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Abstract: Carrot is one of the most frequently grown vegetables in Poland and in the world. Seed-
borne pathogenic fungi negatively influence their quality as well as the quantity and quality of
carrot root yield. Melatonin is a PGR, which includes protective effects against biotic and abiotic
stress factors and antioxidant effects. The aim of this experiment was to determine the effect of
osmopriming with melatonin on germination, vigor and carrot seeds health. Carrot seeds were
osmoprimed in a solution of polyethylene glycol (PEG) with an osmotic potential of —1.5 MPa at
20 °C for 7 days; melatonin was added to the PEG solution at doses of 25, 50, 100 or 200 uM. Generally,
osmopriming with the addition of melatonin significantly improved germination capacity at first
and final counts (sample I about 7-14% and sample II 35-43%), reduced the incidence of Alternaria
alternata, A. radicina and Fusarium spp. and increased the percentage of non-sporulating hyphae.
Treating accelerated the germination of seeds at a significant rate in comparison with untreated seeds
and treated with fungicide, especially at low dosage, i.e., 25-50 uM. MGT of primed seeds with the
addition of melatonin at dose 25 uM shortened about 0.5 day (sample I) and 1 day (sample II) The
effect of melatonin on seed quality parameters was comparable or better than treating with fungicide.
The results suggest that melatonin could replace fungicides in the future, which are harmful to
the environment.

Keywords: carrot; seed priming; germination; seed vigor; N-acetyl-5-methoxytryptamine; parasitic
fungi

1. Introduction

Carrot (Daucus carota L.) seeds are exposed on pathogenic microorganisms infection
during seed production, harvesting, cleaning, transport and their storage. Seed-borne
pathogens negatively influence on seed germination, decrease seed vigor and shorten
the seed storability [1]. Richardson [2] listed the most important seed-borne pathogens,
which include: Alternaria dauci (J.G. Kuhn) J.W. Groves & Skolko, Alternaria radicina Mei-er,
Dreschler & E.D. Eddy, Cercospora carotae (Pass.) Kazn. & Siem., Eryshipe heraclei DC,
Sclerotinia sclerotiorum (Lib.) de Bary and Xanthomonas hortorum pv. carotae (Kendrick)
Vauterin, Hoste & Swings. Alternaria Black Rot of carrots, caused by Alternaria radicina,
is a fungi disease that affects carrots. Infected roots are characterized by black, sunken
lesions. They mostly affect carrots that are kept in cold storage, where they can quickly
spread [3]. Additionally, A. radicina reduced seed germination capacity and seedlings
survival. This fungus is capable of producing phytotoxins radicin (RAD), radicinol (ROH)
and epi-radicinol (epi-ROH), which are phytotixic to carrot seedlings [4]. Chen et al. [5],
among the mechanisms of phytotoxins, listed protein targeting, damaging the membrane
structure and disintegrating the cytoskeleton. All of these mechanisms providing to plant
cell apoptosis. Similarly, Alternaria Leaf Blight is a foliar disease, caused by Alternaria dauci
and Cercospora carotea [6]. Alternaria dauci occurs on older leaves, while C. carotea spots occur
on young leaves [7]. They are mostly causing yield loss by reducing leaf photosynthetic
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area and also breaking the carrot petioles [8]. The production of secondary metabolites by
A. dauci plays a key role in the fungus-plant interaction and determines the aggressiveness
of this fungus [9]. Alternaria dauci produces numerous non-host selective (NHST) and
host-selective (HST) toxins. The disease symptoms, as spots, on carrot leaves are the result
of the effect of one or several toxins [10]. Some mycotoxins, such as tenuazonic acid,
alternariol and alternariol monomethyl ether, induce hydrogen peroxide accumulation in
leaves, which was proven by Meena et al. [11] in tomato leaves. Zinniol disintegrates the
cell membrane due to its effect on calcium channels [12].

Osmopriming has been shown to be an effective method to improve the most im-
portant seed quality parameters, such as germination and vigor, by increasing speed and
uniformity of germination [13]. The priming of seeds in high osmotic conditions has been
described as a convenient way to overcome drought and salinity problems [14]. The os-
mopriming process is referred to as the time-dependent soaking of seeds in low potential
inorganic salts or polyethene glycol (PEG) necessary for optimum water absorption that
enhances a better seed performance [15]. Bradford [13] and Miladinov et al. [16] opined that
this technique consists of seed hydration in a solution whose osmotic potential is enough to
allow initial germination to occur but not adequate for radicle protrusion. Priming of car-
rots seeds increased seed vigor and yield, and thus, resulting in greater incomes compared
to other forms of treatment [17-19]. Aazami and Zahedi [14] reported that priming had a
positive influence on carrot germination-related traits, and concurrently, decrease abnormal
seedlings. Polyethylene glycol (PEG) of 8000 molecular weight is commonly used for seed
priming. However, a side effect, increased fungal colonization and penetration into deeper
seed tissues, has been observed after priming in PEG solution [20-23]. Tylkowska and van
den Bulk [23] claimed that this increase was greater in seeds with medium to high initial
levels of infection. Therefore, the seed health, undergoing this treatment, is very important.
In order to counteract the growth of microorganisms during priming, various chemical
and natural substances are used. Dorna et al. [24] studied the effect of priming China aster
seeds in PEG 8000 solution and in combination with seed treatment with the fungicide
Rovral 50 WP (a.i. iprodoone). The application of the fungicide before, during and after
priming lowered the incidence of fungi on the seeds compared to control seeds and those
treated with PEG alone.

Melatonin (N-acetyl-5-methoxytryptamine) is tagged as a multi-regulatory molecule
because of its abundant biological actions in plants such as the ability to act as a plant bios-
timulator against stress, both abiotic and biotic. In addition, it can regulate plant growth,
regulate vegetative development process in plants such as leaf senescence, rooting, photo-
synthetic efficiency, and biomass yield, is involved in regulation of circadian rhythms and
photoperiodic reactions and also plays a vital role in regulating the processes of flowering
and the formation and ripening of fruits and seeds [25-29]. Furthermore, the protection of
plants under drought, high temperature, cold, copper, lead, salinity and pathogen infection
by melatonin has been affirmed by researchers [30-35]. Additionally, melatonin has been
described as an important antioxidant that has actively acted against a variety of toxic
oxygen and nitrogen in plants [36,37]. In seeds, melatonin plays a vital role by providing
antioxidative defense in a relatively dry system that cannot be regulated. Kotodziejczyk
et al. [38] confirmed that melatonin stimulates activity of antioxidant enzymes, i.e., super-
oxide dismutase (SOD), ascorbate peroxidase (APX) and glutathione peroxidase (GSH-PX).
Additionally, it is an essential compound that protects seeds’ reproductive tissues from
harmful environmental conditions [39,40]. Xiao et al. [41] examined the impact of mela-
tonin on Gossypium hirsutum seed germination, and reported that a low concentration of
melatonin can promote Gossypium hirsutum seed germination by increasing the activity
of antioxidant enzymes and thereby enlarging the accumulation of the malondialdehyde
(MDA), and plant growth regulators (PGRs) are regulated. In addition, exogenous mela-
tonin was observed to improve antioxidant defense in Cucumis sativus seeds germinated
under chilling stress by Batabusta et al. [42], who confirmed that melatonin could provide
C. sativus seeds and young seedlings against oxidative stress both directly and indirectly
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detoxifying reactive oxygen species (ROS), thus making the plant grown better in more
harsh and harmful environmental conditions.

The aim of the study was to evaluate the protective influence of melatonin during seed
treatment, priming, under conditions favoring the development of pathogenic fungi that
reduce germination and emergence of D. carota “Amsterdamska’ seeds. The phenomenon
of seed health deterioration during osmopriming treatment is common, and it negatively
affects seed quality. Melatonin, as a plant growth regulator, can improve germination by
preventing excessive growth of fungi, especially pathogenic fungi, i.e., Alternaria alternata,
A. dauci, A. radicina and Fusarium spp. The research hypothesis is to improve, through the
use of osmopriming with melatonin, the most important quality parameters, assessed prior
to seed market release, germination, health and also vigor.

2. Materials and Methods
2.1. Materials

In the experiment, two seed lots of carrot (Daucus carota L.) “Amsterdamska’, i.e.,
PL004/63/51/612A (sample I) and PL804/63/51/414A (sample II), were used. Both seed
lots were obtained from a Polish seed company.

Seeds were treated with melatonin. Melatonin is soluble in organic solvents, such
as ethanol or dimethyl formamide. The solubility of melatonin in ethanol (C,H50H) is
approximately 50 mg-mL .

Seeds were treated with contact fungicide Zaprawa nasienna T (a. s. thiuram), pro-
duced by Synthos Agro—chemical control.

2.2. Methods

For osmopriming, 50 seeds (800 seeds were treated for each concentration) of D.
carota ‘Amsterdamska’ were placed in 9 cm diameter sterile Petri dishes on four layers of
sterile blotter moistened with polyethylene glycol 8000 solution (PEG) with the addition of
melatonin at a concentration of 25, 50, 100 and 200 uM. To each Petri dish, 5 mL of PEG
solution with melatonin was added. Before melatonin was added to the PEG solution, it
was dissolved in ethanol (50 mg of melatonin in 1 mL of ethanol). The concentration of PEG
used was 355 g-L.~! water to give a nominal osmotic potential at 20 °C of —1.5 MPa [43].
Then, Petri dishes with osmoprimed seeds were closed with parafilm and incubated for
seven days without light at 20 °C. After seven days, primed seeds, from each combination,
were washed separately using a tap water for 5 min and next rinsed three times in sterile
water to remove PEG. Subsequently, the seeds were surface dried on sterile blotter, then
placed in semi-open Petri dishes and dried at 20 °C and 45% relative humidity for 48 h to
achieve an equilibrium moisture content.

2.3. Seed Germination Test

A seed germination test was conducted according to the recommendations of the
International Seed Testing Association (ISTA) [44]. Seeds were placed in Petri dishes on
six layers of blotter paper moistened with 5 mL of distilled water (Figure 1). For each
treatment, 300 seeds were used, on six repeats of 50 seeds. Seeds were incubated at 20 °C
in darkness.
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Figure 1. Seeds of both samples prepared for the germination test.

After 7 days of incubation, seed germination at the first count was determined, whereas
after 14 days, germination at the final count was evaluated. Moreover, after 14 days of
incubation, the percentage of diseased and deformed seedlings and the percentages of fresh
and dead seeds were determined (Figure 2).

-

(a) (b)
Figure 2. Normal seedlings (a) and abnormal diseased seedlings (b) after 14 days of incubation.

2.4. Seed Vigor Test

In order to determine the seed vigor, the germination speed and uniformity were
assessed, and the following parameters were evaluated: T1, Ty5 (time required to germinate
1 and 25% of the total percentage of germinating seeds—Gmax), MGT (mean germination
time) and Uys o5 (time between 25 and 75% of Gmax). Seed vigor was assessed under the
same conditions as during seed germination. For the test, 300 seeds from each treatment
were used. Seeds were placed in Petri dishes on six layers of blotter paper moistened with
5 mL of distilled water. Germinated seeds were counted every day, until no new germinat-
ing seeds occurred, and were removed from Petri dishes. The seeds were considered as
germinating when the radicle was at least 1 mm long.



Agriculture 2023, 13, 749

50f 15

2.5. Seed Health Test

The deep-freeze blotter test for seed health assessment was used. For each treatment
method, 200 seeds were tested. In total, 20 seeds were placed in each Petri dish. Seeds
were incubated for 3 days in darkness at 20 °C, and were then incubated for 24 h at —20 °C.
After freezing, seeds were incubated under alternating cycle of 12 of NUV light and 12 h
of darkness for 6 days at 20 °C. Identification of fungi were evaluated using a stereo
microscope. The basis for identification of the fungi was their growth and sporulation
color [45-47]. The percentages of seeds infested with individual fungi and seeds free of
fungi were calculated (Figure 3).

Figure 3. Petri dish with carrot seeds after examination of seed health.

Parameters characterizing seed vigor T1, To5, MGT and Uys.55 were evaluated using
SeedCalculator 2.1. [48]. All results were evaluated using Statistica, by a one-way analysis
of variance after transforming percentage values according to Bliss’ formula: y = arc sin
[sqr (x/100)]. Means were compared with the Duncan’s multiple range test at the level
o = 0.05.

3. Results
Seed Germination Test

Germination capacity at first and final counts of untreated carrot seeds of sample
I were 79.0% and 79.7%, respectively. Control seeds were characterized also with the
highest percentage of abnormal diseased seedlings and dead seeds. After osmopriming
with the addition of melatonin at a concentration of 50, 100 and 200 uM and treating with a
fungicide, germination at first and final counts were significantly increased in comparison
to untreated seeds (Table 1). Germination capacity of untreated seeds of sample II was
lower than sample I. Germination at first count was 46.3% and after the next 7 days
did not change. Osmopriming with melatonin significantly improved these parameters.
Osmoprimed seeds with the addition of melatonin at a concentration of 50 uM at first and
final counts germinated to the same extent as the fungicide application.

Untreated seeds of both analyzed seed samples characterized by the highest percentage
of abnormal diseased seedlings, especially seeds of sample II—31%. In case of sample II,
the low germination capacity was an effect of the high percentage of abnormal diseased
seedlings and dead seeds (17%). Osmopriming with melatonin significantly lowered the
number of diseased seedlings of both samples. After treating seeds with fungicide, the
lowest number of abnormal diseased seedlings of sample II was observed. However,
osmopriming with melatonin also significantly reduced number of diseased seedlings,
regardless of the dose from 19.7 to 26%. There was no effect of seed treatment with a
fungicide and osmopriming with melatonin on the percentage of fresh seeds and abnormal
deformed seedlings in comparison with untreated seeds. Significantly lower dead seeds of
sample I compared with the control seeds were observed after osmopriming with melatonin
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at a concentration of 100 and 200 uM. In the case of sample II, all methods of osmopriming
significantly reduced the percentage of dead seeds as the same level as fungicide treatment
(Table 1).

Table 1. Effects of osmopriming with the addition of melatonin on the seed germination of D. carota
‘Amsterdamska’ seeds (%).

Seed

Germination Capacity Abnormal Diseased Abnormal

. . Fresh Seeds Dead Seeds
Treatment At First Count At Final Count Seedlings Deformed Seedlings
Sample I
u* 79.0 a 79.7 a 5.7 b 0.7 a 2.0 ab 12.0 C
F 92.0 c 94.0 c 1.0 a 0 a 0 a 5.0 a—c
0S25 86.3 b 87.7 b 23 a 0 a 2.3 b 7.7 be
OS50 91.7 bc 92.3 bc 1.3 a 0 a 1.3 ab 5.0 a—c
0OS100 89.3 bc 94.3 c 1.0 a 0 a 2.0 ab 2.7 a
0S200 89.7 bc 91.7 bc 1.0 a 0 a 43 b 3.0 ab
Sample II
U 46.3 a 46.3 a 31.0 d 0 a 5.7 a 17.0 b
F 87.7 cd 93.7 d 0.7 a 1.0 a 2.7 a 2.0 a
0S25 82.3 bc 83.0 b 11.3 [d 0.3 a 1.3 a 4.0 a
0S50 89.0 d 90.0 cod 5.0 b 0.7 a 2.0 a 2.3 a
0OS100 81.7 b 85.3 be 6.3 b 0 a 6.0 a 2.3 a
0S200 83.0 b-d 86.0 bc 9.0 bc 0 a 1.7 a 3.3 a

* U—untreated seeds (control), F—fungicide, OS25—osmoprimed seeds with the addition of melatonin 25 uM,
0S50—osmoprimed seeds with the addition of melatonin 50 M, OS100—osmoprimed seeds with the addition of
melatonin 100 uM, OS200—osmoprimed seeds with the addition of melatonin 200 uM. Means in the columns
followed by the same letter are not significantly different at & = 0.05 level.

Seeds of both samples osmoprimed with melatonin at a concentration of 25 and 50 uM
germinated the fastest. All parameters which describe the speed of germination (T, Tos5
and MGT) were significantly lower in comparison with untreated seeds and seeds treated
with a fungicide. In case of sample II, seeds osmoprimed with the addition of melatonin at
a concentration of 100 and 200 uM also germinated faster than untreated and parameters
Ty5 and MGT were significantly lower. Osmopriming with melatonin did not affect the
uniformity of germination (Uys.,5) (Table 2).

Table 2. Effects of osmopriming with the addition of melatonin on the speed and uniformity of D.
carota ‘Amsterdamska’ seed germination (days).

Seed Treatment Ty ** Tos MGT Upys.os
Sample I
U* 1.4 C 1.93 b 2.44 b 0.71 a
F 1.11 b 1.95 b 2.52 b 0.99 a
0S25 0.45 a 1.33 a 1.90 a 1.06 a
0S50 0.48 a 1.40 a 1.97 a 1.06 a
0S100 1.31 bc 1.94 b 2.53 b 0.88 a
0S200 1.07 b 1.90 b 2.46 b 0.97 a
Sample II
U~ 1.94 d 2.59 d 3.13 d 0.83 a
F 2.00 d 2.68 d 3.34 e 0.95 a
0S25 0.99 a 1.75 a 223 a 0.85 a
0S50 1.49 b 2.07 b 2.50 b 0.70 a
0S100 1.77 cd 2.31 C 2.81 C 0.72 a
0S200 1.68 d 2.33 C 2.85 d 0.81 a

* for explanations, see Table 1. ** T;—time to 1% of Gmax (the percentage of germinating seeds), Tos—time to 25%
of Gmax, MGT—mean germination time, Uys.o5—time between 25 and 75% of Gmax. Means in columns followed
by the same letter are not significantly different at o = 0.05 level.
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Untreated seeds of sample I were occupied by the following fungi Alternaria alternata
(Fr.) Keissl. (Figure 4), Cladosporium spp., Fusarium spp. (Figure 5), Melanospora simplex
(Corda) D. Hawksw. and Stemphylium botryosum Wallr. Among them, the most frequent
A. alternata (80.5%), Cladosporium spp. (50.5%) and M. simplex (50%) were found. The
fungicide application reduced the incidence of all fungi and increased the percentage
of seeds free of fungi. Osmopriming with melatonin was not as effective as fungicide
treatment; however, reduction of A. alternata, Cladosporium spp. and Fusarium spp. was
noted. After osmoprimed with the addition of 25 uM melatonin, 29.5% less seeds were
occupied by A. alternata in comparison with untreated seeds. Adding, during osmopriming,
melatonin at a concentration of 25-100 uM reduced incidence of Cladosporium spp. by about
10-26.5% in relation to untreated seeds. Osmopriming with melatonin at a concentration of
100 and 200 uM decreased the percentage of seeds infected by fungi of genera Fusarium by
24.5 and 23.5%, respectively. There was no effect of osmopriming on seed colonization by
Melanospora simplex and Stemphylium botryosum and the percentage of seeds free of fungi.
A significant increase in the number of seeds with non-sporulating hyphae was observed
after seed priming with melatonin, compared to untreated and fungicide treated seeds,
particularly after the addition of melatonin at a concentration of 50 and 100 uM (Table 3).

(b)

Figure 4. Alternaria alternata on carrot seeds (a) and spores (b).

Figure 5. Fusarium spp. on carrot seeds (a) and spores (b).
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Table 3. Effects of osmopriming with the addition of melatonin on the incidence of fungi on D. carota
‘Amsterdamska’ seeds of sample I and seeds free of fungi (%).

Seed Alternaria Cladosporium . Melanospora Stemphylium Noln-. Seeds Free of
Treatment alternata spp- Fusarium spp. simplex botryosum Sporulating Fungi
Hyphae
U~ 805 d 505 c 365 e 50.0 b 185  ab 11.0 a 1.0 a
F 16.5 a 6.0 a 4.0 a 0.5 a 10.0 a 10.5 a 59.0 b
08525 51.0 b 37.0 b 20.5 cd 46.5 b 24.5 b 30.5 c 2.5 a
OS50 75.0 cd 40.5 b 22.0 d 42.0 b 27.5 b 50.0 d 15 a
0OS100 65.0 bc 34.0 b 12.0 b 415 b 27.5 b 41.5 d 2.5 a
OS5200 61.5 bc 41.5 bc 13.0 bc 39.0 b 24.0 b 19.0 b 0 a
* for explanations, see Table 1. Means in columns followed by the same letter are not significantly different at
o =0.05 level.
Untreated seeds of sample II were highly infested with Alternaria alternata (97%). In
addition, these seeds were settled by Alternaria radicina (25%) (Figure 6), Cladosporium spp.
(29.5%), Fusarium spp. (8.5%), Melanospora simplex (28%) and Stemphylium botryosum (12%).
Treating by fungicide decreased the incidence of fungi to the greatest extent. Osmopriming
with melatonin, irrespective of the applied dose, reduced the occurrence of A. radicina and
Fusarium spp. to the same level as the fungicide. No osmopriming method reduced the
incidence of the fungi of the genus Cladosporium and Stemphylium botryosum on the seeds.
The addition of melatonin at a concentration of 50 and 200 pM significantly increased
seed settlement by Melanospora simplex compared to untreated seeds. The highest number
of seeds with non-sporulating hyphae was observed after osmopriming with melatonin
at a concentration of 50 uM (44.5%). After adding melatonin at a concentration of 25
and 100 pM, significantly more seeds with non-sporulating hyphae in comparison with
untreated seeds were also found. Significantly more seeds free of fungi were observed only
after seed treatment with a fungicide—58.5%—particularly after the addition of melatonin
at a concentration of 50 and 100 uM (Table 4).
Figure 6. Alternaria radicina on carrot seeds (a) and spores (b).
Table 4. Effects of osmopriming with the addition of melatonin on the incidence of fungi on D. carota
‘Amsterdamska’ seeds of sample II and seeds free of fungi (%).
Seed Alternaria Alternaria Cladosporium E . Melanospora Stemphylium Non-Sporulating Seeds Free
Treatment alternata radicina spp. usariunt Spp- simplex botryosum Hyphae of Fungi
U* 970 d 250 b 295 b 85 b 28.0 b 120 be 40 a 0 a
F 275 3.0 a 35 a 15 a 0 a 6.0 a 7.0 ab 585 b
0825 840 ¢ 135 a 310 b 25 a 335 be 180 c 18.0 c 0 a
0850 695 b 9.0 a 300 b 15 a 38.0 c 175 c 445 d 05 a
05100 700 b 45 a 300 b 3.0 a 32.0 be 135 be 11.0 be 0 a
05200 800 ¢ 8.0 a 335 b 40 ab 39.5 c 85 ab 9.5 a<c 0 a

* for explanations, see Table 1. Means in columns followed by the same letter are not significantly different at
o =0.05 level.
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4. Discussion

Melatonin is a plant growth regulator (PGR), which is involved in plant growth,
development and inactivation of free radicals. It was detected for the first time in 1995
in nine edible plants; currently, we know of its presence in over about 300 plants, which
produce endogenous melatonin in various parts, such as roots, seeds, etc. [41]. The presence
of endogenous melatonin in D. carota roots was confirmed by Hattori et al. [49]. The
precursor of melatonin in plant cells, as in animals and humans, is tryptophan. The use of
molecular techniques has allowed the determination of the melatonin biosynthetic pathway
in plants, and it is known that it can take place by several mechanisms [50]. However,
scientists are constantly studying the contribution of melatonin to physiological processes
in plants and its possible applications. According to Manchester et al. [39], melatonin in
seeds may be crucial in protecting germ and reproductive tissues of plants from oxidative
damage due to abiotic and biotic stresses. The present work is focused on the possibility of
improving seed quality parameters, such as germination, vigor and seed health, by adding
it during the osmopriming.

The complex biomedical and physiological process of seed germination is controlled
by PGRs, such as organic acids: abscisic acid (ABA), salicylic acid (SA), gibberellins (GAs)
and polyamines (PAs) [51]. The exogenous application of these agents with osmoprimed
seeds has been observed to play an important and effective role in the seed germination
process [52]. Previously, positive effects of pre-sowing treatment with melatonin on seed
germination of Cucumis sativus, Phacelia tanacetifolia, Carthamus tinctorius, Gossypium hir-
sutum, Brassica oleracea rubrum and Zea mays var. ceratina were found [41,53-56]. Jiang
etal. [57] reported that Zea mays seeds priming with melatonin at 0.8 mmol L~! significantly
improved germination energy, germination percentage, proline content and total phenolic
content, decreasing membrane relative electrolyte leakage and lipid peroxidation product.
The authors added that priming with melatonin under salt stress conditions also had a
positive effect on seedling growth. According to Murch and Erland [50], who analyzed
the last 20 years of research under melatonin in plants, this PGR stimulates lateral and
adventitious root formation by the interaction with auxins. Moreover, melatonin interacts
with other phytohormones involved in root development, such as ABA or cytokinins.
High levels of melatonin during germination were strongly correlated with better seedling
performance, especially under abiotic and biotic stresses. In this study, was observed
that osmoprimed D. carota seeds with the addition of melatonin germinated faster, their
germination capacity at first and final counts were higher and they were characterized
by a lower percentage of abnormal seedlings and dead seeds in comparison with control
seeds. These results demonstrated that the influence of osmopriming with melatonin on D.
carota ‘Amsterdamska’ seeds germination promote their germination, especially of sample
II. After osmopriming seeds of sample II with the addition of melatonin at a dose of 50 uM,
the germination at first and final counts were higher, i.e., about 42.7 and 43.7%, respectively.
It should be mentioned that osmopriming, controlled hydration of seeds, is a treatment
that improves seed germination and vigor. Enzymes, such as amylases and proteases,
responsible for the hydrolysis and mobilization of reserve materials, are synthesized and
activated during priming. The result of that treatment is higher, faster and more uniform
germination of seeds [58,59]. On the other hand, osmopriming can reduce germination due
to a significant increase in seed colonization by fungi that can infect seedlings. The results
of this experiment show that despite the presence of fungi on the seeds, the seedlings
after osmopriming with melatonin had no disease symptoms. The highest percentage of
seedlings with disease symptoms was recorded for untreated seeds, especially for sample
II—31%. After osmopriming with melatonin, significantly less diseased seedlings were
observed. One of the causes of seedling dieback is the production of mycotoxins by fungi.
The protective effect of melatonin against mycotoxins, i.e., aflatoxins, ochratoxin B, fumon-
isins, HT-2, deoxynivalenol and b-zearanelol, has been confirmed in animal cells [60]. This
may indicate a protective effect of melatonin, by activating a series of enzymatic reactions.
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Melatonin slows the damage of plant cells and stimulates systemic acquired resistance
(SAR) [61].

The addition of PGRs or bioactive compounds, such as GAs, proline or melatonin, can
positively affect seed germination and seedlings emergence [62]. Posmyk et al. [54] con-
firmed that seeds are capable of absorbing melatonin during osmopriming, and noted high
levels of melatonin in Cucumis sativus seeds after 4 days of priming. It is known that mela-
tonin enhances the resistance of plants to abiotic stresses, such as drought, cold, salt damage
and high temperatures, and biotic stresses, such as fungi, bacteria and viruses [41,63-65].
This effect was explained by Xiao et al. [41], who claimed that melatonin promotes the
water absorption and accumulation of biomass in seeds. The authors treated cotton seeds
with melatonin (10-200 utM) and observed an increase of the fresh weight of the seeds
after treatment. Chen et al. [66] observed that the exogenous application of melatonin at
a concentration of 100 uM of effectively stimulates root growth of Brassica juncea young
seedlings. Additionally, Bai et al. [67] claimed that seeds soaked with melatonin at a
concentration of 100 uM showed an enhanced seed germinated rate and improved the
radical length and fresh weight of seedlings compared with untreated seeds. Melatonin
also stimulates the growth of seedlings and aboveground part of plants [38]. Daucus carota
seed vigor is an important parameter, which affects seedling emergence and plant growth
in the field. High vigorous carrot seeds result in increased emergence, plant height and
dry matter during the vegetative phase, according to Chipenete et al. [68]. The authors
stated that the use of less vigorous seeds might result in yield reductions of up to 27%. A
positive effect of PEG-6000 osmopriming with melatonin at a dose of 20 pM was found
in Triticale hexaploide seeds, as the germination rate of primed seeds was higher, by about
57.7%, than untreated seeds. Additionally, primed seeds were characterized by better
gas-exchange, higher relative chlorophyll concentration, enhanced the activities of SOD
and POD and decreased reactive oxygen species (ROS) and MDA content in the seeds and
seedlings [69]. Hanci [70] observed that Daucus carota seeds soaked in solutions with a
low concentration of melatonin (1.5, 3 and 4.5 uM) had significantly better vigor indexes
at 300 mM salinity conditions than untreated ones. The results of our study show that all
applied methods increased seed vigor, i.e., seeds germinated faster. However, melatonin
at lower concentrations (25 and 50 uM) had a more beneficial effect on seed vigor than
that applied at higher concentrations (100 and 200 uM). Seeds of the sample I, which were
osmoprimed with the addition of melatonin at a concentration of 25 uM, had lower values
of parameters T1, To5s and MGT than untreated seeds, by 0.95, 0.6 and 0.54 days, respectively.
In the case of sample II, these values were lower by about 0.95, 0.84 and 0.9 days. This
could be attributed to the apparent inhibitory effect and pro-oxidative action of treatment
with a higher concentration of melatonin, as indicated by Simlat et al. [71], whose findings
affirm that melatonin at a low concentration (5 and 20 uM) significantly improved the
seed vigor and properties of Stevia rebaudiana seedlings. Similar results were reported by
Posmyk et al. [53], who showed that melatonin at a concentration of 100 pM was toxic to
the growth and vigor of Brassica oleracea rubrum seedlings as compared with melatonin at
low concentrations (1 and 10 uM). Xiao et al. [41] reported that Gossypium hirsutum seeds
treated with 10-50 uM melatonin germinated faster than seeds without usage of melatonin.
The authors noted that melatonin at low dosage (20 uM) reduced the accumulation of
malondialdehyde (MDA) and regulated the PGRs, such as GAs and ABA.

The findings from this study show that fungicides can be replaced by osmopriming
with melatonin regardless of the dose, as it effectively reduces the percentage of seedlings
with disease symptoms, which makes it as effective as the use of fungicide. Additionally,
this could be the most auspicious method to enhance ecological crops, protect the envi-
ronment and support healthy food production. The reduction in the number of diseased
seedlings may be related to the protective effect of melatonin against fungal infection.
Arnao and Hernandez-Ruiz [27,72] mentioned that melatonin is an effective biocide against
fungi and bacteria, but the mechanism of action is not yet well known. Yin et al. [73]
applied melatonin to enhance resistance to Marssonina apple blotch (Diplocarpon mali)
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by Malus prunifolia ‘Donghongguo’; they explained its protective effect by maintaining
intracellular hydrogen peroxide (H,O;) concentrations at stable levels and intensifying
the activities of plant defense-related enzymes. In studies on the use of melatonin for
plant protection against Phytophtora nicotianae (Oomycota), growth inhibition, reduced cell
viability and inhibition of virulence of this pathogen were found. After the application
of melatonin, cytoplasm fragmentation was observed in hyphal cells of P. nicotianae in
combination with the disappearance of cell organelles. On the other hand, the authors not
observe a significant inhibitory effect on hyphal growth of Alternaria solani, Botrytis cinerea,
Fusarium oxysporum, Penicillium expansum and Verticillium dalige. According to the authors,
this is the result of different wall cell structures in oomycota and true fungi [74].

Meanwhile, the research results indicate that osmopriming with melatonin can be
adopted to reduce the occurrence and improve the tolerance level of Daucus carota *‘Am-
sterdamska’ seeds to some of the identified fungi pathogens. However, as expected, the
most effective treatment in reducing the fungi incidents was the application of fungicide.
From the research findings, osmopriming with melatonin irrespective of the dose also
significantly reduced the incidence of Alternaria alternata, A. radicina and Fusarium spp.
Melatonin had a more significant suppression ability at a higher concentration. This aligns
with the findings of Arnao and Hernandez-Ruiz [27] that melatonin at of different concen-
trations inhibited the growth of several plant fungal pathogens, such as Alternaria spp.,
Fusarium spp. and Botrytis spp. According to Lee et al. [75], melatonin can induce plant
resistance to fungi such as Fusarium spp., working as a signal to initiate defense responses,
including the activation of defense-related genes and transcription factors. Similar results
were obtained by Liu et al. [76], who found that melatonin treatment, especially at a dose of
50 uM, enhances resistance of Lycopersicon esculentum fruit against to Botrytis cinerea through
regulating the HyO; level and JA signaling pathway, which plays an important role in plant
pathogen defense. Zhao et al. [77] claimed that resistance against pathogens is connected
with sugar metabolism (galactose, cellulose and xylose), and found differential expression
of genes during Arabidopsis thaliana development that was modulated by melatonin. The
cell walls of the plant were reinforced during infection. Moreover, Kobyliriska et al. [35]
reported that melatonin influences on carbohydrates nutrition during stress conditions in
non-photosynthesizing cells, such as seed cells. The authors found a mechanism of redirect-
ing of amino acid carbon skeletons to the production of sugars during the gluconeogenesis.
Perhaps, these mechanisms also took place in the cells of D. carota ‘Amsterdamska’ seeds,
protecting them from pathogen penetration.

Osmopriming with melatonin at a concentration of 50, 100 and 200 puM significantly
increased the colonization of seeds by Melanospora simplex, Mucor spp., non-sporulating
hyphae and after osmopriming with melatonin at a concentration of 100 uM Ulocladium spp.
This implies that the application of melatonin to D. carota ‘Amsterdamska’ seeds stimulates
the growth of these fungi and can reduce the seed quality. Additionally, the reduction
in seed colonization by fungi belonging to the genera Alternaria and Fusarium provided
the opportunity for other fungi to develop. The highest percentage of non-sporulating
hyphae was observed after osmopriming seeds with melatonin at a concentration of 50 uM.
Probably, melatonin delays fungal growth and its sporulation.

5. Conclusions

The research findings demonstrated that the effect of osmopriming with melatonin
on D. carota ‘Amsterdamska’ seed germination is closely related to its concentration, and
50-200 uM can be defined as the highest concentration rate to promote carrot seed germi-
nation. Additionally, the findings from this study show that the use of fungicide can be
substituted by osmopriming with melatonin regardless of the dose, as it effectively reduces
the percentage of seedlings with disease symptoms. Employing this tool can reduce the en-
vironmental pollution that is generally associated with chemical pesticide applications. This
is particularly important for osmoprimed seeds, as the treatment promotes fungal growth
on treated seeds, while melatonin has a protective effect against pathogens. Additionally,
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the emerging strategies from this research that reveal the importance of osmopriming and
melatonin application on important crops such as carrots can be adopted for resistance
against diverse fungal pathogens. The key findings of this study can be useful while
exploring the melatonin-based alternate approaches for fungi control in carrots and other
plant-related seeds. However, further research is needed on the effects of melatonin on
seed health and the growth and development of pathogenic fungal mycelium. There are
still few data in the literature on this subject and the protective mechanism against fungi
is unclear.
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