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Abstract

Nitrate content is an essential indicator of the quality of vegetables but can cause stress at
high levels. This study aimed to elucidate the regulatory mechanisms of nitrate stress toler-
ance in spinach (Spinacia oleraceaL.). We studied the effects of exogenous application of
15 (control), 50, 100, 150, 200, and 250 mM NO3" on spinach growth, physiology, and photo-
synthesis. The results showed that all the nitrate treatments inhibited the growth of the aerial
parts of spinach compared to the control. In contrast, low nitrate levels (50 and 100 mM) pro-
moted spinach root formation, but this effect was inhibited at high levels (150, 200, and 250
mM). Treatment with 150 mM NOj” significantly decreased the root growth vigor. Low nitrate
levels increased the chlorophyll content in spinach leaves, whereas high levels had the
opposite effect. High nitrate levels also weakened the net photosynthetic rate (Pn), the
actual photochemical efficiency of PSII Y(ll), and increased non-photochemical quenching
(NPQ), reducing photosynthetic performance. Nitrate stress increased the activity of nitrate
reductase (NR) and promoted the accumulation of nitrate in spinach leaves, exceeding the
health-tolerance limit for nitrate in vegetables, highlighting the necessity of mitigating nitrate
stress to ensure food safety. Starting with the 150 mM NOj” treatment, the proline and mal-
ondialdehyde content in spinach leaves and roots increased significantly as the nitrate levels
increased. Treatment with 150 mM NOj" significantly increased soluble protein and flavo-
noid contents, while the activities of superoxide dismutase (SOD), peroxidase (POD), cata-
lase (CAT), and ascorbate peroxidase (APX) were significantly reduced in leaves. However,
spinach could resist nitrate stress by regulating the synthesis of osmoregulatory substances
such as proline, thus showing some nitrate tolerance. These results provide insights into the
physiological regulatory mechanisms of nitrate stress tolerance and its mitigation in spinach,
an essential vegetable crop.

Introduction

Spinach (Spinacia oleracea L.) is a popular and nutritious vegetable from the Chenopodiaceae
family [1]. It is a rich source of vitamin C, carotene, protein, flavonoids, lutein, folic acid,
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minerals, and other nutrients [1, 2]. Spinach is a green leafy vegetable commonly grown and
consumed in China. It is considered one of the healthiest vegetables in the human diet and is
cold-resistant and adaptable [3]. Spinach is also a good source of chlorophyll and is helpful for
digestion [4, 5]. However, they can quickly accumulate nitrate, which affects human health [6].

China is one of the major saline countries in the world, with a large saline area that increase
annually, which can seriously affect the rate of change and quality of saline soils. Improper
irrigation and excessive use of chemical fertilizers can cause soil degradation and secondary
salinization of good farmlands [7]. In recent years, with the continuous increase in vegetable
cultivation facilities, farmers tend to use a large amount of nitrogen fertilizer to increase the
yield of vegetables. This is due to the nature of the environment of most protected green-
houses, which is characterized by high surface temperature, evaporation, and no rain, coupled
with continuous cultivation and other inappropriate methods, leading to secondary saliniza-
tion of the soil [8]. The excessive use of these nitrogen fertilizers leads to the accumulation of
nitrate in plants and soils, which weakens plant resistance, inhibits growth and development,
affects the safety and quality of agricultural products, and severely limits agricultural produc-
tion [9, 10]. Nitrate can be converted to nitrite in the digestive tract but the consumption of
vegetables with high nitrate content is potentially hazardous to health [11]. If saline soil can
be rationally utilized, it can promote vegetable production and the problem of insufficient veg-
etable land can be alleviated. Therefore, improving the salt tolerance of vegetable crops is an
effective way to make rational use of saline soil, which is of great significance for improving
the quality of vegetable products and providing potential nutrients for humans.

Salt stress is a critical environmental factor because it causes an imbalance in plant nutri-
tion, water deficit, oxidative stress, and disruption of cellular ion homeostasis [12, 13]. Spinach
is known to be tolerant to mild salinity [14, 15] and accumulates salt in the leaf cells, but not in
the apoplast [16]. Salt stress can affect the nutritional quality and promote physiological
changes in spinach [17, 18]. Most early studies on salt stress have focused on NaCl [19, 20].
However, there have been few investigations on nitrate stress in spinach. It has been reported
that excessive accumulation of nitrate inhibits the growth and development of vegetable crops
in protected farmlands in China [21], However, little is known about the effect of nitrate on
physiological mechanisms. Thus, in this study, changes in growth and physiological character-
istics of spinach under different levels of nitrate stress were investigated to explore the physio-
logical role of plants against nitrate stress in order to further understand the importance of
reducing nitrate stress and provide a theoretical basis for it.

Materials & methods
Plant material

The spinach variety Fire Phoenix 119 was obtained from Tuochetou International Co., Ltd. in
Hebei, China. Experimental trials were conducted at the College of Horticulture, Gansu Agri-
cultural University, Lanzhou (36°03'N, 103°40'E), China. Spinach seeds with whole grains and
uniform size were selected, rubbed, dispersed to remove spines, and then cold treated at 4 °C
for 24 h to break dormancy. The seeds were then disinfected in 5% NaClO solution for 30 min,
washed with deionized water, immersed in clean water, and shaken on a shaker for 12 h. The
seeds were wrapped in wet towels and placed in an artificial climate box under dark conditions
at 18 °C to accelerate uniform germination. Germinated seeds were planted in a perforated
tray containing vermiculite and perlite in a ratio of 3:1 as seedling substrates. The seedlings
were placed in an artificial climate box with a relative humidity of 70-80% and temperature

0f 20 °C and 16 °C under 12 h light (20000 Lx) and 12 h dark cycle, respectively. Seeds were
watered with 1/8 Hoagland nutrient solution during substrate breaking to transplant. Then,
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spinach seedlings with four leaves and one heart with the same growth tendency were selected
and transplanted into hydroponic boxes containing the Hoagland nutrient solution. The nutri-
ent solution was changed every 5 days.

Experimental design

Twenty days after transplantation, spinach plants of uniform growth and size were selected
and treated with different nitrate concentrations until sampling. The nitrate stress test was
conducted in a completely randomized design with a split-plot arrangement of three replicates.
The following six treatments were used: Normal Hoagland nutrient solution (control), 50 mM
NO; (T1), 100 mM NO3™ (T2), 150 mM NO;™ (T3), 200 mM NOj;™ (T4), and 250 mM NO;”
(T5). The NO;3™ concentration in the normal nutrient solution was 15 mM, the excess NO5

in the stress treatment was provided by Ca (NO3) ,-4H,0O and KNOj3, half each, and the pH
was maintained at approximately 6.0. Based on the normal nitrate ion concentration, the
required amount of nitrate ions was added to reach the treatment concentration. Plants were
maintained using conventional methods, and all treatments were consistent. After one week of
treatment, samples were collected, and the corresponding indices were determined.

Growth parameters and biomass

After one week of treatment, the leaf length and width of each spinach plant were measured
with a ruler, and each treatment was repeated five times. Spinach leaves and roots were
scanned using an EPSON Expression 1100XL scanner (WinRHIZO ProLA2400, Canada), and
photos were analyzed for leaf area, root length, root surface area, root volume, number of root
tips, and branch number using Win RHIZO 5.0. Nine spinach plants were randomly harvested
from each treatment group and divided into underground and aboveground parts. The fresh
weight was first weighed separately, then oven-dried at 105 °C for 30 min, and then dried at 80
°C to obtain a constant dry weight, and the relevant indices were calculated.

Root activity

The triphenyltetrazolium chloride (TTC) procedure was used to estimate root activity [22].
Then, 0.5 g of root tip sample was weighed into the test tube, added 5 ml each of phosphate
buffer pH 7.0 and 0.4% TTC solution, held for 1 h at 37 °C, then added 2 ml of 1 M sulfuric
acid was added to terminate the reaction, then removed the root system and filtered the water,
put it into a mortar with 3 ml of ethyl acetate and ground it thoroughly, filtered it into a gradu-
ated test tube, washed the residue twice, fixed the volume to 10 ml. Meanwhile, the experiment
required a set of blank tests; 2 mL of 1 M sulfuric acid was added first, followed by plant roots,
and other operational steps remained unchanged. The blank test was first used as a standard
for zeroing, and then, the absorbance value of the solution to be measured was read at 485 nm.
Based on the standard curve, the TTC reduction was calculated by substituting it into the lin-
ear regression equation. The root reduction intensity was calculated according to the TTC
reduction intensity equation. This was used to indicate root vigor strength.

Calculations of photosynthetic pigment concentrations

Freshly shredded and mixed leaves were weighed to the nearest 0.1 g and placed at the bottom
of a sealed 20 ml test tube. Then, 10 ml of 80% acetone was added, and the test tube was kept
in the dark for 48 h with 12 h of shaking. When the leaves turned completely white, the
optical density values of the extracted solutions were measured at 663 nm and 645 nm using a
UV-1780 spectrometer (Shimadzu, Japan) and zeroed with acetone (80%). The contents of
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chlorophyll a, chlorophyll b, total chlorophyll, and carotenoids were calculated using the fol-
lowing equations:

Chla (mg- g 'FW) = (12.71 x ODg, — 2.59 x ODy,;) % (V/1000W)
Chlb (mg - g 'FW) = (22.88 x OD,,, — 4.67 x OD,;) x (V/1000W)

Total Chl (mg - g 'FW) = Chla + Chlb = (20.29 x OD,,; + 8.04 x OD,) x (V/1000W)

V: Total volume of sample extraction solution (ml); W: Sample mass (g).

Calculations of photosynthetic gas exchange parameters

The net photosynthetic rate (Pn), stomatal conductance (Gs), intercellular CO, concentration
(Ci), and transpiration rate (Tr) were measured using a CIRAS-2 portable photosynthesis sizer
(PPSYSTEM, UK) from 9:00 am-11:00 am.

Calculations of chlorophyll fluorescence parameters

After 7 days of nitrate treatment, three plants from each treatment were randomly selected
from three replicates. After 30 min of dark acclimation, leaves of the same size and leaf posi-
tion were selected to measure the chlorophyll fluorescence parameters of spinach leaves (ETR:
electron transport rate; Fv/Fm: maximum photochemical quantum yield of PSII; NPQ: non-
photochemical quenching; qP: photochemical quenching coefficient; Y(II): quantum efficiency
of PSII photochemistry) using an Imaging-PAM chlorophyll fluorometer (Walz Effeltrich Ger-
many) [23]. The detection parameters were set to 0.1 umol ms™ for light detection, 111 pmol
m s for photochemical light, 2700 umol m™ s for saturation pulse light, 0.8 s for pulse light
saturation time, and 20 s for time interval.

Calculations of nitrate content and nitrate reductase (NR) activity

Nitrate content was determined using a colorimetric method [24]. NR activity was determined
using an NR activity assay kit. (Kemin Biotechnology Co., Suzhou, China).

Calculations of soluble protein, proline, malondialdehyde and flavonoids

The soluble protein content was determined using Coomassie’s brilliant blue G-250 method
[25]. The proline content was determined using the acid ninhydrin method [26]. Malondialde-
hyde content was determined using the thiobarbituric acid method [27]. The flavonoid con-
tent was determined using the colorimetric method [28].

Calculation of antioxidant enzyme activity

Superoxide dismutase (SOD) levels were determined using the method of Giannopolitis &
Ries [29]. Peroxidase (POD) was determined using the method of Chance & Maehly [30]. Cat-
alase (CAT) was determined using the method described by Aebi [31]. Ascorbate peroxidase
(APX) was determined as described by Nakano & Asada [32].

Statistical analysis

Data were analyzed by one-way analysis of variance (ANOVA) using the SPSS package
program (version 20.0; SPSS Institute Ltd, USA). The experiment was repeated 3-5 times.
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Duncan’s test was used for significance (p < 0.05). Origin 2022 was used to draw graphs with
standard error bars, and the values of the last graph are the average values of 3 or 5 repetitions.

Results
Plant morphology

Different nitrate treatments cause a distinctive shoot morphology. Hence, we decided to inves-
tigate the effect of different nitrate treatments (15 (control), 50, 100, 150, 200, and 250 mM
NO;") on the shoots and roots by photographing the whole plant body (Fig 1). The data
showed that the application of lower doses (50 and 100 mM) had a positive effect on the spin-
ach phenotype. In contrast, higher doses (150 to 250 mM) resulted in plant dwarfism and
reduced leaf area. Hence, our data strongly suggest that nitrate exerts a dose-dependent effect
on spinach morphology.

Leaf growth parameters

Since the leaf is the major vegetative part of spinach, we focused on phenotyping various leaf-
related parameters. Different nitrate concentrations significantly decreased the leaf length,
width, and area of spinach (S1 Table). The leaf length of plants treated with T1, T2, T3, T4, and
T5 decreased significantly compared to that of the control group. The leaf widths of T3, T4,
and T5 decreased significantly by 8.30%, 9.81%, and 28.30%, respectively, compared to the
control group. The leaf areas of the T4 and T5 treatments decreased significantly by 24.81%
and 34.07%, respectively, compared to the control group.

Biomass

The different nitrate treatments inhibited spinach biomass accumulation (S2 Table). Com-
pared with the control group, treatments T2, T3, T4, and T5 significantly reduced the fresh
weight of aboveground plant parts by 25.84%, 36.80%, 36.56%, and 37.60%, respectively. In
contrast, treatment T5 significantly reduced the fresh weight of belowground parts and the dry

—
10cm

—_
2cm

Fig 1. Effect of different nitrate levels on spinach.

https://doi.org/10.1371/journal.pone.0283787.9001
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Fig 2. Effect of different nitrate levels on the morphology of spinach roots.

https://doi.org/10.1371/journal.pone.0283787.9002

weight of aboveground parts by 19.73% and 19.84%, respectively. There were no significant
differences between the different nitrate treatments regarding the dry weight of the below-
ground parts. The relative water content in treatments T2, T3, T4, and T5 decreased signifi-
cantly by 1.97%, 2.73%, 3.17%, and 3.19%, respectively, compared with the control group.

Root system morphology

Spinach roots from the different treatments were washed and scanned using a root scanner,
and the root system architecture was analyzed. Treatments T1 and T2 promoted spinach root
growth. In contrast, treatments T3, T4, and T5 significantly inhibited root growth compared
to the control group (Fig 2). The total root length, volume, surface area, and the number of
branches of spinach roots first increased and then decreased with increasing nitrate concentra-
tion (S3 Table). The inflection point of each parameter occurred in the T3 treatment. Com-
pared to the control group, total root length and total root volume significantly decreased by
18.45% and 9.80%, respectively, in the T3 treatment, while total root surface area, the number
of root tips, and the number of branches decreased by 11.68%, 9.65%, and 4.60%, respectively.

Root vigor

The application of different nitrate levels decreased spinach root vigor (Fig 3). The root vigor
of treatments T1 and T2 were not different from that of the control group. Treatments T3, T4,
and T5 were significantly decreased compared to the control group by 22.88%, 16.31%, and
18.83%, respectively.

Chloroplast pigment and photosynthetic system

Chloroplast pigment. The chlorophyll a, chlorophyll b, and total chlorophyll content
in spinach first increased and then decreased with increasing nitrate concentration (Fig 4).
Compared to the control group, the chlorophyll a, chlorophyll b, and total chlorophyll con-
tents of treatment T2 significantly increased by 11.73%, 16.25%, and 12.87%, respectively.
Treatment T5 significantly decreased the chlorophyll a content by 27.16% compared to the
control group. The chlorophyll b content in treatments T3, T4, and T5 significantly decreased
by 22.48%, 21.79%, and 26.53%, respectively, compared to the control group. The total chloro-
phyll content in treatments T3, T4, and T5 decreased significantly by 8.24%, 10.66%, and
27.01%, respectively, compared to the control group. These results suggest that the nitrate con-
tent could be a significant influencer of photosynthetic pigments in spinach.
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Fig 3. Effect of different nitrate levels on the root activity of spinach. Mean values with different alphabets differ significantly at (p < 0.05) by
Duncan’s test.
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With increasing nitrate content, Pn, Gs, and Tr decreased to varying degrees. In contrast, the
change in Ci was not significant (Fig 5). The Pn values (Fig 5A) of treatments T1 and T2 were
not different from that of the control group. The Pn value decreased significantly when the
nitrate level increased to 150 mM (T3 treatment). The Pn of treatments T3, T4, and T5
decreased significantly compared to the control group by 40.05%, 50.65%, and 59.36%, respec-
tively. The Gs (Fig 5B) of treatments T1, T2, T3, T4, and T5 decreased significantly compared
to control group by 38.29%, 41.07%, 57.52%, 66.66%, and 76.38%, respectively. The Ci (Fig
5C) showed a small decrease in the T1 treatment, but the difference was not significant com-
pared to the control group, and then a small increase with increasing nitrate, but none of the
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Fig 4. Effect of different nitrate levels on chlorophyll a, chlorophyll b, and total chlorophyll contents of spinach. Mean values with different
alphabets differ significantly at (p < 0.05) by Duncan’s test.

https://doi.org/10.1371/journal.pone.0283787.9004

differences were significant compared to the control group. Overall, there was no significant
change in Ci with increasing nitrate concentrations. Tr (Fig 5D) of treatments T1, T2, T3, T4,
and T5 decreased significantly compared to control group by 23.19%, 20.05%, 31.88%, 40.58%,
and 55.07%, respectively. In conclusion, nitrate treatment decreased Pn, stomatal conduc-
tance, and transpiration rate of spinach without significant effects on intercellular CO,
concentration.

Chlorophyll fluorescence parameters

The application of different amounts of nitrate decreased Fv/Fm, Y(II), qP, and ETR, and
increased NPQ (Fig 6). The Fv/Fm, Y(II), qP, NPQ, and ETR of the T1 treatment were not sig-
nificantly different from those of control group. Fv/Fm, Y(II), qP, and ETR of T3 treatment
decreased significantly compared to the control group by 1.32%, 1.57%, 3.01%, and 17.99%,
respectively, whereas NPQ increased by 24.70%. Fv/Fm, Y(II), qP, and ETR in the T5 treat-
ment decreased significantly compared to the control group by 2.47%, 4.16%, 8.19%, and
32.29%, respectively, while NPQ increased significantly by 42.31%. These results suggest that
the nitrate content can influence the photosynthetic performance of spinach.
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Nitrate content and NR activity

NR is the key enzyme for converting nitrate-nitrogen to ammonium-nitrogen in plants. When
plants ingest nitrate, it must be reduced metabolically by NR before being used by plants.
Therefore, NR plays a key role in plant nitrogen metabolism. The accumulation of nitrate in
spinach leaves increased with increasing nitrate content (Fig 7A). The accumulation of nitrate
in the control group was the lowest at 1445.18 mg kg ™', which was within the range of the
national standards for tolerance limits for nitrate in vegetables. The accumulation of nitrate in
treatments T1, T2, T3, T4, and T5 increased significantly compared to control group (87.33%,
190.44%, 348.94%, 396.89%, and 542.49%, respectively). However, the differences between the
T3 and T4 treatments were not significant. The activity of NR in spinach leaves showed a
trend that first increased and then decreased with increasing nitrate levels (Fig 7B). All
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treatments were higher than in the control group, with increases of 29.41%, 35.63%, 13.79%,
20.99%, and 22.21%, respectively. However, T3, T4, and T5 treatments were not significantly
different from the control. Thus, the presence of a certain amount of NO;™ induces NR

activity.
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Contents of soluble protein, flavonoids, proline, and malondialdehyde

The soluble protein content was significantly higher in treatments T2 and T3 than in the con-
trol group by 2.34% and 2.59%, respectively. The application of nitrate at different concentra-
tions initially increased the flavonoid content in spinach compared with that of the control
group. The flavonoid content in treatments T2 and T3 significantly increased by 16.25% and
54.09%, respectively, compared to that of the control group. The flavonoid content in treat-
ments T4 and T5 decreased significantly by 28.10% and 30.76%, respectively, compared to the
control group. The proline content in spinach leaves and roots increased with increasing
nitrate levels. The proline content in spinach leaves in treatments T2, T3, T4, and T5 signifi-
cantly increased by 188.11%, 202.76%, 487.91%, and 956.63%, respectively, compared to the
control group. The proline content in spinach roots in treatments T3, T4, and T5 significantly
increased by 154.12%, 332.21%, and 560.14%, respectively, compared to the control group. It
was measured that spinach, under nitrate stress, accumulates a high amount of proline, which
is a highly desirable osmoregulatory substance that protects spinach growth under osmotic
stress. The malondialdehyde content reflects the degree of damage to plants caused by salt
stress. The malondialdehyde content in spinach leaves and roots showed an increasing trend
with increasing nitrate levels. The malondialdehyde content in spinach leaves in treatments
T2, T3, T4, and T5 significantly increased by 33.35%, 39.81%, 55.69%, and 43.76%, respec-
tively, compared to the control group. The malondialdehyde content in spinach roots in treat-
ments T2, T3, T4, and T5 significantly increased by 54.80%, 154.20%, 221.48%, and 269.00%,
respectively, compared to the control group. It can be seen that the higher the nitrate concen-
tration, the more the spinach was damaged (S4 Table).

Antioxidant enzyme activity

SOD, POD, CAT, and APX are the major antioxidant enzymes that scavenge ROS and play
essential roles in the antioxidant system of plants. SOD, POD, CAT, and APX activities of
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spinach leaves and roots treated with different amounts of nitrate showed a similar trend (Fig
8). The SOD activity of spinach roots (Fig 8A) of treatments T2 and T3 significantly increased
compared to the control group by 24.87% and 27.47%, respectively. In contrast, the activity of
leaves (Fig 8A) in treatments T2, T3, T4, and T5 significantly decreased compared to the con-
trol group (8.78%, 6.39%, 10.39%, and 12.60%, respectively). The POD activity of spinach
roots and leaves (Fig 8B) in treatments T3, T4, and T5 were significantly lower than that of the
control group by 34.07%, 38.54%, 45.79%, 18.39%, 20.27%, and 29.82%, respectively. Treat-
ments T1 and T2 were higher than in the control group but did not differ significantly. The
CAT activity of spinach roots (Fig 8C) was significantly higher than that of the control group
in the T2 treatment, with an increase of 28.13%, and significantly lower than that of the control
group in the T3, T4, and T5 treatments, with decreases of 15.63%, 18.75%, and 25.00%, respec-
tively. The CAT activity of the leaves (Fig 8C) was significantly higher than that of the control
group at the T1 treatment, with an increase of 17.35%, and significantly lower than that of the
control group at T2, T3, T4, and T5 treatments, with decreases of 29.50%, 19.20%, 40.35%, and
42.30%, respectively. The APX activity of spinach roots (Fig 8D) was significantly higher than
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that of the control group in T1 and T2 treatments, with an increase of 19.40% and 53.46%, and
significantly lower than in the control group in T3, T4, and T5 treatments, with a decrease of
21.82%, 27.60%, and 47.92%, respectively. The APX activity of leaves (Fig 8D) was significantly
lower than in the control group in T2, T3, T4, and T5 treatments, with decreases of 24.03%,
31.41%, 37.71%, and 48.97%, respectively.

Discussion
Growth parameters

Salt is one of the most critical abiotic stressors that inhibit plant growth and development [33],
and external morphology and growth status are the most visible indicators of the extent of salt
damage to plants [34]. Salt stress has been shown to significantly inhibit the growth of the leaf
length, leaf width, and leaf area of apple seedlings [35] and tropical lawns [36]. Chen et al. [37]
showed that high nitrate stress reduced the leaf length, leaf width, leaf area, and biomass of
alfalfa. The different nitrate levels in this experiment showed significant inhibition of spinach
growth and reduced leaf length, width, and area compared to the control. Salt stress has a sig-
nificant inhibitory effect on the biomass of wheat seedlings [38] and tomatoes [39]. Gou et al.
[40] showed that nitrate stress significantly reduced the fresh and dry weights of cucumber
seedlings. This experiment showed that nitrate stress inhibited the aboveground and below-
ground fresh weight and aboveground dry weight of spinach, which was generally consistent
with the previous studies mentioned above.

Lv et al. [41] showed that low-N stress significantly increased the total root length, total sur-
face area, and root tip number of wheat. In tobacco plants, low nitrate levels promote root
growth, while the opposite promotes root growth [42]. Khan et al. [43] showed that the root
growth of Atriplex griffithii var. stocksii showed substantial promotion at 90 mM NaCl; Bern-
stein & Kafkafi [44] showed that salinity limits the growth of the root system. This experiment
showed that low nitrate levels had a promoting effect on total root length, total root volume,
total root surface area, number of root tips, and number of branches of spinach. In contrast,
high nitrate levels had an inhibitory effect, consistent with the results of previous studies men-
tioned above. Calcium nitrate stress has also been shown to inhibit the growth of pakchoi seed-
lings significantly [45], resulting in significant decreases in plant height, root length, leaf area,
root volume, and plant dry and fresh weights. In summary, nitrate stress affects spinach
growth and biomass accumulation, with low nitrate levels promoting root growth and above a
specific range producing an inhibitory effect.

Root growth and vigor directly affect individual plant growth, nutritional status, and yield.
Therefore, the root vigor index is an important indicator [46]. It has been shown that salt stress
can significantly affect the root vigor of lettuce [47] and mulberry-grafted seedlings [48]. In
this study, the root vigor of spinach decreased significantly when the NO5™ concentration
reached 150 mM, and the difference was significant compared to the control. However, when
treated with a low NO;™ concentration, the root vigor was not significantly different from that
of the control. This may be because plants maintain root vigor at a specific range of NO;™ con-
centrations to adapt to external stress through their regulatory system. When the stress level
exceeds the regulatory capacity of plants, root cell growth is delayed, and root vigor is reduced,
which in turn impairs the uptake of water and mineral nutrients by plants, thus affecting nor-
mal plant growth [49].

Chloroplast pigment and photosynthetic system

The chlorophyll content is an essential indicator of photosynthetic performance [50]. When
plants are subjected to salt stress, various physiological processes directly or indirectly
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influence chlorophyll content and photosynthesis [51]. Gautam & Singh [52] found that the
photosynthetic pigments in the leaves of maize seedlings decreased sharply with increasing salt
stress. Akladious & Mohamed [53] reported that salt stress causes a significant reduction in
chlorophyll a, chlorophyll b, carotenoids, and total chlorophyll in pepper plants. Previous
studies have found that mild salt stress increases spinach chlorophyll content [54], whereas
high salt (172 or 200 mM NaCl) reduces spinach chlorophyll content [55-57]. This experiment
also showed that low nitrate levels increased the chlorophyll content in spinach, whereas high
nitrate levels resulted in a significant decrease in chlorophyll content. This could be because
the integrity of the chloroplast vesicle membrane is damaged under nitrate stress, which accel-
erates the degradation of photosynthetic pigments, weakening the photosynthetic efficiency
[58].

Photosynthesis is crucial in plant growth and development and is the basis for plant sur-
vival. It also plays an essential mediating role in the carbon and oxygen cycles of Earth [59].
The mechanism of damage to plant photosynthesis under nitrate stress is not fully understood.
Under saline conditions, salts accumulate in large amounts in the soil and cause osmotic stress
and disruption of nutrient ion homeostasis in plants, which in turn affects the metabolic func-
tion of plant cells, reduces the photosynthetic capacity of plants, and inhibits plant growth,
development, and productivity [59]. When plants are exposed to salt stress, leaf stomata con-
tract, and Gs decrease, limiting the transport of CO, to chloroplasts and the evaporation of
leaf water, which in turn inhibits leaf photosynthesis and transpiration [60]. Plant photosyn-
thetic capacity is limited by both stomatal and non-stomatal factors [61]. When Gs and Ci
decrease, the weakening of Pn may be caused by the limitation of the stomatal factors. When
Gs decreases and Ci remains largely unchanged, or even increases, the weakening of Pn may
be caused by the limitation of non-stomatal factors, including the external environment, affect-
ing the assimilative capacity of leaf pith cells, or the deterioration of photosynthetic perfor-
mance [62, 63]. In this study, nitrate stress decreased Pn and Gs, while Ci slightly increased.
However, the difference was not significant compared with the control group, indicating that
nitrate stress may reduce the photosynthetic capacity of spinach by limiting non-stomatal fac-
tors [63]. Lan et al. [64] showed that a reduction in the photosynthetic rate of cucumber under
nitrate stress was due to non-stomatal limitation, which negatively affected plant growth, con-
sistent with the results of the present study. The results of this study showed that a turning
point Pn occurred when the NO;™ concentration was 150 mM. Pn decreased significantly
when the NO;™ concentration further increased. One reason for this change could be the
decrease in chlorophyll content and osmotic stress caused by the high NO;™ concentration,
which led to a decrease in the photosynthetic rate [65]. It was also shown that the photosyn-
thetic gas exchange parameters of pakchoi [66] and Isatis indigotica Fort [67] were significantly
reduced, and plant growth was inhibited under salt stress. It was also shown that salt stress sig-
nificantly reduced Pn, Gs, and Tr and increased Ci in the leaves of lettuce seedlings, indicating
that the decrease in photosynthesis was mainly due to non-stomatal factors, implying that the
decrease in photosynthetic activity of leaf pith cells caused a decrease in photosynthesis [51].
This was consistent with the results of this experiment.

Plant chlorophyll fluorescence is closely related to photosynthetic efficiency and may reflect
the degree of damage to plant photosynthesis by stress, and it is also known as the internal
probe of photosynthesis [68]. Among the chlorophyll fluorescence parameters, Fv/Fm indi-
cates the maximal quantum yield of PSII photochemistry, which is an efficient indicator of the
degree of PSII photoinhibition [62]. Y(II) is the quantum efficiency of PSII photochemistry,
which can be used to characterize the photosynthetic capacity of plants [69]. The ETR is a
parameter that indicates the magnitude of the photosynthetic capacity of plants and reflects
the apparent electron transfer rate of plants under actual light intensity [70]. QP is the
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photochemical quenching coefficient, which reflects the share of light energy absorbed by PSII
antenna pigments for photochemical electron transfer, and represents the degree of opening of
the PSII reaction center [71]. The non-photochemical quenching coefficient NPQ indicates
that the light energy absorbed by the antenna pigment cannot be used for photochemical elec-
tron transfer but for thermal dissipation [72]. The larger the NPQ, the smaller the damage to
the PSII reaction center [62]. Important information about PSII can be obtained by analyzing
chlorophyll fluorescence parameters [73]. Khaled Al-Taweel & Wadano [74] showed that salt
stress impairs PSII repair, thereby enhancing photoinhibition. In addition, Athar et al. [75]
reported that salt stress reduces the efficiency of transferring energy absorbed by antenna chlo-
rophyll a to the reaction center of PSII and damages or dissociates light-harvesting proteins.
Lan et al. [64] showed that the levels of Fv/Fm, Fv’/Fm’, qP, and ETR were reduced and the lev-
els of qN increased in cucumber leaves under nitrate stress, indicating that stress inhibits the
uptake and utilization of light energy and the rate of electron transfer and increases the heat
release of light energy. Spinach plants prevent light damage by dissipating heat, which can be
learned using NPQ [73]. In this experiment, Fv/Fm, Y(II), qP, and ETR of spinach leaves
gradually decreased, and NPQ gradually increased when the nitrate concentration gradually
increased. This experiment showed that the application of nitrate stress weakened the uptake
of light energy and the conversion efficiency of spinach leaves, inhibited the electron transfer
of PSII reaction centers, and weakened photosynthesis, thus inhibiting plant growth and devel-
opment. This is in general agreement with the trends observed in photosynthesis.

Nitrate content and NR activity

The nitrate content is an efficient index for evaluating the quality of vegetables [76]. Numerous
studies have shown that the amount of nitrogen fertilizer promotes the accumulation of nitrate
in vegetables to some extent and that nitrogen content is positively correlated with nitrate
content [77]. This experiment showed that nitrate stress significantly increased the nitrate con-
tent in spinach, which is consistent with the results of previous studies. NR is a crucial enzyme
for the conversion of nitrate to ammonium nitrogen in plants [78], which has a relevant effect
on plant growth and development, yield, and quality. In this experiment, the activity of NR

in spinach leaves first increased and then decreased with increasing nitrate levels, but in all
cases, it was higher than that of the control. This is consistent with findings on salt stress in
Thellungiella halophila [79], where nitrate reductase activity increased and then decreased
with increasing salt concentration.

Osmotic adjustment and antioxidation

Soluble proteins are important osmoregulators in plants [80]. Numerous studies have shown
that soluble protein content is significantly increased when plants are subjected to osmotic
stress to maintain the osmotic balance of plant cells, thus mitigating damage to the plant [81].
In this study, osmotic stress due to nitrate increased soluble protein content. Flavonoids in
vegetables scavenge free radicals and increase the antioxidant capacity of plants [82]. Studies
have shown that the flavonoid content in plants is affected by nitrogen content [83]. In this
experiment, low nitrate levels increased flavonoid content in spinach, whereas high levels
decreased flavonoid content. This may be because spinach accumulates flavonoids within a
specific range through its own regulatory ability to scavenge free radicals and improve its anti-
oxidant capacity. At the same time, high levels of nitrate can disrupt this regulation. Studies
have shown that proline is a crucial osmoregulatory compound in plants. When plants are
exposed to osmotic stress, proline accumulates in large amounts to maintain water balance,
regulate intracellular osmotic pressure, and stabilize the structure of biomolecules [84, 85].
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This experiment showed that the proline content in spinach roots and leaves increased signifi-
cantly with increasing treatment concentrations, indicating that cellular water uptake became
more complex, and plants balanced osmotic pressure by accumulating a large amount of pro-
line. This is consistent with the results of previous studies on cucumber [86] and tomato seed-
lings [87] under nitrate stress. Studies have shown that salt stress leads to a considerable
accumulation of reactive oxygen species in plants and causes peroxidative damage to cell mem-
brane lipids, resulting in higher MDA content in plants, the level of which may reflect, to some
extent, the extent of cell membrane damage [88, 89]. It was found that nitrate stress increased
malondialdehyde content and membrane lipid peroxidation in cucumber roots and leaves [86,
90]. In this study, nitrate stress significantly increased the MDA content in spinach roots and
leaves, suggesting that nitrate stress disrupts the integrity of the cell membrane system and
increases the extent of membrane lipid peroxidation.

Antioxidant enzyme protection systems act synergistically in plants to protect cell mem-
branes from reactive oxygen species, inhibit membrane lipid peroxidation, and allow normal
plant growth and metabolism [91]. Treatment with low NaCl concentration increased the
activity of antioxidant enzymes and promoted the growth of Thellungiella halophila, whereas
treatment with high NaCl concentration caused a decrease in SOD activity [92]. In this experi-
ment, low nitrate levels caused higher SOD, POD, CAT, and APX activities in spinach roots
and leaves than in the control group, which might be one of the stress responses of plants to
resist the stress. High nitrate levels significantly decreased the activity of antioxidant enzymes
in the roots and leaves of spinach. This is consistent with the results in tomatoes under salinity
stress, where low salinity concentrations increased SOD and CAT activities, while high con-
centrations decreased enzyme activities [93]. However, there were differences in the changes
in SOD, POD, CAT, and APX activities, which all decreased in tomato seeds [94] and cucum-
ber [86] under nitrate stress. This experiment showed that SOD, POD, CAT, and APX are
coordinated under stress conditions to maintain low oxygen species in plants and ensure nor-
mal plant growth; however, there is a limit to the effect of the antioxidant enzyme protection
system. At low concentrations, antioxidant enzymes in plants can independently scavenge
reactive oxygen, and enzyme activity increases. Once this range is exceeded, the enzyme pro-
tection system is damaged and activity decreases. Therefore, the reactive oxygen species can
no longer be scavenged, and the antioxidant capacity of plants weakens.

Conclusions

This study investigated the effects of different nitrate levels on the growth, physiology, and
photosynthesis of spinach. The results showed that applying nitrate decreased root vigor, pho-
tosynthesis, and inhibited the photochemical efficiency of PSII. However, it increased the NR
activity of leaves and the concentration of osmoregulatory substances, showing some nitrate
tolerance. Nonetheless, low levels of nitrate promoted spinach morphology and root growth.
Our study shows that plant responses to nitrate are concentration-dependent, suggesting that
plant-specific concentrations of salts might be beneficial. Therefore, plant-specific nitrate tol-
erance can promote desirable agronomic traits, even if they are determined by various physio-
logical and metabolic pathways.

Supporting information

S1 Table. Effect of different nitrate levels on leaf length, leaf width, and leaf area of spin-
ach.
(DOCX)

PLOS ONE | https://doi.org/10.1371/journal.pone.0283787 March 31, 2023 16/22


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0283787.s001
https://doi.org/10.1371/journal.pone.0283787

PLOS ONE

Changes in growth, physiology, and photosynthetic capacity of spinach (Spinacia oleraceaL.)

S2 Table. Effect of different nitrate levels on the biomass of spinach.
(DOCX)

§3 Table. Effect of different nitrate levels on the morphological parameters of spinach
roots.
(DOCX)

S4 Table. Effect of different nitrate levels on soluble protein, flavonoid, proline and MDA
contents of spinach.
(DOCX)

Author Contributions
Conceptualization: Kangning Han, Jianming Xie.
Data curation: Kangning Han.

Formal analysis: Jing Zhang, Youlin Chang.
Funding acquisition: Jing Zhang.

Investigation: Yang Liu.

Project administration: Yanqiang Gao.
Software: Cheng Wang, Yan Yang.

Supervision: Jing Zhang.

Writing - original draft: Kangning Han.

Writing - review & editing: Jianming Xie.

References

1. Bergquist SM, Gertsson UE, Knuthsen P, Olsson ME. Flavonoids in baby spinach (Spinacia oleracea
L.): Changes during plant growth and storage. Journal of Agricultural and Food Chemistry. 2005; 53
(24): 9459-9464 https://doi.org/10.1021/jf051430h PMID: 16302762

2. Yadav LP, Koley TK, Tripathi A, Singh S. Antioxidant potentiality and mineral content of summer season
leafy greens: Comparison at mature and microgreen stages using chemometric. Agricultural Research.
2018; 8(2):165—-175 https://doi.org/10.1007/s40003-018-0378-7

3. Roughani A, Miri SM. Spinach: An important green leafy vegetable and medicinal herb. The 2nd Inter-
national Conference on Medicinal Plants, Organic Farming, Natural and Pharmaceutical Ingredients.
2019; 1-6.

4. Subhash GP, Virbhadrappa SR, Vasant OK. Spinacia oleracea Linn: A pharmacognostic and pharma-
cological overview. International Journal of Research in Ayurveda and Pharmacy. 2010; 1(1):78-84.

5. VermaS. A study on medicinal herb Spinacia oleraceae Linn: Amaranthaceae. Journal of Drug Delivery
and Therapeutics. 2018; 8(4):59-61 https://doi.org/10.22270/jddt.v8i4.1767

6. Proietti S, Moscatello S, Colla G, Battistelli Y. The effect of growing spinach (Spinacia oleracea L.) at
two light intensities on the amounts of oxalate, ascorbate and nitrate in their leaves. Journal of Pomol-
ogy and Horticultural Science. 2004; 79(4):606—609 https://doi.org/10.1080/14620316.2004.11511814

7. Ondrasek G, Rengel Z, Veres S. 2011. Soil salinisation and salt stress in crop production. Abiotic stress
in plants-Mechanisms and adaptations 171-190.

8. HanJ, ShiJ, ZengL, Xu J, Wu L. Effects of nitrogen fertilization on the acidity and salinity of greenhouse
soils. Environmental Science and Pollution Research. 2015; 22(4):2976-2986 https://doi.org/10.1007/
5$11356-014-3542-z PMID: 25226832

9. Yang X, Wang X, Wei M, Hikosaka S, Goto E. Changes in growth and photosynthetic capacity of
cucumber seedlings in response to nitrate stress. Brazilian Journal of Plant Physiology. 2009; 21:309—
317 https://doi.org/10.1590/S1677-04202009000400007

PLOS ONE | https://doi.org/10.1371/journal.pone.0283787 March 31, 2023 17/22


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0283787.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0283787.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0283787.s004
https://doi.org/10.1021/jf051430h
http://www.ncbi.nlm.nih.gov/pubmed/16302762
https://doi.org/10.1007/s40003-018-0378-7
https://doi.org/10.22270/jddt.v8i4.1767
https://doi.org/10.1080/14620316.2004.11511814
https://doi.org/10.1007/s11356-014-3542-z
https://doi.org/10.1007/s11356-014-3542-z
http://www.ncbi.nlm.nih.gov/pubmed/25226832
https://doi.org/10.1590/S1677-04202009000400007
https://doi.org/10.1371/journal.pone.0283787

PLOS ONE

Changes in growth, physiology, and photosynthetic capacity of spinach (Spinacia oleraceaL.)

10.

1.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

Anjana SU, Igbal M. Nitrate accumulation in plants, factors affecting the process, and human health
implications. A review. Agronomy for sustainable development. 2007; 27(1):45-57 https://doi.org/10.
1051/agro:2006021

Vieira IS, Vasconcelos EP, Monteiro AA. Nitrate accumulation, yield and leaf quality of turnip greens in
response to nitrogen fertilisation. Nutrient Cycling in Agroecosystems. 1998; 51(3):249-258 https://doi.
org/10.1023/A:1009797527061

Parida AK, Das AB. Salt tolerance and salinity effects on plants: a review. Ecotoxicology and environ-
mental safety. 2005; 60(3):324—349 https://doi.org/10.1016/j.ecoenv.2004.06.010 PMID: 15590011

Munns Rana, Tester Mark. Mechanisms of salinity tolerance. Annual review of plant biology. 2008;
59:651-681. https://doi.org/10.1146/annurev.arplant.59.032607.092911 PMID: 18444910

Long SP, Baker NR. Saline terrestrial environments. Photosynthesis in Contrasting Environments.
1986; 63—102.

Martino CD, Delfine S, Pizzuto R, Fuggi LA. Free amino acids and glycine betaine in leaf osmoregula-
tion of spinach responding to increasing salt stress. New Phytologist. 2003; 158(3):455—-463 https://doi.
org/10.1046/j.1469-8137.2003.00770.x PMID: 36056506

Kaiser SWM. lon relations of symplastic and apoplastic space in leaves from spinacia oleracea L. and
Pisum sativum L. under salinity. Plant Physiology. 1991; 97(3):990-997 https://doi.org/10.1104/pp.97.
3.990 PMID: 16668541

Zaghdoud C, Alcaraz-Lopez C, Mota-Cadenas C, Martinez-Ballesta MD, Moreno DA, Ferchichi A, et al.
Differential responses of two Broccoli (Brassica oleracea L. var Italica) cultivars to salinity and nutritional
quality improvement. The Scientific World Journal. 2012; 2012:2012 https://doi.org/10.1100/2012/
291435 PMID: 22956893

WuD, Cai S, Chen M, Ye L, Chen Z, Zhang H, et al. Tissue metabolic responses to salt stress in wild
and cultivated barley. Plos One. 2013; 8(1):€55431 https://doi.org/10.1371/journal.pone.0055431
PMID: 23383190

Debouba M, Maaroufi-Dghimi H, Suzuki A, Ghorbel MH, Gouia H. Changes in growth and activity of
enzymes involved in nitrate reduction and ammonium assimilation in tomato seedlings in response to
NaCl stress. Zentralbl Gynakol. 2007; 99(6):1143-1151 https://doi.org/10.1093/aob/mcm050 PMID:
17449498

Stepien P, Johnson GN. Contrasting responses of photosynthesis to salt stress in the glycophyte arabi-
dopsis and the halophyte thellungiella: Role of the plastid terminal oxidase as an alternative electron
sink. Plant Physiology. 2009; 149(2):1154—1165 https://doi.org/10.1104/pp.108.132407 PMID:
19052149

Yang X, Wang X, Wei M. Response of photosynthesis in the leaves of cucumber seedlings to light inten-
sity and CO, concentration under nitrate stress. Turkish Journal of Botany. 2010; 34(4):303-310
https://doi.org/10.3906/bot-0912-252

Ruff MS, Krizek DT, Mirecki RM, Inouye DW. Restricted root zone volume: Influence on growth and
development of tomato. Journal of the American Society for Horticultural Science. 1987; 112(5):763—
769 https://doi.org/10.21273/JASHS.112.5.763

Lu Tao, Yu Hongjun, Li Qiang, Chai Lin, Jiang Weijie. Improving plant growth and alleviating photosyn-
thetic inhibition and oxidative stress from low-light stress with exogenous GR24 in tomato (Solanum
lycopersicum L.) seedlings. Frontiers in plant science. 2019; 10:490 https://doi.org/10.3389/fpls.2019.
00490 PMID: 31057589

Cataldo DA, Maroon M, Schrader LE, Youngs VL. Rapid colorimetric determination of nitrate in plant-tis-
sue by nitration of salicylic-acid. Communications in Soil Science & Plant Analysis. 1975; 6(1):71-80
https://doi.org/10.1080/00103627509366547

Sedmak JJ, Grossberg SE. A rapid, sensitive, and versatile assay for protein using coomassie brilliant
blue G250. Analytical Biochemistry. 1977; 79(1-2):544-552 https://doi.org/10.1016/0003-2697(77)
90428-6 PMID: 68686

Abraham E, Hourton-Cabassa C, Erdei L, Szabados L. Methods for determination of proline in plants.
Plant stress tolerance, Springer. 2010; 639:317-331.

Draper HH, Squires EJ, Mahmoodi H, Wu J, Agarwal S, Hadley M. A comparative evaluation of thiobar-
bituric acid methods for the determination of malondialdehyde in biological materials. Free Radical Biol-
ogy and Medicine. 1993; 15(4):353-363 https://doi.org/10.1016/0891-5849(93)90035-s PMID: 8225017

Kim EJ, Lee HJ, Kim HJ, Nam HS, Kim HY. Comparison of colorimetric methods for the determination
of flavonoid in propolis extract products. Korean Journal of Food science and Technology. 2005; 37
(6):918-921.

Giannopolitis CN, Ries SK. Superoxide dismutases: I. Occurrence in higher plants. Plant Physiology.
1977; 59(2):309-314 https://doi.org/10.1104/pp.59.2.309 PMID: 16659839

PLOS ONE | https://doi.org/10.1371/journal.pone.0283787 March 31, 2023 18/22


https://doi.org/10.1051/agro%3A2006021
https://doi.org/10.1051/agro%3A2006021
https://doi.org/10.1023/A%3A1009797527061
https://doi.org/10.1023/A%3A1009797527061
https://doi.org/10.1016/j.ecoenv.2004.06.010
http://www.ncbi.nlm.nih.gov/pubmed/15590011
https://doi.org/10.1146/annurev.arplant.59.032607.092911
http://www.ncbi.nlm.nih.gov/pubmed/18444910
https://doi.org/10.1046/j.1469-8137.2003.00770.x
https://doi.org/10.1046/j.1469-8137.2003.00770.x
http://www.ncbi.nlm.nih.gov/pubmed/36056506
https://doi.org/10.1104/pp.97.3.990
https://doi.org/10.1104/pp.97.3.990
http://www.ncbi.nlm.nih.gov/pubmed/16668541
https://doi.org/10.1100/2012/291435
https://doi.org/10.1100/2012/291435
http://www.ncbi.nlm.nih.gov/pubmed/22956893
https://doi.org/10.1371/journal.pone.0055431
http://www.ncbi.nlm.nih.gov/pubmed/23383190
https://doi.org/10.1093/aob/mcm050
http://www.ncbi.nlm.nih.gov/pubmed/17449498
https://doi.org/10.1104/pp.108.132407
http://www.ncbi.nlm.nih.gov/pubmed/19052149
https://doi.org/10.3906/bot-0912-252
https://doi.org/10.21273/JASHS.112.5.763
https://doi.org/10.3389/fpls.2019.00490
https://doi.org/10.3389/fpls.2019.00490
http://www.ncbi.nlm.nih.gov/pubmed/31057589
https://doi.org/10.1080/00103627509366547
https://doi.org/10.1016/0003-2697%2877%2990428-6
https://doi.org/10.1016/0003-2697%2877%2990428-6
http://www.ncbi.nlm.nih.gov/pubmed/68686
https://doi.org/10.1016/0891-5849%2893%2990035-s
http://www.ncbi.nlm.nih.gov/pubmed/8225017
https://doi.org/10.1104/pp.59.2.309
http://www.ncbi.nlm.nih.gov/pubmed/16659839
https://doi.org/10.1371/journal.pone.0283787

PLOS ONE

Changes in growth, physiology, and photosynthetic capacity of spinach (Spinacia oleraceaL.)

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,
45.

46.

47.

48.

49.

50.

51.

Chance B, Maehly AC. Assay of catalases and peroxidases. Methods in Enzymology. 1955; 2:764—
775 https://doi.org/10.1016/S0076-6879(55)02300-8

Aebi H. Catalase in vitro. Methods in enzymology. 1984; 105:121—-126 https://doi.org/10.1016/s0076-
6879(84)05016-3 PMID: 6727660

Nakano Y, Asada K. Hydrogen peroxide is scavenged by ascorbate-specific peroxidase in spinach chlo-
roplasts. Plant and Cell Physiology. 1980; 22(5):867—-880 https://doi.org/10.1093/oxfordjournals.pcp.
a076232

Chaitanya KV, Krishna CR, Ramana GV, Beebi SK. Salinity stress and sustainable agriculture-A
review. Agricultural Reviews. 2014; 35(1):34 https://doi.org/10.5958/j.0976-0741.35.1.004

Heimann H. Plant growth under saline conditions and the balance of the ionic environment. Salinity and
Aridity. 1966; 201-213 https://doi.org/10.1007/978-94-017-6014-0_5

Xue H, Zhang F, Zhang ZH, Fu JF, Wang F, Zhang B, et al. Differences in salt tolerance between diploid
and autotetraploid apple seedlings exposed to salt stress. Scientia Horticulturae. 2015; 190:24-30
https://doi.org/10.1016/j.scienta.2015.04.009

Khalil AV, Mehdi S, Mehrangiz C, Mohammad S, Nourollah M. Effect of potassium nitrate (KNO3) on
some morphological and physiological characteristics of two tropical lawn (Cynodon dactylon L. and
paspalum vaginatum L.) under salinity stress condition. Journal of Plant Productions. 2015; 38(2):121—
133 https://doi.org/10.22055/PPD.2015.11325

Chen Z, Cao X, Niu J. Effects of melatonin on morphological characteristics, mineral nutrition, nitrogen
metabolism, and energy status in alfalfa under high-nitrate stress. Frontiers in Plant Science. 2021;
12:694179 https://doi.org/10.3389/fpls.2021.694179 PMID: 34267772

Holasoo SM, Pourakbar L. The effects of salinity stress on the growth and some physiological parame-
ters of wheat (Triticum aestivum L.) seedlings. Iranian Journal of Plant Biology. 2014; 6(19):31-42
20.1001.1.20088264.1393.6.19.4.5.

Sajyan TK, Shaban N, Rizkallah J, Sassine YN. Performance of salt-stressed tomato crop as affected
by Nano-CaCQOg3, glycine betaine, MKP fertilizer and aspirin application. Poljoprivreda i Sumarstvo: Agri-
culture and Forestry. 2019; 65(1):19-27 https://doi.org/10.17707/AgricultForest.65.1.02

Gou T, YangL, HuW, Chen X, Zhu Y, Guo J, et al. Silicon improves the growth of cucumber under
excess nitrate stress by enhancing nitrogen assimilation and chlorophyll synthesis. Plant physiology
and biochemistry. 2020; 152:53-61 https://doi.org/10.1016/j.plaphy.2020.04.031 PMID: 32388420

Lv X, Zhang Y, HuL, Zhang Y, Zhang B, Xia H, et al. Low-nitrogen stress stimulates lateral root initiation
and nitrogen assimilation in wheat: roles of phytohormone signaling. Journal of Plant Growth Regula-
tion. 2021; 40(1):436—450 https://doi.org/10.1007/s00344-020-10112-5

Scheible WR, Lauerer M, Schulze ED, Caboche M, Stitt M. Accumulation of nitrate in the shoot acts as
a signal to regulate shoot-root allocation in tobacco. The Plant Journal. 1997; 11(4):671-691.

Khan MA, Ungar IA, Showalter AM. Effects of salinity on growth, water relations and ion accumulation
of the subtropical perennial halophyte, Atriplex griffithii var. stocksii. Annals of Botany. 2000; 85
(2):225-232 https://doi.org/10.1006/anbo.1999.1022

Bernstein N, Kafkafi U. Root growth under salinity stress. Plant Roots, CRC Press. 2002; 1222—1250.

LuY, ShuS, ZhuW, Guo S. Effects of exogenous spermidine on the growth and quality of pakchoi
seedlings under calcium nitrate stress. Acta Botanica Boreali-Occidentalia Sinica. 2015; 35(4):787—
792. (in chinese)

Ren T, Wang H, Yuan Y, Feng H, Wang B, Kuang G, et al. Biochar increases tobacco yield by promot-
ing root growth based on a three-year field application. Scientific Reports. 2021; 11(1):1-9 https://doi.
org/10.1038/s41598-021-01426-9 PMID: 34754009

LiuW, Chen D, Yin H, Song M, Guo S, Bacillus subtilis for salt stress relief in vegetable cultivation. Acta
horticulturae. 2010; 856:237—242 https://doi.org/10.17660/ActaHortic.2010.856.33

Zhang H, Li X, Zhang S, Yin Z, Zhu W, Li J, et al. Rootstock alleviates salt stress in grafted mulberry
seedlings: physiological and PSII function responses. Frontiers in Plant Science. 2018; 9:1806 https://
doi.org/10.3389/fpls.2018.01806 PMID: 30619391

Neumann PM, Azaizeh H, Leon D. Hardening of root cell walls: a growth inhibitory response to saliny
stress. Plant Cell and Environment. 1994; 17(3):303-309 https://doi.org/10.1111/j.1365-3040.1994.
tb00296.x

LiD, ChenJ M, YuW, Zheng H, Yao X, Cao W, et al. Assessing a soil-removed semi-empirical model
for estimating leaf chlorophyll content. Remote Sensing of Environment. 2022; 282: 113284 https://doi.
org/10.1016/j.rse.2022.113284

Xie Y, Sun G, Wang L, Tang Y. Effects of spraying abscisic acid on photosynthetic physiology of lettuce
seedlings under salt stress. IOP Conference Series: Earth and Environmental Science. 2018; 199
(5):052011.

PLOS ONE | https://doi.org/10.1371/journal.pone.0283787 March 31, 2023 19/22


https://doi.org/10.1016/S0076-6879%2855%2902300-8
https://doi.org/10.1016/s0076-6879%2884%2905016-3
https://doi.org/10.1016/s0076-6879%2884%2905016-3
http://www.ncbi.nlm.nih.gov/pubmed/6727660
https://doi.org/10.1093/oxfordjournals.pcp.a076232
https://doi.org/10.1093/oxfordjournals.pcp.a076232
https://doi.org/10.5958/j.0976-0741.35.1.004
https://doi.org/10.1007/978-94-017-6014-0%5F5
https://doi.org/10.1016/j.scienta.2015.04.009
https://doi.org/10.22055/PPD.2015.11325
https://doi.org/10.3389/fpls.2021.694179
http://www.ncbi.nlm.nih.gov/pubmed/34267772
https://doi.org/10.17707/AgricultForest.65.1.02
https://doi.org/10.1016/j.plaphy.2020.04.031
http://www.ncbi.nlm.nih.gov/pubmed/32388420
https://doi.org/10.1007/s00344-020-10112-5
https://doi.org/10.1006/anbo.1999.1022
https://doi.org/10.1038/s41598-021-01426-9
https://doi.org/10.1038/s41598-021-01426-9
http://www.ncbi.nlm.nih.gov/pubmed/34754009
https://doi.org/10.17660/ActaHortic.2010.856.33
https://doi.org/10.3389/fpls.2018.01806
https://doi.org/10.3389/fpls.2018.01806
http://www.ncbi.nlm.nih.gov/pubmed/30619391
https://doi.org/10.1111/j.1365-3040.1994.tb00296.x
https://doi.org/10.1111/j.1365-3040.1994.tb00296.x
https://doi.org/10.1016/j.rse.2022.113284
https://doi.org/10.1016/j.rse.2022.113284
https://doi.org/10.1371/journal.pone.0283787

PLOS ONE

Changes in growth, physiology, and photosynthetic capacity of spinach (Spinacia oleraceaL.)

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Gautam S, Singh PK. Salicylic acid-induced salinity tolerance in corn grown under NaCl stress. Acta
Physiologiae Plantarum. 2009; 31(6):1185—1190 https://doi.org/10.1007/s11738-009-0338-8

Akladious SA, Mohamed HI. Ameliorative effects of calcium nitrate and humic acid on the growth, yield
component and biochemical attribute of pepper (Capsicum annuum) plants grown under salt stress.
Scientia Horticulturae. 2018; 236:244—-250 https://doi.org/10.1016/j.scienta.2018.03.047

Xu C, Mou B. Responses of spinach to salinity and nutrient deficiency in growth, physiology, and nutri-
tional value. Journal of the American Society for Horticultural Science. 2016; 141(1):12—21 https://doi.
org/10.21273/JASHS.141.1.12

Robinson SP, Downton WJS, Millhouse JA. Photosynthesis and ion content of leaves and isolated chlo-
roplasts of salt-stressed spinach. Plant Physiology. 1983; 73(2):238—242 https://doi.org/10.1104/pp.
73.2.238 PMID: 16663201

Downton WJS, Grant WJR, Robinson SP. Photosynthetic and stomatal responses of spinach
leaves to salt stress. Plant Physiology. 1985; 78(1):85—-88 https://doi.org/10.1104/pp.78.1.85 PMID:
16664215

Delfine S, Alvino A, Zacchini M, Loreto F. Consequences of salt stress on conductance to CO, diffusion,
Rubisco characteristics and anatomy of spinach leaves. Functional Plant Biology. 1998; 25(3):395-402
https://doi.org/10.1071/PP97161

Santos COV. Regulation of chlorophyll biosynthesis and degradation by salt stress in sunflower leaves.
Scientia Horticulturae. 2004; 103(1):93-99 https://doi.org/10.1016/j.scienta.2004.04.009

Qing FU, Jin ZHANG, Tongfu QIAO, Ye LIU, Caifeng HOU, Wenbo XU, et al. Research progress and
prospect on the effects of abiotic stress on plant photosynthesis. Agricultural Biotechnology. 2020; 9
(1):2164—4993 https://doi.org/10.19759/j.cnki.2164-4993.2020.01.014

Delfine S, Alvino A, Villani MC, Loreto F. Restrictions to carbon dioxide conductance and photosynthe-
sis in spinach leaves recovering from salt stress. Plant physiology. 1999; 119 (3):1101-1106 https://
doi.org/10.1104/pp.119.3.1101 PMID: 10069849

Berry JA. Environmental regulation of photosynthesis. Photosynthesis. 1982; 2:263-343 https://doi.
org/10.1016/b978-0-12-294302-7.50017-3

Shu S, Tang Y, Yuan Y, Sun J, Zhong M, Guo S. The role of 24-epibrassinolide in the regulation of pho-
tosynthetic characteristics and nitrogen metabolism of tomato seedlings under a combined low temper-
ature and weak light stress. Plant physiology and biochemistry. 2016; 107:344—353 https://doi.org/10.
1016/j.plaphy.2016.06.021 PMID: 27362298

Zhang JF, Li J, Xie JM, Yu JH, Tang CN. Changes in photosynthesis and carotenoid composition of
pepper (Capsicum annuum L.) in response to low-light stress and low temperature combined with low-
light stress. Photosynthetica. 2020; 58(1):125—-136 https://doi.org/10.32615/ps.2019.175

Lan G, Jiao C, Wang G, SunY, Sun Y. Effects of dopamine on growth, carbon metabolism, and nitrogen
metabolism in cucumber under nitrate stress. Scientia Horticulturae. 2020; 260:108790 https://doi.org/
10.1016/j.scienta.2019.108790

Koyro HW. Effect of salinity on growth, photosynthesis, water relations and solute composition of the
potential cash crop halophyte Plantago coronopus (L.). Environmental and Experimental Botany. 2006;
56(2):136—-146 hitps://doi.org/10.1016/j.envexpbot.2005.02.001

LiZ, Chen G, Gao F, Luo J, Zhou X. Effects of different light quality ratio on growth and photosynthesis
capacity in pakchoi under excess nitrate stress. IOP Conference Series Earth and Environmental Sci-
ence. 2021; 621(1):012105 https://doi.org/10.1088/1755-1315/621/1/012105

Tang XQ, Wang Y, Lv TT, Xiao YH. Role of 5-aminolevulinic acid on growth, photosynthetic parameters
and antioxidant enzyme activity in NaCl-stressed Isatis indigotica Fort. Russian Journal of Plant Physi-
ology. 2017; 64(2):198-206 https://doi.org/10.1134/S1021443717020121

Kate M, Johnson GN. Chlorophyll fluorescence—a practical guide. Journal of Experimental Botany.
2000; 51(345):659-668 https://doi.org/10.1093/jxb/51.345.659 PMID: 10938857

Kao WY, Tsai TT, Shih CN. Photosynthetic gas exchange and chlorophyll a fluorescence of three wild
soybean species in response to NaCl treatments. Photosynthetica. 2003; 41(3):415-419 https://doi.
org/10.1023/B:PHOT.0000015466.22288.23

Zhong X, Shi Z, Li F, Huang H. Photosynthesis and chlorophyll fluorescence of infertile and fertile stalks
of paired near-isogenic lines in maize (Zea mays L.) under shade conditions. Photosynthetica. 2014;
52(4):597—-603 https://doi.org/10.1007/s11099-014-0071-4

Hu H, Zhou Z. Effect of no donor SNP on photosynthetic pigments and chlorophyll fluorescence under
enhanced UV-B radiation in larix gmelinii. World Automation Congress. 2012; 2012:IEEE.

Abadia J, Morales F, Abadia A. Photosystem Il efficiency in low chlorophyll, iron-deficient leaves. Plant
and Soil. 1999; 215(2):183-192 https://doi.org/10.1023/A:1004451728237

PLOS ONE | https://doi.org/10.1371/journal.pone.0283787 March 31, 2023 20/22


https://doi.org/10.1007/s11738-009-0338-8
https://doi.org/10.1016/j.scienta.2018.03.047
https://doi.org/10.21273/JASHS.141.1.12
https://doi.org/10.21273/JASHS.141.1.12
https://doi.org/10.1104/pp.73.2.238
https://doi.org/10.1104/pp.73.2.238
http://www.ncbi.nlm.nih.gov/pubmed/16663201
https://doi.org/10.1104/pp.78.1.85
http://www.ncbi.nlm.nih.gov/pubmed/16664215
https://doi.org/10.1071/PP97161
https://doi.org/10.1016/j.scienta.2004.04.009
https://doi.org/10.19759/j.cnki.2164-4993.2020.01.014
https://doi.org/10.1104/pp.119.3.1101
https://doi.org/10.1104/pp.119.3.1101
http://www.ncbi.nlm.nih.gov/pubmed/10069849
https://doi.org/10.1016/b978-0-12-294302-7.50017-3
https://doi.org/10.1016/b978-0-12-294302-7.50017-3
https://doi.org/10.1016/j.plaphy.2016.06.021
https://doi.org/10.1016/j.plaphy.2016.06.021
http://www.ncbi.nlm.nih.gov/pubmed/27362298
https://doi.org/10.32615/ps.2019.175
https://doi.org/10.1016/j.scienta.2019.108790
https://doi.org/10.1016/j.scienta.2019.108790
https://doi.org/10.1016/j.envexpbot.2005.02.001
https://doi.org/10.1088/1755-1315/621/1/012105
https://doi.org/10.1134/S1021443717020121
https://doi.org/10.1093/jxb/51.345.659
http://www.ncbi.nlm.nih.gov/pubmed/10938857
https://doi.org/10.1023/B%3APHOT.0000015466.22288.23
https://doi.org/10.1023/B%3APHOT.0000015466.22288.23
https://doi.org/10.1007/s11099-014-0071-4
https://doi.org/10.1023/A%3A1004451728237
https://doi.org/10.1371/journal.pone.0283787

PLOS ONE

Changes in growth, physiology, and photosynthetic capacity of spinach (Spinacia oleraceaL.)

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

Shawkat M, Nasir M, Chen Q, Kurban H. Effect of salt stress on photosynthetic gas exchange and chlo-
rophyll fluorescence parameters in Alhagi pseudalhagi. Agricultural Science and Technology. 2017; 18
(3):411-423 https://doi.org/10.16175/j.cnki.1009-4229.2017.03.007

Al-Taweel Khaled | T, Yabuta Yukinori, Shigeoka Shigeru, Murata Norio, Wadano A. A bacterial trans-
gene for catalase protects translation of D1 protein during exposure of salt-stressed tobacco leaves to
strong light. Plant physiology. 2007; 145(1):258-265 https://doi.org/10.1104/pp.107.101733 PMID:
17660354

Athar HUR, Zafar ZU, Ashraf M. Glycinebetaine improved photosynthesis in canola under salt stress:
Evaluation of chlorophyll fluorescence parameters as potential indicators. Journal of Agronomy and
Crop Science. 2015; 201(6):428—442 https://doi.org/10.1111/jac.12120

Liu WK, Yang QC, Du L. Soilless cultivation for high-quality vegetables with biogas manure in China:
Feasibility and benefit analysis. Renewable Agriculture and Food Systems. 2009; 24(4):300-307
https://doi.org/10.1017/S174217050999008 1

Wang Z, Li S. Effects of nitrogen and phosphorus fertilization on plant growth and nitrate accumula-
tion in vegetables. Journal of plant nutrition. 2004; 27(3):539-556 https://doi.org/10.1081/PLN-
120028877

Han RC, Xu ZR, Li CY, Rasheed A, Pan XH, Shi QH, et al. The removal of nitrate reductase phosphory-
lation enhances tolerance to ammonium nitrogen deficiency in rice. Journal of Integrative Agriculture.
2022; 21(3):631-643 https://doi.org/10.1016/S2095-3119(20)63473

Liu AR, Zhao KF. Effects of salt stress on the growth and the nitrate reductase activity in Thellungiella
halophila. Journal of Plant Physiology and Molecular Biology. 2005; 31(5):469-476. (in chinese) PMID:
16222088

Thakur M, Sharma AD. Salt-stress-induced proline accumulation in germinating embryos:Evidence
suggesting a role of proline in seed germination. Journal of Arid Environments. 2005; 62(3):517-523
https://doi.org/10.1016/j.jaridenv.2005.01.005

Ranieri A, Bernardi R, Lanese P, Soldatini GF. Changes in free amino acid content and protein pattern
of maize seedlings under water stress. Environmental and Experimental Botany. 1989; 29(3):351-357
https://doi.org/10.1016/0098-8472(89)90009-9

Rautenbach F, Faber M, Laurie S, Laurie R. Antioxidant capacity and antioxidant content in roots of 4
sweetpotato varieties. Journal of Food Science. 2010; 75(5):400—405 https://doi.org/10.1111/j.1750-
3841.2010.01631.x PMID: 20629859

Coronado C, Zuanazzi JS, Sallaud C, Quirion JC, Esnault R, Husson HP, et al. Alfalfa root flavonoid
production is nitrogen regulated. Plant Physiology. 1995; 108(2):533-542 https://doi.org/10.1104/pp.
108.2.533 PMID: 12228491

Nawaz F, Shehzad MA, Majeed S, Ahmad KS, Agib M, Usmani MM, et al. Role of mineral nutrition in
improving drought and salinity tolerance in field crops. Agronomic Crops, Springer. 2020; 129—147.

Tani C, Sasakawa H. Proline accumulates in Casuarina equisetifolia seedlings under salt stress.
Soil science and plant nutrition. 2006; 52(1): 21-25 https://doi.org/10.1111/j.1747-0765.2006.
00005.x

XuH, Sun X, ShiQ, Yang F, Yang X, Wang X. Physiological responses of two cucumber cultivars to
nitrate stress. Journal of plant nutrition. 2012; 35(14):2167—2179 https://doi.org/10.1080/01904167.
2012.724496

Niu SW, Wang N, Irfan M, Xu JY, Zhang YJ, Cai GX. Effect of fermentation broth of endophytic fungi on
physiological and biochemical characteristics of tomato seedling under calcium nitrate stress. Iranian
Journal of Science and Technology, Transactions A: Science. 2019; 43(4):1427—143 https://doi.org/10.
1007/s40995-018-0640-7

HuL, Li H, Pang H, Fu J. Responses of antioxidant gene, protein and enzymes to salinity stress in two
genotypes of perennial ryegrass (Lolium perenne) differing in salt tolerance. Journal of plant physiology.
2012; 169(2):146—156 https://doi.org/10.1016/}.jplph.2011.08.020 PMID: 22088275

Gao HJ, Yang HY, Bai JP, Liang XY, Lou Y, Zhang JL, et al. Ultrastructural and physiological responses
of potato (Solanum tuberosum L.) plantlets to gradient saline stress. Frontiers in plant science. 2015;
5:787 https://doi.org/10.3389/fpls.2014.00787 PMID: 25628634

Lan G, ShilL, Lu X, Liu Z, Sun Y. Effects of dopamine on antioxidation, mineral nutrients, and fruit quality
in cucumber under nitrate stress. Journal of Plant Growth Regulation. 2021; 1—12 https://doi.org/10.
1007/s00344-021-10484-2

Mittler R. Oxidative stress, antioxidants and stress tolerance. Trends in Plant Science. 2002; 7(9):405—
410 https://doi.org/10.1016/s1360-1385(02)02312-9 PMID: 12234732

Ai-Rong L. Effects of salt stress on the growth and the antioxidant enzyme activity of Thellungiella halo-
phila. Bulletin of Botanical Research. 2006; 26 (2): 216—221. (in chinese)

PLOS ONE | https://doi.org/10.1371/journal.pone.0283787 March 31, 2023 21/22


https://doi.org/10.16175/j.cnki.1009-4229.2017.03.007
https://doi.org/10.1104/pp.107.101733
http://www.ncbi.nlm.nih.gov/pubmed/17660354
https://doi.org/10.1111/jac.12120
https://doi.org/10.1017/S1742170509990081
https://doi.org/10.1081/PLN-120028877
https://doi.org/10.1081/PLN-120028877
https://doi.org/10.1016/S2095-3119%2820%2963473
http://www.ncbi.nlm.nih.gov/pubmed/16222088
https://doi.org/10.1016/j.jaridenv.2005.01.005
https://doi.org/10.1016/0098-8472%2889%2990009-9
https://doi.org/10.1111/j.1750-3841.2010.01631.x
https://doi.org/10.1111/j.1750-3841.2010.01631.x
http://www.ncbi.nlm.nih.gov/pubmed/20629859
https://doi.org/10.1104/pp.108.2.533
https://doi.org/10.1104/pp.108.2.533
http://www.ncbi.nlm.nih.gov/pubmed/12228491
https://doi.org/10.1111/j.1747-0765.2006.00005.x
https://doi.org/10.1111/j.1747-0765.2006.00005.x
https://doi.org/10.1080/01904167.2012.724496
https://doi.org/10.1080/01904167.2012.724496
https://doi.org/10.1007/s40995-018-0640-7
https://doi.org/10.1007/s40995-018-0640-7
https://doi.org/10.1016/j.jplph.2011.08.020
http://www.ncbi.nlm.nih.gov/pubmed/22088275
https://doi.org/10.3389/fpls.2014.00787
http://www.ncbi.nlm.nih.gov/pubmed/25628634
https://doi.org/10.1007/s00344-021-10484-2
https://doi.org/10.1007/s00344-021-10484-2
https://doi.org/10.1016/s1360-1385%2802%2902312-9
http://www.ncbi.nlm.nih.gov/pubmed/12234732
https://doi.org/10.1371/journal.pone.0283787

PLOS ONE Changes in growth, physiology, and photosynthetic capacity of spinach (Spinacia oleracea L.)

93. Latef AAHA, He CX. Effect of arbuscular mycorrhizal fungi on growth, mineral nutrition, antioxidant
enzymes activity and fruit yield of tomato grown under salinity stress. Scientia Horticulturae. 2011; 127
(8):228—233 https://doi.org/10.1016/j.scienta.2010.09.020

94. LiS,YanJ, YangE, Bai X, LongJ, LiK, et al. Effects of exogenous H.S on the germination of tomato
seeds under nitrate stress. The Journal of Horticultural Science and Biotechnology. 2015; 90(1):39—-46
https://doi.org/10.1080/14620316.2015.11513151

PLOS ONE | https://doi.org/10.1371/journal.pone.0283787 March 31, 2023 22/22


https://doi.org/10.1016/j.scienta.2010.09.020
https://doi.org/10.1080/14620316.2015.11513151
https://doi.org/10.1371/journal.pone.0283787

