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Abstract: To elucidate the physiological mechanisms underlying the impact of exogenous nickel ions
(Ni2*) on the adaptability of tomato (Solanum lycopersicum L.) seedling roots to low-nitrogen levels,
the cultivar ‘Micro Tom” was selected as the experimental material and cultivated hydroponically
in the cultivation room of the Fujian Agriculture and Forestry University. Two distinct nitrogen
concentrations (7.66 and 0.383 mmol-L~!) and two different levels of Ni?* (0 and 0.1 mg~L_1 of
NiSOy4-6H;0) were employed as treatments. On the 9th day of cultivation, we measured the root
biomass, the concentrations of antioxidant compounds, and the activities of antioxidant enzymes
in the tomato seedlings. The study showed that when the nitrogen levels were low, the growth and
development of the tomato seedling roots were hindered. This led to a significant increase in the levels
of hydrogen peroxide (H,O,), superoxide anion (O, ™), and malondialdehyde (MDA), indicating
oxidative damage to the roots. Conversely, treatment with Ni?* induced a notable increase in the
activity of antioxidant enzymes in the seedlings and augmented the accumulation of nonenzymatic
antioxidants, such as ascorbic acid (ASA) and reduced glutathione (GSH), thereby enhancing the
operational efficiency of the ascorbate—glutathione cycle (ASA-GSH). Consequently, this led to
substantial reductions in the HyO, and MDA levels, ultimately mitigating the oxidative damage
inflicted on the tomato seedling roots subjected to low-nitrogen stress. In conclusion, exogenous Ni?*
can reduce the peroxidative damage of tomato seedlings by promoting antioxidase activity in tomato
seedlings under low-nitrogen stress, improve the tolerance of tomato seedlings to low-nitrogen stress,
and maintain the normal growth and development of tomato seedlings.
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1. Introduction

Nitrogen (N) is an essential plant nutrient and an important component of proteins,
nucleic acids, phospholipids, and certain growth hormones in plants, accounting for
40-50% of the final crop yield [1-3]. Because the plant’s demand for N is the highest
among all mineral elements, N deficiency will inevitably limit normal plant growth and
development [4-6]. The application of N fertilizer in agricultural production tends to
increase crop yield. Vegetable farmers often use excessive N fertilizers in actual production,
applying much more than required for crop growth to improve economic efficiency [7,8].
However, a previous study revealed that excessive nitrogen fertilizer inputs not only did
not improve crop yield and quality but also reduced the efficiency of nitrogen fertilizer
utilization, which increased the loss of nitrogen fertilizer and caused serious environmental
pollution problems [9]. However, a reduction in nitrogen application to a certain level
can produce low-nitrogen stress, which can lead to the excessive production of reactive
oxygen species (ROS) in plants [10,11]. ROS chiefly include hydrogen peroxide (H,O5),
and superoxide anion (O, ~), and they are mainly produced in subcellular organelles such
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as chloroplasts, mitochondria, and the cytosol [12,13]. These ROS are highly reactive and
toxic and can cause damage to proteins, lipids, carbohydrates, and DNA [14]. ROS include
free radicals and non-free radicals (molecules), which can eventually lead to oxidative
stress [15]. These ROS are highly active and toxic and prone to cause damage to proteins,
lipids, carbohydrates, and DNA, which ultimately leads to oxidative stress [16]. ROS
include both free radical and non-free radical (molecular) forms, and under conditions
of adversity stress, plants have very effective enzymatic and nonenzymatic antioxidant
defense systems [17], which work synergistically to scavenge excess ROS, control cascade
oxidation, and protect plant cells from oxidative damage [18,19]. In recent years, mitigating
the damage of low-nitrogen stress on crops by adding exogenous substances has become
an effective way to overcome nitrogen deficiency in the environment. Nickel (Ni) is widely
acknowledged as an essential micronutrient for plants due to its multifaceted biological
roles and functions [18]. When cultivated in nutrient solutions with insufficient nickel levels,
plants may exhibit noticeable symptoms associated with nickel deficiency, exemplified by
the occurrence of “mouse ears or leaflets” (ME-LL) observed in hickory [19,20]. Moreover,
it is worth noting that nickel serves as the sole known activator of urease, an enzyme
responsible for the hydrolysis of urea into ammonia and carbon dioxide. This activation
mechanism effectively prevents the toxic accumulation of urea [21].

Currently, improving plant adaptability to low-nitrogen environments by inducing
physiological and biochemical changes through the application of exogenous substances
has become a crucial research direction due to the increasing prominence of fertilizer issues.
Previous studies have shown that a particular concentration of Ni** can enhance lettuce
growth, resulting in improved nitrogen use efficiency and related antioxidant enzyme
activities. Additionally, the application of an appropriate amount of Ni?* externally has
been shown to promote the photosynthesis of tomato seedlings, resulting in increased
growth and a reduction in the negative effects of low-nitrogen stress. Furthermore, Ni**
has the ability to regulate the carbon and nitrogen metabolism pathways of tomato roots,
thereby mitigating the effects of low-nitrogen levels [22-24]. Notably, these investigations
have primarily focused on aboveground processes and carbon and nitrogen metabolic
pathways. However, the precise physiological mechanisms underlying whether exogenous
Ni?* can alleviate the adverse consequences of low-nitrogen stress on the growth and
development of tomato seedlings by modulating the antioxidant system within the root
system remain incompletely understood. Given that the root system functions as the
primary component responsible for water and nutrient absorption, alterations in plant
defense systems occur when nitrogen concentrations decline, consequently impinging
upon normal growth and development processes [25]. However, there remains a dearth of
research on the physiological mechanism of exogenous nickel ion (Ni?*) promoting low-
nitrogen adaptability in tomato seedlings. To address this gap, the present experiment aims
to investigate the impacts of Ni** on the growth and antioxidant enzyme activities of tomato
seedling roots subjected to low-nitrogen stress. Therefore, in this experiment, we used the
prescreened Ni?* concentration in our laboratory. The outcomes of this investigation are
expected to provide a solid theoretical foundation for enhancing the low-nitrogen tolerance
of tomatoes through the application of exogenous Ni?* in practical agricultural production.

2. Materials and Methods
2.1. Plant Growth and Sampling

This experiment was conducted in the plant culture facility of the Vegetable Research
Institute, located in the Horticulture Science and Technology Building at the Fujian Agri-
culture and Forestry University (119.23° E, 26.08° N). The selected tomato variety for the
experiment was ‘Micro Tom’. Once the seedlings reached the stage of 5 leaves and 1 apex,
seedlings of a similar size were transferred to hydroponic tanks for cultivation. Each hy-
droponic tank accommodated 9 tomato seedlings, and after 3 days of seedling acclimation,
5 tomato seedlings of a uniform size were selected from each tank for the formal treatment.
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In the experiment, two concentration levels were used for Ni**: 0 mg/L (Nig) and
0.1 mg/L (Nig 1), while the nitrogen was set at 0.383 mmol/L (low nitrogen, LN) and
7.66 mmol/L (normal nitrogen, NN). This resulted in a total of four treatment combina-
tions. Among them, the Ni** was supplied by NiSO4-6H,0, with the sulfur (S) content
of 0.1 mg-L’1 NiSO4 accounted for only 0.07% of the S content in the nutrient solution,
rendering the impact of S content in the NiSO4 negligible. The nitrogen treatment was per-
formed using a complete nitrogen nutrient solution formulated according to the Yamazaki
nutrient solution formula. The nutrient solution formulas for the two nitrogen treatments
with different nitrogen concentrations included identical concentrations of CaCly, KH;POy,
KCl, and MgSO,4-7H,0: 1.425, 0.635, 3.168 mmol-L~!, and 0.998 mmol-L~!, respectively.
In the NN treatment, the concentrations of Ca(NOj3),-4H,O, KNO3, and NH4H,PO,4 were
1.499, 3.996, and 0.669 mmol-L 1, respectively. In the LN treatment, these concentrations
were reduced to 0.075, 0.200, and 0.033 mmol-L~!, respectively. During the experiment, the
nutrient solution was replaced every three days for a duration of nine days, commencing
on day 0 of the treatment. The pertinent indices were assessed by taking samples at the
conclusion of the experiment, with each index being measured thrice.

2.2. Root Growth Index

Three tomato seedlings exhibiting uniform and consistent growth were meticulously
chosen. The root systems of these seedlings were thoroughly rinsed with deionized water
and allowed to drain. Subsequently, the roots were carefully excised from the root-stem
union. The fresh weight of the underground portion was accurately measured. Following
this step, the samples were subjected to heat treatment at 105 °C for a duration of 15 min,
and dried at 80 °C for 48 h to constant weight. The dry weight of the samples was
subsequently determined. Simultaneously, three tomato seedlings with consistent growth
were selected to assess the surface area of their root systems using an advanced LA2400
root scanner.

2.3. Root Antioxidant Index

The superoxide dismutase (SOD) activity was determined by the nitrogen blue tetra-
zolium (NBT) method [26], the peroxidase (POD) activity by the guaiacol method [27],
the catalase (CAT) activity by the UV-absorbance method [28], and the malondialdehyde
(MDA) content by the thiobarbituric acid (TBA) colorimetric method [29]. Hydrogen per-
oxide (HyOy) (catalog #H,O,-2-Y), superoxide anion (O, ™) (catalog #5A-2-G), reduced
glutathione (GSH) (catalog #GSH-2-W), oxidized glutathione (GSSG) (catalog# GSSG-
2-W), ascorbic acid (ASA) (catalog #ASA-2A-W), dehydroascorbic acid (DHA) (catalog
#DHA-2-W), ascorbate peroxidase (APX) (catalog #APX-2-W), monodehydroascorbate re-
ductase (MDHAR) (catalog #MDHAR-2-W), dehydroascorbate reductase (DHAR) (catalog
#DHAR-2-W), glutathione S-transferase (GST) (catalog #GST-2-W), thioredoxin peroxidase
(TPX) (catalog #TPX-2-W), glutathione reductase (GR) (catalog #GR-2-W), and glutathione
peroxidase (GPX) (catalog #GPX-2-W) activities were also calculated by the kit (Comin
Biotechnology Co., Ltd., Suzhou, China).

2.4. Statistical Analysis

The data were processed using Microsoft Excel 2016, plotted with SigmaPlot 10.0,
and subjected to two-way ANOVA with Duncan’s multiple range test (p < 0.05) using the
statistical software DPS 17.10.

3. Results
3.1. Effect of Nickel Ions on Root Growth Indices of Tomato Seedlings under Low-Nitrogen Stress

As shown in Table 1, under the same nickel concentration treatment, the fresh weight,
dry weight, and surface area of tomato seedling roots in the LN treatment were all reduced
to different degrees compared to those in the NN treatment. In particular, the fresh weights
decreased significantly under both the 0 (Nig) and 0.1 (Nig ;) mg-L~! Ni?* concentrations,
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which were 40.38% and 28.36%, respectively; the dry weights also decreased significantly
under the Nip; treatment, but none of the root surface areas were significantly affected.
Under the same nitrogen treatment conditions, the Niy ;-treated tomato seedling root fresh
weight, dry weight, and surface area all increased to different degrees compared to the Nij
treatment. In particular, under LN stress, the root fresh weight, dry weight, and surface
area increased up to 54.83%, 31.25%, and 34.83%, respectively; the increase in the root
fresh weight reached a significant level and approached the level of the NN treatment.
In the NN concentration, the Nig;-treated root dry weight also increased significantly
by 33.33% over the Ni0 treatment, but neither the root dry weight nor the surface area
was significantly affected. The above results indicate that low-nitrogen stress significantly
inhibited the accumulation of the root fresh weight in tomato seedlings, and the application
of 0.1 mg-L~! Ni?* significantly alleviated this inhibition and restored it to a level close to
that of the NN treatment.

Table 1. The root growth of tomato seedlings under treatments with different concentrations of N

and Ni?*.
N Ni*
. . Fresh Mass Per = Dry Mass Per Root Fresh Root Dry Root Surface
Concentration/  Concentration/ Plant/ Plant/ Weight/ Weight/ Area/em?
(mmol-L-1) (mg-L-1) 8 8 ght/g ght/g

0383 (LN) 0(Nig) 1.83+0.035° 024 +0.016° 0.31£0.040¢  0.016 £ 0.0019®  29.60 + 5.40 P

' 0.1(Nig ) 2.00£0.042%  028+£0.00252 048 +0.081°  0.021+£0.0036> 3991 +2.692
7.6 (NN) 0(Nip) 1.33+0.0599 0154000749 052+ 0.0762>  0.024 +0.0039>  40.13 + 8.41 2P

' 0.1(Nig ) 1.6240.031°  0.19+0.0050¢  0.6740.0112  0.032 +0.00702  42.87 +4.982

Different letters marked in the same column indicate significant differences among treatments at the 5% level.

3.2. Effects of Nickel Ions on O™, HyO,, and MDA Contents and SOD, POD, and CAT
Activities in the Root System of Tomato Seedlings under Low-Nitrogen Stress

As depicted in Figure 1, the levels of the O,~, HyO,, MDA contents, as well as
the SOD and CAT activities in the tomato seedling roots subjected to the LN treatment
exhibited varying degrees of increase compared to those treated with normal nitrogen
under the same nickel concentration conditions. Notably, at Ni%* concentrations of 0 (Nig)
and 0.1 (Nig1) mg-L’l, the O™ content and SOD and CAT activities were significantly
increased, reaching 59.01%,14.69%, and 54.76%, respectively. Moreover, under the Nig
treatment, the HO, and MDA contents significantly increased. Furthermore, in comparison
to the Ni0 treatment under the same nitrogen treatment conditions, the Nig; treatment
exhibited varying degrees of enhancement in the O, content and the SOD, POD, and
CAT activities, particularly demonstrating significant increases of 14.82%, 41.69%, and
54.84% in the root system under LN stress. Conversely, there were significant increases in
the Oy 7, HyO,, and MDA contents under the NN treatment, while no significant changes
were observed in the SOD, POD, and CAT activities. However, under LN stress, the H,O,
and MDA contents in the tomato seedling roots treated with Nig; exhibited substantial
decreases of 71.70% and 70.10% compared to the Ny treatment, though the O, content
did not demonstrate a significant variation. These findings suggest that the application of
0.1 mg-L’1 Ni?* induced the enhancement of SOD, POD, and CAT activities in the root
system of tomato seedlings, thereby improving their capacity to scavenge reactive oxygen
species and mitigating the peroxidative injuries caused by low-nitrogen stress.
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Figure 1. The contents of (A) O, ~, (B) H,O;, and (C) MDA and activities of (D) SOD, (E) POD, and
(F) CAT in the root system of tomato seedlings under treatments with different concentrations of N
and Ni?*. Different letters above bars indicate a significant difference at p < 0.05.

3.3. Effects of Nickel Ions on Root ASA and Its Metabolic Enzymes in Tomato Seedlings under
Low-Nitrogen Stress

3.3.1. Changes in ASA and DHA Levels

Within the ascorbate—glutathione cycle, the ASA /DHA ratio serves as an indicator
of plant in vivo resistance, with a positive correlation. As depicted in Figure 2A,E, un-
der comparable nickel concentration treatments, the ASA content in the tomato seedling
roots subjected to the LN treatment was notably higher than in those treated with nor-
mal nitrogen, while the DHA content exhibited a significant decrease. Both the ASA
and DHA contents exhibited significant increases at Ni?* concentrations of 0 (Nig) and
0.1 (Nig1) mg-L’l, reaching levels of significance. Moreover, the increases in the ASA
content reached 108.73%, and 95.59%, respectively, whereas the decreases in the DHA
content reached 62.86% and 70.73%, respectively. Consequently, the ASA/DHA ratios
were significantly higher. Under equivalent nitrogen treatment conditions, the Nig; treat-
ment induced noteworthy alterations in the root ASA and DHA contents compared to
the Nij treatment. Specifically, the increases in the root ASA content reached 35.08% and
44.15% under LN stress and NN concentration, respectively, while the decreases in the
DHA content reached 38.46% and 21.90%, respectively. These changes led to substantial
elevations in the ASA/DHA ratios. Taken together, these findings demonstrate that the
application of 0.1 mg-L~! Ni?** can modulate the ASA /DHA ratio and facilitate an increase
in the ASA content within the root system of tomato seedlings, thus reinforcing their
resistance capabilities.
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Figure 2. The ascorbic acid system changes in the roots of tomato seedling under treatments with
different concentrations of N and Ni2*.(A) ASA content. (B) APX activity. (C) MDHAR activity.
(D) DHAR activity. (E) DHA content. Different letters above bars indicate a significant difference at
p < 0.05.

3.3.2. Changes in APX, DHAR, and MDHAR Activities

As shown in Figure 2B-D, under the same nickel concentration treatment, the APX,
DHAR, and MDHAR activities of tomato seedling roots in the LN treatment all increased
to different degrees compared to those in the NN treatment, and the APX and MDHAR
activities increased significantly at the 0.1 (Nig 1) mg-L’1 Ni?* concentration. The increases
reached significant levels of 17.54% and 41.67%, respectively, and the DHAR activity also
rose significantly under the Nij treatment. Under the same nitrogen treatment conditions,
the APX, DHAR, and MDHAR activities increased to different degrees in the Nip ; treatment
compared to the Niy treatment, especially DHAR activity, which increased significantly
in the LN and NN treatments, reaching 45.34% and 66.67%, respectively. The increases in
the root APX and MDHAR activities reached significant levels of 18.24% and 60.38% in
LN stress, while no significant changes were observed in the APX and MDHAR activities
under the NN treatment. The above results indicate that the application of 0.1 mg-L~! Ni?*
improved the enhancement of APX, DHAR, and MDHAR activities in the root system of
tomato seedlings, promoted the reduction of DHA to ASA in the root system, and facilitated
the regeneration of ASA in the ascorbate—glutathione cycling system in the root system of
tomato seedlings, which was conducive to the enhancement of resistance.

3.4. Effects of Nickel Ions on GSH and Its Metabolic Enzymes in the Root System of Tomato
Seedlings under Low-Nitrogen Stress

3.4.1. Changes in GSH and GSSG Levels

GSH/GSSG can be used as a measure of the operational efficiency of the ascorbate—
glutathione cycle in plants with a positive relationship. Figure 3A,B shows that under
the same nickel concentration treatment, LN treatment tomato seedling roots showed a
significant increase in the GSH content compared to the NN treatment and a significant
decrease in the GSSG content. The ASA and DHA contents were significantly increased at
both the 0 (Nip) and 0.1 (Nig 1) mg~L’l Ni?* concentrations and varied at significant levels,
with the GSH content increasing by 45.28% and 58.64%, respectively, and the GSSG content
decreasing by 22.25% and 37.47%, respectively, with both GSH/GSSG ratios increasing
significantly. Under the same nitrogen treatment conditions, the ASA and DHA contents
of the Nijg -treated tomato seedlings had significant changes compared to the Nip-treated
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seedlings. The GSH content of the root system increased by 22.93%, the GSSG content
decreased by 22.70% under LN stress, and the GSH/GSSG ratios were all significantly
elevated. However, there was no significant change in either the GSH or GSSG content
or the GSH/GSSG ratio at the NN concentration. The above results indicate that the
application of 0.1 mg-L~! Ni?* increased the GSH/GSSG ratio and contributed to the
increase in the GSH content in the root system of the tomato seedlings under low-nitrogen
stress, promoting the operation efficiency of the ascorbate-glutathione cycle, which is
favorable for the improvement of the low-nitrogen tolerance of tomato seedlings.
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Figure 3. The changes in the glutathione system in the roots of tomato seedlings under treatments
with different concentrations of N and Ni2*. (A) GSH content.(B) GSSG content. (C) GR activity.
(D) GST activity. (E) GSH-Px activity. (F) TPX activity. Different letters above bars indicate a

significant difference at p < 0.05.

3.4.2. Changes in GR, GST, GPX, and TPX Activities
As illustrated in Figure 3C-F, it is evident that the activities of GR, GST, GPX, and
TPX in the tomato seedling roots exposed to the LN treatment were significantly elevated
compared to those under the NN treatment, even at the same nickel concentration. Specif-
ically, the activities of GR, GST, and TPX increased markedly by 133.33%, 88.52%, and
112.20% at Ni?* concentrations of 0 (Nig) and 0.1 mg-L Ni2*, respectively. Moreover, GPX
activity also increased significantly under the Niy ; treatment. In contrast, no significant
changes were observed in the GR, GST, GPX, or TPX activities under the NN treatment
conditions. Remarkably, in the presence of the Nij; treatment, the activities of GR, GST,
GPX, and TPX showed even more pronounced increases compared to the Nij treatment
under the same nitrogen levels. Specifically, under LN stress, the activities of GR, GST,
GPX, and TPX significantly increased by 30.00%, 20.87%, 40.12%, and 20.14%, respectively.
Conversely, there were no significant alterations in the activities of GR, GST, GPX, and TPX
under the NN treatment. These findings highlight that the application of 0.1 mg-L~! Ni?*
can effectively enhance the activities of GR, GST, and TPX in the root system of tomato
seedlings subjected to low-nitrogen stress. Additionally, this treatment also promoted an
increase in the GSH content. Furthermore, GPX activity facilitates the reaction between
GSH and ROS, resulting in the generation of oxidized glutathione GSSG. This enzymatic
reaction plays a crucial role in safeguarding the root system from ROS-induced damage,
thus ensuring the maintenance of normal cellular functioning.
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4. Discussion

Nitrogen (N) is an essential and widely recognized limiting factor in plant growth and
development, playing pivotal roles in diverse metabolic processes [30]. Due to its crucial
involvement in nitrogen uptake and responses to environmental challenges, studying the
physiological and biochemical changes in the root system holds great research significance
and implications for plant growth [31]. Nickel, an essential micronutrient for plants, has
been extensively studied for its ability to promote plant growth [18]. As a fundamental
indicator that reflects the growth status of plants, the dry and fresh weights of plant roots
can provide an overall indication of the impact of environmental stress on plant roots. The
present study discovered that low-nitrogen stress significantly impeded the overall plant
dry and fresh weight, root dry and fresh weight, root surface area, and other indices of
tomato seedlings. However, the introduction of the Ni?* treatment resulted in varying
degrees of increases in both the dry fresh weight and root surface area of the tomato
seedling roots, consistent with previous findings [22].

Reactive ROS are often generated as a result of abiotic stresses in the natural envi-
ronment. These ROS are highly reactive and toxic, and can cause oxidative stress in plant
tissues [32,33]. However, plants have their own antioxidant defense systems, which in-
clude non-enzymatic components, such as glutathione, proline, x-tocopherol, carotenoids,
and flavonoids, as well as enzymatic components, such as SOD, CAT, GPX, and GR.
Defense mechanisms play a pivotal role in mitigating the harmful effects of ROS accumula-
tion [34,35]. SOD, POD, and CAT are key enzymatic scavenging systems for ROS in plants,
and their activities exert a crucial influence on the plant’s antioxidant defense system [36].
Low-nitrogen stress is considered an environmental stress that can lead to the accumulation
of reactive ROS in plants. Several studies have demonstrated that low-nitrogen levels can
decrease the capacity of ROS scavenging, leading to the excessive accumulation of HyO,
and subsequent membrane lipid peroxidation [37]. In instances where there is a deficiency
in antioxidant capacity, the introduction of exogenous substances through supplementation
can aid in enhancing tolerance to particular stress conditions [38]. The presence of Ni?* as
a trace element in plants has also been shown to enhance the ability of plants to withstand
stress [24]. In the present study, under low-nitrogen conditions, the levels of MDA, H,O,,
and O, in tomato root cells exhibited an increasing trend. In response, tomato roots
activated their own antioxidant defense system by increasing the activities of SOD and CAT
to mitigate the damage caused by ROS to plant cells. However, this ability to self-regulate is
limited. When treated with Ni%* under low-nitrogen conditions, the activities of SOD, POD,
and CAT increased significantly, while the levels of MDA and H,O, decreased significantly,
reducing the excessive accumulation of ROS. The results indicate that Ni?>* had a mitigating
effect on the accumulation of reactive oxygen species and membrane lipid peroxidation in
tomato roots under low-nitrogen stress. This led to an improvement in the low-nitrogen
tolerance of the tomato seedlings to some extent.

The ASA-GSH cycling system, which functions as a vital pathway for ROS scavenging
in plants, holds great importance in maintaining normal plant growth [15]. In the ASA-GSH
cycle, ascorbate peroxidase (APX) utilizes ASA as a substrate to effectively scavenge HyO5.
This enzymatic process involves the utilization of two molecules of ASA to efficiently
reduce H,O, to water, consequently generating monodehydroascorbate (MDHA) [17].
MDHA, known as a transient radical, can become spontaneously disproportionate to form
dehydroascorbate (DHA) and regenerate ASA. Another important enzyme in the cycle is
dehydroascorbate reductase (DHAR), which reduces DHA back to ASA using glutathione
(GSH) as a potent reducing agent [39].

In the research conducted, notable findings were observed in the root system of
tomato seedlings subjected to low-nitrogen stress. The activity of MDHAR and DHAR
was significantly higher in this condition, leading to a considerable increase in the ASA
content and a decrease in the DHA content, which is a byproduct of the reaction between
ASA and H,O;. Consequently, the ASA/DHA ratio was considerably higher compared
to the seedlings treated with normal nitrogen levels. These results demonstrate that the
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application of Ni?* positively influenced the antioxidant enzyme activities and antioxidant
contents in the root system of tomato seedlings under low-nitrogen stress. The addition
of Ni?* significantly amplified MDHAR and DHAR activities, thereby enhancing the rate
of ASA production. Although there was a significant decrease in the DHA content, it was
postulated that Ni?* could bolster the regenerative capacity of ASA within the root system
of tomato seedlings. This, in turn, resulted in a noticeable increase in the ASA content and
an improved ASA /DHA ratio.

APX is considered to be an essential antioxidant enzyme that utilizes ASA as an
electron acceptor to reduce HyO,. During stressful conditions, APX plays a crucial role in
eliminating excess HyO,. The activity of APX is indicative of the plant’s ability to scavenge
H,O, through its ascorbic acid—glutathione circulatory system. The experimental outcomes
revealed a marked elevation in APX activity within the root system of tomato seedlings
exposed to low-nitrogen stress, and this activity was further increased by the addition
of exogenous Ni?*. These findings suggest that Ni** supplementation can enhance the
low-nitrogen tolerance ability of tomato seedlings by fortifying their root system.

Plants establish a comprehensive GSH redox system to mitigate the negative impacts of
ROS on plant physiology by utilizing the redox capacity of GSH itself and integrating GSH
metabolism with other antioxidant pathways [40]. The GSH/GSSG ratio plays a key role in
redox signaling pathways within this system [41], engaging in interactions with hormonal
and redox molecules while participating in signal transduction processes [42—44]. Our
study found that Ni%* treatment under low-nitrogen stress increased the GSH content and
the GSH/GSSG ratio in tomato seedling roots. We also observed changes in the activities of
GR, GST, GPX, and TPX, along with a decrease in the GSSG content. These results suggest
that the Ni?* treatment enhanced the conversion of GSSG to GSH, leading to lower GSSG
levels and a higher GSH/GSSG ratio. Supplementation with Ni?* enhanced GSH synthesis
and improved the conversion of GS5G to GSH under low-nitrogen conditions.

5. Conclusions

The objective of this study was to investigate the effects of reactive ROS accumulation
on the growth and root morphology of tomato plants under low-nitrogen stress. To achieve
this, an appropriate concentration of Ni** was added, and the activity of antioxidant
enzymes and the contents of antioxidant substances in the roots of tomato seedlings were
observed to increase. The efficiency and capacity of the antioxidant system were improved
through this supplementation. This, in turn, inhibited the accumulation of ROS and
enhanced the plants’ ability to tolerate low-nitrogen stress. As a result, the oxidative
damage to the roots of tomato seedlings was alleviated.
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