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Nitrate alleviates ammonium toxicity in wheat (Triticum aestivum L.) by regulating 
tricarboxylic acid cycle and reducing rhizospheric acidification and oxidative damage
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ABSTRACT
Ammonium (NH4

+) is one of the most important nutrients required by plants. However, a high 
concentration of NH4

+ as the sole nitrogen source suppresses plant growth. Although nitrate (NO3
−) 

can alleviate NH4
+ toxicity, the mechanisms underlying this ability have not been fully elucidated. In 

this study, wheat plants were cultivated in hydroponic solution with 7.5 mM NO3
− (control), 7.5 mM 

NH4
+ (sole ammonium, SA) or 7.5 mM NH4

+ plus 1.0 mM NO3
− (ammonium and nitrate, AN). The 

results showed that compared with the control, the SA treatment significantly decreased root 
growth, protein content and the concentrations of most intermediates and the activity of enzymes 
from the tricarboxylic acid (TCA) cycle. Moreover, increased the activity of plasma membrane H+- 
ATPase and the rate of H+ efflux along roots, caused solution acidification, and increased the activity 
of mitochondrial respiratory chain complexes I–IV and the contents of protein-bound carbonyls and 
malondialdehyde in roots. SA treatment induced ultrastructure disruption and reduced the viability 
of root cells. Compared with the SA treatment, the AN treatment increased root growth, protein 
content, the concentrations of most intermediates and the activity of enzymes from the TCA cycle. 
Furthermore, AN treatment decreased the rate of H+ efflux, retarded medium acidification, decreased 
protein carbonylation and lipid peroxidation in roots and relieved ultrastructure disruption and 
increased the viability of root cells. Taken together, these results indicate that NO3

–-dependent 
alleviation of NH4

+ toxicity in wheat seedlings is closely associated with physiological processes that 
mediate TCA cycle, relieve rhizospheric acidification and decrease the production of ROS and 
oxidative damage.
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Introduction

Nitrogen (N) is an important nutrient for plant growth. 
Ammonium (NH4

+) and nitrate (NO3
−) are the two forms 

of inorganic N that can be taken up by plants. Compared 
with  
NO3

–-N, NH4
+-N is a preferred N source for many crops 

because NH4
+ can be directly converted into amino acids 

and requires less energy for both transport and 
assimilation.1,2 However, the application of excessive NH4

+ 

decreases the activities of antioxidant enzymes in Eustoma 
grandiflorum, Myriophyllum aquaticum and Panax 
notoginseng3–5 and induces rhizosphere acidification in rice 
(Oryza sativa L.) and Arabidopsis (Arabidopsis thaliana) 
seedlings.6,7 High doses of NH4

+ may restrict carbon avail
ability and inhibit the rate of net photosynthesis.8 High 
NH4

+ concentrations in plants increase electrolyte leakage 
and cause nutritional imbalances of cations in cells, such as 
decreased concentrations of K+, Ca2+ and Mg2+.9–11 In par
ticular, root growth was significantly reduced in Arabidopsis, 
sugar beet (Beta vulgaris L.), rice and spinach (Spinacia 
oleracea L.) when plants were exposed to higher concentra
tions of NH4

+.11–13 Nevertheless, to date, little is known 
about the detailed mechanisms of NH4

+ toxicity.13

An increasing number of studies have been conducted to 
investigate the mechanisms underlying which exogenous sub
stances alleviate NH4

+ stress. Silicon alleviated NH4
+ toxicity in 

cauliflower (Brassica oleracea) through an increase in the phy
sical integrity of the membranes14 and promoted sugar beet 
(Beta vulgaris L.) growth.12 Increasing the carbon supply 
allowed the adjusted regulation of root defense mechanisms 
by enhancing amino acid synthesis in tomato (Solanum lyco
persicum L.) when dealing with NH4

+ toxicity.15 

Supplementation with α-ketoglutarate (KGA), a key carbon 
source for N assimilation, alleviated toxicity symptoms in 
rice.16 Small amounts of NO3

− can effectively alleviate NH4
+ 

toxicity in many plants.9 For example, low concentration of 
NO3

− can improve survival and growth of cucumber (Cucumis 
sativus L.) seedlings under NH4

+ toxicity by acting as a ‘signal 
molecule’ to promote cytokinin synthesis in roots and cytoki
nin translocation from roots to shoots.17 It was found that 
nitrate alleviated the toxic effect of NH4

+ on root growth of 
Panax notoginseng by up-regulation of ACLA-3 (encoding 
ATP-citrate lyase A-3) and several key metabolites in the 
tricarboxylic acid (TCA) cycle.18 SLAH3, a slow-type NO3

− 

efflux channel, mediates the NO3
− efflux to buffer the low 

cellular pH caused by NH4
+ uptake.6 SnRK1.1 can regulate 
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SLAH3 and thereby mediate NO3
− efflux, leading to alleviation 

of high- 
NH4

+/low-pH stress.13 Several studies suggest that NO3
− alle

viate NH4
+ toxicity, likely as a signal. However, how NO3

− 

signaling alleviates NH4
+ toxicity is far from clear.13,19

The root is an important organ of NH4
+ uptake and assim

ilation, and its development is strongly affected by NH4
+.20 

Thus, analysis of the root responses is essential to understand 
NH4

+ toxicity and underlying mechanisms of NO3
–dependent 

mitigation of the toxicity. In a recent work, we found that shoot 
growth of wheat seedlings was not affected under sole NH4

+ 

nutrition.21 Therefore, the objectives of the present study were 
to investigate and elucidate the mechanisms driving NH4

+ 

toxicity and how NO3
− mitigates NH4

+ toxicity in roots of 
wheat. Our results suggest that nitrate-dependent alleviation of 
NH4

+ toxicity in wheat were closely associated with activation 
of TCA cycle, supplement of carbon skeletons, mitigation of 
the rhizospheric acidification and oxidative damage on lipids 
and proteins. Based on these results, we discussed the possible 
physiological mechanisms underlying nitrate-dependent alle
viation of NH4

+ toxicity. We anticipate that the findings of this 
study will be helpful to explore new methods for applying N 
fertilizers to alleviate NH4

+ stress in the field and to improve N 
use efficiency.

Materials and methods

Plant growth and culture conditions

Wheat (Jimai22) seeds were sterilized with 70% (v/v) ethanol 
for 45 s and then rinsed three times with distilled water and 
germinated at 25°C for 48 h in petri dishes that were covered 
with wet sterilized gauze. Fifteen three-day-old seedlings were 
transplanted into a growth chamber at 25/21°C under a 14 h 
day/10 h night photoperiod; the light intensity was 6000 µmol 
m−2 s−1, and the relative humidity was maintained at 70 ± 5% 
during day and night. The 15 seedlings were fixed in plastic 
pots (10 cm × 8 cm × 5 cm in length, width, and height, 
respectively) and cultured in distilled water. The distilled 
water was renewed every two days. The plastic pots were 
randomly placed, and their positions were changed frequently. 
In our previous study, we found that 8–15 d old wheat seed
lings grew best in half-strength Hoagland’s nutrient solution, 
and addition of 1 mM NO3

− was most effective in alleviating 
7.5 mM NH4

+ stress.21 After reserve depletion, eight-day-old 
seedlings were cultured in half-strength Hoagland’s nutrient 
solution.22 After 48 h, the wheat seedlings were treated with 
half-strength Hoagland’s nutrient solution containing 7.5 mM 
NO3

− (control; applied as KNO3 and Ca(NO3)2 at 2.5 mM), 
7.5 mM NH4

+ (SA; applied as 7.5 mM NH4Cl) or 7.5 mM 
NH4

+ plus 1 mM NO3
− (AN; applied as 6.5 mM NH4Cl and 

1 mM NH4NO3). The Ca2+ and K+ concentrations were 
balanced by the addition of CaCl2 and K2SO4.

Measurement of root Fresh Weight (FW)

Roots of wheat seedlings were collected from each treatment 
and weighed immediately at 0, 24, 48, 72 and 96 h after treat
ment. The net increase in root FW from 0 to 24, 48, 72 or 96 h 

after treatment was calculated. The measurements were 
repeated on three independent biological experiments, each 
in triplicate with 15 plants.

Determination of NH4
+ and protein content

Wheat roots (approximately 50.0 mg) were harvested and 
desorbed for 5 min in 10 mM CaSO4 to remove extracellular 
NH4

+. The samples were ground in liquid N, and then 6 mL of 
10 mM formic acid was added to extract NH4

+. The homo
genate was centrifuged at 10,000 g at 4°C for 10 min. The 
supernatant was transferred into a tube and centrifuged at 
20,000 g and 4°C for 10 min. The o-phthalaldehyde method 
was used to determine root NH4

+ content.23 Briefly, 100 mL of 
o-phthalaldehyde (OPA) reagent was prepared by combining 
200 mM potassium phosphate buffer (KPB) (pH 7.2) and 
3.75 mM OPA and the pH was adjusted to 7.0 with 1 M 
NaOH. Prior to the usage, the solution was added 2 mM 
2-mercaptoethanol and filtered through filter paper. The 10 
mL supernatant of extract was mixed with 2 mL of OPA 
reagent, then color was allowed to develop in the dark for 
20 min at room temperature, and sample absorbance was 
measured at 410 nm using a spectrophotometer (Varian Cary 
100, Australia).

Soluble protein content of root was determined using the 
method of Bradford.24 Roots (1.0 g) were homogenized with 
50 mM KPB (pH 7.2) and the homogenate was centrifuged at 
30,000 g at 4°C for 10 min then the supernatant was collected. 
The supernatant (1 mL) was mixed with 5 mL Coomassie 
Brilliant Blue G-250 regent (containing 0.01% (w/v) 
Coomassie Brilliant Blue G-250, 9.0% (v/v) ethanol, and 8.5% 
(w/v) H3PO4). Absorbance was measured at 595 nm using a 
spectrophotometer (Varian Cary 100, Australia) and soluble 
protein content was calculated from a standard curve obtained 
with bovine serum albumin (BSA).

Determination of enzyme activities and intermediate 
concentrations of the TCA cycle

Fresh roots (approximately 1.0 g) were ground and homoge
nized in 1 mL extraction on ice. The homogenates were then 
placed into microcentrifuge tubes, and the supernatants 
(enzyme extracts) were obtained by centrifuging the homoge
nate at 8,000 g at 4°C for 15 min. The supernatants were used 
to determinate the activities of aconitase, citratesynthase (CS), 
a-ketoglutarate dehydrogenase (a-KGDH), succinic dehydro
genase (SDH), malate dehydrogenase (MDH), pyruvate car
boxylase (PC) and pyruvate dehydrogenase (PDH) using 
commercial chemical assay kits (Comin, Suzhou Comin 
Biotechnology Co. Ltd., Suzhou, China), according to the 
manufacturer’s instructions. The absorbance was measured 
using a microplate reader (Rayto RT-6100, Rayto 
Corporation, Shenzhen, China), and the activity of the 
enzymes was calculated based on the fresh weight using the 
corresponding calculation formulas.

For determination of TCA cycle intermediates, fresh roots 
(approximately 0.1 g) were ground and homogenized in 1 mL 
extraction on ice. The homogenates were transferred tomicro
centrifuge tubes, centrifuged at 12,000 g at 4°C for 10 min, and 
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then the supernatant was collected. The concentrations of 
aconitate, acetylcoenzymeA (acetyl-CoA), citric acid (CA), 
fumaric acid, malic acid, oxaloacetic acid (OAA) and succinic 
acid were determined using commercial chemical assay kits 
(Suzhou Comin Biotechnology Co., Ltd., Suzhou, China). The 
optic density value of the solution was measured with a spec
trophotometer (VarianCary100, Australia). The concentra
tions of these intermediates were calculated according to the 
manufacturer’s directions.

Assay of Plasma Membrane (PM) H+-ATPase activity and 
H+ flux

Wheat roots (approximately 1.0 g) were ground in a mortar 
with liquid N and a pestle. Then, the samples were homoge
nized in phosphate buffer (pH 7.4). The homogenate was 
centrifuged at 10,000 g for 10 min at 4°C to collect the super
natant, which was centrifuged again at 87,000 g for 35 min. 
PMs were obtained from the microsomal fraction by partition
ing in aqueous dextran T-500 and polyethylene glycol in an 
aqueous polymer two-phase system. The activity of the PM H+- 
ATPase was assayed according to the method of Zhang et al.25 

After the addition of 1–2 mg membrane resuspension that 
contained protein into the 1 mL reagent (contained 30 mM 
BTP/MES, 5 mM MgSO4, 50 mM KCl, 0.02% (w/v) Brij 58 (a 
polyoxyethylene acyl ether), and 5 mM disodium-ATP) to start 
the reaction, the mixture was incubated for 30 min at 30°C. To 
terminate the reaction, 1 mL of stop reagent [5% (w/v) sodium 
dodecyl sulfate, 0.7% (w/v) (NH4)2MoO4 and 2% (v/v) con
centrated H2SO4] was added, and followed by addition of 50 μL 
of 10% (w/v) ascorbic acid. To examine the purity of the 
collected samples, 1.45 mL of a mixture of 2% (w/v) sodium 
citrate, 2% (w/v) glacial acetic acid, and 2% (w/v) sodium 
arsenite was used to suppress the detection of phosphate liber
ated from H+-ATPase activity and ATP hydrolysis under acidic 
conditions.26 The color development was stable for 30 min at 
room temperature. The absorbance was measured at 820 nm by 
a microplate reader (Rayto RT-6100, Rayto Corporation, 
Shenzhen, China), and the PM H+-ATPase activity was calcu
lated according to a standard curve.

Net H+ flux was measured using noninvasive micro-test 
technology (NMT) (Xuyue (Beijing) Sci. & Tech. Co. Ltd.). 
The samples were measured in a solution (containing 
0.1 mM KCl, 0.1 mM CaCl2, 0.1 mM MgCl2, 0.5 mM NaCl, 
0.3 mM MES, and 0.2 mM Na2SO4) at pH 6.0. Fick’s first law of 
diffusion (J = −D × ΔC/ΔX) was used to calculate the H+ flux, 
where J is the free H+ flux (fmol cm−2 s−1), D is the molecular 
diffusion coefficient (7 × 10−6 cm2 s−1), ΔC is the H+ concen
tration gradient, and ΔX is the excursion distance (30 μm). The 
net flux of H+ at the meristem zone (between 0 and 2,400 µm 
from the root tip) was measured. Each seedling was measured 
once. The final flux values were the means of more than six 
individual plants from each treatment. H+ flux was recorded at 
a rate of one reading per 6 s. The net flux of H+ data was 
processed using Magefux (Younger USA Corp., https://young 
erusa.com/mageflux) based on Fick’s law of diffusion.

Measurement of medium pH

The medium pH was measured using a pH meter (PHS-3E, 
Shanghai, China) at 0, 6, 12, 24 and 48 h after continuous 
treatment without renewal of the medium. The measurement 
was repeated six times for each treatment.

Assay of mitochondrial respiratory complex activity

The root cooled to 4°C and mitochondrial isolation was con
ducted at 4°C. All procedures for mitochondrial isolation were 
according to Eubel et al.27 Hypotonically isolated mitochondria 
from root cells were lysed on ice for 1 h in 2% (w/v) dodecyl 
maltoside and 0.4 M aminocaproic acid. Upon centrifugation 
at 30,000 g for 20 min at 4°C, the supernatant was used for the 
activity assay.

The activity of NADH dehydrogenase (complex I) was 
measured by the method of Verner et al.28 The supernatant 
(5 μL) and 20 mM NADH (5 μL) were mixed with 1 mL of 
NDH buffer (50 mM KPi, pH 7.6; 1 mM EDTA, pH 8.5; 
0.2 mM KCN). The reaction was started by the addition of 
2 mM coenzyme Q2 and followed at 340 nm for 3 min. The 
activity of complex I activity was expressed as nmol of NADH 
oxidized per min per g FW.

The activity of succinate dehydrogenase (complex II) was 
measured by the method of Sudheesh et al.29 The mitochon
drial lysate (approximately 4.0 mg) was mixed with 3 mg/mL 
BSA, 2 mM EDTA, 2 mM KCN, 1 μM antimycin A, 1 μM 
rotenone, 20 mM sodium succinate, 65 μM decyl ubiquinone 
and 50 mM KPB (pH 7.2) at 30°C for 10 min. The reaction was 
initiated with the addition of 60 μM 2,6-dichloroindophenol 
and monitored at 600 nm for 5 min. The activity of complex II 
activity was expressed as nmol of DCIP consumed per min per 
g FW.

The activity of cytochrome-c reductase (complex III) was 
measured as described by Singh et al.,30 with minor mod
ifications. Briefly, the mitochondrial lysate was mixed with 
50 mM KPB (pH 7.6), 0.5 mM EDTA, 2 M KCN, 50 μM 
cytochrome c, 20 mM succinate, 1% BSA, and 2 μg/mL 
rotenone. The reaction was monitored at 550 nm for 
1 min. The activity of complex III activity was expressed 
as the rate of nmol cytochrome c reduction per min per 
g FW.

The activity of cytochrome-c oxidase (complex IV) was 
measured as described by Hachiya et al.,31 with minor mod
ifications. The wheat roots (approximately 0.1 g) were 
ground in liquid N and mixed with 100 mM KPB (pH 7.5) 
containing 250 mM sorbitol and 0.2 mM Na2EDTA. The 
homogenates were centrifuged at 3,000 g for 2 min, the 
supernatant was centrifuged at 15,000 g for 10 min, and 
the pellets were resuspended in 50 mM KPB buffer. 
Reduced cytochrome c was added to the buffer, and complex 
IV activity was measured as the oxidation rate of the 
reduced cytochrome c by the change in absorbance at 
550 nm. The activity of complex IV activity was expressed 
as the oxidation rate of the nmol cytochrome c reduced per 
min per g FW.
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Determination of protein-bound carbonyls and 
malondialdehyde (MDA) content

Wheat roots (approximately 1.0 g) were ground in liquid 
N using a mortar and pestle. Nucleic acids from the root 
homogenates were removed by treatment with 1% (w/v) 
streptomycin sulfate. The sample homogenates (1 mL after 
treatment) were transferred into a tube and then blended 
with 4 mL of 10 mM 2,4-dinitrophenylhydrazine. The 
mixture was left at room temperature for 30 min, and 5 
mL of 20% trichloroacetic acid was added to the tube. The 
tube was incubated in an ice bath for 10 min, followed by 
centrifugation at 10,000 g for 20 min. The protein pellet 
was removed, rinsed three times with an ethanol/ethyl 
acetate mixture (1/1, v/v) and dissolved in 6.0 M guani
dine hydrochloride (pH 2.3). The absorbance was mea
sured at 370 nm using a spectrophotometer (Varian Cary 
100, Australia), and the carbonyl content was calculated 
using a molar absorption coefficient of 22,000 M−1 cm−1.

The MDA content was measured using the method of 
Bouabid et al.32 The roots (approximately 0.1 g) were ground 
with 10 mL 0.1% (w/v) trichloroethane. The extract was cen
trifuged at 12,000 g at 4°C for 10 min. The supernatant (1 mL) 
was collected and mixed with 3 mL 0.6% thiobarbituric acid 
and 7 mL of phosphoric acid 1%. The mixture was then heated 
in a water bath at 90°C for 30 min and allowed to cool, after 
which 20 mL of n-butanol was added. The reaction mixture 
was centrifuged at 3,000 g for 10 min, and the absorbance was 
read by a spectrophotometer (Varian Cary 100, Australia) at 
539 nm.

Transmission electron microscopy

After treatment for 2 days, root apex samples were cut into 1 mm 
pieces, rapidly fixed in 2.5% glutaraldehyde overnight at 4°C and 
then further fixed in 1% osmium tetroxide for 2 h. The samples 
were washed in distilled water three times and dehydrated in 
increasing ethanol concentrations and acetone. Then, the samples 
were infiltrated with Spurr’s resin. Samples were cut into 70 nm 
thick sections using an ultramicrotome (Leica EM UC6, Leica, 
Germany) and collected on Cu-based grids. The grids were 
stained with 4% uranyl acetate for 15 min and 3% lead citrate 
for 5 min. Sections were observed under a JEOL JEM-2100EX 
transmission electron microscope (Jeol, Tokyo, Japan) operated at 
80 kV.

Assessment of cell viability

Cell viability at the root apex was assessed using staining 
with propidium iodide (PI) (Sigma-Aldrich). The root tips 
were stained in 10 μM PI for 1 min in the dark at room 
temperature and then rinsed twice in distilled water. 
Stained root sections were mounted onto microscope slides 
in 10% (v/v) glycerol and were observed using a confocal 
microscope (Leica TCS SP8, Leica, Germany) with a Texas 
Red filter (excitation wavelength: 480 nm; emission wave
length: 610 nm).

Statistical analysis

Data Processing System (DPS) statistical software (DPS 10.05, 
Hangzhou, Zhejiang, China) was used for statistical analyses. 
Tukey’s tests at P < .05 were used to evaluate the significance of 
the results.

Results

Effects of different N sources on root growth

At 24 h, no significant difference in the net increase in the fresh 
weight of the roots was observed between the control, SA and AN 
treatments. At 48, 72 and 96 h, the SA and AN treatments 
decreased the net increase in root fresh weight compared with 
the control. Meanwhile, the net increases under the AN treatment 
were higher than those under the SA treatment after 24 h 
(Figure 1).

The content of NH4
+ and protein in roots

No significant difference in the root NH4
+ content in wheat 

seedlings was observed between the SA, AN and control con
ditions, while the AN treatment increased the root NH4

+ con
tent by 11.79% compared to the SA treatment (Figure 2a).

At 48 h, no significant difference in protein content of root 
was observed between SA and control. Moreover, AN treat
ment to a some extent increased the root protein content 
compared with the control and SA treatment (Figure 2b).

Figure 1. Effects of different N treatments on the root growth of wheat seedlings. 
The data show the means of the net increases in root fresh weight at 24, 48, 72 
and 96 h. The results represent the mean ± SD of three independent experiments. 
Different lowercase letters above the columns indicate significant differences at P 
< .05. Control: wheat seedlings grown in 7.5 mM NO3

−; SA: wheat seedlings 
grown in 7.5 mM NH4

+; AN: wheat seedlings grown in 7.5 mM NH4
+ + 1.0 mM 

NO3−.
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The enzyme activity and concentration of intermediates of 
the TCA cycle

In the SA treatment, the activities of root CS, aconitase, α- 
KGDH, MDH and PDH were significantly decreased, while 
the activities of SDH and PC were increased in wheat seed
lings compared with those in the control. In the AN treat
ment, the activities of root CS, aconitase, α-KGDH, MDH 
and PDH were greatly enhanced, while the activity of SDH 
was decreased compared with that in the SA treatment. The 
activities of CS, aconitase, α-KGDH, MDH, PDH and SDH 
in roots in the AN treatment were similar to those in the 
control.

The intermediates of the TCA cycle, including OAA, CA, 
aconitate, succinic acid, fumaric acid and acetyl-CoA, showed 
lower concentrations under the SA treatment than under the 
control conditions. After AN treatment, these intermediate 

concentrations were significantly higher than those in the SA 
treatment, while no significant differences were observed 
between the AN treatment and the control (Figure 3; Table S1).

The root PM H+-ATPase activity and the fluxes of H+ in the 
root apex

At both 6 and 48 h, PM H+-ATPase activity increased 
under the SA and AN treatments compared with the con
trol and showed no significant difference between the SA 
and AN treatments. Under the control conditions, the PM 
H+-ATPase activity remained relatively stable during the 
period of 6 to 48 h. However, under both the SA and AN 
conditions, the PM H+-ATPase activity was significantly 
higher at 48 h than at 6 h (Figure 4a).

Figure 2. Effects of different N treatments on the contents of NH4
+ (a) and protein (b) in wheat seedling roots. The results represent the mean ± SD of three independent 

experiments. Different lowercase letters above the columns indicate significant differences at P < .05. Control: wheat seedlings grown in 7.5 mM NO3
−; SA: wheat 

seedlings grown in 7.5 mM NH4
+; AN: wheat seedlings grown in 7.5 mM NH4

+ + 1.0 mM NO3−.

Figure 3. Reactions in the root TCA cycle of wheat seedlings treated with different N sources for 48 h. The levels of enzymes and the intermediates are shown by the 
color gradient, from low (blue) to high (red). The squares ordered from left to right indicate the treatments: 7.5 mM NO3

− (control), 7.5 mM NH4
+ (SA), and 7.5 mM NH4

+ 

+ 1.0 mM NO3
− (AN). Acetyl-CoA, acetyl coenzyme a; CA, citric acid; CS, citrate synthase; IDH, isocitrate dehydrogenase; KGA, α-ketoglutarate; α-KGDH, α-ketoglutarate 

dehydrogenase; MDH, malate dehydrogenase; OAA, oxaloacetic acid; PC, pyruvate carboxylase; PDH, pyruvate dehydrogenase; SDH, succinic dehydrogenase.
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The rate of H+ flux at 48 h was measured along root axes, 0– 
2,400 μm from the apex, at an interval of 300 μm (Figure 4b), 
and the average net H+ flux along this section of root was 
calculated for each treatment (Figure 4c). In control seedlings, 
roots showed net H+ influx along the section 0–2,400 μm from 
the apex. In the SA treatment, the H+ showed a strong efflux. 

After AN treatment, the rate of H+ efflux decreased, and more
over, H+ showed influx at 500–1,300 μm from the root apex 
(Figure 4b). As a consequence, the average H+ efflux rate 0– 
2,400 μm from the root apex in the AN treatment was signifi
cantly decreased compared with that in the SA treatment 
(Figure 4c).

Figure 4. The effects of different N treatments on PM H+-ATPase activity (a), the H+ flux profile along the root apex (b), the average net H+ fluxes along the root apex (c) 
and the pH value of the hydroponic growth medium (d). b, c: Positive values of the H+ flux rate indicate efflux, and negative values indicate influx. The data represent 
the means of six biological replicates. Different lowercase letters above the columns indicate significant differences at P < .05. Control: wheat seedlings grown in 7.5 mM 
NO3

−; SA: wheat seedlings grown in 7.5 mM NH4
+; AN: wheat seedlings grown in 7.5 mM NH4

+ + 1.0 mM NO3−.

Table 1. Activities of enzymes and concentrations of intermediates of three treatments

control SA AN

citrate synthase 16.08±0.46a 5.40±0.46c 14.04±0.07b

citric acid 1088.39±18.40a 626.29±18.47c 953.69±17.34b

malate dehydrogenase 4120.54±98.01a 3657.82±106.69b 4239.72±96.65a

oxaloacetic acid 416.55±1.59a 392.39±1.71b 418.69±2.05a

fumaric acid 211.66±2.99a 106.70±2.95c 178.52±2.19b

α-ketoglutarate dehydrogenase 18.35±0.99a 12.40±0.32b 19.99±0.82a

succinic acid 576.72±5.34a 344.58±4.43c 509.43±12.98b

aconitase 27.13±0.73a 16.71±0.38c 24.03±0.35b

aconitate 1023.65±36.11a 738.85±14.45c 929.50±12.10b

succino dehydrogenase 2.28±0.01c 3.91±0.18a 2.78±0.17b

acetyl coenzyme A 20.78±0.92a 16.58±0.79b 22.44±1.27a

pyruvate dehydrogenase 3.82±0.15a 3.08±0.16b 3.54±0.18a

Pyruvate carboxylase 78.47±1.77b 90.95±3.06a 79.48±2.85b

malic acid 388.83±7.89a 118.41±1.08c 269.62±3.10b

Effects of different N treatments on activities of enzymes and concentrations of the contents of intermediates in wheat seedling roots. The results represent the mean ± 
SD of three independent experiments. Different lowercase letters in each row indicate significant differences at P<0.05. Control: wheat seedlings grown in 7.5 mM 
NO3

−; SA: wheat seedlings grown in 7.5 mM NH4
+; AN: wheat seedlings grown in 7.5 mM NH4

+ + 1.0 mM NO3
−.
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The medium pH

The pH value of the hydroponic growth medium gradually 
increased from 6.20 to 7.02 under the control conditions dur
ing a 48-h culture. However, in the treatment with SA, the 
medium pH decreased from 5.99 to 3.84 with increasing treat
ment time. The addition of NO3

− significantly alleviated the 
decreases in medium pH compared with the SA treatment, and 
the medium pH values decreased from 5.95 to 5.58 after 48 h of 
treatment with AN (Figure 4d).

Activities of mitochondrial respiratory complexes

As shown in Figure 5, the activities of root complexes I–IV 
significantly increased in wheat seedlings in the SA treat
ment compared with the control. However, the AN 

treatment significantly decreased the activity of root com
plexes I, II and IV compared with the NH4

+ only treatment. 
As a consequence, the activities of complex I and complex 
III in wheat roots in the AN treatment were similar to 
those in the control, and the activities of complex II and 
complex IV in the AN treatment were higher than those in 
the control.

Protein carbonylation and lipid peroxidation in roots

The SA treatment significantly increased the content of 
protein-bound carbonyls and MDA compared to the con
trol. The AN treatment decreased the content of protein- 
bound carbonyls and MDA to similar levels as in the 
control (Figure 6).

Figure 5. Effects of different N treatments on the activities of root complexes I (a), II (b), III (c), and IV (d) in wheat seedlings. The results represent the mean ± SD of three 
independent experiments. Different lowercase letters above the columns indicate significant differences at P < .05 between experiments. Control: wheat seedlings 
grown in 7.5 mM NO3

−; SA: wheat seedlings grown in 7.5 mM NH4
+; AN: wheat seedlings grown in 7.5 mM NH4

+ + 1.0 mM NO3−.

Figure 6. Effects of different N treatments on the protein-bound carbonyl (a) and MDA (b) contents in roots. The results represent the mean ± SD of three independent 
experiments. Different lowercase letters above the columns indicate significant differences at P < .05. Control: wheat seedlings grown in 7.5 mM NO3

−; SA: wheat 
seedlings grown in 7.5 mM NH4

+; AN: wheat seedlings grown in 7.5 mM NH4
+ + 1.0 mM NO3−.
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Ultrastructure of root meristematic zone cells

It is clear that plants grown under control conditions showed 
typical features, with a complete external envelope and clear 
boundary of cells belonging to the root meristematic zone. The 
structures of the nucleolus and nuclear membranes and mito
chondria were clearly seen in the cells (Figure 7a, b). 
Conversely, the ultrastructure of meristem zone cells was 
obviously changed under SA stress. The cells were irregular, 
and the integrity of the plasma membranes and nuclear mem
brane was destroyed. Plasmolysis frequently occurred in the 
cells, and the cells were highly vacuolated, disorganized and 
contained a number of indistinct mitochondria compared with 
control cells (Figure 7c, d). Under the AN treatment, the 
external envelope and boundary, nucleolus and nuclear mem
brane were better preserved than under the SA treatment. The 
mitochondria were more distinct, and the vacuolated cells were 
significantly reduced compared to the SA treatment (Figure 
7e, f).

Cell viability in the primary root apex

Fluorescence was visible in only the cell wall of the epidermis 
and root cap cells in the control roots (Figure 8a). When 
subjected to SA treatment for 48 h, a large number of root 
cap cells were stained red with PI (Figure 8b), indicating cell 
death and cellular toxicity of the high concentration of NH4

+. 
Under the AN treatment, fluorescence was only detected in a 
few root cap cells and the wall of the epidermis (Figure 8c).

Discussion

Ammonium and nitrate are the two forms of inorganic N 
suitable for plant growth, and excessive NH4

+ concentrations 
have a highly toxic effect on root growth. The main phenotype 
of NH4

+ toxicity is characterized by seriously inhibited root 
growth.9 In the present study, we found that treatment with 
NH4

+ alone significantly decreased the root growth of wheat 
seedlings and that this inhibition was alleviated by NO3

− 

Figure 7. Transmission electron microscopy images of root meristematic cells showing alterations in the cellular structure. a, b: 7.5 mM NO3
–treated wheat seedling 

roots (control). c, d: 7.5 mM NH4
+-treated roots (SA). e, f: 7.5 mM NH4

+ + 1.0 mM NO3
–treated roots (AN). b, d, and f are higher magnifications of the areas highlighted in 

a, c, and e, respectively. Cw, cell wall; Mt, mitochondria; Nu, nucleus; Nm, nuclear membrane; Pm, plasma membrane; V, vacuole. Scale bars: 10 µM in a, c, and e; 2 µM in 
b, d and f.
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(Figure 1). These results suggest that NO3
− may alleviate NH4

+ 

toxicity in the roots of wheat seedlings. This was consistent 
with the finding that NO3

− restored the shoot growth in 
Arabidopsis thaliana when exposed to sole NH4

+ treatment.19 

However, in wheat subjected to sole NH4
+ nutrition, shoot 

growth was not affected.21

There is evidence that NH4
+ toxicity is often accompanied 

by an accumulation of NH4
+ in plants.7,19 Inhibition of NH4

+ 

uptake and accumulation by roots can alleviate NH4
+ 

toxicity.7,33 In the present study, we examined the NH4
+ con

tent in roots. The results showed that NO3
− addition did not 

decrease but increase the root NH4
+ content compared with 

that in the treatment with only NH4
+ (Figure 2a). Therefore, it 

is reasonable to assume that the NO3
–dependent alleviation of 

NH4
+ toxicity may not be through inhibition of NH4

+ accu
mulation in roots. This view is consistent with the findings that 
NO3

− alleviated toxicity symptoms without affecting NH4
+ 

accumulation in shoots.19,34 A most recent study also shows 
that excessive NH4

+ assimilation by plastidic GLUTAMINE 
SYNTHETASE 2 rather than NH4

+ accumulation is the pri
mary cause for NH4

+ toxicity.35

During N assimilation in plants, the NH4
+ is incorporated 

into amino acids with the action of NH4
+ assimilation 

enzymes including glutamine synthetase (GS), glutamate 
synthase (GOGAT) and glutamate dehydrogenase (GDH), 
and then converted into protein.9,18,36 In a previous work, 
we found that NO3

− addition increased the activity of GS, 
GOGAT and GDH under NH4

+ toxicity.21 Therefore, we 
measured protein content of wheat roots under different N 
treatments. The results suggested that the roots of wheat 
seedlings treated with the dual N sources exhibited higher 
protein content than that treated with sole NH4

+ (Figure 2b). 
Considering that increased protein content due to NO3

− 

addition and that NO3
− regulates the levels of the enzymes 

involved in the N assimilation,37 we may assume that NO3
− 

could alleviate NH4
+ toxicity by promoting the NH4

+ 

assimilation.

Under high concentrations of NH4
+, an adequate number of 

carbon skeletons is required for NH4
+ assimilation and amino 

acid synthesis to prevent overaccumulation and the toxic effects 
of NH4

+, and carbon skeletons are provided by the TCA 
cycle.9,36,38,39 Thus, the mitochondrial TCA cycle is particularly 
important for amino acid synthesis and N assimilation.40 In the 
present study, we observed that the activity of CS, aconitase, α- 
KGDH, MDH and PDH and the concentrations of OAA, CA, 
aconitate, succinic acid, fumaric acid and acetyl-CoA decreased 
following NH4

+ addition (Figure 3). This result is highly con
sistent with the findings by Wang et al. (2020),2 who reported 
that NH4

+ alone reduced the levels of TCA cycle intermediates 
in both shoots and roots and may interrupt the TCA cycle. In 
the dual N treatment, the activity of these enzymes and the 
concentration of TCA cycle intermediates were increased com
pared with those in the treatment with NH4

+ only (Figure 3). 
Although NO3

− can not completely eliminate an imbalance 
between amino acid and organic acid metabolism,19 it may 
partly activate the TCA cycle, increase production of carbon 
skeletons and thereby alleviate NH4

+ toxicity in wheat seedlings.
PDH catalyses the reactions that convert pyruvate to acetyl- 

CoA and plays a pivotal role in controlling the entry of carbon 
into the TCA cycle, a process that does not consume ATP.41 

The carboxylation of pyruvate to oxaloacetate via PC also 
replenishes TCA cycle intermediates; however, this process 
consumes ATP.42 In the present study, NH4

+ only treatment 
decreased the PDH activity but increased the PC activity com
pared with the NO3

− only treatment (Figure 3). It has been also 
reported that the input of pyruvate into the TCA cycle was 
limited by inactivation of PDH under high NH4

+ nutrition.19 

Therefore, it is reasonable to speculate that NO3
− addition may 

enhance the entry of carbon into the TCA cycle with decreased 
energy consumption in the root cells, thus contributing to the 
alleviation of NH4

+ toxicity.
It has been reported that compared to NO3

− nutrition, 
NH4

+ nutrition can increase PM H+-ATPase activity and 
cause ionic imbalances and intracellular pH 

Figure 8. Effect of the different N treatments on the fluorescence of PI in the root tips of wheat seedlings treated with 7.5 mM NO3
− (a), 7.5 mM NH4

+ (b) and 7.5 mM 
NH4

+ + 1.0 mM NO3
− (c). The median view (1,000 μm of the root tip surface) was imaged with the following device settings: wavelength, 1,097 nm; image resolution, 

1024 × 1024. The images are representative of the six samples analyzed. The white arrows indicate dead cells. Scale bar = 100 μm.
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disturbances.25,43,44 Our results corroborated this conclusion, 
as the roots of wheat seedlings treated with NH4

+ exhibited 
higher PM H+-ATPase activity (Figure 4a). PM H+-ATPase is 
responsible for maintaining membrane potential and cytosolic 
pH homeostasis by pumping protons to the apoplast because 
during NH4

+ assimilation, a large number of protons are gen
erated in the cytoplasm.25,33 Therefore, we measured H+ flux in 
the apical region of roots using NMT. The results revealed that 
H+ showed a strong efflux in the treatment with only NH4

+ 

(Figure 4b, c), resulting in significant decreases in the medium 
pH compared to that in the treatment with only NO3

− (Figure 
4d). Previous researches have also showed that when applied as 
the dominant N source, NH4

+nutrition acidifies the rhizo
spheric agar medium in rice,45 and causes apoplast 
acidification.38 Decreasing external pH is considered as a 
main response of Arabidopsis plants to high NH4

+ stress.46 

Furthermore, excessive NH4
+-assimilation caused acidic stress 

is a primary cause of NH4
+ toxicity.35 Based on these data, we 

postulate that the increased activity of PM H+-ATPase (Figure 
4a) observed in the treatment with NH4

+ only may contribute 
to the higher rate of H+ efflux (Figure 4b, c) along the root apex 
and hence medium acidification (Figure 4d), which may be 
associated with root cytosolic alkalization and thereby, the root 
growth inhibition.

NO3
− uptake may alleviate apoplastic acidification caused 

by NH4
+ toxicity. However, the question of how NO3

− reduced 
the rate of net H+ efflux and medium acidification remains to 
be elucidated.19 In our study, NO3

− addition did not affect the 
activity of PM H+-ATPase compared with the addition of 
NH4

+ alone (Figure 4a), but significantly decreased the rate of 
net H+ efflux and alleviated medium acidification (Figure 4b, c, 
d). Nitrate transporters (NRTs) in the membrane are primarily 
responsible for the absorption of NO3

− by the root system and 
NO3

− translocation among different parts of plants.47–49 Earlier 
studies have suggested that most NRTs are NO3

−/H+ sympor
ters that can cotransport NO3

− and H+ into cells.50–53 Recently, 
two known NRTs (NRT1s and NRT2s) were shown to function 
in an H+-dependent manner, as they cotransport NO3

− and H+ 

in the ctenidium of clams (Tridacna squamosa).54 It is well 
known that NO3

− addition to growing media can induce the 
expression of NO3

− transporters in plant cells.55,56 We there
fore propose that NO3

− addition may induce the symport of H+ 

and NO3
− into root cells, decrease net H+ efflux, reduce cyto

solic alkalization and rhizospheric environment acidification 
and thus alleviate NH4

+ toxicity. This review is supported by 
the findings that NO3

− transporter NRT1.1-mediated NO3
− 

uptake contributes to low-pH stress tolerance in plant,57 and 
NRTs and SLAH3 may maintain sufficient levels of NO3

− in the 
rhizosphere to buffer the low pH caused by NH4

+ stress.6

High NH4
+ application increased respiratory activity in 

NH4
+-supplied plants and caused higher mitochondrial 

reactive oxygen species (ROS) formation, leading to oxi
dative stress.58,59 The production of O2˙− and H2O2 is 
mainly caused by the mitochondrial respiratory chain 
under stress, and the maximum O2˙− production rate in 
vivo is proportional to the content of respiratory 
complexes.60,61 In particular, complexes I, II, and III of 
the mitochondrial respiratory chain have been identified 
as production sites of O2˙−.60,62 A previous study indicates 

that nitrate could decrease in ROS accumulation by redu
cing ROS production.63 In our previous study, we found 
that the addition of only NH4

+ appeared to increase H2O2 
and O2˙− contents compared to the addition of the same 
concentration of NO3

− and that addition of NO3
− 

decreased H2O2 and O2˙− contents compared to the sole 
NH4

+ treatment.21 However, how the mechanisms by 
which high NH4

+ addition increases ROS production and 
whether NO3

− alleviates NH4
+ toxicity by reducing oxida

tive stress is unclear.19 Previous studies that the activities 
of succinate dehydrogenase, cytochrome c oxidoreductase 
and cytochrome c oxidase were increased more or less 
during NH4

+ toxicity.64,65 In the present study, we assayed 
the activities complex I–IV, and found that the addition of 
only NH4

+ enhanced complex I–IV activities compared to 
the control, and NO3

− addition decreased the activities of 
complexes I–IV in wheat roots compared with the addi
tion of NH4

+ only; in particular, the activities of complex I 
and complex III were similar to those in the control 
(Figure 5). Protein carbonylation on amino acid side 
chains and lipid peroxidation (measured as the decompo
sition product MDA) have been regarded as important 
indicators of oxidative damage.31,66,67 In the present 
study, the NH4

+ only supply enhanced the contents of 
protein-bound carbonyls and MDA, while NO3

− addition 
decreased the contents of protein-bound carbonyls and 
MDA to levels similar to those in the control (Figure 6). 
These results are highly consistent with previous reports 
on Arabidopsis and submerged macrophytes, where exces
sive NH4

+ can cause an increase in protein-bound carbo
nyl and MDA contents.4,68 Similarly, it has been also 
reported that NO3

–-fed roots produced lower levels of 
ROS than NH4

+-fed roots.69 Based on these data, we 
speculate that NO3

− addition decreased the activities of 
mitochondrial respiratory chain complexes and the ROS 
production, thus alleviating oxidative damage to proteins 
and lipids.

Oxidative damage induces DNA damage, lipid peroxi
dation, protein modification, and organelle ultrastructure 
changes and affects cell viability.70,71 In the present study, 
we observed that sole NH4

+ caused vacuolation and mem
brane disruption in cells of the root meristem zone 
(Figure 7c, d). NO3

− addition ameliorated the membrane 
integrity and reduced the ultrastructure disruption of root 
cells (Figure 7e, f). In addition, we tested the effect of 
different N sources on root cell viability By staining with 
PI, which is a vital staining reagent that stains cell walls 
and nucleic acids and cannot penetrate the plasma mem
branes of living cells but can traverse the broken mem
brane of dead cells.72 We found that compared with high 
viability of root cap cells of the control wheat seedlings 
(Figure 8a), a number of dead root cap cells were detected 
in the plants exposed to NH4

+ alone, as indicated by 
strong fluorescence (Figure 8b). Additional NO3

− 

increased cell viability compared to that in the treatment 
with only NH4

+ (Figure 8c). The results presented here 
suggest that additional NO3

− may significantly improve 
root cell viability likely by relieving sole NH4

+ induced 
oxidative damage to root cells.
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Conclusions

Compared with sole NH4
+ nutrition, NO3

− addition increases 
in enzyme activity and the concentration of most TCA cycle 
intermediates and thereby promotes the production of carbon 
skeletons for N assimilation. Moreover, NO3

− addition 
reduces the rate of net H+ efflux and alleviates solution acid
ification compared with the NH4

+ only treatment, which may 
improve the ability of root cells to maintain cytosolic pH 
homeostasis. Furthermore, the addition of NO3

− decreases 
activity of mitochondrial respiratory complexes, mitigates 
cell oxidative damage and increases cell viability. Ultimately, 
NO3

− addition boosts root growth under high concentrations 
of NH4

+ in wheat seedlings.
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