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Abstract
Improving nitrogen use efficiency (NUE) under salt stress has become crucial for rice as it is increasingly facing two major 
environmental constraints: excessive nitrogen fertilization and soil salinization. However, the interaction between salinity 
and N levels is very complex and has not yet been considered from the perspective of reduced nitrogen input. We conducted a 
hydroponic experiment at the early tillering stage on the Yoshida solution to evaluate the impact of rising NaCl and decreasing 
N application on NUE of four rice cultivars cultivated under three NaCl (0, 56, and 113 mM) and four N (2.86, 1.43, 0.72, and 
0.36 mM) concentrations. After 4 weeks, physiological NUE (pNUE), absorption NUE (aNUE), agronomical NUE (agNUE), 
N transport efficiency (NTE), and physiological traits were evaluated. Significant interactions between N and NaCl-applied 
concentrations were found in all measured parameters. In all cultivars, increasing the NaCl-applied concentration mark-
edly decreased aNUE and agNUE. For each NaCl treatment, lowering the N applied sharply increased aNUE and agNUE, 
and this effect was stronger when the NaCl applied was higher. The effect of N lowering on pNUE depended on the NaCl 
treatment: it enhanced pNUE in the absence of NaCl but had no influence under the highest NaCl-applied concentration. 
Cultivars largely differed in response to NaCl. The aNUE—but not pNUE—differed between salt-tolerant and salt-sensitive 
cultivars: aNUE markedly decreased with NaCl concentration in the most salt-sensitive cultivar, whereas it was the highest 
at the intermediate NaCl concentration in the most salt-tolerant cultivar, especially under low N levels. This finding suggests 
that under salt conditions, the use of salt-tolerant rice genotypes combined with reducing N level application is necessary 
to improve NUE. The study of NUE in rice should be focused on the improvement of aNUE with a strong emphasis on the 
salt tolerance of cultivars.
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EC  Electrical conductivity
PC  Principal component

Introduction

Rice is a staple food for more than half of the world’s popu-
lation, and its cultivation is increasingly facing soil saliniza-
tion and overapplication of nitrogen fertilizer (FAO 2012; 
Reddy et al. 2017; IFA 2019). Soil salinity has been increas-
ing due to global climate change and is expected to continue 
increasing in the coming decades: a predicted sea-level rise 
of 30 cm by the year 2050 will lead to salt intrusion into 
coastal areas (Pachauri et al. 2014; Smajgl et al. 2015; Was-
smann et al. 2019). In addition, salinity alters nitrogen uti-
lization by crops (Hu and Schmidhalter 2005; Wang et al. 
2012), adding to the environmental problems linked to the 
overuse of this element (Ashraf et al. 2018).

In the past 50  years, nitrogen (N) fertilization has 
increased considerably, especially in developing countries, 
from 4.7 Mt in 1966 to 71.0 Mt in 2016 (IFA 2019). Excess 
N fertilization in rice cultivation causes a large proportion 
of  N2O, one of two main greenhouse gases apart from  CH4, 
which is also produced by rice paddies (Khalil et al. 1991; 
Cai et al. 1997; FAO 2012; Li et al. 2015). However, less 
than 50% of the N applied is actually absorbed and used by 
plants, and additional N is lost into water and the atmos-
phere by leaching, surface runoff, volatilization, and deni-
trification (Ladha et al. 2005). In addition to its detrimental 
environmental effects, excess N causes financial losses and 
detrimental effects on human health (Ladha et al. 2005; 
Anjana and Iqbal 2007). Therefore, improving nitrogen 
use efficiency (NUE) by reducing N rates, especially under 
saline conditions, is necessary. However, NUE is a complex 
phenomenon, and the mechanism of NUE improvement in 
rice under salinity has been poorly documented from the 
perspective of lowering N fertilization.

NUE can be defined as the yield (grain, starch, or bio-
mass, depending on the study) per N-applied unit (agronom-
ical NUE—agNUE). NUE involves N sensing, uptake, trans-
location, assimilation, and remobilization and is governed 
by multiple interacting genetic and environmental factors 
(Ladha et al. 2005). agNUE is the combination of two com-
ponents: absorption NUE (aNUE—also known as recovery 
NUE or nitrogen uptake efficiency—NUpE), which is the 
ratio between N absorbed and N applied, and physiological 
NUE (pNUE—also known as internal NUE—iNUE or utili-
zation efficiency—NUtE), which is the rate of grain, starch, 
or biomass production per unit of N absorbed. Whereas 
aNUE is the capacity of the plant to absorb applied N and 
pNUE is the efficiency of a plant to use N for metabolic 
purposes (Ladha et al. 2005; Murtaza et al. 2013; Nguyen 
et al. 2014). The importance of distinguishing these two 

components from each other in rice has been reported pre-
viously (Castilo et al. 2006; Nguyen et al. 2014; Wang et al. 
2016). However, information about NUE components in rice 
under saline conditions is lacking, although the agNUE of 
rice decreases with either decreasing N levels or increas-
ing salinity levels alone (Murtaza et al. 2013; Nguyen et al. 
2014; Mandal et al. 2018).

Salinity affects all processes of N metabolism in rice, 
including N uptake, N assimilation, and N mobilization, thus 
causing a severe decline in crop production. Salt reduces N 
uptake by reducing water absorption, inhibiting  NO3

− uptake 
due to the antagonism between  NO3

− and  Cl−, and reducing 
plant N demand (Abdelgadir et al. 2005; Munns and Tester 
2008; Ashraf et al. 2018). Moreover, salt alters the activities 
of enzymes related to N assimilation and amino acid synthe-
sis in plants: salt weakens the activities of nitrate reductase 
(NR), nitrite reductase (NiR), glutamine synthetase (GS), 
and glutamate synthase (GOGAT) and increases the activ-
ity of glutamate dehydrogenase (GDH), thus decreasing 
amino acid synthesis (Lea and Miflin 2003; Nguyen et al. 
2005; Wang et al. 2012). In addition, salinity stress generally 
causes an elevated level of  NH4

+ content in plants (Nguyen 
et al. 2005), which could become toxic (Britto and Kro-
nzucker 2002). Furthermore, salt influences N mobilization 
and remobilization in tissues and N-containing compounds 
(Lutts et  al. 1996; Mansour 2000). Salt induces higher 
 NO3

− concentrations in old leaves than in young leaves of 
rice (Wang et al. 2012). Salt also alters N metabolism with 
more accumulation of amino acids as a compatible solute 
rather than its use as a component of proteins (Lutts et al. 
1996; Xu et al. 2016; Cui et al. 2019). Thus, the effects of 
salinity on N metabolism are complicated and involve com-
plex regulatory mechanisms.

The interaction between salinity and N is complex and 
is influenced not only by salinity and N levels but also by 
plant species, genotype, plant age, and environmental condi-
tions (Murtaza et al. 2013; Ashraf et al. 2018; Mondal et al. 
2020). To date, few studies on NUE-related traits, such as 
DW, yield, and N concentration of rice under the interaction 
of N and salinity levels, have been reported. Furthermore, 
most of these studies focused on high N levels (Abdelgadir 
et al. 2005; Mondol et al. 2014). No research on the inter-
action between N and NaCl in rice has been conducted to 
date from the perspective of reducing N fertilization, while 
the current environmental concern is improving NUE under 
salinity conditions with lower N fertilization. Our prelimi-
nary research on reducing N rates under saline conditions 
was conducted to evaluate the growth and yield of rice, but 
it was conducted under severe saline conditions in a paddy 
field with a peak salinity level of 8 dS  m−1, and the effect of 
N was not clear (Phan et al. 2017). Additionally, we did not 
study NUE components. Thus, further studies on the effect 
of reducing the N level on the growth and NUE of rice under 
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saline conditions should be conducted. Understanding how 
growth and NUE may change in rice under NaCl stress is 
indispensable for planning desirable N inputs under the ris-
ing salinization of rice paddy fields. Therefore, the present 
study was conducted to determine the effects and interac-
tions between NaCl and low N concentrations on NUE com-
ponents, growth, and development parameters of different 
rice cultivars. Hydroponics has been used extensively in rice 
research because it allows precise control of the treatment 
applied. Therefore, we chose hydroponics to perform the 
experiments to precisely control the concentrations of the 
studied parameters—applied N and NaCl—as well as those 
of other elements.

Materials and Methods

Plant Materials and Growing Conditions

Four rice cultivars (Oryza sativa L.)—Cuom, Ngoi, FL478, 
and IR28—were provided by Plant Resources Center, Viet-
nam. FL478, also known as IR66946-3R-178-1-1, is a salt-
tolerant recombinant-inbred line created by crossing Pokkali 
and IR29 (Ferreira et al. 2015). IR28 is salt sensitive (Wang 
et al. 2018). Cuom (Cườm dạng 1) and Ngoi are two tradi-
tional Vietnamese varieties. Cuom is described as being as 
salt tolerant as FL478, while Ngoi is described as being as 
salt sensitive as IR28 at the early tillering stage in our previ-
ous research (Phan et al. 2017).

A hydroponic experiment was performed in a phytotron 
at the Université catholique de Louvain, Belgium, from Sep-
tember to October 2016 and was repeated identically and 
independently from November to December 2016 to assess 
the reproducibility of the results. In each experiment, three 
seeds were sown directly into holes in extruded polystyrene 
plates floating on the Yoshida nutrient solution (Yoshida 
et  al. 1976) in 25 L tanks (36.5  cm length × 26.5  cm 
width × 31.5 cm height) as described by Dufey et al. (2015). 
The holes were spaced 4.5 to 5.0 cm apart, with 40 holes per 
tank and 10 holes for each cultivar. The solution contained 
0.32 mM  NaH2PO4, 0.5 mM  K2SO4, 1.0 mM  CaCl2, 1.7 mM 
 MgSO4, 9.1 µM  MnCl2, 0.52 µM  (NH4)6Mo7O24, 18.0 µM 
 H3BO3, 0.15 µM  ZnSO4, 0.16 µM  CuSO4, 36.0 µM  FeCl3, 
70 µM citric acid, and N in  NH4NO3 form with adjusted 
concentrations depending on the treatment. The nutrient 
solution was renewed weekly. The pH was adjusted daily 
to 5.0–5.5 using 2 M KOH or 1 M HCl. The climatic con-
ditions in the phytotron were maintained at 30 °C/25 °C 
(day/night), 85–95% relative humidity, 12-h photoperiod, 
and 210 µmol  m−2  s−1 photosynthetic photon flux density 
(PPFD) at the top of each tank.

At the fully expanded three-leaf stage (i.e., 14 days after 
sowing), uniform seedlings were kept at a density of one 

seedling per hole. Then, four different concentrations of N (as 
 NH4NO3) in the Yoshida solution were applied: 1 N (standard 
Yoshida concentration with 2.86 mM N), 1/2 N (1.43 mM N), 
1/4 N (0.72 mM N), and 1/8 N (0.36 mM N), and all other 
nutrients were kept at their original concentrations.

NaCl treatments were established to create a gradient of 
salt stress—heavy, moderate, and no stress. The electrical 
conductivity (EC) threshold for rice soil solutions has been 
established as 3 dS  m−1 in indica rice (Grattan et al. 2002), 
and salinities higher than 6.6 dS  m−1 caused 50% yield 
losses (Van Genuchten and Gupta 1993; Zeng and Shan-
non 2000). A salinity level of 12 dS  m−1 has often been 
used to study the salt tolerance of rice (Castillo et al. 2007; 
Pang et al. 2017). Therefore, we chose two salinity levels: 
moderate, 6.5 dS  m−1 (equivalent to 56 mM NaCl) and high, 
11.5 dS  m−1 (equivalent to 113 mM NaCl), for this study. 
Three NaCl concentrations were crossed with the four N 
concentrations at the same time as the N treatments: no NaCl 
added, 56 mM NaCl, and 113 mM NaCl. NaCl treatment 
was applied in a single step as described in previous studies 
(Lutts et al. 1996; Wang et al. 2012). According to Shavru-
kov (2013), the lower concentration is within the range of 
mild stress and should not cause plasmolysis in root cells, 
while the second is close to the range of intermediate stress, 
which may or may not cause an osmotic shock. A concentra-
tion above 150 mM should always cause plasmolysis.

Thus, in each of the independent replications, 12 treat-
ments were conducted, amounting to 12 tanks with 480 
plants, consisting of 120 of each cultivar. The experimental 
design was a completely randomized design by rearrang-
ing the tank positions weekly, with three fixed and crossed 
factors consisting of cultivar, N, and NaCl concentrations. 
Plant growth and biological processes were analyzed after 
4 weeks of treatment.

Agronomical Parameters

After 4 weeks of treatment, shoot length, maximum root 
length (length of the longest root), number of tillers, and 
number of crown roots were measured on five plants of each 
cultivar in each treatment (240 plants in total).

Stomatal Conductance and Gas Exchange Rates

After 4 weeks of treatment, the photosynthetic character-
istics, including the  CO2 gas exchange rate (CER, µCO2 
 m−2  s−1), stomatal conductance (gs, mol  H2O  m−2  s−1), and 
instantaneous transpiration rate (Tr, mmol  H2O  m−2  s−1), 
were recorded in the middle of the youngest fully expanded 
leaf of three plants of each cultivar in each treatment 
(144 plants) using an Infra-Red Gas Analyzer (IRGA, 
LCi-SD, UK). The climatic conditions for photosynthetic 
measurement were approximately 400 mmol  mol−1  CO2 
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concentration, 210 µmol   m−2   s−1 PPFD, and 30 °C leaf 
temperature.

Osmotic Potential

Leaf osmotic potential (Ψs) was determined according to 
Lutts et al. (1996). Another set of 144 fresh plants was used 
and included three plants per treatment and cultivar. Leaf 
blades of each plant were cut into small segments (5 mm 
length), placed in 2.5 ml Eppendorf tubes perforated with 
four small holes, and immediately frozen in liquid nitrogen. 
After being individually encased in a second intact Eppen-
dorf tube, the leaves were thawed for 30 min and centrifuged 
at 15,000 rpm for 15 min at 4 °C. The collected sap was ana-
lyzed for Ψs determination. Osmolarity (C, mOsmol  kg−1) is 
assessed with a vapor pressure osmometer (VAPRO 5520, 
Wescor, Logan, USA) and converted from mOsmol  kg−1 to 
MPa using Formula (1) according to the Van’t Hoff equation:

Plant Dry Weight

Five other plants from each cultivar within each treatment—
a total of 240 plants—were collected to determine the fresh 

and dry weight (DW) of the shoots and roots. DW was 
determined by drying the samples in an oven at 65 °C until 
reaching a constant weight (approximately 96 h). The water 
percent in the shoots (SW%) was then determined. The ratio 
of the shoot and root dry weights (SRratio) of each plant 
was calculated as the shoot dry weight (SDW) per root dry 
weight (RDW).

Na+ and  K+ Concentrations in Plant Tissue

After measuring dry weights, 192 of the 240 plants men-
tioned above and four plants from each treatment and 
each cultivar were ground to determine  Na+ and  K+ 

(1)Ψs (Mpa) = −C × 2.577 × 10−3

concentrations in the shoot  (SNa+ and  SK+) and root tissue 
 (RNa+ and  RK+). A ground sample of 0.3 mg was diluted 
with 40 ml of 0.5%  HNO3 in a 50 ml sterile tube. The tube 
was shaken for 24 h before centrifuging at 4000 rpm for 
15 min. Subsequently, the solution was filtrated and kept 
at 6 °C before analysis.  Na+ and  K+ concentrations were 
determined by inductively coupled plasma atomic emis-
sion spectroscopy (ICP-AES) using an iCAP 6500 (Thermo 
Scientific).

N Concentration and Content

The dried shoots and roots of four plants from each cultivar 
and each treatment—the same 192 plants used for DW and 
ionic determinations—were ground separately. The N con-
centrations of shoots (SN) and roots (RN) were determined 
using the FLASH NC Analyzer (Model AE1112, CE Instru-
ments, UK). The N content in the shoot (SNC) and root tis-
sue was calculated by multiplying SN times SDW and RN 
times RDW, respectively.

Nitrogen Use Efficiency

NUE and nitrogen transport efficiency (NTE) are calculated 
according to Nguyen et al. (2014) and Huang et al. (2018):

where total N applied refers to the total N quantity available 
per plant during the 4 weeks of treatment.

Statistical Analysis

Both independent experiments led to similar results for CER 
and DW. However, only the data from the first experiment 
(September to October 2016) are presented. Data were ana-
lyzed using “R” software ver. 3.4.1 (R Development Core 
Team 2019).

A principal component analysis was conducted by com-
bining data for CER, gs, Tr, SDW, RDW, SRratio, and 
 Na+ concentration in the shoot tissue  (SNa+), SN, SNC, 

(2)Physiological NUE (pNUE) = Whole plant dry weight
(

g plant−1
)

∕Total N absorbed in whole plant
(

g N plant−1
)

(3)Absorption NUE (aNUE) = Total N absorbed in whole plant
(

g N plant−1
)

∕Total N applied
(

g N plant−1
)

(4)Agronomical NUE (agNUE) = Whole plant dry weight
(

g plant−1
)

∕Total N applied
(

g N plant−1
)

(5)NTE = N content in shoot
(

g N shoot−1
)

∕Total N content in whole plant
(

g N plant−1
)
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Ψs, SW%, aNUE, pNUE, agNUE, and NTE. Each compo-
nent was determined by the variables and their eigenval-
ues according to Eq. (6). Pearson’s correlation coefficients 
among these parameters were determined.

where x1 to x15 are the eigenvalues of the variables.
The complete generalized linear Model (7) was used to 

test whether the factors and the interactions were significant 
for each variable. The restrained Model (8) was used when 
interactions were not significant. An F test was performed 
to test the suitability of the restrained model.

where Yi represents the tested dependent variable and β are 
the coefficients. The explained variables are NaCl concen-
tration (NaCl), N-applied concentration (N), and genotypic 
response (Gen). εi is the residual error. A type III ANOVA 
was used. When significant interactions were found, multiple 
comparisons were performed using the Tukey test for least 
square means at a significance level of p < 0.05.

(6)

PCx =x1RDW + x2SDW + x3SRratio + x4SNa
+ + x5SN

+ x6SNC + x7CER + x8gs + x9Tr + x10Ψs

+ x11SW% + x12pNUE + x13agNUE + x14aNUE

+ x15NTE

(7)

Yi = �
0
+ �

1
NaCl + �

2
N + �

3
Gen + �

4(NaCl ∗ N)

+ �
5(NaCl ∗ Gen) + �

6(N ∗ Gen) + �
�
(N ∗ Gen ∗ NaCl) + �i

(8)
Yi = �

0
+ �

1
NaCl + �

2
N + �

3
Gen + �

4(NaCl ∗ N)

+ �
5(NaCl ∗ Gen) + �

6(N ∗ Gen) + �i

Results

Effect of NaCl and N Concentrations on the Growth 
and Development of Rice Plantlets

The principal component analysis revealed that 84.28% of 
the total variability was explained by the first two principal 
components (PC). PC1 accounted for 58.14% of the variance 
and was highly related to salinity and its negative effects on 
gs, gas exchanges (CER and Tr), Ψs,  SNa+, and all three dry 
weights (Eq. 9, Fig. 1). The contributions of SN and pNUE 
to this first axis were negligible. PC2 explained 26.14% of 
the total variance and was related to the effect of N-applied 
concentrations on both SN and SNC, pNUE, agNUE, and 
NTE. The contributions of the parameters related to NaCl 
treatment listed above and DW were negligible on this sec-
ond axis (Eq. 10, Fig. 1). PC3 explained only 6.65% of the 
variability, and all other PCs accounted for less than 3% 
each.

(9)

PC1 = − 0.31 RDW − 0.28 SDW + 0.26 SRratio + 0.31 SNa+

+ 0.07 SN − 0.21 SNC − 0.31 CER − 0.29 gs− 0.31 Tr

− 0.31Ψs − 0.28 SW%− 0.11 pNUE − 0.22 agNUE

− 0.24 aNUE + 0.24 NTE

(10)

PC2 = 0.07 RDW − 0.21 SDW − 0.25 SRratio + 0.07 SNa+

− 0.45 SN − 0.34 SNC − 0.17 CER − 0.16 gs− 0.15 Tr

− 0.07Ψs − 0.16 SW% + 0.45 pNUE + 0.34 agNUE

+ 0.19 aNUE−0.33 NTE

Fig. 1  PCA plot of four rice 
cultivars under different N 
and NaCl-applied levels in the 
Yoshida et al. (1976) solution. 
C, N, F, and I: Cuom, Ngoi, 
FL478, and IR28 cultivars, 
respectively. CER photosynthe-
sis rate, gs stomatal conduct-
ance, Tr transpiration rate, SDW 
shoot dry weight, RDW root dry 
weight, SRratio ratio of shoot 
dry weight and root dry weight, 
SNa  Na+ concentration in shoot, 
pNUE physiological NUE, 
agNUE agronomical NUE, 
aNUE absorption NUE, NTE 
nitrogen transport efficiency, 
OsP osmotic potential, SW% 
percentage of water in shoot, SN 
nitrogen concentration in shoot, 
SNC nitrogen content in shoot
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Several interesting relationships were found between the 
studied parameters. First, the orthogonality of the eigen-
vectors revealed that both SN and pNUE were independent 
of  SNa+. Second, SRratio was positively correlated with 
NTE (0.88, p < 0.001) but negatively correlated with both 
aNUE (− 0.77, p < 0.001) and agNUE (− 0.82, p < 0.001). 
SRratio, NTE, aNUE, and agNUE were partially linked to 
both  SNa+ and SN. Third, SNC was positively correlated 
with SDW (0.93, p < 0.001) and to a lesser extent to SN 
(0.54, p < 0.01).

Examining the locations of each cultivar and the N and 
 Na+ treatment in Fig. 1 indicated that increasing NaCl con-
centration caused an increase in  SNa+—as expected—and 
SRratio. However, gs, gas exchanges—CER and Tr –, Ψs, 
and DWs were reduced. Cuom tended to be located on the 
left-hand side of the graph—low  SNa+—while Ngoi was 
on the right-hand side—high  SNa+. Regarding N effects, 
increasing N levels led to increases in SN, SRratio, and 
NTE but decreases in pNUE and agNUE.

In summary, pNUE was opposed to SN, and both were 
independent of  SNa+ and Ψs—which were mainly influ-
enced by NaCl concentrations—whereas both aNUE and 
agNUE were partially linked to both SN and  SNa+. Cuom 
tended to maintain a low  SNa+, as opposed to Ngoi.

Agronomical Parameters

The effect of N on shoot length, maximum root length, num-
ber of tillers, and number of crown roots per plant changed 
depending on the salinity level. As expected, under non-
saline treatment, increasing N stimulated the formation of 
new tissue and organs: shoot length, the number of tillers 
per plant, and the number of crown roots per plant increased, 
although the maximum root length was reduced. However, 
this stimulating effect of N was not observed under saline 
conditions (Fig. 2a, b).

Dry Weights

Both SDW and RDW were significantly influenced by NaCl 
and N applied and their interaction (p < 0.001) and decreased 
drastically with increasing NaCl concentration (Fig. 2c, d). 
However, the effects of N concentrations differed between 
roots and shoots, and trends went in opposite directions 

according to the NaCl treatments. In the 0 mM NaCl treat-
ment, SDW decreased with decreasing N concentrations, 
while RDW generally increased. In the 56 mM NaCl treat-
ment, the largest DWs were found under intermediate N 
concentrations in both tissues. Finally, in the 113 mM NaCl 
treatment, trends were the opposite of those found in the 
0 mM NaCl treatment: DWs tended to increase moderately 
with decreasing N-applied concentration, although the effect 
was significant only in roots.

Na+ Concentration in Tissue and Osmotic Potential 
of the Blade

SNa+ and  RNa+ were influenced by NaCl treatment 
(p < 0.01) and the interaction between NaCl, N, and cul-
tivar (p < 0.001, Supplement Table S1). As expected, both 
 SNa+ and  RNa+ always increased with increasing applied 
NaCl. Again, the effect of N-applied concentration on  Na+ 
in the tissue depended on NaCl treatment and the organs: in 
the 56 mM NaCl treatment, the highest  SNa+ was observed 
under 1/8 N, while in the 113 mM NaCl treatment, it was 
found under 1 N (Fig. 2e). However, in the root tissue,  RNa+ 
in the 113 mM NaCl treatment was the lowest under 1 N, 
while no significant difference appeared among the other 
treatments (Supplement Fig. S2).

The evolution of Ψs was clearly related to  SNa+, which 
became more negative with increasing NaCl treatment 
(Fig.  2f). Ψs was not influenced by N treatment in the 
absence of NaCl but was significantly affected by N defi-
ciency (1/8 N) under salinity conditions. Interestingly, at the 
intermediate NaCl concentration (56 mM), although  SNa+ 
and Ψs were measured in different plants, the effects of N 
treatment on Ψs and  SNa+ were related to each other, with 
 SNa+ being significantly higher and Ψs being significantly 
lower under 1/8 N than under the other N treatments. How-
ever, in the 113 mM NaCl treatment, the highest Ψs was 
found under 1/8 N, while the Ψs in the other three N treat-
ments were not significantly different from each other.

Stomatal Conductance, Gas Exchanges, and Percentage 
of Water in Shoots

The ANOVA results indicated that NaCl treatment, 
N treatment, and their interactions influenced gs and 
gas exchanges—CER and Tr—and SW% (Supplement 
Table  S1). These parameters markedly decreased with 
increasing NaCl concentrations. However, they were again 
differentially influenced by N levels under each NaCl treat-
ment (Fig. 2g, h, Supplement Fig. S1). In the absence of 
NaCl, the measured parameters showed significantly lower 
values under 1/8 N than under the other N levels. In contrast, 

Fig. 2  Number of tillers per plant (a), number of crown roots per 
plant (b), shoot dry weight—SDW (c), root dry weight—RDW (d), 
 Na+ concentration in shoot tissue—SNa+ (e), osmotic potential in 
leaves—Ψs (f), stomatal conductance—gs (g), and rate of photosyn-
thesis CER (h) of rice grown in Yoshida et al. (1976) solution under 
different N and salinity levels. Data are the means ± SE (n = 12) of 
four cultivars. Bars with the same lower case letter are not signifi-
cantly different according to Tukey’s test at the 5% level between 
treatments—nitrogen concentrations and salinity levels
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Fig. 3  N concentration in shoot tissue—SN (a), N content in shoot 
tissue—SNC (b), Nitrogen transport efficieny—NTE (c), absorption 
NUE—(d), physiological NUE—pNUE (e), and agronomical NUE—
agNUE (f) in rice grown in Yoshida et al. (1976) solution under dif-

ferent N and salinity levels. Data are means ± SE (n = 12) of four 
cultivars. Bars with the same lower case letter are not significantly 
different according to Tukey’s test at the 5% level between treat-
ments—nitrogen concentrations and salinity levels
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under a high concentration of NaCl applied, the lowest val-
ues were recorded with high concentrations of N applied.

N and  K+ Concentrations and N Content in the Tissue

The tendencies for N concentration according to NaCl and 
N-applied levels were similar in the shoot and root tissues; 
thus, for clarity, we focused on the concentration in the 
shoot tissue only (SN). The effect of NaCl treatment on SN 
depended on N input: NaCl enhanced SN under low N input 
(1/8 N and 1/4 N) and had no influence under 1/2 N but 
reduced it under high N levels (1 N) (Fig. 3a). Similarly, the 
effect of N input on SN depended on NaCl treatment. Under 
0 and 56 mM NaCl-applied concentrations, SN increased 
with increasing N applied. However, under the 113 mM 
NaCl-applied concentration, increasing N to 1/2 N or 1 N 
caused a significant decrease in SN.

SNC followed the same trends as SDW and was strongly 
influenced by N treatment (p < 0.001) and the interaction 
between NaCl and N concentration (p < 0.001). SNC was 
differentially affected by N treatment depending on NaCl 
treatment (Fig. 3b). Indeed, under 0 mM NaCl, SNC mark-
edly increased with increasing N applied. However, under 
the intermediate NaCl treatment (56 mM), the highest SNC 
was observed under an intermediate N concentration (1/2 N). 
Finally, under the highest NaCl treatment (113 mM), there 
was no significant effect of N, although the lowest SNC was 
found under 1 N applied.

Both  SK+ and  RK+ were influenced by NaCl, N applied, 
and their interaction (Supplement Table S1).  SK+ and  RK+ 
decreased with increasing external NaCl concentrations and 
was influenced by N depending on the salinity levels (Sup-
plement Fig. S1). Under no or moderate salinity, increasing 
N levels from 1/8 N to 1/2 N increased  SK+ and  RK+. Then, 
increasing N from 1/2 N to 1 N maintained or decreased 
 SK+ and  RK+ significantly (under non-saline and moderate 
salinity, respectively). Under severe salt conditions, the N 
concentration did not significantly influence the  K+ concen-
tration in the tissue.

N Transport and Use Efficiency

NTE and all three NUEs were influenced by NaCl, N-applied 
concentrations, and their interaction (Supplement Table S1). 
Increasing NaCl or N concentrations increased NTE but 
reduced all three NUEs (Fig. 3c–f). The aNUE increased 
significantly with decreasing N concentrations under all 
three NaCl treatments, and more so as the NaCl treatment 
was stronger: decreasing N from 1 to 1/8 N increased aNUE 
by 48.0%, 76.8%, and 91.1% under 0, 56, and 113 mM NaCl 
treatments, respectively, the slope of the regression being 
significantly different between 0 on one hand and 56 and 

113 mM on the other hand (data not shown). A high NaCl 
concentration caused no significant effect on aNUE in the 
1/8 N treatment but significantly reduced aNUE in all three 
other N concentrations. Thus, aNUE was highly positively 
affected by reducing N treatment under high NaCl treatment.

Salt drastically reduced pNUE under low N levels (1/8 N 
and 1/4 N) but had no effect on pNUE at higher N levels 
(1/2 N and 1 N). Thus, when NaCl-applied levels increased, 
pNUE was less influenced by changing N rates. Decreas-
ing N concentrations led to a marked increase in pNUE in 
the 0 mM NaCl treatment but had a smaller effect in the 
presence of NaCl: decreasing N from 1 to 1/8 N caused an 
increase in pNUE by 59.0% in the 0 mM treatment, 40.6% 
in the 56 mM NaCl treatment, and only 6.7% in the 113 mM 
NaCl treatment. agNUE followed the same trend as aNUE 
and was generally reduced by increasing NaCl applied and, 
under each NaCl-applied concentration, was drastically 
increased by decreasing N concentrations: decreasing N 
from 1 to 1/8 N caused an increase in agNUE by 78.9%, 
87.6%, and 91.6% under 0 mM NaCl, 56 mM NaCl, and 
113 mM NaCl, respectively.

In summary, NaCl treatment reduced aNUE and pNUE 
differently depending on N levels. This decrease caused 
higher aNUE reductions under higher N-applied concentra-
tions. In contrast, NaCl did not reduce pNUE under higher 
N levels (1/2 N and 1 N) but significantly reduced pNUE 
under lower N levels (1/8 N and 1/4 N).

Response of Different Cultivars to NaCl and N 
Concentrations

Dry Weights

SDW and RDW generally decreased with the increasing 
application of NaCl from 0 to 113 mM in all cultivars, 
with marked differences between cultivars (Fig. 4a, Sup-
plement Fig. S3). Interestingly, SDW in Cuom was not 
affected by the 56 mM NaCl treatment, whereas it drasti-
cally decreased in Ngoi (64.0%) and moderately in the 
other cultivars (22.9% and 43.3% for FL478 and IR28, 
respectively). Under 113 mM NaCl, Cuom also performed 
the best, with a reduction in SDW of only 50.9% com-
pared to the 0 mM NaCl treatment, whereas it was approx-
imately 70% in all other cultivars. Reductions in RDW 
were greater than those in SDW. Again, Cuom and Ngoi 
were the least and most affected by the NaCl treatment, 
respectively.

Na+ in Shoot Tissues and Osmotic Potential in Leaf Tissue

SNa+ but not  RNa+ at the same NaCl levels varied greatly 
according to the cultivar; thus, we focused on  SNa+ (Fig. 4b, 
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Supplement Fig. S5).  SNa+ was significantly higher in Ngoi 
than in all other cultivars in the 56 mM NaCl treatment and 
higher in Ngoi and IR28 than in the two remaining cultivars 
with 113 mM NaCl treatment. Indeed, under 56 mM NaCl 
treatment,  SNa+ of Ngoi and Cuom increased 3149 and 
815%, respectively, compared to  SNa+ in non-saline condi-
tions. Under 113 mM NaCl, the increase in  SNa+ of the two 
salt-sensitive cultivars—Ngoi (6293%) and IR28 (6606%)—
was significantly higher than that of the two salt-tolerant 
cultivars—Cuom (3114%) and FL478 (3498%).

NaCl caused a dramatic decrease in Ψs, which differed 
according to the cultivar. Again, Cuom, and Ngoi were the 
least and most affected by the salt treatments, respectively 
(Fig. 4c).

Stomatal Conductance, Gas Exchanges, and Percentage 
of Water in Shoots

gs, CER, and SW% decreased with increasing NaCl concen-
tration, with levels of reductions depending on the cultivar. 
Under both concentrations of NaCl applied, Cuom was the 
least affected, followed by FL478, IR28, and Ngoi (Supple-
ment Fig. S5). Under the highest NaCl concentration, the 
CER and SW% of Ngoi and IR28 were strongly reduced. 
Their gs, CER, Tr, and SW% decreased by 99.4%, 98.5%, 
98.0%, and 13.7% in Ngoi and 97.3%, 93.8%, 94.8%, and 
13.7% in IR28, respectively.

N Concentration, N Content, and  K+ Concentration 
in Tissues

NaCl concentrations caused no significant effect on RN 
but enhanced SN of all cultivars. Ngoi showed the smallest 
SN under all salinity levels (Supplement Fig. S4). Depend-
ing upon the cultivar, SNC was influenced by the applied 
NaCl levels: FL478, IR28, and Ngoi had significant reduc-
tions in SNC with increasing NaCl concentrations from 0 
to 113 mM (Fig. 4d). However, in Cuom, applying 56 mM 
NaCl resulted in an increase in SNC compared to 0 mM 
NaCl under all three reduced N levels. In Cuom again, 
increasing NaCl application to 113 mM resulted in a lower 

SNC, but it remained significantly higher than in the three 
other cultivars.

The tendencies observed for  K+ were the opposite of 
those for  Na+ concentrations in the shoot tissues. Ngoi 
showed the lowest  SK+. Under both salt conditions, Ngoi 
had the highest  Na+/K+ ratio, followed by IR28, FL478, and 
finally Cuom (Supplement Fig. S5).

N Transport and Use Efficiency

NTE was slightly enhanced and pNUE was slightly reduced 
by applied NaCl concentrations, with few differences 
between cultivars. Ngoi showed the highest NTE and lowest 
pNUE under salinity conditions (Fig. 4e and g). The effect 
of cultivar on aNUE and agNUE was more obvious. Regard-
less of NaCl concentration, the salt-tolerant cultivars, mainly 
Cuom, showed higher aNUE than the salt-sensitive cultivars 
(Fig. 4f and h). aNUE and agNUE were always highest in 
Cuom, followed by FL478, IR28, and finally Ngoi. Inter-
estingly, aNUE and agNUE in Cuom were even higher at 
intermediate NaCl concentrations than under 0 mM NaCl 
and were of the same order under high NaCl concentrations 
than at 0 mM NaCl. In contrast, in the other cultivars, aNUE 
and agNUE values were lowered when the NaCl concentra-
tions increased.

In summary, aNUE and agNUE but not pNUE differed 
between salt-tolerant and salt-sensitive cultivars. Cuom 
was the most salt tolerant and showed the highest aNUE 
and agNUE values, followed by FL478, IR28, and finally 
the most salt-sensitive Ngoi. Increasing NaCl application 
resulted in lower values of SDW, RDW, Ψs, gs, CER, Tr, 
and SNC in all cultivars, including Cuom, but all of these 
values remained higher in this last cultivar than in the three 
other cultivars.

Discussion

In the present study, the evolution of NUE components 
under saline conditions and reducing N application was 
highlighted. Whereas, agNUE decreased with increasing 
NaCl or N levels, its two components—aNUE and pNUE—
behaved differently: when NaCl-applied levels increased, 
aNUE was more affected than pNUE; for any given level of 
NaCl, aNUE was more affected than pNUE by the level of 
N. This finding could be explained as follows.

aNUE was low and further reduced with increasing NaCl 
concentration due to a reduction in both DW and N uptake 
under high N-applied concentrations. First, salt reduced 
water absorption and the SW% and Tr of the leaves and 
then decreased the mass flow of nutrients, including N, in 
our experiment. This result was consistent with those of 
Munns and Tester (2008). Second, under saline conditions, 

Fig. 4  Shoot dry weight—SDW (a),  Na+ concentration in shoots—
SNa+ (b), osmotic potential—Ψs (c), N content in shoots—SNC (d), 
nitrogen tranport efficiency—NTE (e), absorption NUE—aNUE (f), 
physiological NUE—pNUE (g), and agronomical NUE—agNUE (h) 
of different cultivars grown in Yoshida et  al. (1976) solution under 
three salinity levels. Data are means ± SE (n = 12) of four N treat-
ments (0.36, 0.72, 1.43, and 2.86  mM). Bars with the same lower 
case letter are not significantly different according to Tukey’s test at 
the 5% level between different interactions of cultivars and salinity 
levels

◂
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 NO3
− uptake decreases due to the antagonism between 

 NO3
− and  Cl− and by downregulating some genes related to 

N uptake (Abdelgadir et al. 2005; Wang et al. 2012; Ashraf 
et al. 2018). Third, in our experiment, salinity reduced CER, 
gs, Tr, protein concentration (data not shown), SNC, and 
DW. Salinity can reduce plant N demand, thereby restricting 
N uptake (Lutts et al. 1996; Chen et al. 2010; Ashraf et al. 
2018). Furthermore, salt markedly reduced the number of 
roots per plant and RDW, especially under high N levels 
such as 1 N, thus reducing the N uptake capacity of the plant 
(Fig. 2b, d). Therefore, aNUE under saline conditions was 
low due to N absorption inhibition by the presence of salt.

However, aNUE was not reduced by increasing salinity 
levels under very low N application levels, unlike under 
higher N treatments. DW, but neither SN nor NTE, was 
reduced by NaCl under low N treatment. Therefore, we con-
firmed that salt limited growth but did not reduce N transport 
under such conditions (Fig. 2c, 3c). This finding suggests 
that growth inhibition may be explained by an impairment 
of N uptake under salt stress (Supplement Fig. S9). How-
ever, salt induces the activity of the high-affinity transport 
system (HATS), which mediates N uptake activity at low N 

concentrations (0.2–0.5 mM N) (Crawford and Glass 1998; 
Bao et al. 2015; Mandal et al. 2018). Some genes coding for 
 NH4

+ and  NO3
− transporters belong to HATS, such as NRT2 

and AMT1, which are upregulated under saline conditions 
(Wang et al. 2012). As a result, the N uptake under low N 
concentrations in the presence of NaCl increases. Therefore, 
although salt reduced DW, the total N content in rice under 
low N conditions was maintained regardless of the NaCl 
treatment.

Regarding pNUE, the negative effect of the N-applied 
concentration that was observed in the absence of NaCl 
diminished and finally disappeared with increasing NaCl-
applied concentration. The trend of pNUE under non-saline 
conditions was consistent with the results of Nguyen et al. 
(2014), who reported that pNUE increased with decreas-
ing N application concentration. When NaCl-applied levels 
increased, pNUE was less influenced by N-applied concen-
trations. A similar finding was described in oat, where it 
was reported that pNUE in a salt-tolerant genotype was not 
influenced by changing N rates (Song et al. 2019). This find-
ing was attributed to the photosynthesis rate and N absorp-
tion. Indeed, when NaCl increased, these two last parameters 

Fig. 5  Phenotypes of rice 
under different conditions of 
N and NaCl concentrations 
after 4 weeks of growth on the 
Yoshida et al. (1976) solution 
with different N and NaCl 
concentrations. 1 N: normal N 
concentration of the Yoshida 
solution (2.86 mM). 1/2 N, 
1/4 N, and 1/8 N: reduced N 
concentration at 1/2, 1/4, and 
1/8 of the normal concentration, 
respectively (1.43, 0.72, and 
0.36 mM)
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were reduced by salt but were less influenced by changing 
N rates than in plants under non-saline treatment, meaning 
that under salt treatment, all N absorbed is used equally to 
allow for the synthesis of organic compounds.

agNUE was positively and more strongly correlated with 
aNUE than with pNUE under all levels of NaCl (0.83, 0.96, 
and 0.98, p < 0.001 in the 0 mM, 56 mM, and 113 mM NaCl 
treatments, respectively). However, although agNUE showed 
a positive correlation with pNUE in the absence of NaCl (0.90, 
p < 0.001), a weaker correlation was observed under the inter-
mediate NaCl treatment (0.68, p < 0.01), but no correlation was 
observed under severe salt stress (− 0.04). In addition, NTE 
was enhanced by both increasing N and NaCl concentrations. 
Overall, under salt treatments, the contribution of aNUE to 
agNUE was higher than that of pNUE, and the variation in 
aNUE was higher than that of both pNUE and NTE. In other 
words, the reduction in NUE under salinity conditions mainly 
resulted from the reduction in N uptake capacity.

We highlighted the negative effect of high N (1 N—stand-
ard N under non-saline conditions) and the advantages of 
reducing N rates for growing rice under saline conditions. 
As expected, the standard N concentration in the Yoshida 
solution—1 N—resulted in the highest growth under non-
saline conditions. In contrast, under NaCl treatments, reduc-
ing the N-applied concentration led to higher growth than 
under the standard N-applied concentration (Fig. 5). Indeed, 
under intermediate NaCl treatment (56 mM NaCl, equiva-
lent to 6.5 dS  m−1), reducing N-applied concentrations led to 
significantly higher dry matter accumulation—PDW, SDW, 
RDW –, gs, CER, Tr, SNC,  SK+, aNUE, and agNUE. Thus, 
the positive effect of N under non-saline conditions became 
negative under saline conditions. This effect was caused 
mainly by a marked reduction in the number of tillers, the 
number of root tips, root length, gs, Tr, and subsequently 
SDW and RDW. In other words, salt inhibited the role of N 
in the formation of new tissues and organs and reduced the 
photosynthetic capacity. Moreover, the negative effect of 1 N 
concentration under saline conditions might be related to the 
high concentration of  NH4

+ induced by the presence of NaCl 
in rice (Hoai et al. 2003; Nguyen et al. 2005). In hydroponic 
systems using  NH4NO3,  NH4

+ is absorbed faster than  NO3
−, 

with a high concentration of  NH4
+ disturbing  NO3

− uptake 
(Sasakawa and Yamamoto 1978). At high concentrations, 
 NH4

+ becomes toxic to rice by inhibiting photosynthesis 
and growth (Britto and Kronzucker 2002). Moreover,  NH4

+ 
assimilation is reduced by salt stress (Nguyen et al. 2005; 
Wang et al. 2012). Excess NaCl weakens GS/GOGAT path-
ways and increases the GDH pathway in leaves, causing less 
protein to be synthesized (Lea and Miflin 2003; Nguyen et al. 
2005; Wang et al. 2012). Our study also indicated that chang-
ing the N application concentration under a high NaCl con-
centration (113 mM) showed few effects on the growth of 
rice plants. Similar findings were observed in chili pepper 

(Villa-Castorena et al. 2003), cotton (Chen et al. 2010), wheat 
(Hu and Schmidhalter 2005), and canola (Belouchrani et al. 
2020). The intermediate NaCl concentration applied in our 
study was equivalent to the salinity that rice may experience 
in paddy fields while still provides a certain yield (Zeng and 
Shannon 2000; Phan et al. 2017). Based on this study, reduc-
ing N levels is necessary for growing rice under salt stress.

Vietnam is highly exposed to salinity stress, and accord-
ing to a recent study, the salinity-prone rice areas in Viet-
nam account for 44% of the total rice area (Smajgl et al. 
2015; Wassmann et al. 2019). Some local rice varieties are 
expected to exhibit a high level of salinity resistance. Among 
the four tested cultivars, Cuom was the most salt tolerant, 
followed by FL478, IR28, and Ngoi. Under both salt treat-
ments, Cuom showed the highest values for tiller number, 
root number, SNC,  SK+, Ψs, CER, SDW, RDW, aNUE, and 
agNUE. In contrast, its  SNa+ and ratio  Na+/K+ in the shoot 
and root tissues were the lowest. Some studies have reported 
that salt-tolerant cultivars reduce salt accumulation so that 
they maintain higher antioxidant activities and subsequently 
grow (Lutts et al. 1996; Dionisio-Sese and Tobita 1998; 
Islam et al. 2016). Regarding the NUE of the four cultivars, 
Cuom always showed the highest aNUE and agNUE, fol-
lowed by FL478, IR28, and finally Ngoi, regardless of the 
salinity level (Fig. 4f, h). This finding resulted from less 
 SNa+ accumulation and good maintenance of Ψs of Cuom 
under intermediate salinity, allowing this cultivar to main-
tain water uptake as well as N uptake and accumulation in 
the tissue, thereby exhibiting higher aNUE than the other 
cultivars. Thus, there was a link between aNUE and the salt 
tolerance of rice cultivars. This result was consistent with 
the result of Song et al. (2019) in oat. However, our results 
revealed that the difference in pNUE between salt-tolerant 
and salt-sensitive cultivars was weak (Fig. 4g).

When an external essential element is present in a lim-
ited quantity, the most adapted plants can upregulate genes 
coding for specific transporters involved in the absorption 
of the element to compensate for its reduced bioavailability 
(Hoang et al. 2016; Islam et al. 2016). Hence, Cuom may 
be able to trigger transcriptomic adaptations related to N 
absorption. Moreover, Walia et al. (2005) demonstrated that 
salt-tolerant rice cultivars such as FL478 did not consume N 
to synthesize flavonoids and other phenolic protecting com-
pounds because the low accumulation of  Na+ did not trigger 
this protection strategy. Thus, absorbed N remains available 
for normal plant metabolism because it is not consumed as a 
response to stress. Interestingly, the intermediate NaCl treat-
ment enhanced the aNUE of Cuom under all of the lower 
N concentrations but not under the standard N application 
(Supplement Fig. S6). Proper reduction of N concentration 
might improve the photosystem II activity, RuBP carboxy-
lase activity, and gs, thus reducing salt damage in salt-toler-
ant cultivars, which maintained higher antioxidant activities 
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leading to less damage than the sensitive ones (Munns and 
Tester 2008; Islam et al. 2016; Xu et al. 2019). These find-
ings suggest that under moderate salt stress, cultivating a 
salt-tolerant cultivar with high aNUE and agNUE accompa-
nied by reduced N input could limit NUE reductions in rice.

Findings about NUE components and the advantages of 
reducing N input under saline conditions have been high-
lighted in this study. These findings could help improve 
NUE by changing the level of N fertilizer under saline con-
ditions. However, this research was conducted hydroponi-
cally with N applied as  NH4NO3 at the early tillering stage. 
Further information is needed at the field scale during the 
entire rice life cycle to gain information about the grain yield 
and yield components of rice.

Conclusion

This study revealed that under different NaCl treatments, (1) 
the physiological parameters gs, CER, Tr, Ψs, DWs, SNC, 
and NUE, including aNUE, pNUE, and agNUE, were sig-
nificantly influenced by the interactions between NaCl and 
N-applied concentrations; (2) aNUE and agNUE were more 
affected than pNUE by reducing N application; (3) lower 
N-applied concentrations caused lower aNUE reductions; (4) 
reducing N concentrations under moderate NaCl treatment 
is indispensable for the growth of rice; and (5) large differ-
ences between salt-tolerant and salt-sensitive cultivars were 
found for aNUE and agNUE but not pNUE.
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