (P < 0.05) according to Tukey’s test. Figura S.
Efecto del tratamiento de semillas con melatonina en Clorofila Total (A), viabilidad de raices (B), Prolina (C) y

contenido de malondialdehido (D). [Control SO: plantas no estresadas, regadas con solucién con 2,0 dS m’! CE; MS 0,
10, 50, 100: plantas de semillas tratadas con soluciones de melatonina de 0, 10, 50 y 100 uM, respectivamente, y regadas

con solucién con 8,0 dS m™ CE]. Letras diferentes en la misma columna indican diferencia significativa (P < 0,05) de

acuerdo al test de Tukey.

Effect of seed treatment with melatonin on enzymatic antioxidant defense system in salinity
conditions

The activity of peroxidase (POX) and catalase (CAT) enzymes was increased under salt stress. All melatonin

treatments significantly improved the activity of these enzymes, although the greatest increase was recorded
with 50 uM concentration (Fig. 6 A and B).
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FIGURE 6/FIGURA 6
Figure 6. Peroxidase (POX) (A) and catalase (CAT) (B) activities. [Control SO: non-stressed plants, watered with 2.0
dS-m~! EC solution; MS 0, 10, 50, 100: plants from treated seeds with 0, 10, 50 and 100 uM melatonin solutions,
respectively, and watered with 8.0 dS m™! EC solution]. Different letters indicate a significant difference (P < 0.05)
according to Tukey’s test. Figura 6. Actividad Peroxidasa (POX) (A) y Catalasa (CAT) (B). [Control SO: plantas no
estresadas, regadas con solucién con 2,0 dS m™ CE; MS 0, 10, 50, 100: plantas de semillas tratadas con soluciones de

melatonina de 0, 10, 50 y 100 uM, respectivamente, y regadas con solucién con 8,0 dS m™ CE). Letras diferentes en la
misma columna indican diferencia significativa (P < 0,05) de acuerdo al test de Tukey.

Effect of seed treatment with melatonin on anatomical characteristics

Since the best positive response in previous parameters analyzed was recorded in MS 50 treatment, the
anatomical study was performed in this treatment and compared with plants from untreated seeds and in salt
stress (MS 0) and non-stressed plants (Control SO) (Fig. 7). No significant differences were observed
between treatments when comparing dimensions of different anatomical structures studied (Table 2). In
addition, no differences were observed between plants in salinity (MS 0) and those growing without salt
stress (Control S0), nor in those plants derived from seeds treated with uM melatonin solutions, treatment
in which, in general, the best response was observed.

i Thickness of Thickness of .
Width of i ) Bark thickness Vessels

Treatment the adaxial the abaxial i

mesophyll (pm) ) i ) i (um) diameter (um)
epidermis (um) epidermis (um)
Control SO 213.42 +10.13° 30.87 +4.55° 52.12 £ 10.142 96.71+ 20.332 52.12 +10.142
MS 0 225.57 + 18.20° 31117132 48.80 £6.742 115.50 £ 17.332 48.80 +6.742
MS 50 230.11 £ 21.212 50.17 +7.80% 49.00 + 10.102 98.75 £ 9.162 49.00 + 10.102
TABLE 2/TABLA 2

Table 2. Structural analysis of leaves and stems sections of melon plants 20 days old Tabla 2. Anélisis estructural de
hojas y tallos de mel6n de 20 dias
Note: Control $0: non-stressed plants, watered with 2.0 dSm™! EC solution; MS 0, 50: plants from treated seeds with 0 and 50 uM melatonin

solutions, respectively, and watered with 8.0 dS m™! EC solution. Different letters indicate a significant difference (P < 0.05) according to
Tukey’s test.
Nota: Control SO: plantas no estresadas, regadas con solucién con 2,0 dS m-1; MS 0 y 50: plantas de semillas tratadas con soluciones de
melatonina de 0'y 50 uM respectivamente, y regadas con solucién con 8,0 dS m™ CE. Letras diferentes en la misma columna indican diferencia
significativa (P < 0,05) de acuerdo al test de Tukey.
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FIGURE 7/FIGURA 7
Figure 7. Cross section of melon leaves of Control SO (A), MSO (B) and M50 (C) treatments, and stems of Control SO
(D), MSO (E) and M50 (F) treatments. References: X: Xylem, P: Phloem, Ad: Abaxial Epidermis; Ab: Abaxial
Epidermis. Scale bars: 100 um Figura 7. Seccién transversal de hojas de melén de tratamientos Control SO (A), MSO
(B) y M50 (C) y tallos de tratamientos Control SO (D), MSO0 (E) y M50 (F). Referencias: X: Xilema, P: Floema, Ad:
Epidermis Adaxial; Ab; Epidermis Abaxial. Barras de escala: 100 pm

Discussion

It has been widely reported that salinity is detrimental at all stages of plants cycle, causing significant
production losses worldwide (Parihar et al. 2015; Zorb et al. 2019). Germination of seeds as well as their
transition to seedlings represent perhaps the most critical stages of a plant’s life cycle. High salinity affects
germination due to a combination of osmotic, ionic and oxidative stress (Ibrahim, 2016). Poor sced
germination can negatively affect crop establishment and uniformity.

z@\meLi:s—-



JosEt Lurs CAsTANARES, LucAs DAURELIO, CARLOS ALBERTO Bouzo, SALT STRESS IN MELON (CucuMIs MELO L.) 1S ALL...

Effect of salt stress on melon seed germination was alleviated by treatment with 10 and 50 uM melatonin
solutions (Fig. 1). It has been reported the effect of exogenous melatonin in improving germination under
other types of stress, such as drought (Bai et al., 2020; Khan et al., 2019), chilling (Kotodziejczyk et al., 2016;
Korkmaz et al., 2021) heat (Herndndez et al.,, 2015; Yu et al., 2022) and contaminated soil stress (Lei et al.,
2021). At a higher concentration (100 pM) salinity stress could not be reversed and even had a negative
effect, since it resulted in a lower percentage of germination than the Control SO treatment. This inhibitory
effect on germination at higher concentrations of melatonin could be explained by a toxicity effect (Xiao et
al. 2019; Wei et al. 2015).

When evaluating the effect of melatonin on plant growth in salt stress, EC value of 8.0 dS m! was used
considering that crop yield is reduced by approximately 50% (Tanji & Kielen, 2002; Tedeschi et al., 2011).
Salinity affected growth of melon plants, as can be seen in Table 1 and Figure 3. These results agree with
those reported by Ibrarullah et al. (2019) and Hnili¢kova et al. (2019), who evaluated the growth reduction
in different melon cultivars irrigated with NaCl solutions. As Figure 3 shows, plants from melatonin treated
seeds with 50 uM exhibited the greatest increase in tolerance to salinity. In corn (Zea mays L.), Erdal (2019)
found that spraying plants with melatonin solutions improved growth by maintaining coordination between
gene expression and the activity of key enzymes involved in carbon and nitrogen metabolism. In rice (Oryza
sativa L.), melatonin spraying increased growth in salt stress by improving the activity the activities of
antioxidant enzymes (Wei et al. 2022).

When melatonin concentration was increased (100 pM) a reduction in growth was registered. This
response, positive at relatively low concentrations and inhibitory at higher concentrations, was also observed
by other researchers (Chen et al. 2009; Wei et al. 2015; Zhang et al. 2014), and a toxicity effect has been
suggested as an explanation. Given the multiplicity of reported functions and applications, melatonin has
been proposed as a new plant hormone or universal growth regulator (Arnao and Herndndez-Ruiz 2019;
Kolodziejczyk and Posmyk 2016). Plant hormones and growth regulators fulfill their functions at very low
concentrations (Kumudini & Patil, 2019). A similar effect was measured in bean (Phaseolus vulgaris L.)
(Azizi et al. 2022), rice (Oryza sativa L.) (L. Wei et al., 2022) and pistachio (Pistacia vera L.) (Kamiab, 2020)
with a beneficial effect at relatively low concentrations (10-100 uM), while higher concentrations (>100 uM)
had a detrimental effect.

The lower reduction of ¥x in plants from melatonin treated seeds, allows to infer the existence of osmotic
adjustment mechanisms, like the accumulation of compatible osmolytes, which are molecules with the ability
to reduce the osmotic potential of cells, and assure certain continuity in water absorption, and protect the
structure of proteins and enzymes under abiotic stresses (Fedotova, 2019). Proline is the osmolyte most
accumulated in plants under osmotic stress (Khanna-Chopra et al., 2019). Under salinity stress represents a
higher tolerance in plants due its osmotic adjustment capacity (Khanna-Chopra et al., 2019) and antioxidant
activity (Per et al., 2017). In our experiments, stressed plants increased proline content (Fig. 5 C), although
in plants from 50 pM melatonin treated seeds the highest content was recorded. This can be related to the
decreased degradation of proline by direct antioxidant action of melatonin (Zhang and Zhang 2014) and
increased activity of antioxidant enzymes induced by this molecule (Altaf et al., 2022). Siddiqui et al., (2019)
also measured an increase in proline content in tomato (Solanum lycopersicum L.) seedlings watered with
NaCl and previously treated melatonin solutions. In rice (Oryza sativa L.), Dawood and El-Awadi (2015)
applied melatonin to plants growing in cold stress and also registered an increase in proline content.

A significant reduction in total chlorophyll content (TChl) was determined in salt stressed plants (Fig. 5
A). Ibrarullah et al. (2019b) studied the effect of different levels of salinity on the chlorophyll content in
eight melon genotypes and in all cases a reduction in the content of this pigment with increasing salinity was
detected. This reduction is considered as an indicator of oxidative stress (Luna et al., 2000) and can be
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explained by the inhibition of chlorophyll synthesis and the activation of its degradation by the enzyme
chlorophyllase (Taibi et al., 2016). Of all treatments, 50 pM was the one that expressed the best result in
significantly increasing the chlorophyll level compared to plants from untreated seeds. The increase in TChl
content in treated plants has been attributed to the antioxidant properties of melatonin (Altaf et al. 2022;
Arnao and Herndndez Ruiz 2009). In soybean (Glycine max L.) plants from melatonin-treated seeds had
similar chlorophyll content as those untreated plants under normal conditions (Wei et al. 2015). Altaf et al.
(2022), growing tomato (Solanum lycopersicum L.) in drought stress, measured an increase in chlorophyll
after application of melatonin to plants.

Roots are the organs that represent the main mechanism by which plants supply themselves with water
and nutrients. Inhibition of shoot and root development is the primary response of plants to hydric and salt
stress (Arif et al., 2020), which will then affect the overall development of the plant. Results indicated a
reduction in root viability caused by high salinity (Fig. 5 B), which could be partially reversed only in the 50
uM treatment. Similarly, Altaf et al. (2022) reported an increase in root activity of tomato (Solanum
lycopersicum L.) seedlings watered with melatonin solutions and cultivated in drought stress, which was
reflected in an ameliorative effect of melatonin in such type of stress. A similar effect was reported by Han et
al. (2017) in rice (Oryza sativa L.) cultivated in cold stress.

ROS accumulation in cells is one of the main events that occur in plants subjected to some type of stress
(Ahmad et al., 2021). This can lead to an oxidative damage in membranes affecting its structure (Choudhury
et al., 2017). The reduction in MDA levels observed in our experiments (Fig. 5 D) indicates a decrease in
membrane damage, related to a lower levels of ROS (Ding et al. 2017). This agrees with what was observed in
wheat (T7iticum aestivum L.) (Cui et al., 2017), maize (Zea mays L.) (Ahmad et al., 2021; Fleta-Soriano et
al., 2017) and bean (Phaseolus vulgaris L.) (Taibi et al., 2016) growing under abiotic stress. Hydrogen
peroxide (H.O.), is the most important and stable of all ROS (Mansoor et al., 2022). In response to biotic
and/or abiotic stress an increase in H.O. production usually occurs in plants (Sofo et al., 2015). Among the
antioxidant enzymes, peroxidases (POX) and catalases (CAT) are very efficient in degrading H.O. (Anjum
et al., 2016). POX enzyme has been proposed as an indicator of the degree of stress in plants (Salah et al,
2015). As can be seen in figures 6 A and B, plants increased POX and CAT enzymes activity in response to
salt stress. However, plants from melatonin treated seeds had an even greater increase. Of all treatments, the
highest increase in enzyme activity was recorded at 50 pM. Similar results were reported by Wu et al. (2019)

who applied foliar melatonin and Ca?* to melon plants growing in salinity and measured an increase in the
activity of antioxidant enzymes with the consequent better growth in salt stress. Zhang et al. (2017) also
measured and increase in antioxidant enzyme activity in melon plants treated with melatonin and growing
under suboptimal temperatures. In soybean (Glycine max L.) foliar and irrigation application of melatonin
led to higher activity of antioxidant enzymes which allowed a better plant performance under drought
conditions (Imran et al., 2021). In rice (Oryza sativa L.) melatonin treatment of seeds allowed a better
growth of plants under cold stress (Han et al., 2017). This reduction of oxidative damage is fundamentally
due to the increase in activity of antioxidant enzymes (Zhan et al., 2019) and direct neutralization of H.O.
(Oloumi, 2022).

The absence of anatomical variations in leaves and stems of treated plants (Table 2; Fig. 7) allows us to
conclude that the increase in salt tolerance in treated plants is fundamentally due to biochemical processes
occurred in the plants. There are no previous reports including anatomical studies in plants treated with

melatonin. Shafiee et al. (2019) cultivated different melon varieties in salt stress (8 dS m™!) and, although
registered variations at the biochemical level (chlorophyll, proline and antioxidant enzymes), the only
anatomical change detected was an increase in the thickness of abaxial epidermis in some varieties.
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Conclusion

The results show that melatonin seed treatment induced biochemical and physiological changes in melon
plants that allowed an increase in salt stress. Clearly, there is a dose-dependent response. Under the
experimental conditions, concentrations of 10 and 50 puM turned were the optimal ones to improve
germination. When considering the growth of plants, the best response was observed with of 50 uM
melatonin concentration.

In this research, studies at biochemical and anatomical level make it possible to clarify the main
mechanisms that allow the increase in salt stress tolerance. Also, this work provides information that, added
to the existing knowledge in other crops, brings us closer to the confirmation of the potential benefit that
melatonin application represents to improve the performance of crops against different types of stress.

Further studies using advanced molecular techniques would be necessary to unequivocally understand the
main mechanisms involved in the increased tolerance to saline stress derived from the application of
melatonin.
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