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Abstract: Salt stress is one of the primary abiotic stresses that negatively affects agricultural pro-
duction. Melatonin, as a useful hormone in plants, has been shown to play positive roles in crop
improvement to abiotic stress conditions. However, it remains unclear whether spraying melatonin
could reduce the halotolerance gap between tomato genotypes with different salt sensitivities. Here,
plant growth, H2O2 content, electrolyte leakage, antioxidant system, gas exchange, pigment content,
and chloroplast ultrastructure of salt sensitive genotype (SG) and resistant genotype (RG) at CK
(control), M (spraying melatonin), S (salt), and SM (spraying melatonin under salt stress) were inves-
tigated. The results showed that the weight, height, and stem diameter of the plant at SM from both
genotypes significantly increased compared with S. The plant undergoing SM from both genotypes
showed significantly decreased H2O2 but increased activity of SOD, APX, GR, and GSH, as well as net
photosynthetic rate and Fv/Fm, as compared with S. The ratio between SM and S (SM/S) of SG was
significantly higher than that of RG in terms of plant height and stem diameter, whereas antioxidant
parameters, H2O2 content, and electrolyte leakage showed no difference between RG and SG in SM/S.
The SM/S of SG in terms of photosynthetic parameters and pigment content were significantly higher
than that of RG. Chloroplast ultrastructure showed remarkable changes under salt stress, whereas
spraying melatonin reduced the destruction of chloroplasts, especially for SG. We concluded that
spraying melatonin reduces the halotolerance gap between SG and RG by photosynthesis regulation
instead of the antioxidant mechanism. This indicated that the positive roles of melatonin on tomato
plants at salt stress depend on the genotype sensitivity.

Keywords: tomato; melatonin; salt stress; halotolerance gap; photosynthesis; antioxidant mechanism;
chloroplast ultrastructure

1. Introduction

Melatonin (N-acetyl-5-methoxytryptamine) is a molecular compound with physiologi-
cal activity and is widely studied in animals for its important roles. Since melatonin was
discovered in plants by Dubbels and Hattori in 1995 [1,2], the functions of this hormone in
animals and plants have been the subject of broad interest. Many studies have shown that
melatonin can effectively relieve the damage caused by stress in plants and improve plant
resistance [3–7].
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Studies have found that nearly all stresses, such as salt, drought, heat, cold, and
others can cause a rapid and massive upregulation of melatonin production in various
plants [8–10]. Melatonin can slow the aging of leaves by reducing chlorophyll degrada-
tion [11–17]. Melatonin can also enhance stress resistance under abiotic stress by directly
removing reactive oxygen species (ROS) or enhancing the antioxidant capacity of plants,
such as tomato, wheat, and soybean [18–23]. In particular, exogenous melatonin relieved
the repressed plant growth, decreased oxidative stress, improved AsA-GSH cycle, and
maintained Na+/K+ balance of tomato treated by NaHCO3 [18]. Through redox balance
modulation, the pre-treatment of melatonin ameliorated the damage on wheat caused
by cold stress (5/2 ◦C day/night for 3 days) [19]. Melatonin alleviated ultrastructural
damage caused by water deficit by enhancing antioxidant scavenging ability from the
perspective of antioxidant enzymes and nonenzymatic antioxidants [22]. Melatonin can
trigger pathways such as increasing stress-related factors, activating mitogen-activated
protein kinase (MAPK) signaling, and enhancing photosynthesis under stress in Arabidopsis
and Bermudagrass [24]. Therefore, previous studies have extended our understanding of
positively regulatory mechanisms in plants under stress conditions mediated by melatonin.

Soil salinization is one of the major stresses during agricultural production. Salt stress
can suppress plant growth and reduce crop production and ultimately threaten the survival
of plants by inducing osmotic and oxidative stress and ion toxicity. At present, the area of
saline soils in the world is 100 million hectares [25]. The saline soil is projected to grow at a
blistering 10% annual rate, mostly due to unreasonable tillage methods [26]. Salt stress is
becoming an increasing threat that restricts the sustainable development of agriculture.

Tomato is one of the worldwide vegetable crops that is often threatened by salt stress
during cultivation. The growth and production of tomato plants were usually inhibited
by salt stress. A recent study found that exogenous melatonin improved salt resistance
of tomato seedlings mainly by controlling ROS levels and enhancing photosynthesis via
non-stomatal factors [27]. However, only one tomato cultivar (‘Jin Peng Yi Hao’) was
applied, the salt sensitivity of which was unclear. At present, there are no reports about
the effects of melatonin on tomato genotypes with different salt sensitivity. The question
is whether spraying melatonin can reduce the halotolerance gap between salt-sensitive
and salt-resistant tomato genotypes. In this study, the response of sensitive and resistant
genotypes to salt treatment in the aspects of plant growth, H2O2 content, electrolyte
leakage, antioxidant system, gas exchange, pigment content, and chloroplast ultrastructure
was investigated. Our hypothesis is that the positive role of melatonin in increasing salt
tolerance of tomato could be announced more in salt sensitive genotype. We will help to
understand the effects of melatonin on different tomato genotypes in salinity conditions.

2. Materials and Methods
2.1. Plant Material and Culturing

One salt SG, ‘LA1698’, from tomato genetics resource center (TRGC) and one salt
RG, ‘Lemon Boy’, from American markets were applied in the current experiment. All
the seedlings were planted in the glasshouse of Nanjing Agricultural University. The
temperature was 25–30 ◦C/16–20 ◦C (day/night). After pre-germination, the sterilized
seeds were sowed into 72 aperture disks. During the growth period, the seedlings were
irrigated with 1/2 Garden nutrient solution of Japan (GNSJ). When two euphylla appeared,
the consistent size of seedlings was transferred to 32 aperture disks, cultured with quartz
sand. Each disk was put in a plastic pallet (6 cm high, 54 cm long, and 28 cm wide), and
the plastic pallets were filled with 5 L of 1/2 GNSJ (changing the nutrient solution every
two days).

2.2. Treatment of Experiment

When the seedlings appeared with 5–6 leaves, the treatments started with ten seedlings
per treatment. The treatments were as follows: (1) CK, spraying distilled water; (2) S,
200 mM NaCl + spraying distilled water; (3) M, spraying 100 µM melatonin; and (4) SM,
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200 mM NaCl + spraying 100 µM melatonin. The GNSJ was irrigated every two days, and
the S treatment was applied by irrigating the GNSJ containing 200 mM NaCl. Melatonin
was sprayed every two days at night (8 pm) since it is easy to decompose at light conditions.

2.3. Experimental Method

The growth indexes, including plant height, stem diameter, upper-ground fresh/dry
weight, and under-ground fresh/dry weight were measured when the salt stress lasted for
10 days. After six days’ salt stress, the third leaf from the top-down was used to measure
other indexes. There were three biological replications except for the growth indexes, which
had five replications.

Five seedlings were washed and dried onto the tissues and then used to measure plant
height, stem diameter, upper-ground fresh weight, and under-ground fresh weight. All the
seedlings were baked at 120 ◦C for 30 min and then at 80 ◦C until they reached a constant
weight as dry weight.

The H2O2 in the leaf was extracted and analyzed as previously described by Alexieva
et al. (2001) [28]. The electrolyte leakage was determined as previously described by Bajji
et al. [29].

The SOD activity was determined using nitroblue tetrazolium (NBT) [30]. The POD
activity was assayed based on the method of Muñoz-Muñoz et al. (2009) [31]. The CAT
activity was measured based on a method previously described by Aebi (1984) [32]. APX
activity was determined as previously described by Nakano et al. (1981) [33]. The GR
activity was determined as previously described by Zhu et al. (2007) [34]. The contents of
AsA and DHA were measured based on Zhang et al. (1996) [35]. The contents of GSH and
GSSH were measured according to Nagalakshmi et al. (2001) [36].

The pigment parameters, including content of chlorophyll a, chlorophyll b, chlorophyll
a/b, total chlorophyll, and carotenoid content, were measured based on Arnon (1949) [37].

The photosynthetic parameters including gs, intracellular CO2 concentration (Ci),
Tr and Pn were determined using Li-6400 (Li-Cor Company, Lincoln, NE, USA) on the
6th day at 9:00–11:00 a.m. after salt treatment. The setting of parameters was as follows:
800 µmol·m−2·s−1 photosynthetic photon flux density (PPFD), 380 ± 10 µmol·m−2·s−1

environment CO2 concentration, and 25 ◦C chamber temperature.
After 30 min of dark adaptation, the Fv/Fm of seedlings were measured using

IMAGING-PAM (WALZ, Effeltrich, Germany). Six spots of each leaf were measured,
and the six results were averaged as result for each leaf. Three leaves from three seedlings
per treatment were measured.

The leaves were fixed in 2.5% glutaraldehyde solution at 4 ◦C for 8 h. After washing in
phosphate buffer (pH = 7.2), fixing in 1% osmic acid, and dehydration through a graded series
of ethanol, the samples were infiltrated and embedded in Epon-812. After the samples were
sliced using an ultramicrotome (LKB Nova, Bromma, Sweden), sections were stained with
uranyl acetate and lead citrate. Afterwards, all the sections were observed and photographed
using a transmission electron microscope (H-7650, Hitachi Ltd., Tokyo, Japan).

2.4. Data Analysis

At least, three biological replications were applied to all data analyses. Student’s t-test
was performed using SPSS 21.0 statistics. The difference of p < 0.05 (*) and p < 0.01 (**)
between treatments was considered as statistically significant difference. The significant
difference shown in supplementary figures (Figures S1–S3) was compared among the four
treatments (CK, S, M, and SM) within genotype.

3. Results
3.1. The Effect of Exogenous Melatonin on the Growth of Tomato Seedlings under Normal
Conditions and Salt Stress

Compared with CK, the fresh weight, dry weight, plant height, and stem diameter
for M treatment showed no significant difference in both RG and SG (Figure S1a,b,d,e),
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except for the root shoot ratio of the two tomato genotypes, which significantly increased
due to M treatment (Figure S1c). Salt-treated (S) seedlings showed remarkably decreased
fresh weight, dry weight, plant height, and stem diameter in both genotypes compared
with CK (Figure S1a,b,d,e), except for the root–shoot ratio (Figure S1c). Compared with
the S treatment, all the growth indices for SM treatment on the two tomato genotypes
significantly increased (Figure S1).

To further compare RG and SG after spraying melatonin under or not under salt
stress, we set CK of RG and SG to 1 to eliminate genotype differences. The relative fresh
weight, relative dry weight, relative plant height, and relative stem diameters of RG were
significantly higher than those of SG for S treatment (Figure 1a,b,d,e). Although for SM
treatment, the fresh weight, dry weight, plant height, and stem diameters of RG were also
significantly higher than those of SG, the ratio of the higher decreased as compared with S
treatment. For example, under S treatment, RG’s relative fresh weight was 1.5 times that of
SG, while under SM treatment, RG’s relative fresh weight was 1.2 times that of SG; under S
treatment, RG’s relative dry weight was significantly higher than that of SG, while under
SM treatment, RG’s relative dry weight was not significantly different from that of SG.
Furthermore, the ratio between SM and S (SM/S) of SG was significantly higher than that
of RG in terms of relative plant height and stem diameters (Figure 1d,e).
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Figure 1. Comparison of the growth indexes including relative fresh weight (a), relative dry weight
(b), relative root shoot ratio (c), relative plant height (d), and relative stem diameter (e) between
salt-resistant and salt sensitive tomato seedlings under salt stress. All the indices were normalized
to CK. RG: salt-resistant genotype; SG: salt-sensitive genotype; CK: 1/2 garden nutrient solution
of Japan (GNSJ) + spraying distilled water; M: GNSJ + spraying 100 µM melatonin; S: GNSJ-NaCl
(containing 200 mM NaCl) + spraying distilled water; SM: GNSJ-NaCl (containing 200 mM NaCl) +
spraying 100 µM melatonin. The asterisk indicates significant difference detected by Student’s t-test
(p < 0.05 marked with * and p < 0.01 marked with **). nd: no difference. Mean ± SE were given (n = 5,
biological replications).

3.2. The Effect of Exogenous Melatonin on the H2O2 Content and Electrolyte Leakage of Tomato
Seedlings under Normal Conditions and Salt Stress

Compared with CK, the H2O2 content and electrolyte leakage for M treatment showed
no significant difference in both RG and SG (Figure S2a). Compared with CK, the H2O2
content and electrolyte leakage for S treatment of the two tomato genotypes all remarkably
increased (Figure S2a). Compared with the S treatment, the H2O2 content and electrolyte
leakage for SM treatment of the two tomato genotypes significantly decreased (Figure S2a).
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As explained above, we set the CK of RG and SG to 1 to eliminate genotype differences.
The electrolyte leakage of SG was significantly higher than that of RG for S treatment, even
though no difference was observed for H2O2 content (Figure 2a,b). As for SM treatment, the
electrolyte leakage of SG was also significantly higher than that of RG, but the specific value
was decreasing compared with S treatment. Under S treatment, SG’s electrolyte leakage
was 1.6 times that of RG, while under SM treatment, SG’s electrolyte leakage was 1.3 times
that of RG. Furthermore, there was no difference between RG and SG for electrolyte leakage
in SM/S (Figure 2b).
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Figure 2. Relative H2O2 content (a) and relative electrolyte leakage (b) between salt-resistant and salt-
sensitive tomato seedlings under salt stress. All the indices are normalized to CK. RG: salt-resistant
genotype; SG: salt-sensitive genotype; CK: 1/2 Garden nutrient solution of Japan (GNSJ) + spraying
distilled water; M: GNSJ + spraying 100 µM melatonin; S: GNSJ-NaCl (containing 200 mM NaCl) +
spraying distilled water; SM: GNSJ-NaCl (containing 200 mM NaCl) + spraying 100 µM melatonin.
The asterisk indicates the significant difference detected by Student’s t-test (p < 0.05 marked with *).
nd: no difference. Mean ± SE were given (n = 3, biological replications).

3.3. The Effect of Exogenous Melatonin on the Activity of SOD, POD, CAT, and AsA–GSH Cycles
of Tomato Seedlings under Normal Conditions and Salt Stress

There was no difference in the activity of SOD, POD, CAT, and APX, and the content
of AsA between CK and M, but the GR activity, GSH content, and AsA/DHA for M,
significantly increased compared with CK (Figure S2b). The SOD, POD, APX, and GR
activity and GSH content significantly increased, while CAT activity, AsA/DHA, and AsA
content significantly decreased under S compared with CK (Figure S2b). Compared with
the S treatment, almost all the antioxidant indices for SM treatment of the two tomato
genotypes significantly increased, except for the activity of POD for RG and CAT for SG
(Figure S2b).

Further, we compared RG and SG after spraying melatonin under or not under salt
stress. The relative APX activity, relative GSH, and relative AsA content of RG were
significantly higher than those of SG under S (Figure 3d,f,g). The relative GSH content
of RG was significantly higher than that of SG, but the relative AsA content of SG was
significantly higher than that of RG in the SM treatment (Figure 3f,g). However, there was
no difference in most of these antioxidant indices between RG and SG in SM/S, except for
the AsA content of SG, which was significantly higher than that of RG in SM/S (Figure 3).
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Figure 3. Comparison of antioxidant systems including relative SOD activity (a), relative POD activity
(b), relative CAT activity (c), relative APX activity (d), relative GR activity (e), relative GSH activity
(f), relative AsA activity (g), and relative AsA/DHA (h) between salt-resistant and salt-sensitive
tomato seedlings under salt stress. All the indices are normalized to CK. RG: salt-resistant genotype;
SG: salt-sensitive genotype; CK: 1/2 Garden nutrient solution of Japan (GNSJ) + spraying distilled
water; M: GNSJ + spraying 100 µM melatonin; S: GNSJ-NaCl (containing 200 mM NaCl) + spraying
distilled water; SM: GNSJ-NaCl (containing 200 mM NaCl) + spraying 100 µM melatonin. The
asterisk indicates significant difference detected by Student’s t-test (p < 0.05 marked with * and
p < 0.01 marked with **). nd: no difference. Mean ± SE were given (n = 3, biological replications).

3.4. The Effect of Exogenous Melatonin on the Photosynthetic Parameters of Tomato Seedlings
under Normal Conditions and Salt Stress

There was no difference in the photosynthetic parameters between CK and M, except
for the transpiration rate (Tr) under normal conditions, which significantly increased after
spraying melatonin (Figure S3a). All four photosynthetic parameters significantly decreased
for RG and SG under S compared with CK (Figure S3a). The content of chlorophyll
a, chlorophyll b, carotenoid and total chlorophyll, chlorophyll a/b, and Fv/Fm of SG
significantly decreased under salt stress compared with CK (Figure S3b). Compared with
the S treatment, intercellular CO2 concentration (Ci) of RG and SG significantly declined
under SM (Figure S3a). Compared with the S treatment, Tr and net photosynthetic rate (Pn)
and all pigment parameters significantly increased in SG under SM (Figure S3).
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Further, we compared RG and SG after spraying melatonin under or not under salt
stress. All four relative photosynthetic parameters of RG significantly increase as compared
with those of SG under S (Figure 4). The same trend was observed for the content of
relative chlorophyll a, relative chlorophyll b, relative total chlorophyll content, and relative
Fv/Fm of RG (Figure 5). However, when spraying melatonin under salt stress (SM), all
four photosynthetic parameters showed no difference between RG and SG (Figure 4), while
relative chlorophyll a, relative chlorophyll b and relative total chlorophyll content, and
relative Fv/Fm of RG still showed significantly higher than SG (Figures 5 and S4).
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Figure 4. Comparison of gas exchange parameters, including relative stomatal conductance (a),
relative intercellular CO2 concentration (b), relative net photosynthetic rate (c), and relative transpi-
ration rate (d) between salt resistant and salt sensitive tomato seedlings under salt stress. All the
indices normalized to CK. RG: salt-resistant genotype; SG: salt-sensitive genotype; CK: 1/2 Garden
nutrient solution of Japan (GNSJ) + spraying distilled water; M: GNSJ + spraying 100 µM melatonin;
S: GNSJ-NaCl (containing 200 mM NaCl) + spraying distilled water; SM: GNSJ-NaCl (containing 200
mM NaCl) + spraying 100 µM melatonin. The asterisk indicates significant difference detected by
Student’s t-test (p < 0.05 marked with * and p < 0.01 marked with **). nd: no difference. Mean ± SE
were given (n = 3, biological replications).

Certainly, the Tr, Pn, chlorophyll a, chlorophyll b, carotenoid, total chlorophyll content,
and chlorophyll a/b of SG in SM significantly increased compared with the S treatment
(Figure S3a). The chlorophyll a, chlorophyll b, carotenoid, and total chlorophyll content
of SG to SM significantly increased compared with the S treatment (Figure S3b). As can
be seen, the SM/S of SG was significantly higher than that of RG for relative stomatal
conductance (gs), relative Tr, and relative Pn, as well as for relative chlorophyll a, relative
chlorophyll b, and relative total chlorophyll content (Figure 5).
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Figure 5. Comparison of pigment content and chlorophyll fluorescence, including relative chlorophyll
a content (a), relative chlorophyll b content (b), relative carotenoid content (c), relative total chloro-
phyll content (d), relative chlorophyll a/chlorophyll b (e), and Fv/Fm (f) between salt-resistant and
salt-sensitive tomato seedlings under salt stress. All the indices normalized to CK. RG: salt-resistant
genotype; SG: salt-sensitive genotype; CK: 1/2 Garden nutrient solution of Japan (GNSJ) + spraying
distilled water; M: GNSJ + spraying 100 µM melatonin; S: GNSJ-NaCl (containing 200 mM NaCl) +
spraying distilled water; SM: GNSJ-NaCl (containing 200 mM NaCl) + spraying 100 µM melatonin.
The asterisk indicates significant difference detected by Student’s t-test (p < 0.05 marked with * and
p < 0.01 marked with **). nd: no difference. Mean ± SE were given (n = 3, biological replications).

3.5. The Effect of Exogenous Melatonin on the Ultrastructure of the Chloroplast of Tomato Leaves
under Salt Stress

The effects of melatonin on the ultrastructure of the chloroplast of tomato seedlings
were observed in RG and SG under S (Figure 6). Whether spraying melatonin or not, under
normal conditions, there were no differences in the ultrastructure of the chloroplast, and
there were many bigger oval chloroplasts whose envelopes were neighboring cell walls
and could be clearly defined (Figure 6A1,B1,E1,F1). In addition, the chloroplast contained
a large number of starch grains (S) (Figure 6A2,B2,E2,F2), and the layer structure of the
chloroplast was clear and neatly organized (Figure 6A3,B3,E3,F3).

Under salt stress, the ultrastructure of the chloroplast showed remarkable changes
(Figure 6C1–C3,G1–G3). The number of chloroplasts decreased, the volume of the chloro-
plasts was small and thin, and the envelope could not be identified for RG and SG
(Figure 6C1,G1). In addition, the number and volume of the starch grains (S) decreased,
and the number and height of the basal granule decreased (Figure 6C2,G2). The ultra-
structure of the chloroplast of SG appeared to have a serious distortion under S, where the
grana thylakoid (GL) and stroma thylakoid (SL) were swelling, loose and in an irregular
arrangement (Figures 6G3 and S5). Compared with SG, the chloroplast was bigger, and the
swelling of the GL and SL was not obvious in RG (Figures 6C1–C3,G1–G3 and S5).
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Figure 6. Comparison of chloroplast ultrastructure between salt-resistant and salt-sensitive tomato
seedlings under salt stress. Salt resistance genotype: Control (A1–A3), spraying melatonin under
normal condition (B1–B3), salt stress (C1–C3), spraying melatonin under salt stress (D1–D3); salt-
sensitive genotype: Control (E1–E3), spraying melatonin under normal conditions (F1–F3), salt stress
(G1–G3), spraying melatonin under salt stress (H1–H3). P: plastoglobulus; S: starch grains; GL: grana
thylakoid; SL: stroma thylakoids.

However, the volume of the chloroplast was enlarged, and the GL and SL were
well aligned at SM treatment in the RG (Figures 6D1–D3 and S5). Melatonin also effec-
tively remitted the swell of GL and SL and reduced the destruction of chloroplasts for SG
(Figures 6H1–H3 and S5). In addition, there were many plastoglobules (P) in the chloro-
plast under salt stress in RG and SG and spraying melatonin effectively decreased the P
of RG and SG (Figure 6C1–C3,D1–D3,G1–G3,H1–H3). These results suggest that spraying
melatonin effectively decreased the halotolerance gap in chloroplasts between RG and SG
under salt stress.

4. Discussion

Salt stress is one of the common abiotic stresses that has an adverse influence on
the growth and development of various plants including tomato [38–40]. Increasing
studies have shown a beneficial role of melatonin in relieving plant growth under salt
stress [5,27,41]. Most studies have found that melatonin can directly remove ROS and
enhance the antioxidant capacity [21–23], as well as trigger molecular pathways, such as
increasing stress-related factors of plants [24]. At present, there are no reports about the
effects of melatonin on the tomato genotypes with different salt sensitivity. It remains
unclear whether spraying melatonin can reduce the halotolerance gap between sensitive
and resistant tomato genotypes.
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All five growth parameters of tomato plants under salt stress were less affected when
melatonin was applied (Figure S1). Exogenous melatonin can effectively relieve the growth
inhibition due to salt stress as indicated by significantly improvement in the growth index
under salt stress + melatonin as compared with salt stress [5,27,41], which was in accordance
with our results. Moreover, we found that the SM/S of salt SG was significantly higher than
that of salt RG in plant height and stem diameter (Figure 1d,e), suggesting that spraying
melatonin can reduce the halotolerance gap between SG and RG. However, the question is
how exogenous melatonin reduces this halotolerance gap between SG and RG. Therefore,
we further studied two key systems, including antioxidant and photosynthetic systems, to
explain how different genotypes respond to salt and melatonin treatment.

Salt stress can lead to excessive accumulation of ROS, resulting in oxidative damage
in plants [5,18,27]. Accordingly, salt stress significantly increased the H2O2 content and
electrolyte leakage in tomato (Figure S2). Previous studies indicated that exogenous
melatonin can significantly enhance salt resistance by decreasing the ROS and electrolyte
leakage and increasing the antioxidant indices of tomato seedlings under salt stress [18,27],
which is consistent with our findings. Furthermore, the antioxidant indices (H2O2 content,
electrolyte leakage, and activities of antioxidant enzymes) except for AsA content showed
no difference between RG and SG in SM/S (Figures 2 and 3). This suggests that the
antioxidant system was not the key factor for reducing the halotolerance gap between SG
and RG.

Plant photosynthesis is a complex physiological and biochemical process that can
be easily affected by stress [42]. Here, the decline in photosynthesis in tomato under salt
stress is due to the stomatal factor since both gs and Ci decreased, as explained by Von
Caemmerer and Farquhar (1981) [43]. Melatonin can effectively relieve the decline of
photosynthesis under stress conditions, including salt, heat, and cold stress [6,10,18,19,27],
which was in accordance with our findings in tomato under salt stress (Figure S3). Previous
studies found that melatonin can significantly promote stomata opening, increase gs,
and enhance photosynthesis of grape and apple plants to reduce injury caused by water
deficit [22,44]. However, the alleviated effects of melatonin on tomato under salt were
not through stomatal regulation since gs was unaffected (Figure S3). This indicated that
melatonin relieved the photosynthesis of tomato under salt stress through non-stomatal
factors, in accordance with Zhou et al. (2016) [27]. Most importantly, we found that, when
spraying melatonin under salt stress, the SM/S of SG was significantly higher than that
of RG in terms of gs, Tr, and Pn, and chlorophyll a, chlorophyll b, and total chlorophyll
content (Figures 4 and 5). Furthermore, compared to the halotolerance gap between RG
and SG under salt stress, the chloroplast ultrastructure showed a narrow halotolerance gap
between SG and RG under salt stress after spraying melatonin (Figure 6 and Figure S5).
These results suggest that exogenous melatonin reduced the halotolerance gap between SG
and RG under salt stress mediated by photosynthesis regulation. High pigment content
and favorable chloroplast ultrastructure, especially in salt-sensitive tomato, contributed to
the maintained photosynthesis in tomato under salt stress with melatonin treatment.

This study proved that melatonin can improve salt resistance of tomato seedlings
through photosynthesis regulation. Moreover, the positive effects of melatonin on tomato
plants under salt stress were more pronounced in the sensitive genotype as compared with
the resistant genotype. Therefore, we conclude that melatonin can reduce the halotoler-
ance gap between sensitive and resistant tomato genotypes, mainly through regulating
photosynthesis but not the antioxidant system.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/agronomy12010084/s1, Figure S1: The effect of exogenous mela-
tonin on the growth of tomato seedlings under salt stress, Figure S2: The effect of exogenous melatonin
on H2O2 content, electrolyte leakage, and antioxidant system of tomato seedlings under salt stress,
Figure S3: The effect of exogenous melatonin on the photosynthetic parameter of tomato seedlings
under salt stress, Figure S4: The effect of exogenous melatonin on the chlorophyll fluorescence of

https://www.mdpi.com/article/10.3390/agronomy12010084/s1
https://www.mdpi.com/article/10.3390/agronomy12010084/s1
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tomato seedlings under salt stress, Figure S5: The effect of exogenous melatonin on the chloroplast
ultrastructure of tomato seedlings under salt stress.
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14. Szafrańska, K.; Glińska, S.; Janas, K.M. Ameliorative effect of melatonin on meristematic cells of chilled and re-warmed Vigna
radiata roots. Biol. Plant. 2013, 57, 91–96. [CrossRef]

15. Wang, P.; Yin, L.; Liang, D.; Li, C.; Ma, F.; Yue, Z. Delayed senescence of apple leaves by exogenous melatonin treatment: Toward
regulating the ascorbate-glutathione cycle. J. Pineal Res. 2011, 53, 11–20. [CrossRef]

16. Wang, P.; Sun, X.; Li, C.; Wei, Z.; Liang, D.; Ma, F. Long-term exogenous application of melatonin delays drought-induced leaf
senescence in apple. J. Pineal Res. 2012, 54, 292–302. [CrossRef]

17. Weeda, S.; Zhang, N.; Zhao, X.; Ndip, G.; Guo, Y.; Buck, G.A.; Fu, C.; Ren, S. Arabidopsis Transcriptome Analysis Reveals Key
Roles of Melatonin in Plant Defense Systems. PLoS ONE 2014, 9, e93462. [CrossRef]

18. Liu, N.; Jin, Z.; Wang, S.; Gong, B.; Wen, D.; Wang, X.; Wei, M.; Shi, Q. Sodic alkaline stress mitigation with exogenous melatonin
involves reactive oxygen metabolism and ion homeostasis in tomato. Sci. Hortic. 2015, 181, 18–25. [CrossRef]

19. Turk, H.; Erdal, S.; Genisel, M.; Atici, O.; Demir, Y.; Yanmis, D. The regulatory effect of melatonin on physiological, biochemical
and molecular parameters in cold-stressed wheat seedlings. Plant. Growth Regul. 2014, 74, 139–152. [CrossRef]

http://doi.org/10.1111/j.1600-079X.1995.tb00136.x
http://www.ncbi.nlm.nih.gov/pubmed/7776176
http://www.ncbi.nlm.nih.gov/pubmed/7773197
http://doi.org/10.1007/s00232-014-9746-9
http://www.ncbi.nlm.nih.gov/pubmed/25378124
http://doi.org/10.1016/j.plaphy.2014.11.021
http://www.ncbi.nlm.nih.gov/pubmed/25500452
http://doi.org/10.1111/j.1600-079X.2012.00999.x
http://doi.org/10.1111/ppl.12218
http://www.ncbi.nlm.nih.gov/pubmed/24799301
http://doi.org/10.1111/jpi.12167
http://doi.org/10.1093/jxb/err256
http://doi.org/10.3390/molecules20047396
http://www.ncbi.nlm.nih.gov/pubmed/25911967
http://doi.org/10.1111/jpi.12219
http://www.ncbi.nlm.nih.gov/pubmed/25711624
http://doi.org/10.1111/j.1600-079X.2008.00625.x
http://www.ncbi.nlm.nih.gov/pubmed/18691358
http://doi.org/10.1111/jpi.12077
http://doi.org/10.1016/j.plaphy.2012.10.001
http://doi.org/10.1007/s10535-012-0253-5
http://doi.org/10.1111/j.1600-079X.2011.00966.x
http://doi.org/10.1111/jpi.12017
http://doi.org/10.1371/journal.pone.0093462
http://doi.org/10.1016/j.scienta.2014.10.049
http://doi.org/10.1007/s10725-014-9905-0


Agronomy 2022, 12, 84 12 of 12

20. Wei, W.; Li, Q.; Chu, Y.-N.; Reiter, R.J.; Yu, X.-M.; Zhu, D.-H.; Zhang, W.-K.; Ma, B.; Lin, Q.; Zhang, J.-S.; et al. Melatonin enhances
plant growth and abiotic stress tolerance in soybean plants. J. Exp. Bot. 2014, 66, 695–707. [CrossRef]

21. Arnao, M.B.; Ruiz, J.H. Functions of melatonin in plants: A review. J. Pineal Res. 2015, 59, 133–150. [CrossRef] [PubMed]
22. Meng, J.-F.; Xu, T.-F.; Wang, Z.-Z.; Fang, Y.-L.; Xi, Z.-M.; Zhang, Z.-W. The ameliorative effects of exogenous melatonin on grape

cuttings under water-deficient stress: Antioxidant metabolites, leaf anatomy, and chloroplast morphology. J. Pineal Res. 2014, 57,
200–212. [CrossRef] [PubMed]

23. Yadu, B.; Chandrakar, V.; Meena, R.K.; Poddar, A.N.; Keshavkant, S. Spermidine and Melatonin Attenuate Fluoride Toxicity by
Regulating Gene Expression of Antioxidants in Cajanus cajan L. J. Plant. Growth Regul. 2018, 37, 1113–1126. [CrossRef]

24. Shi, H.; Chen, K.; Wei, Y.; He, C. Fundamental Issues of Melatonin-Mediated Stress Signaling in Plants. Front. Plant. Sci. 2016, 7.
[CrossRef] [PubMed]

25. Selvakumar, G.; Kim, K.; Hu, S.; Sa, T. Effect of salinity on plants and the role of arbuscular mycorrhizal fungi and plant
growth-promoting rhizobacteria in alleviation of salt stress. In Physiological Mechanisms and Adaptation Strategies in Plants under
Changing Environment; Ahmad, P., Wani, M.R., Eds.; Springer: New York, NY, USA, 2013; pp. 115–144. [CrossRef]

26. Rozema, J.; Flowers, T. Crops for a Salinized World. Science 2008, 322, 1478–1480. [CrossRef]
27. Zhou, X.; Zhao, H.; Cao, K.; Hu, L.; Du, T.; Baluška, F.; Zou, Z. Beneficial roles of melatonin on redox regulation of photo-synthetic

electron transport and synthesis of D1 protein in tomato seedlings under salt stress. Front. Plant. Sci. 2016, 7. [CrossRef]
28. Alexieva, V.; Sergiev, I.; Mapelli, S.; Karanov, E. The effect of drought and ultraviolet radiation on growth and stress markers in

pea and wheat. Plant. Cell Environ. 2001, 24, 1337–1344. [CrossRef]
29. Bajji, M.; Bertin, P.; Lutts, S.; Kinet, J.M. Evaluation of drought resistance-related traits in durum wheat somaclonal lines se-lected

in vitro. Anim Prod. Sci. 2004, 44, 27–35. [CrossRef]
30. Beyer, W.F., Jr.; Fridovich, I. Assaying for superoxide dismutase activity: Some large consequences of minor changes in conditions.

Anal. Biochem. 1987, 161, 559–566. [CrossRef]
31. Muñoz-Muñoz, J.; García-Molina, F.; García-Ruiz, P.; Arribas, E.; Tudela, J.; García-Cánovas, F.; Rodríguez-López, J. Enzymatic

and chemical oxidation of trihydroxylated phenols. Food Chem. 2009, 113, 435–444. [CrossRef]
32. Aebi, H. Methods in enzymology. Catalase Vitro 1984, 105, 121–126. [CrossRef]
33. Nakano, Y.; Asada, K. Hydrogen Peroxide is Scavenged by Ascorbate-specific Peroxidase in Spinach Chloroplasts. Plant Cell

Physiol. 1981, 22, 867–880. [CrossRef]
34. Zhu, H.; Cao, Z.; Zhang, L.; Trush, M.A.; Li, Y. Glutathione and glutathione-linked enzymes in normal human aortic smooth

muscle cells: Chemical inducibility and protection against reactive oxygen and nitrogen species-induced injury. Mol. Cell. Biochem.
2007, 301, 47–59. [CrossRef]

35. Zhang, J.; Kirkham, M.B. Antioxidant responses to drought in sunflower and sorghum seedlings. New Phytol. 1996, 132, 361–373.
[CrossRef]

36. Nagalakshmi, N.; Prasad, M. Responses of glutathione cycle enzymes and glutathione metabolism to copper stress in Scenedesmus
bijugatus. Plant. Sci. 2001, 160, 291–299. [CrossRef]

37. Arnon, D.I. Copper enzymes in isolated chloroplasts. Polyphenoloxidase in Beta vulgaris. Plant. Physiol. 1949, 24, 1–15. [CrossRef]
38. Chartzoulakis, K.; Klapaki, G. Response of two greenhouse pepper hybrids to NaCl salinity during different growth stages. Sci.

Hortic. 2000, 86, 247–260. [CrossRef]
39. Cuartero, J.; Bolarin, M.C.; Asins, M.; Moreno, V. Increasing salt tolerance in the tomato. J. Exp. Bot. 2006, 57, 1045–1058.

[CrossRef] [PubMed]
40. Zhu, J.-K. Salt and Drought Stress Signal Transduction in Plants. Annu. Rev. Plant. Biol. 2002, 53, 247–273. [CrossRef]
41. Wang, L.Y.; Liu, J.L.; Wang, W.X.; Sun, Y. Exogenous melatonin improves growth and photosynthetic capacity of cucumber under

salinity-induced stress. Photosynthetica 2016, 54, 19–27. [CrossRef]
42. Chaves, M.M.; Flexas, J.; Pinheiro, C. Photosynthesis under drought and salt stress: Regulation mechanisms from whole plant to

cell. Ann. Bot. 2009, 103, 551–560. [CrossRef] [PubMed]
43. Von Caemmerer, S.; Farquhar, G.D. Some relationships between the biochemistry of photosynthesis and the gas exchange of

leaves. Planta 1981, 153, 376–387. [CrossRef] [PubMed]
44. Li, C.; Tan, D.-X.; Liang, D.; Chang, C.; Jia, D.; Ma, F. Melatonin mediates the regulation of ABA metabolism, free-radical

scavenging, and stomatal behaviour in two Malus species under drought stress. J. Exp. Bot. 2014, 66, 669–680. [CrossRef]
[PubMed]

http://doi.org/10.1093/jxb/eru392
http://doi.org/10.1111/jpi.12253
http://www.ncbi.nlm.nih.gov/pubmed/26094813
http://doi.org/10.1111/jpi.12159
http://www.ncbi.nlm.nih.gov/pubmed/25039750
http://doi.org/10.1007/s00344-018-9786-y
http://doi.org/10.3389/fpls.2016.01124
http://www.ncbi.nlm.nih.gov/pubmed/27512404
http://doi.org/10.1007/978-1-4614-8591-9_6
http://doi.org/10.1126/science.1168572
http://doi.org/10.3389/fpls.2016.01823
http://doi.org/10.1046/j.1365-3040.2001.00778.x
http://doi.org/10.1071/EA02199
http://doi.org/10.1016/0003-2697(87)90489-1
http://doi.org/10.1016/j.foodchem.2008.07.076
http://doi.org/10.1016/S0076-6879(84)05016-3
http://doi.org/10.1093/oxfordjournals.pcp.a076232
http://doi.org/10.1007/s11010-006-9396-z
http://doi.org/10.1111/j.1469-8137.1996.tb01856.x
http://doi.org/10.1016/S0168-9452(00)00392-7
http://doi.org/10.1104/pp.24.1.1
http://doi.org/10.1016/S0304-4238(00)00151-5
http://doi.org/10.1093/jxb/erj102
http://www.ncbi.nlm.nih.gov/pubmed/16520333
http://doi.org/10.1146/annurev.arplant.53.091401.143329
http://doi.org/10.1007/s11099-015-0140-3
http://doi.org/10.1093/aob/mcn125
http://www.ncbi.nlm.nih.gov/pubmed/18662937
http://doi.org/10.1007/BF00384257
http://www.ncbi.nlm.nih.gov/pubmed/24276943
http://doi.org/10.1093/jxb/eru476
http://www.ncbi.nlm.nih.gov/pubmed/25481689

	Introduction 
	Materials and Methods 
	Plant Material and Culturing 
	Treatment of Experiment 
	Experimental Method 
	Data Analysis 

	Results 
	The Effect of Exogenous Melatonin on the Growth of Tomato Seedlings under Normal Conditions and Salt Stress 
	The Effect of Exogenous Melatonin on the H2O2 Content and Electrolyte Leakage of Tomato Seedlings under Normal Conditions and Salt Stress 
	The Effect of Exogenous Melatonin on the Activity of SOD, POD, CAT, and AsA–GSH Cycles of Tomato Seedlings under Normal Conditions and Salt Stress 
	The Effect of Exogenous Melatonin on the Photosynthetic Parameters of Tomato Seedlings under Normal Conditions and Salt Stress 
	The Effect of Exogenous Melatonin on the Ultrastructure of the Chloroplast of Tomato Leaves under Salt Stress 

	Discussion 
	References

