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Abstract

In China, excessive use of nitrogen fertilizers in greenhouses leads to nitrate accumulations in soil and
plants, which then limits productivity. Melatonin, an evolutionarily highly conserved molecule, has a
wide range of functions in plants. We analyzed the effects of melatonin pretreatment on the growth,
mineral nutrition, and nitrogen metabolism in cucumber (Cucumis sativus L. ‘Jin You No. 1°) when
seedlings were exposed to nitrate stress. An application of 0.1 mM melatonin significantly improved
the growth of plants and reduced their susceptibility to damage due to high nitrate levels (0.6 M)
during the ensuing period of stress treatment. Although excess nitrate led to an increase in the
concentrations of nitrogen, potassium, and calcium, as well as a decrease in levels of phosphorus and
magnesium, exogenous melatonin generally had the opposite effect except for a further rise in

calcium concentrations. Pretreatment also significantly reduced the accumulations of nitrate nitrogen
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and ammonium nitrogen and enhanced the activities of enzymes involved in nitrogen metabolism.
Expression of Cs-NR and Cs-GOGAT, two genes that function in that metabolism, were greatly
down-regulated when plants were exposed to 0.6 M nitrate, but was up-regulated in plants that had
received the 0.1 mM melatonin pretreatment. Our results are the first evidence that melatonin has an
important role in modulating the composition of mineral elements and nitrogen metabolism, thereby

alleviating the inhibitory effect on growth normally associated with nitrate stress.

1 ' INTRODUCTION

Nitrate is the major source of useable nitrogen for most plants.' In China, application rates for nitrogen
fertilizers have recently increased dramatically in intensive agricultural systems, especially those used for
protected vegetable production.” However, their misuse has resulted in the secondary salinization of soils and
the accumulation of NO5,** which reduces photosynthesis and enzyme activity in plants4 but increases ion
toxicity,” osmotic stress, and the production of reactive oxygen species.6 These environmental factors limit

agricultural productivity.

Excess nitrogen is generally applied so that adequate levels will be maintained in the rhizosphere. In fact,
NO;™ accounts for approximately 67% to 76% of all anions in the soil.” However, for vegetable crops, this
disrupts the balance of elements, alters the assimilation of calcium and magnesium, and increases the
susceptibility to disease due to calcium deficiency.® Nitrate accumulations enhance the concentrations of NH,",
so that plants have shorter and narrower stems, lower fresh and dry weights,” and weaker root systems.'® By

comparison, the accumulation of NO;™ leads to increased proline concentrations, severe oxidative damage and
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nitrogen metabolic disorders, inhibited photosynthesis, and considerable declines in biomass production in

. . . 6.11
cucumber (Cucumis sativus) and tomato (Lycopersicon esculentum).

Melatonin (N-acetyl-5-methoxytryptamine), a low-molecular-weight molecule with an indole ring in its
structure, has been discovered in evolutionarily distant organisms. This conserved substance is ubiquitous,
existing in living organisms ranging from bacteria to animals.'>"* It has numerous functions in plants. For
example, melatonin can stimulate seedling shoot growth and the production of adventitious and lateral roots,'>'®
while slowing the rate of chlorophyll degradation,'” improving photosynthesis rates,'® and delaying the
processes of flowering and leaf senescence.'”?’ Most importantly, melatonin protects plants against biotic and

abiotic stresses*' 2 by activating various physiological systems and mechanisms, including those that involve

antioxidants,”® the ascorbate—glutathione cycle,27 ascorbic acid,”® and photosynthesis.4

Cucumber is one of the most valuable horticultural crops in China. Because these plants tend to absorb
nitrogen fertilizer, especially the NO5™ form, excess levels in the soils severely inhibit growth and development
in greenhouses.” Although numerous recent studies have examined the effects of salt stress on plants, most
have focused on NaCl and few have investigated the interaction between nitrate salt stress and horticultural

30-33 .
can alleviate

crops. Earlier research demonstrated that melatonin, primarily functioning as an antioxidant,
the effects of such environmental stresses. However, little is known about the relationship between melatonin

and nitrogen metabolism. Therefore our objective was to examine how melatonin influences seedling growth,

mineral nutrition, and nitrogen metabolism in cucumber when subjected to nitrate stress.
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2 | MATERIALS AND METHODS

2.1 | Plant materials and treatments

Experiments were conducted at Northwest A & F University, Yangling, China (34°20'N, 108°24'E). Germinated
seeds of Cucumis sativus L. ‘Jin You No. 1’ were sown in black plastic pots (12 x 13 cm) filled with soil and
sand. At the three-leaf stage, 270 seedlings of uniform size were transferred to larger plastic pots (38 cm x 28
cm). After 6 d of adaptation to greenhouse conditions, 90 seedlings were assigned to a pre-treatment group that
received 0.1 mM melatonin in the irrigation water while others continued to receive standard irrigation (normal).
The most appropriate melatonin level had been determined in our previous experiment.’* Particularly, alcohol
was used to dissolve melatonin, and other groups were treated with the same alcohol. These treatments were
applied every other day for a total of three times. After the pre-treatment period was completed, the plants in
each group were randomly assigned to new treatment groups (n=30 each, with three replicates), in which they
were exposed to either a normal level (0.05 M) of nitrate (averagely from calcium nitrate, Ca(NO;), and
potassium nitrate, KNOs) or excess nitrate (0.6 M). These three treatments were designated as ‘N’: normal
control, 0 mM MT + 0.05 M nitrate; ‘HN’: high-nitrate stress, 0 mM MT + 0.6 M nitrate; and ‘MT-HN’:
melatonin pre-treatment followed by high-nitrate stress, i.e., 0.1 mM MT + 0.6 M nitrate. On day 12 of the
nitrate treatment, growth parameters and mineral element concentrations were measured. On Days 0, 3, 6, 9, and
12 of the nitrate treatment, leaves were collected from selected plants in each treatment group to analysis nitrate
nitrogen (NO;-N), ammonium nitrogen (NH,"-N) and enzymes involved in nitrogen metabolism. All

samples were quickly frozen in liquid nitrogen and stored at —80°C.
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2.2 | Growth parameters and seedling healthy index

On Day 12 of the nitrate treatment, seedlings were harvested from each group to determine final shoot heights
and stem diameters. Afterward, the leaves, stems, and roots were immersed in deionized water and blotted
carefully with tissue paper. Root lengths and fresh weights (FWs; shoot, root, and total plant) were recorded.
Dry weights (DWs) were determined after each tissue type was oven-dried at 80°C for 2 d. The dried samples
were used for analyzing the composition of mineral elements. To calculate the Seedling Health Index, we used

the following formula: (stem diameter/shoot height + root DW/shoot DW) x total DW .

2.3 | Calculations of root activity and the salt injury index

The deoxidization capacity of the roots (mg per g FW per h) was monitored via the TTC method.*® After 12
days of nitrate stress, the Salt Injury Index for seedlings in different treatment groups was investigated as
described by Zhang et al.*’ The following grades were assigned: 0, no damage; 1, one-third of the leaf edge
showing damage; 2, two-thirds of the leaf edge showing damage; 3, entire leaf edge damaged or one-third of the
lamina desquamated; 4, two-thirds of the lamina desquamated; or 5, entire lamina desquamated. The Salt Injury
Index (%) was calculated as equal

0¥ (grade X number of plants) x 100/ (the highest grade x total number of plants)-

2.4 | Determination of mineral element concentrations

On Day 12 of the stress experiment, selected seedlings were harvested from each treatment, washed three times
with distilled water, and separated into leaf, stem, and root portions. The samples were then fixed at 105°C for
30 min, dried for 48 h at 80°C, and ground to pass through a 1-mm sieve. Concentrations of mineral elements
were determined after wet digestion using H,SO4-H,0,. The volume of white colorless digested material was

made up to 100 mL with distilled water and then filtered. Levels of nitrogen, phosphorus (P), and potassium (K)
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were determined with a Continuous Flow Analyzer (Flowsys, Italy) while those of calcium (Ca) and magnesium
(Mg) were determined after the samples were treated with strontium chloride on a Polarized Zeeman Atomic

Absorption Spectrophotometer (Z-2000; Hitachi Instrument, Tokyo, Japan).

2.5 | Analysis of nitrate nitrogen and ammonium nitrogen concentrations

NOj3™-N concentrations were measured in fresh samples (0.5 g) according to the method of Gao.*® Tissues were
ground in 10 mL of Millipore-filtered water and then held in a boiling water bath for 30 min. Afterward, 0.1 mL
of the supernatant was mixed with 0.4 mL of 5% salicylic-H,SOy to react for 20 min before 9.5 mL of 8%

NaOH was added. Absorbance was read at 410 nm.

NH,"-N was extracted and analyzed by the ninhydrin hydrate (NIN) method described by Hao.* Briefly, 1 g
of tissue was ground in 10 mL of 10% acetic acid and the final volume was made up to 25 mL with distilled
water. After 2 mL of the supernatant was mixed with 3 mL of NIN and 0.1 mL of ascorbic acid, the mixture was

placed in a boiling water bath for 15 min and then cooled in an ice bath. Absorbance was read at 580 nm.

2.6 | Calculation of nitrate reductase activity

Nitrate reductase (NR) activity was monitored in the leaves according to the in vitro method described by Gao,™
with minor modifications. Samples (0.5 g) were ground in a chilled mortar with cysteine, ethylene diamine
tetraacetic acid (EDTA), and phosphate buffered saline (pH 8.7). The reaction mixture contained 0.5 mL of 100
mM KNO; and 0.3 mL of 2.5 mM nicotinamide adenine dinucleotide hydrate. The assay was initiated by adding
0.20 mL of leaf extract and was conducted at 25°C for 30 min. The reaction was stopped by the addition of 1
mL of 30% trichloroacetic acid (TCA). Afterward, 2 mL of sulphonamide reagent and 2 mL of 1-naphthylamine
were added and the reaction continued for 15 min. Absorbance of the supernatant was read at 520 nm. The level

of NR activity was expressed as the amount of NO,™ (ug per h per g) obtained from the fresh plant material.
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2.7 | Calculation of glutamine synthetase activity

Glutamine synthetase (GS) activity was determined by the hydroxamate biosynthesis method.” Leaf samples
(1.0 g) were ground in a chilled mortar with 50 mM potassium phosphate buffer (pH 8.0) containing 2 mM
MgSO,, 2 mM dithiothreitol (DTT), and 0.4 M sucrose. The homogenate was centrifuged (12,000 rpm, 20 min,
4°C) to produce a supernatant of thick enzyme fluid. The assay mixture contained 100 mM Tris—HCI buffer (80
mM MgSO,, 20 mM glutamine, 20 mM cysteine, and 2 mM ethylene glycol tetraacetic acid; pH 7.4). The above
assay mixture with hydroxyl-ammonium chloride was used as a controlled reaction liquid. The chromogenic
agent comprised 0.2 mM TCA, 0.37 M FeCl;, and 0.6 M HCI. Activity by GS was determined by calculating

the A540 of the clathrate generated in the reaction.

2.8 | Calculation of activities by glutamate synthase and glutamate dehydrogenase

Leaf samples (0.5 g) were homogenized in 100 mM Hepes-KOH buffer (pH 7.5) containing 5 mM MgCl,, 1
mM EDTA-Na,, 5 mM DTT, 1% (v/v) TritonX-100, 2% (w/v) polyvinylpyrrolidone (PVPP), 1% (w/v) bovine
serum albumin (BSA), and 10% (v/v) glycerol, with a chilled pestle and mortar. The homogenate was
centrifuged (13,000 g, 10 min, 4°C), and the supernatant was used for determining the activities of glutamate
synthase (GOGAT) and glutamate dehydrogenase (GDH). While GOGAT was assayed by the method described

by Jiao et al.*’ and Gajewska and Sklodowska,*' GDH was assayed according to the method of Debouba et al.**

and Majerowicz et al.*?

2.9 | RNA extraction and quantitative real-time polymerase chain reactions

On Days 0, 3, and 9 of nitrate treatment, the leaves were ground into fine powder using liquid nitrogen. Total
RNA was extracted from each sample with MiniBEST Plant RNA Extraction Kits (TaKaRa, Dalian, China),

according to the manufacturer’s instructions. It was then reverse-transcribed into cDNA with a PrimeScript ™
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RT reagent Kit and gDNA Eraser (TaKaRa, Dalian, China). Two genes were chosen for further research.
Cucumis sativus-Nitrogen Reductase (Cs-NR) and its specific primers have been described previously.* The
second gene, Cucumis sativus-Glutamate Synthase (Cs-GOGAT), was blasted from AT4G26150.1, and its
specific primer was designed by using the GenScript Real-Time PCR (TagMan) Primer Design Tool
(GenScript, Piscataway, NJ, USA). Actin was chosen as an internal control for data normalization. The primer
sequences for quantitative real-time polymerase chain reaction (QRT-PCR) assays are listed in Table 1. All
gRT-PCR procedures were performed with PrimeScriptTMRT Reagent Kits (Takara) and conducted on a
CFX96™ real-time PCR detection system (Bio-Rad Laboratories, Inc, Hercules, CA, USA). The PCR
conditions were as follows: pre-denaturing at 94°C for 5 min, then 40 cycles of 95°C for 15 s and 60°C for 60 s.
Relative gene expression was analyzed according to the method of Livak and Schmittgen.*’ These qRT-PCR

experiments were repeated three times, based on three separate RNA extracts from three samples.

2.10 | Statistical analysis

All data were analyzed via IBM SPSS Statistics 21 and graphed with Sigma Plot 12.5. Values were presented as
the mean + standard deviation of 30 plants (n = 30) with triplicate for each measurement. The data were
evaluated by one-way ANOVA and Duncan’s multiple range tests, where differences were considered

significant at P <0.05.

3 | RESULTS

3.1 | Growth parameters

After 12 d of induced nitrate stress, cucumber plant growth was assessed directly in terms of shoot height, stem
diameter, root and shoot DWs, root length, and root capacity for deoxidization. We then calculated indices of

seedling health and susceptibility to salt injury.
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In the HN stress treatment, values for shoot height, stem diameter, root DW, and shoot DW were reduced by
38.97%, 21.95%, 52.34%, and 49.46% respectively, when compared with the performance of seedlings exposed
to normal conditions (Fig. 1A-D). The Seedling Health Index was also 38.38% lower for stressed plants than for
the N group (Fig. 1F). Root lengths and activity were markedly decreased in response to nitrates (Fig. 2) and
leaves from stressed plants showed obvious yellowing after 12 d of treatment (Fig. 3A). The Salt Injury Index
was 6.85-fold higher for the HN group than for the N group (Fig. 3A). When plants received pretreatment with
0.1 M melatonin (MT-HN group), the growth inhibition found with HN plants was considerably alleviated by
comparison, and pretreated plants were 23.49% taller than those exposed only to nitrates (Fig. 1A).
Furthermore, the MT-HN plants showed increases of 17.00% in stem diameter (Fig. 1B), 10.49% in shoot DW
(Fig. 1C), 57.14% in root DW (Fig. 1D), 14.67% in DW (Fig. 1E), 17.36% in the Seedling Health Index (Fig.
1F), 21.53% in root length (Fig. 2A), 86.96% in root deoxidization activity (Fig. 2B), and 53.59% in the Salt
Injury Index (Fig. 3A) when compared with HN seedlings. This indicated that exogenous melatonin

significantly offset the decline in plant growth that was associated with nitrate stress.

3.2 | Concentrations of mineral elements

Both nitrate stress and melatonin pretreatment had significant effects on levels of minerals in cucumber tissues.
Compared with the control plants, concentrations in tissues from the HN group after 12 d of stress were 9.85%
(roots), 36.23% (stems), and 32.46% (leaves) higher for nitrogen (Fig. 4A) and 22.19% (roots), 40.96% (stems),
and 74.89% (leaves) higher for K (Fig. 4C). However, pretreatment with melatonin decreased nitrogen
concentrations by 7.70% (roots), 19.88% (stems), and 20.54% (leaves) and K concentrations by 10.55% (roots),

11.21% (stems), and 33.10% (leaves) when compared with plants that had not received melatonin.
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Ca concentrations were significantly higher in the HN group (rising by 47.68% for roots, 5.90% for stems,
and 10.89% for leaves) than in the N group. Melatonin pretreatment led to a further increase in those levels
when plants were exposed to high-nitrate conditions (Fig. 4D). Although stress significantly inhibited the
accumulation of Mg in roots (by 10.02%) and leaves (by 42.14%) when compared with the N group, exogenous
melatonin helped to reverse that response (Fig. 4E). The addition of melatonin increased root and leaf
concentrations of Mg by 5.84% and 45.92%, respectively, when compared with levels in stressed plants that
were not pretreated. However, a similar trend was not found for the stem samples. For P, the pattern of response

was the same as that for Mg (Fig. 4B).

3.3 | Concentrations of nitrate nitrogen and ammonium nitrogen

Nitrate-nitrogen concentrations were much higher in plants under stress conditions (Fig. SA). On Day 0 of
treatment, exogenous melatonin did not affect the level of NO5™-N. Over time, however, those levels increased
slightly in N group plants. On Day 12 d, nitrate concentrations were 3.88-fold higher in HN than in the N group.
By contrast, those levels were 25.00% lower in MT-HN plants than in the HN group (Fig. 5A). This

demonstrated that the melatonin pretreatment significantly inhibited the accumulation of NO;™-N.

At nearly all of the measurement points, melatonin-pretreated plants had relatively less NH,*-N than those
exposed only to nitrate stress. On Day 12, the ammonium-nitrate concentration was 2.89-fold higher in the HN
group when compared with the control (Fig. 5B). However, the application of melatonin prior to nitrate stress
helped to meliorate that large margin, such that ammonium-nitrogen levels were reduced by 25.98% for the
MT-HN plants when compared with the HN group. This again showed that exogenous melatonin could

significantly alleviate the toxicity of NH,"-N associated with nitrate stress.
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3.4 | Enzyme activities

The balance within the nitrogen metabolism system is primarily maintained by NR, GS, GOGAT, and GDH.
We found that their activities were noticeably changed in a similar manner over our stress period. For example,
on Day 0, pretreatment with melatonin did not appear to have an effect on any enzyme except NR (Fig. 6). Over
time, enzyme activities initially increased in the leaves before decreasing gradually. Whereas activities of NR,
GS, GOGAT, and GDH were at least 28.94% lower in HN plants than in the normal group, those activities were
much higher in the MT-HN group than in the HN plants throughout most of the experimental period. This
demonstrated that exogenous melatonin could retard the decline in activities by enzymes for nitrogen

metabolism when plants were under high-nitrate stress.

3.5 | Expression of Cs-NR and Cs-GOGAT

We used qRT-PCR to analyze the expression of Cs-NR and Cs-GOGAT, two genes that regulate enzyme
activity. Changes in their transcriptional expression are shown in Figure 7. Obviously, the transcription level of
both genes showed similar trends. Over time, the transcription level in HN and MT-HN group were significantly
decreased. Particularly, the gene expression level in HN group was significantly down-regulated ( by 84.1% on
Day 3, 89.6% on Day 9 for Cs-NR; 70.59% on Day 3, 92.79% on Day 9 for Cs-GOGAT) than that in N group,
while the level was up-regulated ( by 2.88 fold on Day 3 and 93.3% on Day 9 for Cs-NR; 54.69% on Day 3,

3.22 fold on Day 9 for Cs-GOGAT ) after melatonin pretreatment.

4 | DISCUSSION

Melatonin is one of the most commonly used substances to improve plant resistance against various
. 21-28,30 . . .
environmental stresses. However, no previous studies have been conducted to understand how melatonin

influences the relationship between the nitrogen metabolism system and the mineral composition of plants under
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nitrate stress. The accumulation of nitrate salt is a major factor that severely limits greenhouse production of
vegetable crops in China. Therefore, we examined the effect of melatonin pretreatment on growth, mineral

nutrition, and nitrogen metabolism in nitrate-stressed cucumber seedlings (Fig. 8).

4.1 | Growth parameters

Inhibited growth is a critical indicator of plants subjected to environmental stresses. We found that values for
shoot height, stem diameter, and shoot and root DWs were significantly lower in nitrate-stressed plants than in
those exposed to normal conditions. This was similar to previously reported observations.*®*’ Moreover, values
for root lengths and deoxidization activity were lower in stressed plants. However, these negative effects were
significantly alleviated when melatonin was applied prior to the induction of stress. Liu et al have shown that
exogenous melatonin can significantly improve the health index of tomato seedlings under drought conditions.*
We also found that pretreatment with 0.1 mM melatonin could effectively increase the Seedling Health Index
when nitrate stress was introduced later, and that melatonin also significantly reduced the susceptibility of plants
to stress-related cell damage. All of these results indicated that melatonin can alleviate nitrate-associated growth

inhibition.

4.2 | Mineral elements

Ion uptake and compartmentalization are crucial not only for promoting normal growth but also for sustaining
plant performance under high-salinity conditions because such stress disturbs ion homeostasis.*® Nitrogen is an
essential mineral element that is required in the greatest amount in plants. Although growth is dependent upon
having an adequate nitrogen supply,*’ excessive nitrogen fertilization can be harmful. Our data showed dramatic
increases in nitrogen concentrations in the roots, stems and leaves after 12 days of nitrate treatment (Fig. 4A).

However, the level of nitrogen did not rise as much when melatonin was applied exogenously. The same trend
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was noted for leaf concentrations of NO;™-N and NH,"-N (Fig. 5). Under high-nitrogen conditions, melatonin

accelerated the growth of plants by decreasing the amount of excrescent nitrogen.

P provides anion equivalents and is responsible for the charge balance in plants,so especially those that are
salt-stressed. In accord with results previously reported,’ we found that excess nitrate led to a decrease in P
concentrations that might have been related to the high level of NO;". Likewise, concentrations of P were

increased in MT-HN plants in parallel with a decline in NO5™ levels.

K is essential for osmotic regulation.’> Because the onset of osmotic stress is one of the primary causes of salt
stress in plants,’ this element has a key role in mitigating the effects of such stress, including that related to
nitrates. Our results indicated that treatment with Ca(NO3), and KNOj3 caused K concentrations to rise
significantly whereas pretreatment with melatonin limited the absorption of K under the nitrate-stress conditions
that followed. Therefore, the effect of exogenous melatonin on K accumulations in cucumber roots, stems, and
leaves might play a vital role in mediating intracellular ion equilibrium under nitrate stress, thereby acting as a

mechanism for adjusting the plant response to osmotic stress.

Ca provides intermolecular linkages and is thought to have a crucial function in stabilizing cell walls and
membranes.>* Similar to the response in K concentrations, Ca levels were significantly increased in plants
treated with Ca(NO;), and KNO;. Furthermore, melatonin pretreatment enhanced those increases in Ca
concentrations under stress conditions, similar to results reported previously.! The protective effect of
melatonin on cell membranes has also been described from earlier studies.'® > *® This improvement in Ca
concentrations in pretreated seedlings suggests that melatonin positively influences the integrity of cells and

membranes by increasing the accumulation of Ca.
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Mg is a key component of chlorophyll biosynthesis and other physiological and biochemical reactions related
to plant growth and development.’”>® A deficiency in this element can reduce photosynthesis rates.” > We
found that excess nitrate was associated with a drop in levels of Mg in the roots and leaves but not in the stems.
However, exogenous melatonin improved Mg concentrations in the roots and leaves of stressed plants. It may
have accelerated the rate of chlorophyll biosynthesis, thereby leading to an increase in biological output, i.e.,
higher tissue fresh and dry weights as well as greater shoot and root elongation. Melatonin has a protective role
against chlorophyll degradation and promotes plant growth in stressful environments, perhaps because it

up-regulates the accumulation of Mg under such conditions.'®

4.3 | Nitrate metabolism

The assimilation of nitrogen is directly responsible for crop biomass production and grain yield.61 Appropriate
levels of NO; can facilitate nitrogen metabolism, thereby benefiting plant growth. Ammonium is a central
intermediate in this metabolism.®* However, excess accumulations of NO;™-N and NH,*-N can lead to salt
toxicity.® That response disturbs physiological processes, such as photosynthesis,'' pH regulation,’* and the
balance of essential elements.® Cucumber plants are somewhat sensitive to NO;™ stress and NH,* stress. > ©2
When the supply of nitrogen exceeds the capacity of its assimilation, many species tend to accumulate the
excess nitrogen.62 We made similar observations here, with a high concentration of nitrate leading to
significantly higher concentrations of NO;-N and NH,*-N. However, those increases measured in stressed
seedlings were tempered by pretreatment with melatonin. These findings demonstrated that exogenous

melatonin enhances the capacity for nitrate reduction and ammonia assimilation, subsequently alleviating the

damage associated with those challenges while also improving biomass production.
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Exogenous melatonin can increase tolerance by numerous plant species to various environmental stresses by
regulating the activity of some enzymes.*® However, little has been known about how melatonin influences the
systemic activity of enzymes involved in nitrate metabolism, including NR, GS, GOGAT, and GDH. With a key
role in the pathway for nitrogen assimilation, NR catalyzes the reduction of NO;  to NO,. We found that, under
nitrate stress, NR activity was initially increased in the leaves of plants, regardless of pretreatment, but that
activity then decreased gradually as the experimental period was prolonged. Compared with plants in the control
group, NR activities in HN leaves declined markedly in response to nitrate stress, which possibly due to
feedback inhibition of higher concentrations of NO;-N. Similar results have been reported by Loque et alia.®’

For MT-HN plants, however, NR activity was increased, which then reversed the accumulation of NO5™-N.

Higher plants utilize three enzymes — GS, GOGAT, and GDH — for NH; assimilation. Ammonium is rapidly
assimilated into organic nitrogen through either the GS/GOGAT cycle or the GDH pathway. As the absorption
of NO;™-N increases, NR activity is promoted, which leads to the accumulation of NH,*. To prevent ammonia
nitrogen from accumulating in plants, GS, GOGAT, and GDH activities rise rapidly at the beginning of the
stress period. Over time, however, those activities are gradually reduced by continuing nitrate stress, thus
inhibiting nitrogen metabolism. However, pretreatment with melatonin slows that rate of inhibition. Both GS
and GOGAT are directly involved in nitrate assimilation, which then catalyzes the assimilation of ammonium
into amino acids.®® Induction of such activity is dependent upon the NH," concentration. However, high
accumulations of endogenous NH," are toxic to higher plants.63 Nitrate stress is associated with marked declines
in GS/GOGAT activities, possibly due to feedback inhibition of increased NH,*. Our results indicated that those
activities were significantly greater in melatonin-treated plants that later were exposed to nitrate stress. This
positive role for melatonin is probably related to its enhanced antioxidant properties™ because GS and GOGAT

proteins can be oxidatively modified.*
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As a second alternative pathway, GDH participates in the assimilation of ammonium into organic nitrogen.
Here, GDH activity followed the same trend observed for GS/GOGAT in the stress response, with one
difference. Whereas GS/GOGAT activities peaked at Day 3 of the stress period and then declined, maximum
GDH activity was detected at Day 6, thereby indicating that GS/GOGAT is the main pathway for ammonia
assimilation during the initial stage of the stress response. As GS/GOGAT activity began to decrease, ammonia
assimilation shifted from the normal GS/GOGAT pathway to the GDH pathway by Day 6. Nevertheless, GDH
activity was also significantly inhibited by stress after 6 d, and did not reduce the accumulation of NH," beyond

that time point, suggesting that the GDH cycle has only a small role in ammonia assimilation.

The most accurate method for analyzing gene expression is qRT-PCR.”® The NR enzyme plays a key role in
reducing NO; to NH,*, and GS/GOGAT is the main pathway for NH," assimilation. Therefore, we selected
Cs-NR and Cs-GOGAT for qRT-PCR analysis. Previous research has shown that nitrate strongly stimulates NR
genes in the plant response to adverse environmental conditions.”' Our results showed that Cs-NR was
down-regulated under HN treatment, an outcome consistent with the report by Loque et alia.”” Our analysis of
Cs-GOGAT revealed a similar pattern of expression. Melatonin pretreatment promoted the expression of both
genes under nitrate stress, with their patterns somewhat paralleling those of NR and GOGAT activity. Whereas
transcript levels for Cs-NR and Cs-GOGAT had decreased by Day 3, the activity of NR and GOGAT did not
decline until Day 6. Thus, changes in the transcriptional expression of those genes might explain why melatonin
enhanced plant capacity for nitrate metabolism. It is possible that narrow gene specificity and primer design

limited our examination of expression related to nitrogen metabolism. Therefore, further studies are required.
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51 CONCLUSION

This is the first report demonstrating the relationship between melatonin and the system of nitrogen metabolism
for alleviating the effects of abiotic stress. We found that pre-treating cucumber seedlings with melatonin prior
to the induction of nitrate stress suppressed the accumulation of excess nitrate and ammonium by increasing the
activities of enzymes involved in nitrate metabolism and the expression of their related genes. It also made
plants less susceptible to stress-related cell damage. Consequently, the Salt Injury Index was reduced while
several growth indices were improved. In addition, melatonin regulated the levels of mineral elements that are
directly connected to osmotic regulation, membrane structure, and photosynthesis. In conclusion, this alleviation
mechanism of melatonin against the effects of nitrate stress is partly due to the enhanced capacity for nitrogen

metabolism and regulated uptake of mineral elements in pretreated plants.
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TABLE 1 Sequences of primers used in quantitative real-time RT-PCR.

Gene Primer Sequence (5'---3")

Actin F: CCACGAAACTACTTACAACTCCATC

R: GGGCTGTGATTTCCTTGCTC

Cs-NR F: CACAACAAAGGTGGTGGAGGGCAAAA

R: ACAAAACGAATCCAACGTCCTTTTC

Cs-GOGAT F: ATGGGAAGCTGCGTTTC

R: CTAGTTTTGCACAGCCACTG

FIGURE CAPTIONS

FIGURE 1 Effects of exogenous melatonin and nitrate stress on shoot height (A), stem diameter (B),
shoot dry weight (C), root dry weight (D), total plant dry weight (E), and Seedling Health Index (F).
Data represent means + SD of 3 replicates. Different letters within a panel indicate significant
differences among treatments according to Duncan’s multiple range tests (P <0.05). N, normal control
treatment: 0 mM MT (melatonin) + 0.05 M nitrate; HN, high-nitrate treatment: 0 mM MT + 0.6 M

nitrate; MT-HN, pretreatment with 0.1 mM MT followed by treatment with 0.6 M nitrate.
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FIGURE 2 Effects of exogenous melatonin and nitrate stress on root length (A) and root
deoxidization activity (B). Data represent means + SD of 3 replicates. Different letters within a panel
indicate significant differences among treatments according to Duncan’s multiple range tests (P
<0.05). (C) Effects of melatonin on root growth after 12 d of stress treatment. N, normal control
treatment: 0 mM MT (melatonin) + 0.05 M nitrate; HN, high-nitrate treatment: 0 mM MT + 0.6 M

nitrate; MT-HN, pretreatment with 0.1 mM MT followed by treatment with 0.6 M nitrate.

FIGURE 3 (A) Effects of exogenous melatonin and nitrate on Salt Injury Index. Data represent
means = SD of 3 replicates. Different letters within a panel indicate significant differences among
treatments according to Duncan’s multiple range tests (P <0.05). (B) Effects of melatonin on damaged
leaves on the whole plant after 12 d of stress treatment. N, normal control treatment: 0 mM MT
(melatonin) + 0.05 M nitrate; HN, high-nitrate treatment: 0 mM MT + 0.6 M nitrate; MT-HN,

pretreatment with 0.1 mM MT followed by treatment with 0.6 M nitrate.

FIGURE 4 Effects of exogenous melatonin and nitrate stress on levels of mineral elements: nitrogen
(A), phosphorus (B), potassium (C), calcium (D), and magnesium (E). Data represent means = SD of
3 replicates. Different letters within a panel indicate significant differences among treatments
according to Duncan’s multiple range tests (P <0.05). N, normal control treatment: 0 mM MT
(melatonin) + 0.05 M nitrate; HN, high-nitrate treatment: 0 mM MT + 0.6 M nitrate; MT-HN,

pretreatment with 0.1 mM MT followed by treatment with 0.6 M nitrate.

FIGURE 5 Effects of exogenous melatonin and nitrate stress on levels of nitrate nitrogen (A) and
ammonium nitrogen (B). Data represent means + SD of 3 replicates. Different letters within a panel
indicate significant differences among treatments according to Duncan’s multiple range tests (P
<0.05). N, normal control treatment: 0 mM MT + 0.05 M nitrate; HN, high-nitrate treatment: 0 mM
MT (melatonin) + 0.6 M nitrate; MT-HN, pretreatment with 0.1 mM MT followed by treatment with

0.6 M nitrate.
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FIGURE 6 Effects of exogenous melatonin and nitrate stress on activities of NR (A), GS (B),
GOGAT (C), and GDH (D). Data represent means + SD of 3 replicates. Different letters within a
panel indicate significant differences among treatments according to Duncan’s multiple range tests (P
<0.05). N, normal control treatment: 0 mM MT (melatonin) + 0.05 M nitrate; HN, high-nitrate
treatment: 0 mM MT + 0.6 M nitrate; MT-HN, pretreatment with 0.1 mM MT followed by treatment

with 0.6 M nitrate.

FIGURE 7 Effects of exogenous melatonin and nitrate stress on relative expression of Cs-NR (A) and
Cs-GOGAT (B). Total RNA was isolated from samples on Days 0, 3, and 9 of stress treatment, then
converted to cDNA and subjected to real-time RT-PCR. Data represent means = SD of 3 replicates.
Different letters within a panel indicate significant differences among treatments according to
Duncan’s multiple range tests (P <0.05). N, normal control treatment: 0 mM MT (melatonin) + 0.05
M nitrate; HN, high-nitrate treatment: 0 mM MT + 0.6 M nitrate; MT-HN, pretreatment with 0.1 mM

MT followed by treatment with 0.6 M nitrate.

FIGURE 8 Schematic showing effects of exogenous melatonin on cucumber growth, based on status
of nitrogen metabolism and mineral nutrition under nitrate stress. The green parts represent nitrogen
metabolism material. NO5™: nitrate nitrogen, NH;*: ammonium nitrogen. The blue parts represent
nitrogen metabolism enzyme. NR: nitrate reductase, GS: glutamine synthetase, GOGAT: glutamate
synthase, GDH: glutamate dehydrogenase. The purple part represents the mineral element. N:
Nitrogen, P: Phosphorus, K: Potassium, Ca: Calcium, Mg: Magnesium. Others: NiR: nitrite reductase,

Gln: glutamine, Glu: glutamic acid.
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