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Abstract: Melatonin has been regarded as a promising substance that enhances the abiotic stress
tolerance of plants. However, few studies have devoted attention to the role of melatonin in improving
salt tolerance in sugar beets. Here, the effects of different application methods (foliar application
(100 uM), root application (100 M), and combined foliar and root application) of melatonin on the
morphological and physiological traits of sugar beets exposed to salt stress were investigated. The
results showed that melatonin improved the growth of sugar beet seedlings, root yield and sugar
content, synthesis of chlorophyll, photosystem II (PS II) activity, and gas exchange parameters under
salt stress conditions. Moreover, melatonin enhanced the capacity of osmotic adjustment by increasing
the accumulation of osmolytes (betaine, proline, and soluble sugar). At the same time, melatonin
increased the H*-pump activities in the roots, thus promoting Na* efflux and K* influx, which
maintained K*/Na* homeostasis and mitigated Na* toxicity. In addition, melatonin strengthened
the antioxidant defense system by enhancing the activities of antioxidant enzymes, modulating
the ASA-GSH cycle, and mediating the phenylalanine pathway, which removed superoxide anions
(0,°7) and hydrogen peroxide (H,O;) and maintained cell membrane integrity. These positive effects
were more pronounced when melatonin was applied by combined foliar and root application. To
summarize, this study clarifies the potential roles of melatonin in mitigating salt stress in sugar beets
by improving photosynthesis, water status, ion homeostasis, and the antioxidant defense system.

Keywords: melatonin; salt stress; sugar beet; photosynthesis; osmolytes; K*/Na* homeostasis;
antioxidant defense system

1. Introduction

More sugar must be produced to meet the demands of the growing population, but in
recent years, due to limitations of farmland and deterioration of the ecological environment,
sugar production has continued to decline [1]. Statistics from the Food and Agriculture
Organization (FAO) show that nearly 21% of farmland is affected by salinization world-
wide [2]. In addition to the primary salinization caused by natural processes, anthropogenic
actions are accompanied by a rapid increase in secondary salinized farmland [3]. Therefore,
it is very important to increase sugar production by promoting the utilization of salinized
farmland. The sugar beet, whose salt stress tolerance is better than that of most other crops,
is one of the major sugar crops [4]. Approximately 35% of sugar products rely on sugar
beet worldwide [5]. Thus, growing sugar beets on salinized farmland may be an effective
strategy to enhance the production of sugar and the utilization of salinized farmland. For
sugar beets, the seedling stage is most vulnerable to salt stress, and salt tolerance gradually
increases during growth and development [6].
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Under salt stress, osmotic stress, ion toxicity, and oxidative stress caused by excessive
accumulation of Na* induce multiple changes in physiological, biochemical, and molecular
characteristics, which inhibit plant growth and development [7,8]. Osmotic stress inhibits
the division and expansion of cells and the opening of stomata due to restricted absorption
of water and nutrients, which is the initial negative effect of salt stress on plants [9,10].
Furthermore, this inhibition is sustained throughout the period of salt stress. Potassium
plays an important role in the growth and development of plants [11]. Under salt stress
conditions, excessive accumulation of Na* causes K* deficiency, which induces poor
growth and premature senescence of plants [12]. The oxidative stress caused by salt
in plants is due to the excessive formation of reactive oxygen species (ROS), such as
superoxide radicals (O,°~) and hydrogen peroxide (HyO,) [13]. ROS can cleave nucleic
acids and destroy protein structures, which disturbs gene expression, protein synthesis, and
enzymatic activity [14]. On the other hand, lipid peroxidation caused by ROS reduces the
selectivity and fluidity of cell membranes [15]. In addition, ROS can degrade photosynthetic
pigments and suppress electron transfer, leading to reduced photosynthesis and respiration
in plants [16,17].

To safeguard their survival under salt conditions, plants have evolved a defensive
system that consists of osmotic adjustment, Na* exclusion, and enhanced antioxidative
capacity [18,19]. Osmotic adjustment is produced by the accumulation of osmolytes,
such as betaine, proline, and soluble sugar, which maintain the structure of proteins and
stability of the cell membrane, reduce the osmotic potential of cells, and provide energy
for plants to resist salt stress [20,21]. In a salt environment, the Na*/H* antiporters on
the plasma membrane (PM) expel Na* from the cytoplasm [22]. At the same time, the
gradient of H" caused by H*-ATPases and H*-PPases on the vacuolar membrane (VM)
drives Na* into the vacuole [23]. Therefore, H"-pumps are essential for reducing the
Na* concentration in the cytoplasm [12]. The antioxidative capacity of plants depends
on antioxidant enzyme activities and the formation of antioxidants [24]. The negative
effects caused by ROS are alleviated by antioxidative enzymes [25,26]. Antioxidants,
such as ascorbic acid (ASA), glutathione (GSH), and secondary metabolites, can also
scavenge ROS in the cell [27,28]. However, for plants, the internal defensive system
is insufficient to resist salt conditions [29]. Although breeding salt-tolerant varieties is
an effective method to overcome salt environments, salt-tolerant genes may influence
multiple phenotypes [30], which hinders the breeding of salt-tolerant varieties. Therefore,
the application of exogenous substances is a promising strategy that improves the salt
tolerance of plants [31,32].

Melatonin widely participates in nature as a ubiquitous molecule, and its biological
activity occurs in unicellular organisms, fungi, animals, and plants [33,34]. Melatonin can
enhance the tolerance of plants to abiotic stresses, such as low chilling, drought, herbicides,
heavy metals, and salt [35-40]. Under salt conditions, exogenous application of melatonin
regulates a variety of genes and physiological processes involved in resistance to salt stress
in plants [41-46]. However, these effects of melatonin vary depending on the method of
application and the species of plant.

Although melatonin is known to alleviate salt stress damage by regulating physiologi-
cal and biochemical processes, little information is available regarding the improvement
of sugar beet growth under salt stress by applying exogenous melatonin. Therefore, in
the current study, our hypotheses were as follows: (1) different methods of melatonin
application could enhance the salt stress tolerance of sugar beet seedlings; (2) among these
methods, combined root and foliar applications might be optimal; and (3) melatonin could
mitigate the damage from salt stress on sugar beets by improving photosynthesis, water
status, ion homeostasis, and the antioxidant system. The results would be beneficial for
understanding the underlying mechanisms by which melatonin improves the tolerance
of sugar beet to salt stress and may provide a promising strategy for promoting sugar
production by utilizing salinized farmland.
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2. Results
2.1. Melatonin Improved the Growth of Sugar Beet Seedlings and the Yield and Sugar Content of
Roots under Salt Stress

Salt stress significantly inhibited the growth of sugar beet seedlings, while the ap-
plication of melatonin alleviated this inhibition, especially the combined root and foliar
applications. Compared with the S (salt stress) treatment, the S + MRL (salt stress treatment
+ combined root and foliar applications of melatonin) treatment increased the shoot/root
FW (fresh weight), shoot/root DW (dry weight), leaf area, and root length of sugar beet
seedlings by 15.7/7.0 g-plant~!, 1.4/0.8 g-palnt !, 166.5 cm?-plant !, and 5.2 cm, respec-
tively (Figure 1A-D).
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Figure 1. Effect of different methods of melatonin application on growth parameters and root yield and sugar content of
sugar beets under salt stress conditions. (A) Fresh weight (FW) of shoots and roots, (B) dry weight (DW) of shoots and
roots, (C) leaf area, (D) root length, (E) root yield, and (F) root sugar content. Con, control treatment; S, salt stress treatment;
S + MR, salt stress treatment + root application of melatonin; S + ML, salt stress treatment + foliar application of melatonin;
S + MRL, salt stress treatment + combined root and foliar applications of melatonin. Data show the means =+ standard
errors (n = 4). Different letters indicate significant differences between treatments according to Duncan’s multiple range test

(p < 0.05).

The yield and sugar content of roots were reduced by salt stress. However, the
application of melatonin improved the yield and sugar content of roots under salt stress.
Compared with S, S + MR (salt stress treatment + root application of melatonin), S + ML
(salt stress treatment + foliar applications of melatonin), and S + MRL increased the root
yield by 73.9, 34.8, and 103.8 g plant ™!, respectively, and the root sugar content by 1.2%,
0.4%, and 2.2%, respectively (Figure 1E,F).
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2.2. Melatonin Improved the Chlorophyll Content, Gas Exchange Parameters, and Chlorophyll
Fluorescence Parameters of Sugar Beet Seedlings under Salt Stress

Salt stress negatively affects the SPAD value (chlorophyll content) of sugar beet
seedlings. However, all methods of melatonin application significantly improved the
chlorophyll content under salt stress. Compared with the S treatment, the S + MR, S + ML,
and S + MRL treatments increased the chlorophyll content by 3.9, 2.9, and 7.4, respectively
(Figure 2A).
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Figure 2. Effect of different methods of melatonin application on chlorophyll content, gas exchange parameters, and
chlorophyll fluorescence parameters of sugar beet seedlings under salt stress. (A) Chlorophyll content (SPAD value),
(B) stomatal conductance (GS), (C) transpiration rate (Tr), (D) intercellular CO, concentration (Ci), (E) net photosynthetic
rate (Pn), (F) maximum quantum yield (Fv/Fm), and (G) electron transport rate (ETR) in leaves. Con, control treatment;
S, salt stress treatment; S + MR, salt stress treatment + root application of melatonin; S + ML, salt stress treatment + foliar
application of melatonin; S + MRL, salt stress treatment + combined root and foliar applications of melatonin. Data show
the means =+ standard errors (1 = 4). Different letters in the same column indicate significant differences between treatments
according to Duncan’s multiple range test (p < 0.05).

Exposure of sugar beet seedlings to salt stress caused significant decreases in all
gas exchange parameters. Conversely, the application of melatonin relieved the adverse
effects of salt stress on the gas exchange parameters. In particular, the S + MRL treatment
significantly increased Gs (stomatal conductance), Tr (transpiration rate), Ci (intercellular
CO; concentration), and Pn (net photosynthetic rate) by 99.7 umol H,O m~2-s71, 3.3 mmol
H,Om~2:571,39.1 umol CO, m~2:s7!, and 5.6 umol CO, m 251, respectively, compared
with the S treatment. Similar mitigative effects were observed in the S + MR and S + ML
treatments (Figure 2B-E).

The Fv/Fm (maximum quantum yield) and ETR (electron transport rate) of sugar beet
seedlings were significantly decreased by salt stress, while the application of melatonin
increased them. The Fv/Fm and ETR of salt-stressed sugar beet seedlings were increased
by 0.05 and 5.9 in the S + MR treatment, by 0.04 and 5.1 in the S + ML treatment, and by
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0.06 and 10.9 in the S + MRL treatment, respectively, compared with the non-melatonin
treatment (Figure 2EG).

2.3. Melatonin Improved the Accumulation of Osmolytes and the Water Status of Sugar Beet
Seedlings under Salt Stress

Salt stress significantly increased the contents of osmolytes in the leaves and roots of
sugar beet seedlings. Nevertheless, the application of melatonin to salt-stressed sugar beet
seedlings further increased the contents of osmolytes in leaves and roots, especially the com-
bined root and foliar applications of melatonin. The S + MRL treatment increased the con-
tents of betaine, proline, and soluble sugar by 1.6/2.9 mg g~ !-DW, 114.4/65.9 mg g~ '-FW,
and 16.7/52.4 mg g~1-DW in leaves/roots, respectively, compared to the S treatment
(Figure 3A-C).
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Figure 3. Effect of different methods of melatonin application on the accumulation of osmolytes and water status of sugar
beet seedlings under salt stress. (A) Betaine content, (B) proline content, (C) soluble sugar content, (D) water content (WC),
(E) relative water content (RWC), and (F) osmotic potential (OP) in leaves and roots. Con, control treatment; S, salt stress
treatment; S + MR, salt stress treatment + root application of melatonin; S + ML, salt stress treatment + foliar application of
melatonin; S + MRL, salt stress treatment + combined root and foliar applications of melatonin. Data show the means +
standard errors (n = 4). Different letters indicate significant differences between treatments according to Duncan’s multiple

range test (p < 0.05).
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Under salt stress, the application of melatonin significantly increased WC (water
content) and RWC (relative water content) in leaves and roots. Compared with the S
treatment, the S + MR, S + ML and S + MRL treatments increased the WC of leaves/roots
by 4.0/3.6%, 3.0/2.1%, and 4.6/4.4%, respectively (Figure 3D). Similarly, the RWC of
leaves/roots increased by 15.9/13.9%, 5.2/2.5%, and 22.3/21.1%, respectively (Figure 3E).
In addition, the application of melatonin to salt-stressed sugar beet seedlings reduced
the OP (osmotic potential) in the leaves/roots. The OP of leaves/roots under the S + MR,
S + ML, and S + MRL treatments were 17.1/23.0%, 11.8/14.9%, and 34.2/28.7% lower,
respectively, than those in the S treatment (Figure 3F).

2.4. Melatonin Regulated the Ion Homeostasis of Sugar Beet Seedlings under Salt Stress

Salt stress significantly increases the Na* content in leaves and roots. However, the
application of melatonin reduces the Na* content in leaves and roots under salt stress. Rel-
ative to the S treatment, the S + MR, S + ML, and S + MRL treatments significantly reduced
the Na* content by 15.4/17.1, 10.1/12.0, and 26.4/22.3 mg g~ !-DW in the leaves/roots,
respectively (Figure 4A).

Salt stress treatment caused significant decreases in the K* content and K*/Na* ratio
in the leaves and roots of the sugar beet seedlings. In contrast, all methods of melatonin
application enhanced the K* content and K*/Na* ratio in the leaves and roots under salt
stress. The maximum increases in K* content and K*/Na* ratio in the leaves and roots
were observed in the S + MRL treatment (Figure 4B,C).

2.5. Melatonin Regulated H*, Na*, and K* Fluxes and H*-Pump Activities in the Roots of Sugar
Beet Seedlings under Salt Stress

H* and Na* effluxes in the roots of sugar beet were significantly increased by salt
stress. H" and Na™ effluxes in the roots of salt-stressed sugar beets were further increased
in all melatonin treatments. Relative to the S treatment, the S + MR, S + ML, and S + MRL
treatments increased H* effluxes by 276, 169, and 339 pmol cm?-s~!, respectively, and Na*
effluxes by 133, 32, and 209 pmol cm?-s~!, respectively (Figure 4D,E). In addition, the
salt-stressed sugar beets showed slight K* efflux in the roots. All melatonin treatments
reversed the K* efflux in the roots under salt stress conditions. Compared with the S + MR
and S + ML treatments, the S + MRL treatment was more effective in increasing K* influx
(Figure 4F).

Salt stress decreased the PM H*-ATPase activity and increased the VM H*-ATPase and
VM H*-PPase activity in the roots. However, the application of melatonin increased the
PM H*-ATPase activity in the roots under salt stress. Compared with the S treatment, the
S+MR, S+ ML, and S + MRL treatments significantly increased PM H*-ATPase activity
by 3.7,2.1, and 7.9 pmol mg ' -FW min~!, respectively (Figure 4G). Furthermore, VM H*-
ATPase and VM H*-PPase activity in the roots was further increased under all melatonin
treatments, and the most obvious effects were observed in the S + MRL treatment in
which VM H*-ATPase and VM H*-PPase activities in the roots were increased by 7.8 and
7.1 umol mg~!-FW min~! compared to the S treatment, respectively (Figure 4H,]).

2.6. Melatonin Inhibited ROS Generation and Promoted Membrane Stability in the Sugar Beets
under Salt Stress

The application of melatonin to salt-stressed sugar beets reduced the contents of
O, (superoxide anion) and HyO, (hydrogen peroxide) in the leaves and roots. The
S+ MR, S+ ML, and S + MRL treatments significantly reduced the O, ™ content by 15.7/9.1,
11.4/7.6,and 20.1/11.3 nmol g~ !-FW, respectively, compared to the S treatment (Figure 5A).
Similarly, the H,O, content in the leaves/roots was decreased by 31.7/18.6, 19.9/16.1, and
40.9/22.6 nmol g~ !-FW, respectively (Figure 5B).
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Figure 4. Effect of different methods of melatonin application on ion homeostasis, ion flux, and H*-pump activities of sugar
beet seedlings under salt stress. (A) Na* content, (B) K* content, and (C) K*/Na* ratio in the leaves and roots. The fluxes of
(D) H*, (E) Na*, and (F) K* in the roots; positive values indicate efflux, and negative values indicate influx. The activities
of (G) PM H"-ATPase, (H) PM H*-ATPase, and (I) VM H*-PPase in roots. Con, control treatment; S, salt stress treatment;
S + MR, salt stress treatment + root application of melatonin; S + ML, salt stress treatment + foliar application of melatonin;

S + MRL, salt stress treatment + combined root and foliar applications of melatonin. Data show the means + standard

errors (n = 4). Different letters indicate significant differences between treatments according to Duncan’s multiple range test

(p < 0.05).

Salt stress caused increases in the MDA content and EL in the leaves and roots of
sugar beets. However, the malondialdehyde (MDA) content and electrolyte leakage (EL) in
the leaves and roots of salt-stressed plants were decreased under all melatonin treatments,
especially the S + MRL treatment. The MDA content and EL in the leaves/roots under the
S + MRL treatment were 3.3/3.1 nmol g~!1-FW and 15.8/13.2% lower, respectively, than
those under the S treatment (Figure 5C,D).

2.7. Melatonin Regulated the Antioxidative System of Sugar Beets under Salt Stress

Under salt stress, the activities of SOD (superoxide dismutase), POD (peroxidase), CAT
(catalase), and APX (ascorbate peroxidase) in the leaves and roots were increased under
all melatonin treatments, and the maximum increases were observed for those under the
S + MRL treatments in which the activities of SOD, POD, CAT, and APX in the leaves/roots
were increased by 3.4/5.1 U mg~!-FW, 20.4/11.4 nmol mg~!-FW-min~!, 41.2/16.2 nmol
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mg~1.FW-min~!, and 29.4/25.2 nmol mg~!-FW-min~!, respectively, compared with the
S treatment (Figure 6A-D). Salt stress also significantly increased the contents of ASA
(ascorbic acid, reduced form) and GSH (glutathione, reduced form) in the leaves and roots.
Under salt stress, the application of melatonin caused further increases in the contents of
ASA and GSH in the leaves and roots. Compared with the S treatment, the S + MR, S + ML,
and S + MRL treatments increased the ASA content in leaves/roots by 0.13/0.48, 0.07/0.35,
and 0.28/0.6 umol g~!-FW, respectively. Similarly, the GSH content in the leaves/roots
increased by 0.34/0.32, 0.29/0.38, and 0.51/0.49 umol-g~!-FW, respectively (Figure 6F,F).
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Figure 5. Effect of different methods of melatonin application on ROS generation and membrane stability of sugar beet
seedlings under salt stress. (A) Superoxide anion (O,°™) content, (B) hydrogen peroxide (H,O;) content, (C) malondialde-
hyde (MDA) content, and (D) electrolyte leakage (EL) in leaves and roots. Con, control treatment; S, salt stress treatment;

S + MR, salt stress treatment + root application of melatonin; S + ML, salt stress treatment + foliar application of melatonin;

S + MRL, salt stress treatment + combined root and foliar applications of melatonin. Data show the means + standard

errors (1 = 4). Different letters in the same column indicate significant differences between treatments according to Duncan’s
multiple range test (p < 0.05).

2.8. Melatonin Increased the Contents of Polyphenolic Compounds in Sugar Beets under
Salt Stress

Salt stress significantly increased the contents of phenolic compounds in the leaves
and roots of sugar beet seedlings. Nevertheless, the application of melatonin to salt-
stressed sugar beet seedlings further increased the contents of secondary metabolites in the
leaves and roots, especially the combined root and foliar applications of melatonin. The
S + MRL treatment increased the contents of total phenols, flavonoids, and anthocyanins by
7.6/9.5 ug-mg~1-DW, 2.8/2.5 ug-mg~!-DW, and 0.22/0.23 mg-g~!-FW in the leaves/roots,
respectively, compared to the S treatment (Figure 7A-C).

2.9. Melatonin Regulated the Expression Level of Genes in Sugar Beets under Salt Stress

As shown in Figure 8, salt stress downregulated the expression levels of genes (CHLG,
POR, and CAO) associated with chlorophyll synthesis in the sugar beets. Conversely, under
salt stress, the expression levels of CHLG, POR, and CAO were upregulated in all melatonin
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treatments, and the maximum increases were observed in the S + MRL treatment. At the
same time, salt stress upregulated the expression levels of betaine biosynthesis-related
gene (BADH), proline biosynthesis-related gene (P5CS), ion transport genes (HKT1 and
NHX1), H"-ATPase (HA) gene, H"-PPase (HP) gene, antioxidant enzyme genes (SOD, POD,
CAT, APX, MDHAR, DHAR, GR, GST, and GPX), and secondary metabolism-related genes
(PAL, CHS, FLS, and ANS), while application of melatonin to sugar beets exposed to salt
stress further upregulated the expression levels of these genes, especially the combined
root and foliar applications of melatonin.
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Figure 6. Effect of different methods of melatonin application on antioxidant enzyme activities and antioxidant contents of
sugar beet seedlings under salt stress. (A) Superoxide dismutase (SOD) activity, (B) peroxidase (POD) activity, (C) catalase
(CAT) activity, (D) ascorbate peroxidase (APX) activity, (E) ascorbic acid (ASA) content, and (F) glutathione (GSH) content
in leaves and roots. Con, control treatment; S, salt stress treatment; S + MR, salt stress treatment + root application of
melatonin; S + ML, salt stress treatment + foliar application of melatonin; S + MRL, salt stress treatment + combined root
and foliar applications of melatonin. Data show the means + standard errors (n = 4). Different letters indicate significant
differences between treatments according to Duncan’s multiple range test (p < 0.05).
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Figure 7. Effect of different methods of melatonin application on the contents of phenolic compounds of sugar beet seedlings
under salt stress. (A) Total phenol content, (B) flavonoid content, and (C) anthocyanin content in the leaves and roots.
Con, control treatment; S, salt stress treatment; S + MR, salt stress treatment + root application of melatonin; S + ML, salt

stress treatment + foliar application of melatonin; S + MRL, salt stress treatment + combined root and foliar applications

of melatonin. Data show the means + standard errors (1 = 4). Different letters indicate significant differences between

treatments according to Duncan’s multiple range test (p < 0.05).

S

S+MR S+ML S+MLR

POD
DHAR

APX
SOD
HA
GST
ANS
GPX
CAT
P5CS
HP
NHX1
FLS
CHS
PAL
MDHAR
HKTI
BADH
POR
CAO
CHLG

Figure 8. Effect of different methods of melatonin application on the relative expression of genes related to chlorophyll

synthesis, osmolyte synthesis, ion transport, H*-pumps, antioxidant enzymes, and secondary metabolism synthesis of

sugar beet seedlings under salt stress. Con, control treatment; S, salt stress treatment; S + MR, salt stress treatment + root

application of melatonin; S + ML, salt stress treatment + foliar application of melatonin; S + MRL, salt stress treatment +

combined root and foliar applications of melatonin. The intensity of gene expression extends from blue (low) to red (high).
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3. Discussion

The effects of melatonin application on the morphological, physiological, and biochem-
ical characteristics of sugar beet seedlings under salt stress were illustrated by the results of
the current study. To our knowledge, this is the first report showing that different methods
of melatonin application improve the tolerance of sugar beet seedlings to salt stress.

In the current study, the biomass and morphology of sugar beets were obviously
negatively affected by salt stress. This is because excessive accumulation of Na* in cells
caused by salt stress induces osmotic stress, ion toxicity, and oxidative damage, leading to
inhibition of cell division and expansion, which causes poor growth of plants [8]. However,
all methods of melatonin application increased fresh weight, dry weight, leaf area, root
length, and yield under salt stress (Figure 1A-E), suggesting that application of melatonin
effectively improves the growth of sugar beets under salt stress. Similar to our results,
Arnao and Hernandez-Ruiz [34] reported that melatonin can improve the resistance of
various plants to adverse environments. In addition, the application of melatonin increased
the root sugar content of sugar beets exposed to salt stress (Figure 1F). A potential reason
for this positive effect may be that the application of melatonin is beneficial for the Calvin
cycle and the activities of enzymes involved in sucrose synthesis [47], thus increasing the
sugar content in the cytoplasm of sugar beets under salt stress conditions.

The photosynthesis of plants can be significantly inhibited by salt stress [16]. The
results of the present study support this conclusion, as the SPAD value, gas exchange
parameters, and chlorophyll fluorescence parameters of the sugar beets were significantly
reduced under salt stress (Figure 2A—G). The negative effects of salt stress on the chlorophyll
content of the sugar beets were alleviated by applying melatonin. This result agrees
with a study by Kamiab [48], who reported that melatonin protects the ultrastructure of
chloroplasts and improves the activity of chlorophyll synthase to promote the formation of
chlorophyll in pistachios under salt stress. Furthermore, the application of melatonin to
sugar beets exposed to salt stress increased the relative expression of CHLG, POR, and CAO
genes (Figure 8), which provides direct support for this conclusion. Photosystem II (PSII),
whose activity can be reflected by chlorophyll fluorescence parameters, is an important
part of the photosystem [49]. The increase in chlorophyll content promotes the capture
and utilization of light energy by photosynthetic organs, which provides a foundation
for maintaining PSII and PSI activity [16]. In addition, the application of melatonin may
alleviate the damage caused by salt stress in photosynthetic organs, thereby improving
electron transfer in PS II [50]. These findings may explain why the Fv/Fm and ERT under
melatonin treatment were higher than those under non-melatonin treatment with salt stress
(Figure 2EG).

It has been recognized that the accumulation of osmolytes is an effective strategy for
plants to combat osmotic stress caused by salt stress [32]. In our study, the application
of melatonin further increased the contents of osmolytes, including betaine, proline, and
soluble sugar (Figure 3A-C), and upregulated the expression of genes, including BADH
and P5CS (Figure 8), suggesting that melatonin plays an important role in the resistance
of sugar beets to salt stress. Previous studies have demonstrated that the accumulation
of these osmolytes induced by melatonin reduces the osmotic potential of cells, which
improves osmotic adjustment and thus enhances the water content of plants under adverse
environments [48,51]. The results of the current study directly support this conclusion
since melatonin-treated sugar beets exhibited increases in WC and RWC and decreases in
OP compared with non-treated plants under salt stress (Figure 3D-F). The other reason for
the improvement of water status under salt stress may be that melatonin improves root
growth and aquaporin activity, which enhances water absorption and transport [52]. In
addition, a high level of water content induces the opening of leaf stomata, thus enhancing
the exchange of H,O and CO, between leaves and the air and ultimately leading to the
improvement of photosynthesis in plants [44]. This may explain why the application of
melatonin increased Gs, Tr, Ci, and Pn in sugar beets under salt stress (Figure 2B-E).
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The depolarization of PM induced by salt stress opens non-selective cation channels
and K* outward rectifying channels, leading to excessive Na* influx into the cells and
K* efflux from the cells, which causes ion imbalance and Na™ toxicity in plants [8,12].
Similar results were obtained in the current study. Salt stress increased the Na* content
and decreased the K* content in the sugar beets, leading to a decrease in the K*/Na*
ratio (Figure 4A—C). However, all methods of melatonin could alleviate these negative
effects, indicating that melatonin may regulate ion homeostasis and mitigate ion toxicity in
sugar beets under salt stress conditions. Repolarization of PM is essential for maintaining
ion homeostasis in plants [22]. Under salt stress, the repolarization of PM relies on the
activity of the H*-pump that transports H* outside the PM [22,42]. The current study
showed that the application of melatonin increased the activity of PM H*-ATPase and H*
efflux from the roots of sugar beets under salt stress (Figure 4D,G). At the same time, the
enhancement of the Na* efflux and the reversion of the K* efflux were observed in the
roots under melatonin combined with salt stress treatment (Figure 4E,F). These results
imply that melatonin may maintain the ion homeostasis of sugar beets under salt stress by
regulating the activity of PM H*-ATPase. Previous studies have revealed that high-affinity
K* transporters can drive K* into the cytoplasm and Na*/H* antiporters can expel Na*
from the cytoplasm [12,23]. In the current study, the application of melatonin upregulated
the relative expression of the HKT1 and NHX1 genes in the roots of sugar beets exposed
to salt stress (Figure 8), which also confirms that melatonin plays an important role in
maintaining ion homeostasis in plants under salt stress conditions [42]. Another possible
reason for this positive effect may be that melatonin regulates polyamine metabolism
and thus promotes the production of NO, which mediates the physiological processes
related to the regulation of ion homeostasis [39]. In addition, detoxification of cells in
plants is closely related to compartmentalization of Na* [15]. VM H*-ATPase and VM
H*-PPase establish the H* gradient of the VM to drive Na* from the cytoplasm into the
vacuole, which protects the organelles from salt stress to maintain various physiological
processes [12]. In the current study, the application of melatonin further increased the
activities of VM H*-ATPase and VM H*-PPase and upregulated the expression of the genes
(HA and HP) encoding them in roots under salt stress (Figures 4H,I and 8), suggesting
that melatonin may promote Na* compartmentalization to alleviate toxicity in sugar beets
caused by salt stress.

Under salt stress conditions, overproduction of ROS caused by excessive accumu-
lation of Na* induces lipid peroxidation, thus destroying the stability and integrity of
PM, which disrupts physiological and biochemical processes in plants [15]. The degree
of lipid peroxidation can be measured by the MDA content and EL [7]. In the current
study, salt stress increased the contents of O, and H;O,, accompanied by increases in
MDA content and EL (Figure 5A-D). However, regardless of the method of application,
melatonin reduced the above parameters under salt stress, suggesting that melatonin may
mitigate the oxidative damage caused by salt stress in sugar beets. As the first line of
defense against oxidative stress, antioxidant enzymes can effectively remove ROS [19,25].
The current study showed that melatonin further enhanced the activities of SOD, POD,
and CAT and positively regulated the expression of the genes encoding them in sugar
beets exposed to salt stress (Figures 6A—C and 8). Similar findings were presented by
Bahcesular et al. [31] and Ren et al. [44], who reported that melatonin induces scavenging
of ROS in salt-stressed basil and maize by enhancing antioxidant enzyme activity. The
ASA-GSH cycle can cooperate with antioxidant enzymes to eliminate ROS in plants [12].
Melatonin increases APX activity by balancing ASA and GSH pools, which contributes to
maintaining redox homeostasis and reducing oxidative damage in cells [38]. Consistent
with the previous result, the current study also showed that all methods of melatonin
application positively regulated APX activity along with the contents of ASA and GSH in
sugar beets exposed to salt stress (Figure 6D-F). Under salt stress, upregulation of genes
(APX, MDHAR, DHAR, GR, GST, and GPX) involved in the ASA-GSH cycle were observed
under melatonin treatment (Figure 8), which further confirms the positive effects of mela-
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tonin on the regulation of the ASA-GSH cycle in salt-stressed sugar beets. On the other
hand, polyphenolic compounds are secondary metabolites that are directly involved in the
scavenging of ROS in various organelles and are regarded as the second line of defense
against oxidative stress [38]. Under environmental stresses, when antioxidant enzymes are
insufficient to eradicate ROS, the phenylalanine pathway is triggered for the generation
of polyphenolic compounds, including flavonoids and anthocyanins [53]. In addition,
polyphenolic compounds can chelate Fe?*, which interferes with the Fenton reaction and
thus inhibits the formation of ROS [54]. Further increases in the contents of total phenols,
flavonoids, and anthocyanins were found in all melatonin treatments under salt stress
(Figure 7A-C), suggesting that melatonin may improve the antioxidant defense system
of sugar beets by modulating the phenylalanine pathway. To confirm this conjecture, we
quantified the expression levels of genes (PAL, CHS, FLS, and ANS) associated with the
phenylalanine pathway. The expression of these genes was also significantly upregulated
in salt-stressed sugar beets in all melatonin treatments (Figure 8).

4. Materials and Methods
4.1. Plant Materials and Growing Conditions

The pot experiment was carried out in a glass greenhouse with a day/night tempera-
ture of 25/18 4= 2 °C and relative humidity of 65% to 75%. Pelleted seeds of sugar beet (Beta
vulgaris L. cv. KWS0143) purchased from Kengfeng Seed Co. Ltd. (Harbin, Heilongjiang,
China) were used in this work. Five seeds were sown in each pot (30 cm diameter and
35 cm height) containing 10 kg of soil. The properties of the soil are shown in Table S1.
After sowing, each pot was irrigated with 2 L of half-strength Hoagland solution (HHS)
every 7 days during the experiment.

4.2. Treatments and Experimental Layout

The experiments were carried out in a randomized complete block design with four
replicates for each treatment. The treatments were as follows: (i) control treatment (Con),
seedlings were irrigated with HHS; (ii) salt stress treatment (S), seedlings were irrigated
with HHS containing 600 mM NaCl; (iii) salt stress treatment + root application of melatonin
(S + MR), seedlings were irrigated with HHS containing 600 mM NaCl and 100 uM
melatonin; (iv) salt stress treatment + foliar application of melatonin (S + ML), seedlings
were irrigated with HHS containing 600 mM NaCl and sprayed with 100 tM melatonin
solution; and (v) salt stress treatment + combined root and foliar applications of melatonin
(S + MRL), seedlings were irrigated with HHS containing 600 mM NaCl and 100 pM
melatonin and sprayed with 100 uM melatonin solution.

Salt stress treatment was synchronized with different methods of melatonin applica-
tion at 21, 28, and 35 days after sowing (DAS). Salt stress treatment or root application of
melatonin was performed by adding NaCl or melatonin to the HHS. Foliar application of
melatonin was carried out as follows. Before the seedlings were sprayed, the soil surface
was covered with a plastic film to prevent the melatonin solution from dropping on the
soil, and then, each pot was sprayed with 20 mL of melatonin solution to ensure that
each leaf was subjected to melatonin solution. The desired NaCl concentration was based
on preliminary experiments, in which sugar beet seedlings were continuously irrigated
with HHS containing 200, 400, 600, 800, and 1000 mM NaCl, respectively, every 7 days.
After three irrigations, withered seedlings were observed at 800 and 1000 mM NaCl. The
melatonin concentration was selected according to a previous study, which reported that
100 uM melatonin effectively enhances abiotic stress tolerance in various plants [55].

The relevant parameters were measured at 40 DAS. At the same time, fresh samples
from the topmost fully developed leaves and roots were collected from each treatment and
stored at —80 °C until physiological and biochemical assessments were performed. Then,
seedlings were thinned to one seedling per pot to determine the yield and sugar contents
of the roots at harvest.
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4.3. Determination of Morphological Parameters and Root Yield and Sugar Content

Ten sugar beet seedlings were randomly selected from each treatment at 40 DAS
to determine the growth parameters. The seedlings were washed to clear away the soil
particles and wiped with a paper towel, and then, FW was recorded. Leaf area was
measured using a leaf area meter (LI-3000C, LI-COR, Lincoln, NE, USA). Root length was
determined using a ruler. Then, seedlings were oven-dried at 75 °C to record the dry
weight DW.

Five sugar beets were randomly selected from each treatment at 145 DAS. The roots
were washed with running water and weighed to measure the yield. Then, the sugar con-
tents of the roots were determined using a refractometer (MPR E-Scn, EMC Inc., Umatilla,
FL, USA).

4.4. Determination of Chlorophyll Content and Gas Exchange and Chlorophyll
Fluorescence Parameters

Four sugar beet seedlings were randomly selected from each treatment to determine
chlorophyll content and gas exchange and chlorophyll fluorescence parameters. The
chlorophyll contents of the topmost fully expanded leaves were measured by using a
chlorophyll meter (SPAD-502, Konica Minolta, Tokyo, Japan).

The Gs, Tr, Ci, and Pn were determined using a portable photosynthetic system (GFS-
3000, WALZ, Effeltrich, Germany). The photosynthetically active radiation, relative humid-
ity, temperature, and CO, concentration in the leaf chamber were set to 800 pumol-m—2-s~1,
75%, 27 °C, and 600 pmol-mol~?, respectively. The topmost fully developed leaves were
measured after the values of relative humidity and CO, concentration were stabilized.

The chlorophyll fluorescence parameters were determined using a chlorophyll fluo-
rometer (PAM-2500, WALZ, Effeltrich, Germany). After 30 min of dark adaptation, the
topmost fully expanded leaves were measured. The F, /Fy, and ERT were automatically
obtained by the instrument.

4.5. Determination of Osmolyte Contents

The betaine content was determined according to the method described by
Chung et al. [56]. Briefly, 2 g of powdered dried samples were mixed with 10 mL of
methanol and then heated in boiling water for 1 h. After centrifugation (12,000 x g, 20 min),
5 mL of supernatant was mixed with 10 mL of 2.5% (w/v) reinecke salt and 10 mL of
70% (v/v) acetone. The absorbance was recorded at 525 nm by using a spectrophotometer
(UV-2450, Shimadzu Corp., Kyoto, Japan).

The proline content was assessed according to Bates et al. [57]. In short, 0.5 g of fresh
samples were homogenized in 5 mL of 3% sulfosalicylic acid and then heated in boiling
water for 10 min. After centrifugation (5000 g, 15 min), 2 mL of supernatant were mixed
with 2 mL of acetic acid and 2 mL of 2.5% (w/v) ninhydrin. The reaction mixture was
heated in boiling water for 1 h, after which the reaction was terminated by adding 4 mL of
toluene. The absorbance was determined at 520 nm.

The content of soluble sugar was measured following the procedure described by
Spiro [58]. Dry samples (0.1 g) were extracted with 5 mL of distilled water at 100 °C for
10 min and then centrifuged at 10,000x g for 5 min. The supernatant was mixed with
0.5 mL of 3% (w/v) anthrone and 5 mL of sulphuric acid. The mixture was heated in boiling
water for 5 min and then cooled. The absorbance was measured at 630 nm.

4.6. Determination of Water Status Parameters

The samples (topmost fully developed leaves and root tips) were collected and imme-
diately weighed to FW. Then, the samples were immersed in distilled water for 12 h, and
the TW (turgid weight) was measured. After the samples were dried at 80 °C for 24 h, the
DW was determined. The WC and RWC were calculated as follows [59]:

WC = (FW — DW)/DW x 100
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RWC =(FW — DW)/(TW — DW) x 100

OP was measured according to the method described by Yuan et al. [60]. First, 5 g of
fresh samples were frozen in liquid nitrogen for 5 min and then centrifuged at 5000x g
for 30 min to collect the cell sap. The OP was measured with a dew point microvolt meter
(Vapro 5520, Wescor, Logan, UT, USA).

4.7. Determination of Na* and K* Contents

The Na* and K* contents were determined following the method of Storey [61]. Dry
samples (0.2 g) were digested with a mixture of nitric acid and perchloric acid (3:1, v/v) at
270 °C until the mixture was clarified. The Na* and K* contents were measured using a
flame photometer (BWB-XP, BWB Technologies Ltd., Newbury, Berkshire, UK).

4.8. Determination of H*, Na*, and K* Fluxes and H*-Pump Activities of the Roots

H*, Na*, and K* fluxes were assessed by using an NMT system (NMT-100, Younger,
Ambherst, MA, USA) according to the method of Kong et al. [62]. Roots were washed with
deionized water and then immersed in 10 mL of measuring solution containing 0.1 mM
KCl, 0.1 mM MgCly, 0.1 mM CaCly, 0.5 mM NaCl, 0.2 mM NaySOy, and 0.3 mM 2-(N-
morpholino) ethanesulfonic acid. The H*, K*, and Na* fluxes at 750 um from the root apex
were measured for a duration of 15 min after the flux rate was stabilized.

Fresh samples (0.1 g) were homogenized in 1 mL of phosphate buffer (pH 7.4) and
centrifuged at 5000x g for 20 min at 4 °C. Then, microcapsules of PM and VM were
obtained according to the method of Yan et al. [39]. The activities of PM H*-ATPase,
VM H*-ATPase, and VM H*-PPase were measured using ELISA kits (R&D Systems,
Minneapolis, MN, USA).

4.9. Determination of Reactive Oxygen Species (ROS) Generation

The O,°~ level was evaluated using the method described by Zhang et al. [63]. Fresh
samples (0.2 g) were homogenized in 1 mL of 0.05 M phosphate buffer (pH 7.8) and
centrifuged at 12,000 x ¢ for 10 min at 4 °C. Then, 0.5 mL of the supernatant was added to
1 mL of 10 mM hydroxylamine hydrochloride and incubated at 25 °C for 30 min. Then, the
solution was mixed with 1 mL of 17 mM sulfanilamide and 1 mL of 7 mM naphthylamine.
After the second incubation (25 °C, 10 min), the absorbance was measured at 530 nm.

The H,O; content was determined following the procedure of Velikova et al. [64].
Fresh samples (0.2 g) were homogenized in 1 mL of 0.1% (w/v) trichloroacetic acid and
centrifuged at 12,000 x g for 10 min. Then, 0.5 mL of supernatant was mixed with 2 mL of
1 M potassium iodide and 0.5 mL of phosphate buffer. After 30 min of incubation in the
dark, the absorbance was recorded at 390 nm.

4.10. Determination of MDA and EL

The MDA content was measured according to the thiobarbituric acid (TBA) method [65].
Fresh samples (0.5 g) were homogenized in 5 mL of 5% (w/v) trichloroacetic acid. The
homogenate was centrifuged at 5000x g for 10 min. Then, 2 mL of supernatant were mixed
with 2 mL of 0.67% (w/v) TBA and heated at 100 °C for 30 min. Afterwards, the mixture was
rapidly cooled to stop the reaction. The absorbance was measured at 452, 532 and 600 nm.

The EL was determined using the method of Dionisio-Sese and Tobita [66]. First, 2 g
of fresh samples were cut into 2-mm segments and transferred into a tube containing 20 mL
of deionized water. After 24 h of incubation at room temperature, the initial electrical
conductivity (ECy) was measured using an electrical conductivity meter (A-212, Thermo
Fisher Scientific, Chicago, IL, USA). Then, the tube was heated at 100 °C for 20 min and
cooled. Afterwards, the second electrical conductivity (EC;) was measured. The EL (%)
was calculated using the following formula:

EL = EC;/ EC; x 100
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4.11. Determination of Antioxidant Enzyme Activities

To collect the enzyme extract, 1 g of fresh sample was homogenized in 2 mL of
phosphate buffer (pH 7.0) using a pre-cooled mortar and centrifuged at 12,000x g for
20 min at 4 °C. The supernatant was used to measure the activities of SOD, POD, CAT,
and APX.

SOD activity was calculated according to the method described by Giannopolitis
and Ries [67]. First, 50 pL of enzyme extract were mixed with 3 mL of reaction solution
containing 50 mM phosphate buffer (pH 7.8), 13 mM methionine, 75 uM nitro-blue tetra-
zolium, 10 uM ethylenediaminetetraacetic acid disodium salt, and 2 uM riboflavin. After
30 min of illumination at 4000 lx, the absorbance was recorded at 560 nm. One unit (U)
of SOD activity represented the amount of enzyme required for 50% inhibition of the
photochemical reduction of nitro-blue tetrazolium.

The POD activity was determined following the method of He et al. [68]. The reaction
mixture consisted of 2.9 mL of 50 mM phosphate buffer (pH 5.5), 1 mL of 0.6 M hydrogen
peroxide, 1 mL of 50 mM guaiacol, and 0.1 mL of enzyme extract. The reaction mixture
was incubated at 37 °C for 15 min. Afterwards, the reaction was terminated by adding
2 mL of 20% (v/v) trichloroacetic acid. The change in absorbance caused by oxidation of
guaiacol was measured at 470 nm.

The CAT activity was measured using the method described by Nabih et al. [69]. First,
50 uL of enzyme extract were mixed with 0.5 mL of 0.1 M hydrogen peroxide and 2 mL of
phosphate buffer (pH 7.0). The change in absorbance due to the decomposition of hydrogen
peroxide was measured at 240 nm.

The APX activity was evaluated following the method of Fielding and Hall [70]. First,
100 pL of enzyme extract were mixed with 3 mL of reaction solution containing 50 mM
phosphate buffer (pH 7.0), 0.1 mM ethylenediaminetetraacetic acid disodium salt, 0.3 mM
ascorbic acid, and 60 uM hydrogen peroxide. The decrease in absorbance caused by the
oxidation of ascorbic acid was measured at 290 nm.

4.12. Determination of Antioxidant Contents

The reduced ASA content was determined using the method of Logan et al. [71]. First,
1 g of fresh sample was homogenized in 5 mL of 5% (v/v) perchloric acid, followed by
centrifugation at 20,000x g for 10 min. Then, 1 mL of supernatant was mixed with 5 mL of
reaction solution, which consisted of 3 mL of ethanol, 0.5 mL of 0.4% (v/v) phosphoric acid,
1 mL of 15 mM bathophenanthroline, and 0.5 mL of 2 mM ferric chloride. After 90 min of
incubation at 30 °C, the absorbance was measured at 534 nm.

The reduced GSH content was measured following the method described by Grif-
fith [72]. Fresh samples (0.2 g) were homogenized in 2 mL of 5% (w/v) metaphosphoric
acid using a pre-cooled mortar. The homogenate was centrifuged at 12,000 x g for 10 min.
Then, 2 mL of the supernatant were mixed with 4 mL of 0.2 M phosphate buffer (pH 7.0)
and 0.4 mL of 5,5'-dithiobis-(2-nitrobenzoic acid) and incubated in a shaker at 30 °C for
5 min. The glutathione content was measured at 412 nm.

4.13. Determination of Contents of Phenolic Compounds

The total phenol content was determined according to the method of Singleton and
Rossi [73]. In short, 2 g of fresh samples were immersed in 20 mL of distilled water
and heated in boiling water for 15 min. After centrifugation (5000 g, 20 min), 1 mL of
supernatant was mixed with 3 mL of 0.1 M phosphate buffer (pH 6.8) and 1 mL of 1.5%
(w/v) potassium iron tartrate. The absorbance was measured at 540 nm. The standard
curve was generated with ethyl gallate.

The flavonoid content was determined by using the method described by
Zhishen et al. [74]. Briefly, 1 g of fresh tissue was homogenized in methanol and ethanol
(3.5:1.5, v/v). The homogenate was centrifuged at 12,000 x g for 20 min, and the supernatant
was filtered using a 0.45-pm filter membrane. Then, 1 mL of filtrate was added to a mixture
containing 0.3 mL of 5% (m/v) sodium nitrite, 0.3 mL of 10% (im/v) aluminium nitrate, and
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2 mL of 2 M sodium hydroxide. After 10 min of incubation, the flavonoid content was
measured at 510 nm. Rutin was used to generate the standard curve.

The anthocyanin content was determined using the method of Abdel-Aal and Hucl [75].
In brief, 1 g of fresh sample was cut into 2-mm segments and transferred into a tube con-
taining 10 mL of 0.1 M hydrochloric acid. After 4 h of incubation at 32 °C, the anthocyanin
content was measured at 530 nm. Proanthocyanidin was used to make the standard curve.

4.14. Determination of Relative Gene Expression

Total RNA was extracted from 0.2 g of tissues using the RNAprep Pure Plant Kit
(TIANGEN Biotech, Co., Ltd., Beijing, China). cDNA was synthesized with 0.1 pug of RNA
using the SuperScript First-Strand Synthesis System (Thermo Fisher Scientific, Chicago, IL,
USA). The gene-specific primers (Table S2) were designed according to the gene sequences,
which were obtained from the National Center for Biotechnology Information (NCBI). qRT-
PCR was performed using the StepOnePlus™ RealTime PCR System (Applied Biosystems,
Foster City, CA, USA), and actin was used as an internal control. The relative expression of
genes were calculated following the method of Shen et al. [76].

4.15. Statistical Analysis

Data were analyzed by using the SPSS 21.0 statistical program (IBM Inc., Chicago, IL,
USA) and expressed as the mean = standard error (1 = 4). Analysis of variance (ANOVA)
was performed, and the mean differences were evaluated by Duncan’s multiple range test
atp <0.05.

5. Conclusions

The current study demonstrated the positive role of exogenous application of mela-
tonin in enhancing salt stress tolerance in sugar beets. Under salt stress, all methods of
melatonin application enhanced growth parameters, promoted photosynthesis, improved
water status, maintained ion homeostasis, and strengthened the antioxidant defense system
for the removal of ROS. These might be the potential mechanisms by which melatonin
mitigated the damage to sugar beets caused by salt stress. Moreover, combined root and
foliar melatonin application was more effective than root or foliar application alone in
improving the salt stress tolerance of sugar beets. In future studies, the mechanism by
which melatonin enhances salt stress tolerance in plants should be further explored through
in-depth molecular means, and multi-year experiments could be conducted under field
conditions to verify the advantageous effects of melatonin.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/ plants10050886 /51, Table S1: Chemical properties of the experimental soil, Table S2: Gene-
specific primers used for qRT-PCR.
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