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Abstract: Seed germination (GS) and seedling growth are vital plant stages that can be affected by
stresses such as drought and aging, which cause deterioration and reduce seed viability. With the aim
of homogenizing and improving GS, priming treatments with biostimulants such as the antioxidant
melatonin are commonly used in seeds. In this study, the effects of melatonin on germination and
seedling growth in two different situations, i.e., aging seeds of rice, barley, and sorghum and under
polyethylene glycol (PEG)-induced drought stress in sorghum, were studied. Aged seeds were
primed for 7 days in different concentrations of melatonin, and drought stress seeds were primed for
24 h before PEG treatment for 7 days, and germination and initial growth parameters were monitored.
Aging-seeds of rice and barley showed the maximum response in terms of germination percentage at
20 µM melatonin and 0.05 µM respectively; while aging-seeds of sorghum showed improvement in
germination for practically all concentrations studied, even the highest tested at 50 µM. Regarding the
effect of melatonin treatments on drought stress in sorghum seeds, all the studied parameters showed
a significant attenuation of the adverse effects of drought stress, alleviating them, for all concentrations
tested but especially at 200 µM melatonin. The results obtained confirm that priming seeds with
melatonin under low germinability conditions relieves stress and improves both germination and
seedling growth.
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1. Introduction

Seeds are the units of sexual reproduction of plants, and their function is to propagate,
perpetuate, and disperse the species to which they belong. Seed germination (SG) is
a vital stage in plant development and can be considered as a determinant for plant
productivity [1]. The major food seeds are those of cereals and legumes; their annual
world production is approaching 3 billion tons [2]. SG refers to the physiological process
culminating in the emergence of the embryo from its enclosing coverings [3]. It begins
with water imbibition, the mobilization of food reserve, protein synthesis, and radicle
protrusion. Physiological and biochemical changes followed by morphological changes
during germination are strongly related to seedling survival rate and vegetative growth,
which affect yield and quality [4].

SG and early seedling growth are two critical stages particularly vulnerable to envi-
ronmental stress conditions, particularly water stress condition [1]. Drought is a severe
limitation for plant growth, development, and productivity, and the response characteristics
of plants exposed to drought stress have become a crucial environmental research topic [5].
Drought stress reduces imbibition and increases osmotic potential of growth medium, thus
reducing germination percent and seedling vigor [6]. Polyethylene glycol (PEG) with a
molecular weight of 6000 Da, is a natural water-soluble and non-ionic polymer [7], which
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it is generally used to induce drought stress in studies with higher plants [8]. The use
of PEG6000 will increase in the osmotic potential of the growth medium, reducing the
imbibition capacity by seeds.

Many seeds are capable of surviving dehydration at maturity, and in this state, they can
survive for long periods (up to hundreds of years in some cases) and resume growth when
rehydrated. However, deteriorative chemical processes continue in dry seeds, resulting in
their gradual loss of vigor and eventual death [3]. Viability is a measure of the percentage of
seeds with the capacity to germinate and generate seedlings under favorable environmental
conditions. The aging of a seed occurs when the viability of a seed in a state of dormancy for
long periods of time is affected by deterioration, which will cause a delay in its germination
or even its total cessation and/or the reduction in growth seedling rates [9]. Aging involves
the impairment of metabolism during germination, with the reduction in the mitochondrial
respiratory activity, the production of toxic substances such as oxidized free fatty acids,
the reduction in some enzymatic activities, and the loss of soluble compounds due to the
abnormal permeability of cell membranes [10].

A good imbibition phase followed by a progressive germination rate, including a rapid
and uniform radicle emergence, will improve crop production. It has been observed that
the differences in these stages are generally not recovered, directly affecting crop yield [11].
To increase the yield of commercial seed lots, the SG rate can be induced by primming the
seeds in different media or immersing them for short times in solutions containing some
biostimulant compounds such as phytohormones or others, with the aim of homogenizing
and improving SG. Priming technique can promotes quick and uniform germination,
improves seedling responses, ensures successful seedling establishment, leading to better
plant growth [12]. Seed priming can also enhance the germination of weak, damaged, or
aged seeds, even under unfavorable environmental conditions [13].

Melatonin (N-acetyl-5-methoxytryptamine) is an indoleamine derived from trypto-
phan that was first detected in the bovine pineal gland in 1958 [14]. A few years later,
in 1995, it was identified in several plant species using radioimmunoassay and HPLC-
MS [15–17]. Melatonin contents in plants are highly variable, ranging from picograms to
micrograms per gram of plant material analyzed. Phytomelatonin (plant melatonin) has
been detected in a wide variety of plants, from edible to wildtypes, and in all tissues and
organs such as seeds, stems, leaves, roots, flowers and fruits [18,19].

This molecule with a molecular weight of 232.2 Da and a chemical formula of C13H16N2O2
is being considered as a new plant hormone, due to its involvement in multiple physio-
logical functions of plant development [20–22]. The identification of the first melatonin
receptor (PMTR1/CAND2, a receptor coupled to a G protein) in Arabidopsis thaliana was a
major breakthrough [23].

At the cellular level, melatonin biosynthesis is located mainly in chloroplasts since
they contain the main enzyme responsible for its synthesis, serotonin N-acetyltransferase,
which was identified in rice chloroplasts [24] and later in red algae [25]. Other enzymes
that participate in the biosynthesis pathway are located in the endoplasmic reticulum, in
the cytoplasm and occasionally in the mitochondria [26,27]. In total, five enzymes are
involved in its biosynthesis: tryptophan decarboxylase (TDC), tryptamine 5-hydroxylase
(T5H), serotonin N-acetyltransferase (SNAT), acetylserotonin methyltransferase (ASMT),
and caffeic acid O-methyltransferase (COMT) [28]. These routes are widely studied in
Ara-bidopsis thaliana and rice, although some aspects of serotonin biosynthesis still need
to be elucidated [29–31]. The biosynthesis route is very similar in both plants and animals,
except in certain steps, such as the hydroxylation of tryptophan to 5-hydroxytryptophan
by tryptophan hydroxylase (TPH), since this enzyme has not yet been identified in plants,
but its substrate and product are present in some plant species [30,32].

Due to the diversity of actions of melatonin described by several authors [20,33,34] either
affecting plants in different processes such as germination, rooting, growth, photosynthesis
efficiency, parthenocarpy, fruiting, ripening, and senescence, as well as related actions or
factors such as stomatal conductance, intercellular CO2, Rubisco activity, photosystem
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efficiency, etc., phytomelatonin has been proposed as a master regulator in plants [21].
This denomination is also due to the wide characterization of melatonin as a regulator of
gene expression and its relationship with other phytohormones such as auxin, cytokinins,
gibberellins, abscisic acid, jasmonic acid, salicylic acid, and ethylene [35,36].

Phytomelatonin contents can be regulated intrinsically (e.g., circadian clock, phytohor-
mones) and extrinsically by biotic and abiotic stressors through several second messengers
such as reactive oxygen and nitrogen species (ROS and RNS), gasotransmitter signals (nitric
oxide and hydrogen sulfide), and crosstalking with other plant hormones [35,36].

Another characteristic role of melatonin is its function as an antioxidant. This antiox-
idant capacity has been confirmed in both plant and animal studies. Thus, it has been
described that, in plants treated with melatonin and subjected to cadmium stress [37], it
indirectly enhances the expression of several antioxidant enzymes, including peroxidases,
catalases, and superoxide dismutases [21], and the stress caused by ROS and nitric oxide
is regulated [38]. In addition, it has also been seen that melatonin is capable of protecting
plant cells against biotic stress caused by pathogens such as fungi, nematodes, bacteria,
and viruses [28,39].

Seed priming can improve SG under stress conditions compared to unprimed seeds,
as it achieves a rapid and uniform gemination, leading to successful plant establishment.
The germination-promoting activity of melatonin was demonstrated in early studies on red
cabbage and cucumber [40,41]. In this study, we investigated the optimal concentration
of melatonin to mitigate the adverse effect on germination and seedling growth in seeds,
under two conditions: aging-seeds (in rice, (Oryza sativa L.), barley (Hordeum vulgare L.)
and sorghum (Sorghum spp.)) or drought stress induced by polyethylene glycol (PEG) (in
sorghum), determining the adaptative response in the presence of melatonin.

2. Materials and Methods
2.1. Plant and Chemical Materials

Sorghum, rice, and barley seeds used for bioassay I were obtained from a local spe-
cialized store in edible seeds (Murcia, Spain) in 2018 and stored at 4 ◦C for 5 years. For
bioassay II, sorghum seeds were purchased from the same local store in 2023.

All seeds used in the different bioassays were classified according to their size and
healthy appearance, discarding damaged or small seeds [42].

In all studies, the seeds were sterilized with 10% sodium hypochlorite for 10 min and
then washed 3 times with plenty of distilled water to remove traces of the disinfectant.

Melatonin (N-acetyl-5-methoxytryptamine) and polyethylene glycol (PEG) were ob-
tained from Sigma-Aldrich (Madrid, Spain). The different melatonin solutions were pre-
pared in distilled water from an initial 10−2 M ethanol solution. The drought study was
carried out with a PEG6000 solution prepared in distilled water at a concentration of 18%
(w/v), which generated an osmotic potential of ψ = −0.4 MPa.

2.2. Study of the Effect of Melatonin Treatment on Aging Seeds

Bioassay I: The study was carried out on the following seeds: rice, barley, and
sorghum. A total of 20 seeds previously sterilized were placed per Petri dishes con-
taining two filter paper disks. For priming, 20 mL of distilled water (control) or different
concentrations of melatonin (0.05, 0.1, 0.2, 1, 20, 50 µM) was added to each plate (this range
of melatonin concentrations was selected by us in previous assays). The plates were placed
in a culture chamber with controlled temperature at 25 ± 2 ◦C and a photoperiod of 16-h
light/8-h dark. Each treatment (consisting of 3 petri dishes of 20 seeds each) was repeated
3 times.

2.3. Study of the Effect of Melatonin Treatment on Sorghum Seeds Subjected to Drought Stress

Bioassay II: The drought stress was imposed artificially using polyethylene glycol
(PEG6000). Sorghum seeds that were previously sterilized were dipped in different mela-
tonin concentrations, 50, 100, 200, and 300 µM, with distilled water as the control, for 24 h,



Seeds 2024, 3 344

at 25 ± 2 ◦C in the dark. After the incubation time, 20 seeds of each treatment were placed
in Petri dishes with 2 filter paper discs containing 20 mL of a solution of PEG 18% p/v
(−0.4 MPa) [43]. Two types of controls were utilized: seeds not treated with melatonin
were sown in water without PEG as control (CK) or sown in PEG 18% (stress control).

The plates were placed in a culture chamber with a controlled temperature of 25 ± 2 ◦C
and a photoperiod of 16 h light/8 h dark. At least three replicates were performed per
treatment, and the bioassay was repeated 3 times.

2.4. Determination of Parameters and Indices of Germination

The number of germinated seeds was recorded daily from day 4 to 7 after sowing,
for each treatment and repetition. Seed germination was considered to have occurred
when the seed coat was broken and a radicle was visible ≥ 0.2 cm. Different indices,
germination (G) and germination potential (GP), were calculated according to the formula
of [44], relative seed germination (RSG), relative root length (RRL), and germination index
(GI) according to the formula of [45], and vigor index (VI) according to [46,47], and by
applying following equations:

G(%) =
Number of germinated seeds

Number of seeds kept for germination
× 100 (1)

GP(%) =
Number of germinated seeds on the 4rd day

Number of seeds kept for germination
× 100 (2)

RSG (%) =
number o f seeds germinated per treatment

number o f seeds germinated in control
× 100 (3)

RRL(%) =
Mean root length per treatment

Mean root length in control
× 100 (4)

GI (%) =
GRS × RRG

100
(5)

VI =
seedling (radicles + plumules) length × G (%)

100
(6)

2.5. Determination of Seedling Growth

The shoot length of the seedlings was measured, from day 4 to 7 after sowing, for
each of the treatments and repetitions. The length was noted from the neck region to the
apical end of the leaf. The root length of the seedlings was measured, from day 4 to 7 after
sowing, for each of the treatments and repetitions. The length was noted from the base of
the stem to the apical end of the main root. On day 7, the dry weight of the seeds that had
germinated was determined for each treatment and repetition. For this purpose, seedlings
were placed in the oven at 60 ◦C for 48 h to obtain a constant dry weight, and this weight
was recorded on an analytical balance and expressed in gram per plant.

2.6. Stress Tolerance Index (STI)

The stress tolerance index is a useful tool to determine the high yield and stress
tolerance potential of seeds assessed in bioassay II (drought stress). Stress tolerance indices
for root and shoot growth were estimated on the 7th day. The stress tolerance index in shoot
(sSTI) and stress root tolerance index (rSTI) in root were calculated using the following
equations [48].

sSTI (%) =
Shoot length of stress plant

Shoot length of control plant
× 100 (7)

rSTI (%) =
Root length of stress plant

Root length of control plant
× 100 (8)
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2.7. Statistical Analyses

The obtained experimental data were statistically analyzed using the IBM SPSS Statis-
tics 22.0 program (International Business Machines Corporation (IBM), New York United
States, https://www.ibm.com/support/pages/spss-statistics-220-available-download (ac-
cessed on 30 June 2024)). An ANOVA test and a post hoc test with a Tukey “honestly
significant difference” (HSD) test were applied for treatment comparisons, with p < 0.05, to
detect differences between means.

3. Results
3.1. Bioassay I
3.1.1. Germination Study of the Effect of Melatonin Treatment on Aging Seeds

We performed germination bioassays with different concentrations of melatonin
(0–50 µM) to determine how it affects the germination of aging seeds. The seeds began
to germinate on the third day of incubation at 25 ◦C, and we recorded the result of the
daily germination percentage for each treatment from day 4 to 7. Figure 1 illustrates the
germination speed of each treatment for the species tested in bioassay I (rice, barley, and
sorghum). The different calculated parameters are shown in Table 1, Table 2, and Table 3,
respectively.
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Figure 1. Bioassay I: germination percentage of aging seeds of rice (A), barley (B), and sorghum (C)
primed with different concentrations of melatonin from day 4 to day 7. Vertical bars represent data
means ± SE (n = 3).

Table 1. Effect of different melatonin treatments on the germination and growth of aging rice seeds.

Rice Seeds

Treatments
(µM)

Germination
(%)

Germination
Potential

(%)

Relative Seed
Germination

(%)

Relative Root
Length

(%)

Germination
Index

Vigor
Index

0 58.3 ± 5.0 b,* 48.3 ± 9.3 c 100.0 ± 4.1 b 100.0 ± 21.9 b 104.7 ± 25.8 b 1.9 ± 0.5 a

0.05 55.0 ± 0.1 b 18.3 ± 1.7 a 101.6 ± 0.1 bc 69.3 ± 11.8 a 70.3 ± 12.0 a 1.2 ± 0.2 a

0.1 61.7 ± 9.3 c 31.7 ± 6.7 b 113.9 ± 17.1 c 69.7 ± 12.0 a 83.4 ± 27.0 bc 1.4 ± 0.4 a

0.2 61.7 ± 6.0 c 30.0 ± 2.9 b 114.6 ± 11.3 c 70.6 ± 12.5 a 81.7 ± 18.5 bc 1.4 ± 0.2 a

1 66.7 ± 4.4 cd 60.0 ± 2.5 d 111.4 ± 8.6 bc 154.7 ± 10.2 c 172.5 ± 18.1 c 3.1 ± 0.4 b

20 68.3 ± 6.7 d 61.7 ± 2.5 d 114 ± 14.3 c 155.8 ± 9.1 c 180.4 ± 30.9 c 3.8 ± 0.3 b

50 48.3 ± 1.7 a 38.3 ± 1.7 b 77.1 ± 4.9 a 88.0 ± 4.5 b 68.3 ± 7.4 a 1.5 ± 0.1 a

* Values are mean ± standard error (SE, n = 3). Different letters indicate significant differences using the Tukey
HSD test (p < 0.05).

https://www.ibm.com/support/pages/spss-statistics-220-available-download
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Table 2. Effect of different melatonin treatments on the germination and growth of aging barley seeds.

Barley

Treatments
(µM)

Germination
(%)

Germination
Potential (%)

Relative Seed
Germination (%)

Relative Root
Length (%)

Germination
Index Vigor Index

0 75.0 ± 0.1 b,* 61.7 ± 6.0 b 100.0 ± 0.1 b 100.0 ± 4.3 d 100.0 ± 4.3 d 5.2 ± 0.1 c

0.05 91.7 ± 4.4 d 85.0 ± 5.0 d 122.2 ± 5.9 d 82.7 ± 2.4 c 101.0 ± 4.8 d 6.1 ± 0.3 d

0.1 73.3 ± 6.0 ab 70.0 ± 8.7 c 97.8 ± 8.0 ab 87.2 ± 0.5 d 85.2 ± 6.4 c 4.9 ± 0.3 c

0.2 75.0 ± 2.9 b 65.0 ± 5.0 bc 100.0 ± 3.8 b 90.0 ± 0.9 d 90.1 ± 4.4 c 5.0 ± 0.2 c

1 81.7 ± 4.4 c 80.0 ± 2.5 d 108.9 ± 5.9 c 79.4 ± 1.0 c 86.4 ± 4.3 c 4.8 ± 0.4 c

20 71.7 ± 4.4 ab 65.0 ± 12.5 bc 96.7 ± 10.0 ab 73.3 ± 4.8 b 70.0 ± 5.7 b 4.0 ± 0.5 b

50 68.3 ± 6.0 a 51.7 ± 3.3 a 91.1 ± 8.0 a 54.0 ± 3.4 a 49.3 ± 5.7 a 2.5 ± 0.3 a

* Values are mean ± standard error (SE, n = 3). Different letters indicate significant differences using the Tukey
HSD test (p < 0.05).

Table 3. Effect of different melatonin treatments on the germination and growth of aging sorghum seeds.

Sorghum

Treatments
(µM)

Germination
(%)

Germination
Potential (%)

Relative Seed
Germination (%)

Relative Root
Length (%)

Germination
Index Vigor Index

0 61.7 ± 1.7 a,* 62.5 ± 2.5 a 100.0 ± 3.6 a 100.0 ± 11.1 a 100.5 ± 14.2 a 2.0 ± 0.1 a

0.05 71.7 ± 3.3 b 70.0 ± 2.9 b 116.2 ± 5.4 b 118.7 ± 15.2 a 139.3 ± 22.7 b 2.7 ± 0.5 b

0.1 61.7 ± 8.8 a 58.3 ± 9.3 a 100.0 ± 14.3 a 181.5 ± 8.0 b 179.4 ± 19.3 c 3.1 ± 0.3 bc

0.2 66.7 ± 3.3 ab 58.3 ± 6.7 a 108.1 ± 5.4 ab 186.4 ± 4.3 b 201.1 ± 6.2 c 3.4 ± 0.2 c

1 65.0 ± 7.6 ab 58.3 ± 11.7 a 105.4 ± 12.4 ab 178.9 ± 38.9 b 197.2 ± 62.7 c 4.1 ± 0.9 d

20 65.0 ± 5.0 ab 60.0 ± 12.5 a 101.4 ± 12.2 ab 103.9 ± 0.3 a 109.6 ± 8.6 ab 2.5 ± 0.4 ab

50 71.7 ± 6.0 b 70.0 ± 5.8 b 116.2 ± 9.7 b 105.1 ± 8.0 a 123.5 ± 18.1 ab 2.8 ± 0.4 b

* Values are mean ± standard error (SE, n = 3). Different letters indicate significant differences using the Tukey
HSD test (p < 0.05).

The evolution of the germination percentage from the beginning of data collection,
sampling from day 4 to day 7 from sowing is shown in Figure 1. The final germination
data of day 7 for each tested seed type (rice, barley, and sorghum) are shown in Table 1,
Table 2, and Table 3, respectively. In general, it is observed that the maximum germination
rate occurs on day 4 for all treatments and seeds, and from this day, the germination rate
slows down and remains the same. This behavior is especially appreciated in sorghum,
while in rice and barley, some variation is observed between days 4 and 5.

In aging rice seeds, treatments containing 0.1, 0.2, 1, and 20 µM of melatonin induced
an increase in germination percentage (G) compared to the control, with significant differ-
ences according to Tukey’s post hoc test (p < 0.05) (Table 1). The 20 µM melatonin treatment
was the most effective, with an increase in the germination percentage of 10.0% compared
to the control (Table 1). It should be noted that the maximum tested concentration of 50 µM
melatonin had a deleterious effect, with a G reduction of 10.0% compared to the control, and
this behavior is also observed in the values obtained for GI and RSG, i.e., the parameters
that inform about the behavior of the treated seeds in relation to the control (Table 1).
According to Table 1, 20 µM melatonin treatment was, of all the tested concentrations,
the one that shows an improved value in all the calculated parameters compared to the
control; thus, it can be concluded that, in aging rice seeds, treatment with 20 µM melatonin
represents a significant improvement in germination.
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In aging barley seeds, 0.05 and 1 µM melatonin treatments caused a significant increase
in the germination percentage (G) compared to control (Figure 1), but of these two, 0.05 µM
melatonin was clearly more effective, with an increase compared to the control for G of
16.74% compared to the increase of 6.7% caused by 1 µM melatonin (Table 2). Furthermore,
0.05 µM melatonin shows a significant improvement, not showed by melatonin 1 µM,
for most of the calculated parameters, with 0.05 µM melatonin being the only one that
improve the vigor index (VI) with respect to the control. In barley seeds, as in rice seeds,
the maximum tested concentration (50 µM) most affects germination (G) compared to
the control, reducing it to 68.3 (−6.7%). This effect is even more deleterious than in rice,
since all the calculated parameters are affected and exhibit decreased values for all the
tested concentrations. It can be concluded that the concentration of melatonin capable of
improving germination in barley is the lowest tested concentration (0.05 µM).

In sorghum, as shown in Table 3, and unlike what happens with the other two species
of studied aging seeds (rice and barley, Tables 1 and 2, respectively), at all tested melatonin
concentrations (except 0.1 µM) and for calculated parameters, an improvement is observed
with respect to the control, resulting in higher (0.05 and 50 µM melatonin) or at least
equal values (without significant difference with the control, 0.2, 1, and 20 µM) for G, GP,
SRG RRL, IG, and VI. It should be noted that the concentration of melatonin with the
highest VI (parameter that combines the values of the germination percentage with the
growth of the seedling) is 1 µM followed by 0.2 µM, which induce a VI that is 2.1 and
1.7 times higher the control, respectively. It can be concluded that, in sorghum seeds,
the melatonin concentration capable of further improving germination was the lowest
tested concentration (0.05 µM). Notably, the highest tested melatonin concentration (50 µM)
reduces G for both aging rice and barley, unlike the response of aging sorghum where G
clearly improves with 50 µM melatonin.

3.1.2. Effect of Melatonin Treatment on Seedling Growth

In rice, in relation to shoot and root growth (Figure 2A,D), the results revealed sta-
tistically significant improvements in 1 and 20 µM melatonin treatments compared to the
control. Rice seeds treated with 1 µM melatonin showed the greatest effect in relation to
stem elongation, reaching a value of 1.86 cm, 45.31% higher than that in the control with
a value of 1.28 cm (Figure 2A). For root elongation, 20 µM melatonin treatment showed
the greatest effect, reaching a value of 3.13 cm, 51.94% higher than that for the control
(Figure 2D).

In barley, 0.05 and 0.1 µM melatonin treatments induced shoot length with respect to
the control. Among these treatments, 0.05 µM melatonin showed the greatest increase in
shoot length, reaching a value of 3.86 cm, which represents an increase of 10% compared
to the control. A 0.2–50 µM melatonin interval provoked some decrease in shoot growth,
which increases as the tested concentration of melatonin increases (Figure 2B). In relation to
the root growth of barley, a decrease in root length is observed at all tested concentrations
of melatonin, with this effect being greater in the highest concentrations, i.e., 20 and 50 µM
melatonin (Figure 2E).

In sorghum, a significant increase in shoot growth compared to the control was
observed for all tested melatonin treatments except for the 0.05 µM melatonin (Figure 2C).
The maximum shoot length-promoting effect was observed at 1 µM melatonin, with a
height of 2.59 cm, 112% higher than that of the control; higher melatonin treatments
provoked lower length responses in sorghum shoots (Figure 2C). In relation to the roots,
a significant increase in root length was observed compared to the control for the 0.1, 0.2,
and 1 µM melatonin treatments, showing a typical Gaussian bell response, with a maximum
response at 0.1 µM melatonin, with a value of 4.36 cm, which represents an increase of
122% compared to the control (Figure 2F).
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In relation to the effect of melatonin treatments on dry weight seedlings (Figure 3),
a similar behavior is observed in rice and sorghum, with a very notable increased value
at 0.2 µM melatonin compared to the control. Thus, the dry weight of sorghum seedlings
increased by approximately 4-fold while that of rice seedlings increased by 1.5-fold com-
pared to the control. On the other hand, barley does not show improvement with any of
the tested melatonin treatment.
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3.2. Bioassay II
3.2.1. Germination Study of the Effect of Melatonin in Drought Stress Conditions

Sorghum seeds (non-aging) subjected to drought stress induced by 18% PEG show
a decrease in the germination percentage of 15.3% compared to the control (sown in
water), which denotes the effectiveness of PEG to provoke drought stress in seeds (Table 4).
Regarding the studied germination parameters in melatonin-primed seeds in the presence
of PEG, a general improvement in their germination can be observed for all tested melatonin
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concentrations (50, 100, 200, and 300 µM). It should be noted that 200 µM melatonin is
even capable of increasing germination (G) by 8.4% more than that in the control. The
behavior observed with the different concentrations of melatonin is similar to the Gaussian
bell that is observed in the classic growth test of coleoptiles incubated with the auxin
indole 3-acetic acid, where both low and high concentrations cause a weak effect either
due to either lack or excess of phytohormone (probably due to saturation that causes
toxicity). This same behavior was observed for all calculated parameters GP, RSG, GI,
and VI. It should be noted that the VI has a similar value for 100 and 200 µM melatonin
treatments, being approximately 2.5-times higher in the PEG control, not exceeding in
any case the value of the control (CK), although as it has been mentioned above, the
germination induced by 200 µM melatonin is greater than that of CK. This is because VI is a
parameter that encompasses germination and plant growth, and the growth under drought
stress conditions is affected by the low availability of water, which plays an important
role in cell elongation. Thus, PEG-induced drought stress effectively inhibits sorghum
seed germination, with 200 µM melatonin being an improvement treatment alleviating the
drought stress.

Table 4. Germination parameters in sorghum drought stress seeds primed with different melatonin
concentrations.

Sorghum + PEG 18%

Treatments
(µM)

Germination
(%)

Germination
Potential (%)

Relative Seed
Germination (%)

Relative Root
Length (%)

Germination
Index

Vigor
Index

CK 68.3 ± 10.1 bc,* 68.3 ± 10.1 bc 100.0 ± 14.8 bc 100.2 ± 2.8 e 100.2 ± 15.5 e 1.7 ± 0.4 d

P 53.3 ± 10.9 a 53.3 ± 10.9 a 77.9 ± 16.0 a 37.6 ± 3.9 a 28.1 ± 2.9 a 0.4 ± 0.1 a

PM50 66.7 ± 4.4 b 66.7 ± 4.4 b 97.3 ± 6.4 bc 61.0 ± 5.7 c 58.7 ± 2.0 c 0.8 ± 0.1 bc

PM100 73.3 ± 6.0 bc 73.3 ± 6.0 bc 104.1 ± 10.0 bc 61.3 ± 6.2 c 65.0 ± 13.0 c 0.9 ± 0.2 c

PM200 76.7 ± 6.0 c 76.7 ± 7.5 c 111.9 ± 8.8 c 70.7 ± 4.2 d 79.1 ± 8.2 d 1.0 ± 0.1 c

PM300 65.0 ± 2.9 b 65.0 ± 2.9 b 94.9 ± 7.3 b 48.4 ± 6.1 b 45.6 ± 5.3 b 0.5 ± 0.1 ab

* Values are mean ± standard error (SE, n = 3). Different letters indicate significant differences using the Tukey
HSD test (p < 0.05). CK, control absolute; P, PEG stress without melatonin; PM50, PEG stress with 50 µM melatonin;
PM100, PEG stress with 100 µM melatonin; PM200, PEG stress with 200 µM melatonin; and PM300, PEG stress
with 300 µM melatonin.

3.2.2. Melatonin Effect on Sorghum Seedling Growth in Drought Stress Conditions

Sorghum shoot length decreased significantly in the presence of PEG compared to the
control seedlings (Figure 4A). A slight improvement in the shoot growth of the stressed
seeds is observed for all the melatonin treatments, except for the one with the highest
concentration (300 µM melatonin). In the case of the effect on root growth, PEG-stressed
seeds showed a drastic decrease (more than double) than control seeds (without PEG),
with values of 0.53 cm (P0 in Figure 4B) and 1.42 cm (CK in Figure 4B), respectively. As
in sorghum shoots, a general improvement was observed when seeds were primed with
melatonin; the melatonin-induced effect on root growth was stronger, showing all PEG-
stressed seeds primed with melatonin (50, 100, 200, and 300 µM), an increased growth
response compared to the PEG control.

The results of shoot and root growth were reflected in the dry weight values of seedling
as shown in Figure 4C, where it is observed that the lowest dry weight value is obtained
for the control with PEG, with better values for the seedlings treated with melatonin.
In any case, shoot, root, and dry weight reached the respective values presented by the
non-stressed seeds (Figure 4).
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3.2.3. Stress Tolerance Index (STI) in Melatonin-Primed Sorghum Seeds

The tolerance to drought stress of seeds treated with melatonin was improved com-
pared to the untreated seeds in both roots and shoots of seedlings (Table 5). It was observed
that stress tolerance increased by 13% for 50, 100, and 200 µM of melatonin for the shoots.
The effect of increasing tolerance is stronger in the roots than that in the shoots, and the
highest improvement was observed at 200 µM melatonin, presenting an increase in toler-
ance of 33.1% compared to the control. The rest of the applied melatonin concentrations
also improve tolerance, with the highest used concentration of melatonin (300 µM) having
a minor effect.

Table 5. Results of PEG-induced drought stress tolerance indices for primed sorghum seeds with
different melatonin concentrations.

Sorghum +PEG 18%

Treatments
(µM)

Stress Tolerance Index
in Shoot (%)

Stress Tolerance Index
in Root (%)

CK 100.0 ± 19.0 b,* 100.0 ± 2.9 e

P 20.6 ± 3.2 a 37.6 ± 3.9 a

PM50 33.6 ± 3.4 a 61.0 ± 6.2 c

PM100 33.0 ± 5.5 a 61.3 ± 5.7 c

PM200 32.7 ± 6.7 a 70.7 ± 4.2 d

PM300 24.2 ± 4.0 a 48.4 ± 6.1 b

* Values are mean ± standard error (SE, n = 3). Different letters indicate significant differences using the Tukey
HSD test (p < 0.05). CK, control; P, PEG stress without melatonin; PM50, PEG stress with 50 µM melatonin; PM100,
PEG stress with 100 µM melatonin; PM200, PEG stress with 200 µM melatonin; and PM300, PEG stress with
300 µM melatonin.

In summary, treatments with melatonin through the priming of seeds help to attenuate
the effect of drought stress on seedlings, with roots being the organ that responds best to
the presence of melatonin.

4. Discussion

The results obtained in this study show that melatonin is a promising agent for
improving SG and growth of seedlings, under both studied conditions, i.e., aging seeds
and drought-stressed seeds. In general, the effect of melatonin seem to be conditioned by
the concentration used [49,50], as it has been demonstrated in previous studies that high
concentrations of melatonin inhibited or did not exert a stimulating effect on germination,
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while low concentrations exerted a stimulating effect [51–55]. Here, a similar behavior is
observed with aging seeds of barley and rice, where the maximum effect on the germination
percentage is obtained with a melatonin concentration of 0.05 µM in barley and 20 µM in rice
(16.7 and 10% more germination than the control, respectively), and it was inhibited in both
species at 50 µM melatonin, the highest tested concentration (6.7 and 10% less germination
than control, respectively). While aging seeds of sorghum show an improvement in
germination for practically all studied concentrations, even the highest tested concentration
of 50 µM.

In relation to the effect of melatonin on the elongation of shoots and roots, it was
observed that the response of both organs was different and dependent on the concentration
of melatonin used, influencing the sensitivity of the organ. This behavior is already well
known in the case of auxin, where roots are much more sensitive to auxin than stems
or leaves. The influence of melatonin on plant growth was first described by Arnao and
colleagues [50,56]. Our study found that melatonin, similar to IAA, promoted vegetative
growth in the etiolated hypocotyls of Lupinus albus L. and the etiolated coleoptiles of some
monocotyledons (canary seed, wheat, barley, and oat) and significantly inhibited root
growth. In the current study, melatonin also inhibited the root growth of barley compared
to that of the control. However, in sorghum, melatonin promoted the growth of both roots
and shoots, with roots showing greater sensitivity compared to shoots, which requires a
ten-fold higher concentration. In rice seedlings, melatonin promoted both root and shoot
growth at similar concentrations.

In other studies of wild mustard seedlings [57], at low melatonin concentrations, the
biosynthesis of IAA was stimulated, and, on the contrary, when melatonin concentration
was increased, then, it exerted an inhibitory effect on IAA. This result coincides with
that of other recent studies, in which the cause of this behavior is revealed: the higher
concentrations of auxin promote cell expansion in shoots but inhibit cell expansion in
roots. Auxin is involved in the roots in the activation of two signaling pathways that act
antagonistically, i.e., (1) a transmembrane kinase1 (TMK1) pathway and (2) the transport
inhibitor response1 and auxin-signaling f-box (TIR1/AFB) pathway, where the first is based
on the acidification of the apoplast, which facilitates cell expansion, and the second on
its alkalization [58]. Furthermore, the growth mechanisms in melatonin-treated seedlings
remain uncertain. In previous studies, the ability of melatonin to positively affect the
development of the shoots and radicles was studied by the reduction in intercellular pH
and the relaxation of the cell wall induced by melatonin, as could be inferred from the
elongation and expansion of the cell wall in lupin [59].

Therefore, there is a relationship between IAA and melatonin, which is associated
with the fact that both hormones use the same precursor, L-tryptophan. Furthermore, both
compounds mutually modulate their contents: the low levels of exogenous IAA enhance
melatonin production, while the high levels of melatonin decrease IAA production and
also reduce the levels of auxin-transporting PIN proteins [57,60]. In general, it is observed
that there is an interaction between melatonin and IAA in their transcriptional regulation,
both upstream and downstream. All these interactions seen together would modulate the
development of plants and their adaptation to stress [61].

Aging affects seeds, causing a loss of germinability. The ability to retain germinability,
vigor, and viability varies widely among plant species [62]. Aging effect has been studied
in different seeds such as Arabidopsis and common beech [63,64], and in general, it was
observed that seed aging reduces germination by increasing ROS production (superoxide
anion radicals, hydrogen peroxide, and hydroxyl radicals), lipid peroxidation membrane
injury, and DNA alterations [65]. Therefore, the antioxidant capacity of melatonin would
justify the results obtained pertaining to the increase in germination in aging rice, barley,
and sorghum seeds assessed in this study. A few studies have been published that have
assessed the participation of melatonin in the viability or aging of seeds during long-term
storage. It is worth highlighting the studies carried out on pepper [66] and lettuce [67]
consisted of pretreating the seeds in melatonin solutions for 24 h and then drying them



Seeds 2024, 3 352

and storing them for 1 year for pepper or 2 years for lettuce. Pepper seeds pretreated
with 25 µM melatonin resulted in a higher germination percentage and lower germination
rate and electrical conductivity values during storage. In lettuce seeds, it was observed
that the quality of non-pretreated seeds deteriorated rapidly when stored at 25 ◦C, but
pretreatment with melatonin significantly reduced this deterioration by increasing the
activities of antioxidant enzymes and restoring membrane properties. The authors conclude
that melatonin could be used to slow the natural aging process of seeds and may also have
important practical applications, especially in storing seeds of endangered species or
valuable breeding material.

About the effect of drought stress induced by PEG in sorghum seeds (bioassay II),
this stress could inhibit their germination and plant growth. A significant decrease in the
germination percentage, vigor index, germination index, and shoot and root growth of
sorghum seeds sown at −0.4 MPa was observed. However, after melatonin treatment, all
the above studied indicators (G, GP, RSG, RRL, GI, and VI) showed a significant attenuation
of adverse effects of drought stress, alleviating them, which was confirmed when the
tolerance stress indices of the shoot and root were calculated (Table 5), where tolerance
increased with the majority of tested melatonin concentrations (except for the highest
concentration used, 300 µM). These results are consistent with the previous studies carried
out in cucumber [68], rice [44], and carrot. In carrot, the effect of osmopriming melatonin on
SG was closely related to melatonin treatment, being the optimal melatonin concentration
capable of promoting SG between 50 and 200 µM [69]. This behavior can be explained by
the antioxidant capacity of melatonin that can reduce the amount of ROS that is produced
in the presence of PEG. Studies carried out on seed soybean stressed with PEG showed an
excess of intracellular ROS, capable of damaging the plant membranes, thereby causing
lipid peroxidation. Melatonin treatment reduced this effect, by decreasing H2O2 content
and O2

− production [70]. Similar results have been observed in a study on triticale seeds
(Triticale hexaploide L.), where priming seeds with 20µM melatonin alleviated the adverse
effects of drought stress on germination and seedling growth induced by PEG6000. The
results suggested that the priming of seeds with melatonin promotes ROS-scavenging
capacity and improves energy supply and antioxidant enzymatic activities, to alleviate the
adverse effects of drought stress on triticale [71].

Melatonin improve germination and seedling growth through the modulation of
plant hormone contents in tissues, mainly on auxin, gibberellins, cytokinins, abscisic acid,
ethylene, jasmonic acid, salicylic acid, and brassinosteroids [20]. In aging or stressful
conditions, SG is clearly affected. To achieve a sustainable level of crop yield, it is important
to improve SG under abiotic stress conditions. A recent review has been published on
the effects of stressors on SG and the regulatory role that melatonin can play due to its
ability to interact with different physiological mechanisms [65]. This review highlights that
melatonin induces specific responses to stress, such as the regulation of ionic homeostasis
and hydrolysis of storage proteins under salinity stress, the activation of aquaporins,
and the accumulation of osmolytes under drought stress. Melatonin also modulates
common responses such as its role in the regulation of gibberellin biosynthesis, abscisic
acid catabolism, redox homeostasis, and Ca2+ signaling, all of which are important players
in germination.

5. Conclusions

• The exogenous application of melatonin in aging seeds has a biostimulator effect; this
effect depends on the seed under study and the concentration of melatonin applied.

• As occurs in other cases applying phytoregulators, the effectiveness of melatonin
depends on the tissue sensitivity, observing induction or inhibition of growing in
different tissues (stem and roots) at similar melatonin concentrations.

• In relation to the aged seeds of rice, barley and sorghum tested, the most effective
melatonin concentration, especially in the germination parameters and vigor index,
has been 20, 0.05 and 1 µM respectively.
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• PEG-induced drought stress in sorghum is alleviated by almost all melatonin concen-
trations (50, 100 and 200 µM) tested, but the 200 µM concentration stands out for being
the most effective in improving parameters of germination, early growth and stress.

To conclude, the data obtained in this study focus on the biostimulary role of mel-
atonin in the germination process, reinforcing seedlings against abiotic stressors, through
the modulation of redox network and plant hormonal responses.
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