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Since the discovery of the melatonin, comprehensive research has been conducted to reveal the physiological
role of melatonin and changes in melatonin contents in different plant species. Although variations in melato-
nin content of a plant within a day and roles of melatonin in tolerance to abiotic and biotic stressors were well-
documented, there is not much information about fluctuations in seedmelatonin and its pre-cursor-tryptophan
contents and their potential effects on seed viability or ageing process. This study was conducted to unveil the
changes in melatonin and tryptophan contents of tomato seeds stored for 28 months and to determine poten-
tial effects of pre-storage melatonin and tryptophan treatments on seed viability or ageing process. Tomato
seeds were treated with melatonin and tryptophan (0 mM or 250 mM) for one day before storage and then
stored at room temperature (25 °C) for up to 28 months. Effects of pre-storage melatonin and tryptophan treat-
ments on seed quality and ageing were investigated through various tests and analyses. Seed melatonin con-
tents changed significantly during the storage, reached the highest level at 12th and 24th months of storage,
which corresponds to August 2018 and August 2019 while tryptophan levels exhibited an opposite trend dur-
ing the months when melatonin peaked strongly. These results indicated that higher seed melatonin content
in August is a strategy that tomato seeds have in order to ensure their life after leaving the mother plant and to
establish their next generation. Pre-storage treatments reduced the ageing-induced damage significantly by
lowering the seed MDA and H2O2 contents and improved germination performance especially at low tempera-
ture. Thus, melatonin and tryptophan treatments could be used as an effective tool to preserve seed viability,
minimize storage losses and slow down the ageing process, which could have practical implications especially
for long-term storage of seeds of endangered species or valuable breeding materials.

© 2023 SAAB. Published by Elsevier B.V. All rights reserved.TaggedEnd
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TaggedH11. Introduction TaggedEnd

TaggedPSuccess in crop production and obtaining high yields largely
depend on the use of quality seeds. Seed quality is defined as the
sum of all the characteristics that determine the performance of
seed lots. The main factors designating seed quality include
genetic and physical purity and physiological quality, which
includes the concepts of physical integrity, viability and vigor.
These factors affect the production, development, storage and
transportation of seeds (El-Maarouf-Bouteau, 2022; Domergue et
al., 2019). Quality loss starts while the seed is still on the mother
plant and covers the whole process from harvest to processing
and from storage to planting in the field, but the highest quality
losses occur during the storage (Ray and Bordolui, 2022; Bewley
TaggedEndTaggedPet al., 2013). When the seeds are stored under unsuitable condi-
tions such as high humidity and temperature, aging occurs rapidly
as a result of the oxidation of fatty acids and phospholipids by
free radicals formed in the seed (Wang et al., 2022). Seed moisture
and temperature are the two most important factors governing
seed viability and storage life and changes in these factors deter-
mine the life of the seed (Domergue et al., 2019). For instance,
according to Harington’s rule, at moisture contents of between 5%
and 14% and storage temperatures of between at 0 °C and 40 °C,
every 1% decrease in seed moisture or 5.5 °C decrease in tempera-
ture the storage life of a seed is doubled (Harrington, 1973).
Increasing the seed moisture content stimulates lipid peroxidation
caused by reactive oxygen species. Temperature affects the rate of
biochemical and physiological processes and high temperatures
increase the rate of reactions that accelerate the deterioration of
the seed (Wang et al., 2022). Therefore, low humidity and temper-
ature are vital for a long storage life of the seeds. TaggedEnd
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TaggedPMelatonin (N-acetyl-5-methoxytryptamine), an indolamine, was
first isolated from bovine adrenal gland more than 60 years ago
(Lerner et al., 1958) and since its discovery, its existence has been
proven in protozoa, fungi, algae, bacteria, animals and plants, which
are organisms highly different from each other evolutionarily (Liu et
al., 2022). Melatonin in plants was first found in 1995 as a result of
studies conducted independently by two separate study groups
(Dubbels et al., 1995; Hattori et al., 1995). The presence of highly vari-
able amounts of melatonin has been detected in the seeds, fruits,
leaves and roots of many plant species, including vegetables, fruits,
seeds, cereals, medicinal and aromatic plants (Wu et al., 2021; Arnao
and Hern�andez-Ruiz, 2020). The synthesis of melatonin in all living
organisms starts from the amino acid tryptophan. Tryptophan is the
precursor of not only melatonin, but also serotonin and a phytohor-
mone found in all plants and animals, indole-3-acetic acid (IAA)
(Rajora et al., 2022; Corpas et al., 2021). In addition to being a broad-
spectrum antioxidant in all organisms, melatonin also acts as a pho-
toperiodic regulator or a 24 h rhythm regulator. Moreover, melatonin
plays an important role in increasing tolerance to various environ-
mental stress factors and in the growth and development of plants
(Fan et al., 2018; Rajora et al., 2022). The high content of melatonin
found in plants living under adverse environmental conditions has
accelerated the research on stress tolerance through the exogenous
application of this molecule to plants and mitigated the negative
effects of stress. Melatonin treatments played a protective role
against various adverse environmental conditions such as high tem-
perature (Martinez et al., 2018), low temperature (Korkmaz et al.,
2017a), drought (Yang et al., 2019), heavy metals (Lei et al., 2021)
and salinity (Bahcesular et al., 2020). TaggedEnd

TaggedPStudies revealing the effects of melatonin on seed storability or
seed aging generally focused on the changes during short-term (1
year) storage. For instance, in studies conducted with pepper, cucum-
ber and corn seeds, it was reported that melatonin content increased
in winter months and decreased in summer months during one year
of storage (Ko»odziejczyk et al., 2015; K€okl€u, 2016). On the other
hand, there is very limited number of studies on the changes in mela-
tonin content of seeds stored for longer than one year. Yakupo�glu et
al. (2021) documented that the endogenous melatonin and trypto-
phan contents of lettuce seeds stored for 24 months exhibited a circa-
dian rhythm and that melatonin and tryptophan contents changed in
opposite directions. In other words, seed melatonin content reached
its peaks in winter months while the tryptophan level was at its low-
est. In addition, similar changes in melatonin content were observed
in pepper seeds stored for two years and seed melatonin content
increased in winter months and decreased in summer months of
both years (Yakupo�glu et al., 2018). Based on available data and
observations, most of the information on melatonin being a broad
spectrum antioxidant that enhances stress tolerance come from the
investigations conducted at the whole plant level but very little data
are available on seasonal fluctuations of seed melatonin and trypto-
phan contents and their involvement on seed viability or aging dur-
ing long-term storage. Therefore, in this study, we hypothesized that
changes in melatonin and its precursor tryptophan contents in
tomato (Lycopersicon lycopersicum cv. Rio Grande) seeds during long
time storage (28 months) under room temperature conditions would
have an impact on seed viability and ageing. Additionally, the effects
of exogenous melatonin and tryptophan treatments applied before
the storage on tomato seed quality and deterioration were also inves-
tigated. TaggedEnd

TaggedH12. Materials and methods TaggedEnd

TaggedH22.1. Plant material and seed treatments TaggedEnd

TaggedPSeeds of “Rio Grande” tomato (Lycopersicon lycopersicum) cultivar
produced in 2016 were purchased from Istanbul Seed Firm, Turkey.
80
TaggedEndTaggedPSeed moisture content determination was carried out according to
ISTA (2005) rules and found to be 8.45%. For melatonin and trypto-
phan treatments, single layers of tomato seeds (in 100 g batches)
were placed in trays between filter papers wetted with 250 mM mel-
atonin or tryptophan solutions and the trays were held at 25 °C in
darkness for twenty four hours. The concentration of melatonin and
tryptophan application (250 mM) was selected based on the results
of Yakupo�glu et al. (2018, 2021). Dry (untreated) seeds were accepted
as control. Following treatment, seeds were washed for one minute
under running tap water and dried back to their original moisture
content under ventilated room conditions. After drying, the seeds
were sealed in individually laminated plastic bags (5 g) covered with
aluminum foil and placed at 25 °C (incubator) for 28 months from the
beginning of August 2017 to December of 2019. Control seeds
(untreated seeds) having the same moisture content were also pack-
aged and stored under the same conditions as mentioned above. TaggedEnd

TaggedH22.2. Chemicals and reagents TaggedEnd

TaggedPMelatonin and tryptophan along with other chemicals were pur-
chased from Sigma-Aldrich Chemicals. One mg melatonin were dis-
solved in ethanol (1 mL), then final volume was completed double
distilled water to 10 mL to make stock solution. Ten mg of tryptophan
were dissolved in distilled water and the total volume was completed
to 10 mL as mentioned above. Stock solutions were diluted with the
mobile phase (see below) to obtain standard curves when calculating
melatonin and tryptophan contents of the seeds. All the measure-
ments and tests were conducted in four replicates. TaggedEnd

TaggedH22.3. Measurements and analyzes TaggedEnd

TaggedPSeeds samples were taken every two months (every 4 months for
CAT enzyme activity and seed moisture) starting from the beginning
of storage to determine seasonal variations in melatonin and trypto-
phan contents and the impacts of melatonin and tryptophan treat-
ments on seed aging during storage. At the end of each storage time,
following testes and analyses were conducted. TaggedEnd

TaggedP2.3.1. Melatonin and tryptophan analysis TaggedEnd
TaggedPExtraction and analysis of melatonin and tryptophan were per-

formed according to the method suggested by Korkmaz et al. (2014,
2017b). In brief, 0.25 g of seed and ethyl acetate (3 mL) were placed
in the test tubes the tubes were shaked in darkness for 17 h at 4 °C.
The tubes were centrifuged at 6000 g and 4 °C for 20 min after which
the supernatant was transferred to another tube. The remaining sam-
ple was washed again by adding ethyl acetate (0.5 mL) and the com-
bined washing solutions were evaporated using vacuum
concentrator. The remaining residue was dissolved in methanol
(0.5 mL), filtered (0.45mm), and analyzed with HPLC. TaggedEnd

TaggedPShimadzu brand (Prominance UFLC model) HPLC device with fluo-
rescence detector and Intersil ODS-2 (250 mm x 4.6 mm) column
were used for determine melatonin and tryptophan content. An exci-
tation and emission wavelength were 280 and 350 nm, respectively.
The mobile phase consisted of methanol:0.1 mM Na2HPO4/H3PO4

buffer (40:60, v/v, pH 4.5) and flow rate was 0.6 mL min�1. The reten-
tion times of tryptophan and melatonin were 6.6 and 15.6 min,
respectively. Melatonin and tryptophan concentrations in each sam-
ple were calculated by comparison with the sample peak area with
the calibration curves for melatonin and tryptophan. The data
obtained were expressed as ng g�1 fresh weight (FW) of tissues.TaggedEnd

TaggedP2.3.2. Seed germination TaggedEnd
TaggedPTomato seed were germinated in dark in temperature-controlled

incubators kept at 14§1 °C (chilling stress conditions) or 25§1 °C
(optimum conditions). Fifty seeds in four replicates were placed on
filter paper moistened with distilled water (5 mL) in glass petri dishes
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TaggedEndTaggedP(9 cm). The appearance of the radicle protrusion (2 mm) was consid-
ered sufficient for germination and the number of seeds germinated
every day was determined and recorded until the numbers of germi-
nated seeds have stabilized. From the total number of seed germi-
nated, final germination percentage (FGP) and mean germination
time (MGT) were calculated using Seed germination v.1.0 software. TaggedEnd
TaggedP2.3.3. MDA (malondialdehyde) content TaggedEnd
TaggedPMDA content was determined according to the method reported

in Zhang et al. (2005). Seeds (0.25 g) were homogenized in 6 mL 10%
trichloroacetic acid and centrifuged at 10,000 g for 15 min. One mL of
the supernatant was mixed with 4 mL of 0.6% thiobarbituric acid
(TBA). The mixture was boiled at 100 °C for 20 min, cooled at opti-
mum conditions and its absorbance was measured at 532, 600, and
450 nm. The MDA content was calculated using following equation.

MDA nmol g�1 FW
� � ¼ 6:45� A532 � A600ð Þ � 0:56� A450

TaggedEnd
TaggedP2.3.4. H2O2 contentTaggedEnd
TaggedPH2O2 content was determined using the methods of €Ozden et al

(2009). Seeds (0.25 g) were homogenized in 1% trichloroacetic acid
(3 mL) and centrifuged at 10,000 g and 4 °C for 10 min. Subsequently,
0.75 mL of the extract was mixed with 0.75 mL of K-P buffer (pH 7.0)
and 1.5 mL of KI after which its absorbance was measured at 390 nm.
The content of H2O2 was calculated from a standard curve plotted in
the range from 1 to 100 nmol mL�1 and H2O2 concentration was
expressed as nmol g�1 FW. TaggedEnd
TaggedEnd Table 1
Effect of melatonin and tryptophan treatments during 28 month-long storage on
TaggedP2.3.5. Electrical conductivity test TaggedEnd
TaggedPElectrical conductivity test was performed as reported in Vidigal

et al. (2011). Fifty seeds in four replicates were placed flasks contain-
ing 50 mL of distilled water and the flasks were kept at 25 �C for 24 h
in darkness. Subsequently, the seeds were filtered away and the elec-
trical conductivity (EC) of the solution was measured with a Hanna-
215 model conductivity meter and the results were expressed as
meanmS cm�1 g�1 FW. TaggedEnd
melatonin and tryptophan contents of tomato seeds. Values are means § SE (n = 4).

Factors Melatonin
(ng g�1 FW)

Tryptophan
(ng g�1 FW)

Storage Time-ST (Months)
0 447.2§187.8 a 32.55§5.62 gh
2 136.9§56.1 c 84.83§13.68 b
4 89.2§37.6 de 90.33§18.31 b
6 78.0§32.9 ef 68.59§5.59 cd
8 109.9§47.4 cde 105.24§3.54 a
10 114.1§48.5 cde 75.44§8.42 c
12 339.7§143.7 b 29.11§6.55 h
14 104.5§43.8 cde 61.77§4.08 d
16 85.2§36.3 def 42.98§2.90 f
18 51.9§22.0 f 52.93§3.29 e
20 84.3§36.8 def 37.24§7.19 fg
22 106.7§45.7 cde 65.38§8.58 d
24 116.7§49.7 cd 73.44§14.9 c
26 94.8§39.6 de 33.15§1.33 gh
28 85.3§36.3def 30.77§0.74 gh
LSD (0.05) 37.04 7.99
Treatments
Control 1.38§0.2 b 33.52§3.04 c
TaggedP2.3.6. Seed moisture content and catalase enzyme activity TaggedEnd
TaggedPSeed moisture content and catalase (CAT) enzyme activity was

determined every four months with the beginning of storage. Mois-
ture determination was made according to ISTA rules (ISTA, 2005) in
4 replications. TaggedEnd

TaggedPFor enzyme extractions the method described by Seckin et al.
(2010) was followed and total soluble protein contents of the extracts
were determined according to Bradford (1976) using bovine serum
albumin (BSA) as a standard. Catalase (CAT) activity was determined
by the method of G€uneş et al. (2007). For this purpose, reaction liquid
was obtained by adding 50 mM sodium phosphate buffer solution
(pH 7.0) containing 0.1 mM EDTA. Afterwards, 70 mL crude enzyme
extract, 920 mL reaction liquid with 0.1 mM EDTA and 10mL 3% H2O2

were added into the spectrophotometer cuvette, respectively and the
change in the absorbance at 240 nm was recorded. For blank sample,
distilled water was used instead of enzyme extract. Enzyme activity
was expressed as unit mg�1 protein. TaggedEnd
Melatonin 403.04§41.0 a 66.44§4.20 b
Tryptophan 4.59§0.8 b 76.79§4.96 a
LSD (0.05) 16.56 3.57
ANOVA
ST *** ***
Treatments *** ***
ST*Treatments *** ***

NS, *, **, ***, not significant, significant at P < 0.05, 0.01 or 0.001, respectively.
TaggedP2.3.7. Statistical analysis TaggedEnd
TaggedPThe data were subjected to two factor (treatments and storage

time) analysis of variance (ANOVA) using SAS statistical software pro-
gram and least significant difference (LSD) test was used to deter-
mine the differences between treatments. TaggedEnd
81
TaggedH13. Results TaggedEnd

TaggedH23.1. Seed melatonin and tryptophan contentsTaggedEnd

TaggedPMelatonin and tryptophan levels of tomato seeds stored for 28
months after melatonin and tryptophan treatments were signifi-
cantly affected and seasonal fluctuations were observed in the mela-
tonin and tryptophan content of seeds (Table 1). During the storage,
time-dependent fluctuations were observed in the melatonin levels
of the seeds. The melatonin content of seeds, which was quite high
(447.2 ng g�1 FW) at the beginning of storage, decreased during the
first 6 months, but then increased and reached the highest level of
2018 in the 12th month (August-339.7 ng g�1 FW). The seed melato-
nin content, which initially decreased in the second year of storage,
increased again and reached to its highest level (116.7 ng g�1 FW) of
2019 in the 24th month of storage (August), but at the end of the
study, it slightly decreased to 85.3 ng g�1 FW. With melatonin treat-
ments, seed melatonin levels (403.04 ng g�1 FW) were found to be
significantly higher than the control seeds and seeds treated with
tryptophan (1.38 ng g�1 FW and 4.59 ng g�1 FW, respectively)
(Table 1).TaggedEnd

TaggedPAs it was in melatonin contents, time-dependent variations were
also observed in the tryptophan levels of the seeds during the stor-
age. Seed tryptophan content was quite low at the beginning of stor-
age (32.55 ng g�1 FW) but increased significantly especially in the
4th (December 2017, 90.33 ng g�1 FW), 8th (April 2018,
105.24 ng g�1 FW) and 14th months (October 2018, 61.77 ng g�1

FW). In addition, the tryptophan content of the seeds increased again
at the end of the 24th month of storage (August 2019, 73.44 ng g�1

FW), but decreased at the 28th month (December 2019) and reached
to initial levels measured at the beginning of the study. The highest
seed tryptophan content was measured at 8th month during the
entire storage period. It was observed that pre-storage treatments
had significant effects on the tryptophan contents of the seeds and
the highest tryptophan content was found in the tryptophan-treated



TaggedEnd TaggedFigure

Fig. 1. Changes in melatonin (A) and tryptophan (B) levels of tomato seeds during 28-month storage. The results are expressed as mean values of four measurements § standard
error. TaggedEnd
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TaggedEndTaggedPseeds, while the lowest tryptophan content was found in the control
seeds (Table 1).TaggedEnd

TaggedPWhen the fluctuations in melatonin content of seeds in individual
treatments were examined, it was seen that seed melatonin contents
reached to the highest level at the end of 12th and 24th months of
storage, which corresponds to August 2018 and August 2019
(Fig. 1A). In addition, melatonin content of melatonin-treated seeds
was found to be much higher than the control seeds and tryptophan-
treated seeds. Melatonin content of 1310.5 ng g�1 FW (August 2017)
of melatonin-treated seeds at the beginning of storage changed
throughout the year and decreased to 254.5 ng g�1 FW (December
2019) at the end of the 28th month. The melatonin content of control
seeds and tryptophan-treated seeds exhibited similar changes. Espe-
cially in tryptophan-treated seeds, seed melatonin content, which
was found to be quite high at the beginning of storage, decreased
with the progress of storage and reached to the level of control seeds,
but increased again at the 12th and 24th months of storage and
exceeded the melatonin content of the control seeds. TaggedEnd

TaggedPWhen the changes in the tryptophan content of the seeds stored
for 28 months were examined (Fig. 1B), it was observed that the tryp-
tophan content of the control seeds, which was low at the beginning,
reached the levels of the seeds treated with tryptophan and melato-
nin by the 8th month of storage. Afterwards, the tryptophan content,
82
TaggedEndTaggedPwhich decreased in all applications, decreased to the lowest level of
the year in the 12th month (August 2018), but tryptophan-treated
seeds had higher tryptophan content than the other seeds. Then, the
seed tryptophan content, which was similar in all treatments until
the 18th month of storage, showed different changes depending on
treatments and decreased to similar levels at the 28th month, the
end of the study. TaggedEnd

TaggedH23.2. Seed germination TaggedEnd

TaggedPMelatonin and tryptophan applications significantly affected the
final germination percentage (FGP) and mean germination time
(MGT) of tomato seeds at 14 °C and 25°C during 28 months of storage
(Table 2). MGT at 14 °C and 25 °C during the storage period up to 28
months increased with increasing storage time, while the FGP
decreased. Under chilling stress (14 °C) conditions, FGP, which was
93.0% before storage, decreased to 76.3% after 28 months of storage.
In addition, pre-storage melatonin and tryptophan treatments signif-
icantly improved FGP of seeds as compared to the control seeds
(80.9%) and increased it to 87.3% and 86.2%, respectively. MGT, which
was 9.08 days at the beginning of storage, increased to 15.37 days at
the end of 28 month-long storage. Additionally, MGT decreased sig-
nificantly from 14.33 days in control seeds to 11.84 days and



TaggedEnd Table 2
Effect of melatonin and tryptophan treatments during 28 month-long storage on final germination percentage (FGP) and mean germination time (MGT) of
tomato seeds at 14 °C and 25 °C. Values are means § SE (n = 4).

Factors 14°C FGP
(%)

25°C FGP
(%)

14°C MGT
(days)

25°C MGT
(days)

Storage Time-ST (Months)
0 93.0§1.0 a 95.8§1.3 a 9.08§0.9 g 2.98§0.14 i
2 91.2§0.8 a 94.3§1.1ab 11.12§0.2 f 3.06§0.15 hi
4 89.0§0.8 b 93.7§0.8 b 12.10§0.2 de 3.18§0.17gh
6 88.3§1.4 bc 93.3§0.7 b 11.66§0.4 ef 3.30§0.20 fg
8 88.5§1.0 b 92.3§0.9 bc 11.71§0.5 ef 3.35§0.16 f
10 88.0§0.9 bc 92.3§0.6 bc 11.61§0.4 ef 3.38§0.16 f
12 87.3§0.8 bc 90.7§1.0 cd 11.99§0.5 de 3.55§0.16 e
14 86.3§0.9 cd 89.2§0.7de 12.23§0.4 de 3.63§0.16 de
16 84.3§0.8 de 88.0§0.8 ef 12.41§0.4 d 3.69§0.17cd
18 83.0§0.9 ef 87.7§0.8 efg 13.08§0.3 c 3.73§0.18 cd
20 81.7§1.2 f 86.7§0.9 fg 13.57§0.4 c 3.81§0.19 bc
22 79.3§1.4 g 85.8§0.9 gh 14.56§0.4 b 3.93§0.20 b
24 78.0§1.4 gh 84.5§1.3 h 14.86§0.4 ab 4.12§0.25 a
26 77.3§1.4gh 84.0§1.2 hi 15.04§0.4 ab 4.12§0.25 a
28 76.3§1.6 g 82.3§1.3 i 15.37§0.4 a 4.13§0.25 a
LSD (0.05) 2.02 2.04 0.64 0.14
Treatments
Control 80.9§0.9 c 86.2§0.7 b 14.33§0.2 a 4.44§0.07 a
Melatonin 87.3§0.6 a 91.1§0.5 a 11.84§0.3 b 3.22§0.04 b
Tryptophan 86.2§0.6 b 90.8§0.6 a 11.90§0.2 b 3.13§0.05 c
LSD (0.05) 0.90 0.91 0.28 0.06
ANOVA
ST *** *** *** ***
Treatments *** *** *** ***
ST*Treatments NS NS ** ***

NS, *, **, ***, not significant, significant at P < 0.05, 0.01 or 0.001, respectively.
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TaggedEndTaggedP11.90 days, respectively, in the seeds treated with melatonin and
tryptophan. However, under optimum (25 °C) conditions, the germi-
nation percentage, which was 95.8% before the storage, decreased to
82.3% at the end of 28 month-long storage. Pre-storage melatonin
and tryptophan treatments significantly improved FGP as compared
to the control seeds (86.2%) and were found to be 91.1% and 90.8%,
respectively. Moreover, the MGT, which was 2.98 days before the
storage, reached to 4.13 days after up to 28 months of storage and it
was determined as 4.44 days in the control seeds, 3.22 days and
3.13 days in the seeds treated with melatonin and tryptophan,
respectively. TaggedEnd

TaggedPChanges in germination percentages of seeds stored after treat-
ments for 28 months at 14 °C and 25 °C are presented in Fig. 2A and
B. Under chilling stress (14 °C) conditions, FGP of control seeds
decreased to 70% while pre-storage melatonin and tryptophan treat-
ments significantly improved the FGP of seeds (80% and 79%, respec-
tively) (Fig. 2A). In germination tests performed under optimum (25 °
C) conditions at the end of storage, the FGP of the seeds treated with
melatonin and tryptophan were found to be 85% and 84%, respec-
tively, while control seeds had an FGP of 78% (Fig. 2B).TaggedEnd

TaggedPSimilarly, as the storage period progressed, MGT values of all
treatments increased steadily and pre-storage melatonin and trypto-
phan treatments resulted in significantly lower MGT values com-
pared to the control seeds (Fig. 2C and D). Under chilling stress, MGT
was 17.1 days in the control seeds and 14.3 days and 14.7 days in
melatonin and tryptophan-treated seeds, respectively at the end of
storage period (Fig. 2C). On the other hand, under optimum condi-
tions, MGT was found to be 5.3 days in the control seeds and 3.5 days
and 3.5 days in melatonin and tryptophan-treated seeds, respectively
(Fig. 2D). These results indicated that pre-storage melatonin and
tryptophan treatments had similar effects on FGP and MGT at 14 °C
and 25 °C temperatures and pre-storage melatonin and its precursor-
tryptophan treatments improved germination performance espe-
cially at low temperatures. TaggedEnd
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TaggedH23.3. MDA, H2O2 and EC contents TaggedEnd

TaggedPPre-storage melatonin and tryptophan treatments significantly
affected the MDA and H2O2 contents of tomato seeds and the EC
value, which is an indicator of membrane integrity, during 28 months
of storage (Table 3). In particular, the MDA content, which was deter-
mined as 221.7 nmol g�1 FW at the beginning of storage, increased to
the highest level with 448.6 nmol g�1 FW in the 24th month of stor-
age and slightly decreased at the end of the storage (28th month) to
373.6 nmol g�1 FW. When the effect of pre-storage applications on
MDA content was examined, the MDA content of control seeds
(441.4 nmol g�1 FW) was found to be significantly higher than the
seeds treated with melatonin and tryptophan (246.5 nmol g�1 FW
and 243.7 nmol g�1 FW, respectively) (Table 3). The H2O2 content,
which was determined as 294.1 nmol g�1 TA at the beginning of stor-
age (0th month-August 2017), reached the highest values starting
from the 24th month of storage. The seed H2O2 content of control
seeds (652.1 nmol g�1 FW) was also significantly higher than melato-
nin and tryptophan-treated seeds (262.4 nmol g�1 FW and
252.4 nmol g�1 FW, respectively) (Table 3). No difference was
observed between the effects of pre-storage melatonin and trypto-
phan treatments on the MDA and H2O2 contents of the seeds at the
end of storage. Additionally, the EC value, which was
68.99 mS cm�1g�1 at the beginning of storage, reached its highest
level with 87.53 mS cm�1g�1 in the 22nd month of storage. It was
observed that pre-storage treatments reduced EC values, thus slow-
ing down the progression of membrane deterioration. The EC value
was 82.05 mS cm�1g�1 in the control seeds, 53.51 mS cm�1g�1 in
melatonin-treated seeds and 50.19 mS cm�1g�1 in tryptophan-
treated seeds (Table 3).TaggedEnd

TaggedPSeed MDA (Fig. 3A) and H2O2 (Fig. 3B) contents followed a vari-
able course during 28 months of storage. However, control seeds
always had significantly higher MDA and H2O2 contents than the
treated seeds. In addition, time-dependent fluctuations were



TaggedEnd TaggedFigure

Fig. 2. Changes in final germination percentage (FGP) (A and B) and mean germination time (MGT) (C and D) of tomato seeds at 14 °C and 25 °C during 28-month storage. The
results are expressed as mean values of four measurements § standard error. TaggedEnd
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TaggedEnd Table 3
Effect of melatonin and tryptophan treatments during 28 month-long storage on
MDA, H2O2 contents and EC values of tomato seeds. Values are means § SE (n = 4).

Factors MDA
(nmol g�1 FW)

H2O2

(nmol g�1 FW)
EC
(mS cm�1g�1)

Storage Time-ST (Months)
0 221.7§14.6 g 294.1§35.5 gh 68.99§2.77 cd
2 268.3§28.6 fe 393.1§75.7 cd 79.31§3.17 b
4 242.8§18.8 fg 351.5§77.2 def 54.58§6.11e
6 363.3§32.7 bc 458.6§70.4 b 42.75§4.99 fg
8 287.2§34.6 de 355.8§55.8 de 22.69§2.79 h
10 271.1§28.8 ef 436.2§81.4 bc 63.28§4.74 d
12 327.2§32.5 cd 322.5§68.7efg 72.9§4.71 c
14 233.9§26.4 fg 248.2§39 h 67.37§5.79 cd
16 331.7§37.9 bc 423.5§67 bc 68.07§5.69 cd
18 345.6§57.6 bc 299.5§40.2 g 39.74§3.53 g
20 325.0§28.1 cd 302.6§52.9 fg 48.57§5.09 ef
22 272.2§32.8 ef 306.5§52.1efg 87.53§6.35 a
24 448.6§54.9 a 522.6§57.0 a 68.18§6.69 cd
26 345.7§30.4 bc 552§56.5 a 71.48§5.68 c
28 373.6§28.4 b 567.9§56.7a 73.32§4.84 b
LSD (0.05) 43.7 50.1 6.23
Treatments
Control 441.4§14.9 a 652.1§20.7 a 82.05§2.76 a
Melatonin 246.5§9.6 b 262.4§13.9 b 53.51§2.35 b
Tryptophan 243.7§9.2 b 252.4§12.5 b 50.19§2.10 c
LSD (0.05) 19.5 22.4 2.78
ANOVA
ST *** *** ***
Treatments *** *** ***
ST*Treatments *** *** ***

NS, *, **, ***, not significant, significant at P < 0.05, 0.01 or 0.001, respectively.
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TaggedEndTaggedPobserved in the MDA and H2O2 contents of the seeds throughout the
storage, but an increase was detected in all treatments starting from
24th month of storage (Fig. 3B). Membrane leakage values (Fig. 3C)
exhibited a similar change with the other parameters during the stor-
age period and they increased in the 2nd month of storage (October
2017) in all treatments but decreased to the lowest level in the 8th
month (April 2018). As the storage process progresses, EC values
again decreased to the lowest levels of the year in the 18�20th
months (February�April 2019) and then increased in the 22nd
months (June 2019). Similar to MDA and H2O2 values, EC values of
the control seeds were almost always higher than the other treated
seeds. TaggedEnd
TaggedH23.4. Catalase (CAT) enzyme activity and seed moisture content TaggedEnd

TaggedPWhen the effect of storage time up to 28 months on CAT enzyme
activity was examined, it was observed that the enzyme activity fol-
lowed a time-dependent course with the progress of storage time
(Table 4). The CAT activity of the seeds determined before the storage
(0.41 U mg�1 protein) followed a fluctuating course during the stor-
age and reached its highest level at the end of the 24th month
(0.75 U mg�1 protein) but decreased to the pre-storage level at the
end of storage. CAT enzyme activity of the control seeds (0.36 U mg�1

protein) was found to be lower than the seeds treated with melatonin
and tryptophan (0.48 U mg�1 protein and 0.49 U mg�1 protein,
respectively) (Table 4). The moisture content of the seeds increased
significantly during the storage over two years, even though they
were stored in sealed plastic packages after drying back to their initial
moisture content (Table 4). The seed moisture content, which was
around 8.45% at the beginning of storage, was found to be 8.81% in
the 12th month of storage. Increases in seed moisture content were
observed with the progress of storage and it was determined as
9.31% at the end of 28 months of storage. In addition, seed moisture
of control seeds (9.02%) was significantly lower in seeds treated with
melatonin and tryptophan (both having moisture content of 8.78%)
(Table 4). TaggedEnd
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TaggedPThe CAT activity of tomato seeds stored for 28 months followed a
fluctuating course during the storage (Fig. 4A). Generally lower
enzyme activity of the control seeds as compared to the other treated
seeds indicated that these treatments enhanced the activities of this
antioxidant enzyme. CAT activity, which exhibited a different course
depending on the treatments in the first 16 months of storage,
increased in all treatments in the 24th month, but decreased to the
pre-storage levels in the 28th month, the end of the study (Fig. 4A).
Seed moisture rose sharply at the end of the first year of storage and
continued to increase steadily until the end of the second year
(Fig. 4B). In particular, control seeds were found to have greater mois-
ture contents as compared to the seeds treated with melatonin and
tryptophan. Moisture content at the end of storage, which was 9.56%
in control seeds, was 9.24% in melatonin-treated seeds and 9.14% in
tryptophan-treated seeds (Fig. 4B). TaggedEnd

TaggedH14. Discussion TaggedEnd

TaggedPThere is not much detailed information in the literature regarding
the changes in melatonin and tryptophan content of seeds stored for
long term. In this study, changes in the concentrations of these mole-
cules in tomato seeds stored for 28 months were revealed for the first
time. Melatonin contents of control seeds and seeds pre-treated
before storage displayed similar and significant seasonal changes and
reached the highest level in 2018 August (12th month) and 2019
August (24th month) (Fig. 1A). Melatonin contents of seeds treated
with melatonin and tryptophan were also found to be higher than
the control seeds. TaggedEnd

TaggedPIt was reported that melatonin was permanently present in plants
acting as a circadian rhythm regulator (Ahn et al., 2021), but its con-
centration in the tissues varied during the day reaching its peaks in
the dark (Chang et al., 2021). In addition, the growing conditions,
growth stages and environmental factors and even the sampling time
during the day have a significant effect on the melatonin content of
plant tissues (Wu et al., 2021; Arnao and Hernandez-Ruiz, 2021). For
instance, similar changes were reported in Chenopodium rubrum L.
(Wolf et al., 2001), cherry fruits (Zhao et al., 2012), Malbec grape vari-
ety (Boccalandro et al., 2011), lupine (Lupinus albus) seedlings (Arnao
and Hern�andez-Ruiz, 2015), Arabidopsis plant (Li et al., 2020; Hern�an-
dez et al., 2015) and eggplant seedlings (Korkmaz et al., 2017b). Pres-
ent findings revealed that seed melatonin contents also showed
significant seasonal changes throughout the year. Similar seasonal
changes were observed in pepper (Korkmaz et al., 2018) and maize
and cucumber (Ko»odziejczyk et al., 2015) seeds stored for 1 year. The
researchers stated that elevated melatonin levels in winter months
during the storage might be an indicator of a defense mechanism to
protect the seeds against adverse environmental conditions and that
increased melatonin levels under adverse environmental conditions
functioned as a defense mechanism in the seed. Melatonin is a potent
free radical scavenger (Fan et al., 2018; Muhammad et al., 2022;
Reiter et al., 2017) and therefore high melatonin levels act as a source
of antioxidants in seeds just separated from the mother plant. Since
the seed is no longer connected to the mother plant after shedding,
the successful formation of the next generation can occur in seeds
separated from the mother with high melatonin content, providing
significant protection against aging and/or harsh environmental con-
ditions. It could be deduced from the results of the current study that
melatonin, which is found in high amounts in the seeds in August, is
a strategy that tomato seeds have in order to ensure their life after
leaving the mother plant and to establish their next generation. TaggedEnd

TaggedPThe change in tryptophan content, the precursor of melatonin,
generally exhibited an opposite trend to fluctuations in melatonin
content (Fig. 1B); that is, in all treatments, the amount of melatonin
decreased when the amount of tryptophan increased. Tryptophan
content remained at very low levels, especially at the beginning of
storage (0th month), 12th month (August 2018) and 26th months



TaggedEnd TaggedFigure

Fig. 3. Changes in MDA (A), H2O2 (B) contents and EC values (C) of tomato seeds during 28-month storage. The results are expressed as mean values of four measurements § stan-
dard error. TaggedEnd
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TaggedEnd Table 4
Effect of melatonin and tryptophan treatments during 28 month-long storage on
CAT activity and seed moisture content of tomato seeds. Values are means § SE
(n = 4).

Factors CAT activity
(U mg�1 protein)

Seed Moisture Content
(%)

Storage Time-ST (Months)
0 0.41§0.04 cd 8.45§0.06 e
4 0.32§0.06 ef 8.52§0.06 e
8 0.30§0.05 f 8.77§0.06 d
12 0.40§0.02 cd 8.81§0.05 cd
16 0.37§0.02 de 8.88§0.1cd
20 0.56§0.02 b 9.01§0.09 bc
24 0.75§0.04 a 9.12§0.12 ab
28 0.43§0.01 c 9.31§0.06 a
LSD (0.05) 0.05 0.22
Treatments
Control 0.36§0.03 b 9.02§0.07 a
Melatonin 0.48§0.03 a 8.78§0.06 b
Tryptophan 0.49§0.03 a 8.78§0.07 b
LSD (0.05) 0.03 0.13
ANOVA
ST *** ***
Treatments *** **
ST*Treatments *** NS

NS, *, **, ***, not significant, significant at P < 0.05, 0.01 or 0.001, respectively.

TaggedEnd TaggedFigure

Fig. 4. Changes in the activity of CAT (A) and moisture content (B) of tomato seeds during 28
of four measurements § standard error. TaggedEnd
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TaggedEndTaggedP(October 2019), when the melatonin contents peaked and elevated
tryptophan levels were observed in parallel with decreases in mela-
tonin levels. Korkmaz et al. (2017a) observed a similar relationship
between tryptophan and melatonin content in the roots and leaves
of the eggplant plants. The researchers monitored melatonin and
tryptophan changes in the seeds during the day and in the leaves and
roots throughout the growing season and reported that melatonin
and tryptophan contents changed in an opposite way, that is, if the
concentration of one in the tissues increased, the concentration of
the other compound decreased. Moreover, Yakupo�glu et al. (2021)
revealed that the endogenous melatonin and tryptophan contents of
lettuce seeds stored for 24 months changed in a circadian manner
and that the melatonin and tryptophan contents varied in opposition
to each other. In other words, during the winter months when the
melatonin content peaked strongly, tryptophan content was deter-
mined at the lowest levels. TaggedEnd

TaggedPMelatonin is synthesized from the precursor of tryptophan, an
aromatic amino acid, by a 4-stage biosynthesis pathway in which dif-
ferent enzymes play a role in each stage, and this pathway is briefly
outlined as tryptophan ! tryptamine/5-
hydroxytryptophan ! serotonin ! 5-methoxytryptamine/n-acetyl
serotonin ! melatonin (Mannino et al., 2021). Therefore, it was
stated that the enzymes that enable the conversion of molecules dur-
ing melatonin biosynthesis had an important effect on the changes in
melatonin and tryptophan levels (Negri et al., 2021). In particular, the
-month storage at room temperature (25 °C). The results are expressed as mean values
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TaggedEndTaggedPincrease in the activities of some enzymes along this pathway may
increase the biosynthesis of molecules, while the accumulation and/
or excessive production of some molecules may adversely affect mel-
atonin biosynthesis. For instance, low melatonin levels are generally
observed in tissues because the conversion of tryptophan into seroto-
nin occurs at much higher rates than the conversion of serotonin to
melatonin. It is also known that the promotion of serotonin produc-
tion, especially with the effect of environmental conditions such as
stress and time of day and year (circadian rhythm), negatively affects
melatonin production (Back et al., 2016).TaggedEnd

TaggedPMoisture content of seeds in the study increased significantly dur-
ing the storage over 28 months, even though they were stored in
sealed plastic packages after drying to initial moisture content
(Fig. 4B). While seed moisture content varied slightly in the first year,
which was 8.45% at the beginning, it increased sharply at the end of
the second year of storage and reached to 9.56%. In addition, as a
result of the treatments applied to the seeds, significant changes
occurred in the moisture content of the seeds. Storing the seeds with
low moisture content under low temperature conditions prolongs
the survival of the seed. It was reported that high ambient moisture
and temperature conditions adversely affected lettuce seed longevity
in long term storage (Demir et al., 2016). It was reported that storing
lettuce seeds with initial moisture content of 7% in sealed plastic begs
for 24 months at ambient conditions resulted in elevated seed mois-
ture levels which adversely affected the seed viability (Yakupo�glu et
al., 2021). The authors stated that lower seed moisture content was
essential to maintain seed viability during relatively long term stor-
age. In this study, seed moisture content increased progressively over
the course of storage time in all treatments, especially the control
seeds and due to relatively high storage temperature (25 °C), viability
and vigor losses became increasingly evident over time. However,
seed treatments with melatonin and tryptophan were effective to
some extent in preventing these losses. TaggedEnd

TaggedPPre-storage melatonin and tryptophan treatments alleviated the
effect of ageing-induced damage and improved germination perfor-
mance and mean germination time at both temperatures (14 °C and
25 °C). Although there is not much detailed information about the
role of melatonin and tryptophan in seed aging, recent studies have
documented that the application of melatonin and tryptophan
improved the germination performance of seeds under stress condi-
tions. For instance, Korkmaz et al. (2017a) stated that the exogenous
melatonin treatments had positive effects on germination and emer-
gence performance of pepper seeds under chilling stress. Also, mela-
tonin treatments increased the germination performance of
Arabidopsis thaliana seeds under heat stress by 60% as compared to
control treatments (Hern�andez et al., 2015). A study aimed to develop
new stress tolerant cultivars investigated the effect of seed melatonin
content of 28 pepper genotypes and reported that genotypes with
high endogenous melatonin content had higher germination and
emergence percentages under chilling stress conditions. (Korkmaz et
al., 2022). The researchers stated that the melatonin content of the
seeds of the genotypes varied between 0.64 and 5.03 ng g�1 and the
genotypes with less than 2 ng g�1 seed melatonin content had germi-
nation and seedling emergence values of 50% or below. It was also
reported that tryptophan applications to pepper seeds under salt
stress conditions positively affected germination and seedling emer-
gence performance (Korkmaz et al., 2020). Present findings clearly
revealed the effects of tryptophan and melatonin treatments on ger-
mination performance of long term-stored seeds under stress condi-
tions. TaggedEnd

TaggedPChanges in membrane integrity, fluidity, permeability and struc-
ture are observed after the deterioration of the lipids in cell mem-
branes as a result of oxidation (Kravi�c et al., 2021). MDA could be
given as an example of the products formed due to lipid peroxidation
caused by the actions of free radicals such as H2O2. Therefore, deter-
mination of H2O2 and MDA contents in plant tissues and organs is
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TaggedEndTaggedPimportant in terms of providing information about the integrity and
functionality of the membranes as a result of deteriorations caused
by lipid oxidation. Seed MDA (Fig. 3A) and H2O2 (Fig. 3B) contents
increased significantly during the storage period and followed a
course that varied from month to month during the year and these
changes were generally dependent on melatonin content. For
instance, MDA content decreased after 12th (August-2018) and 24th
(August-2019) months in storage, when the seed melatonin content
peaked strongly. Also, seeds treated with tryptophan and melatonin
almost always had lower levels of MDA and H2O2 contents than the
control seeds. All these revealed that the MDA content of the seeds
showed a change closely related to the course in the content of mela-
tonin and that the treated seeds had lower MDA and H2O2 content as
compared to the control seeds. Similar to present findings, it was
reported that lettuce seeds treated with melatonin had lower MDA
and H2O2 contents than the control seeds during 2 years of storage,
and that MDA and H2O2 levels were generally at their lowest levels in
the months when the melatonin levels were the highest (Yakupo�glu
et al., 2021). TaggedEnd

TaggedPLoss of membrane integrity due to the damaged phospholipids in
cell membranes causes increased membrane permeability and the
leakage of electrolytes and the other substances from the cells (Kurek
et al., 2019). Another reason for increased electrolyte leakage is the
peroxidation of lipids present in cell membranes (Li et al., 2022). The
electrical conductivity of tomato seeds during long-term storage (28
months) showed a similar change in all treatments and decreased in
the months following the months when the melatonin content
peaked (Fig. 3C). In addition, it was determined that control seeds
had higher EC values during the entire storage period as compared
seeds treated with melatonin and tryptophan. Similarly, the effec-
tiveness of seed treatments with melatonin were investigated in vari-
ous species including maize (Jiang et al., 2016; Simlat et al., 2018),
cucumber (Zhang et al., 2014), soybean (Wei et al., 2015), pepper
(Korkmaz et al., 2017a), cotton (Chen et al., 2020) and Limonium
bicolor (Li et al., 2019) and it was reported that melatonin treatment
reduced stress-induced lipid peroxidation and membrane leakage
while increasing antioxidant activities. Such findings indicated that
damage caused by free radical-induced membrane oxidations could
be mitigated by exogenous seed treatments. TaggedEnd

TaggedPIt was reported that melatonin played an essential role as antioxi-
dant directly in stabilization of lipid peroxidation and membrane flu-
idity of biological membranes such as mitochondria, chloroplasts and
plasma and combating against stress factors (Wu et al., 2021; Arnao
and Hern�andez-Ruiz, 2020). Melatonin also regulates and promotes
the activities of antioxidant enzymes including CAT in plants under
stress (Arnao and Hern�andez-Ruiz, 2021). In this study, it was
observed that pre-storage treatments increased the CAT enzyme
activity which was also parallel to the change melatonin content. For
instance, CAT enzyme activity increased at 12th and 24th months,
when the melatonin content peaked strongly (Fig. 4A). In addition,
enzyme activity of the seeds treated with melatonin and tryptophan
was higher than the control seeds. Melatonin treatments increased
antioxidant enzyme activity of lettuce (Yakupo�glu et al. 2021), pep-
per (K€okl€u, 2016), maize (Deng et al., .2017) and soybean (Wei et al.,
2015) seeds and improved germination performance (Rajora et al.
2022) under various stress conditions. Additionally, it was reported
that melatonin treatments significantly protected the membrane
structures of pepper (Korkmaz et al. 2017a) and maize (Cao et al.,
2019) seeds germinated under chilling stress against peroxidation
and MDA accumulation. TaggedEnd

TaggedH15. Conclusion TaggedEnd

TaggedPIn this study, how the melatonin content of tomato seeds treated
with melatonin and its precursor tryptophan changed during 28
months of storage was demonstrated for the first time. In addition,
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TaggedEndTaggedPthe effects of pre-storage melatonin and tryptophan treatments on
aging of seeds during the storage were also determined. Seasonal
fluctuations were observed in seed melatonin and tryptophan con-
tents during 28 month long storage. The melatonin contents of the
seeds peaked at the end of 12th and 24th months of storage, which
corresponds to August 2018 and August 2019. On the other hand,
tryptophan levels showed an opposite trend during the months
when melatonin peaked strongly. The low MDA and H2O2 levels
detected in the months following the months when the melatonin
content in the seeds reached the highest levels showed that melato-
nin slowed down the aging process and also played a direct role in
the reduction of lipid peroxidation in seeds. Although seasonal fluctu-
ations were detected in melatonin contents during long-term stor-
age, it is still not fully clear what triggers or manages these changes
in seed tissues. Therefore, further research is required to determine
the factors governing melatonin biosynthesis, particularly the effects
of the presence and/or amount of precursor molecules in seed tissues
at different times of the year, and long-term seasonal fluctuations in
seeds of different species. In this way, physiological roles of seasonal
changes in the melatonin content of stored seeds could be better
understood. Pre-storage treatments, on the other hand, significantly
slowed down the aging process by protecting the membrane struc-
tures against peroxidation, MDA and H2O2 accumulation and increas-
ing the activities of antioxidant enzymes. The fact that pre-storage
treatment with melatonin and its pre-cursor-tryptophan, could be
used as a highly valuable tool to slow down seed ageing may have
important practical applications, especially for long-term storage of
seeds of endangered species or valuable breeding materials. TaggedEnd
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