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Abstract 
 
Salinity remarkably inhibits NO3

- uptake but the mechanisms are not well understood. This study was addressed to 
elucidate the role of ionic and osmotic components of salinity on NO3

- influx and efflux employing classic kinetics 
involving a low affinity transport system (LATS) and a high affinity transport system (HATS). In the presence of KCl, 
NaCl, and Na2SO4 at 100 mM concentrations, in both LATS and HATS, Michaelis constant (Km) was similar for the 
three salts and maximum rate (Vmax) decreased as follows: KCl > NaCl > Na2SO4, compared to control indicating a 
non-competitive interaction with NO3

-. Unexpectedly, iso-osmotic solutions (osmotic potential Ψπ = -0.450) of 
polyethylene glycol (PEG, 17.84 %, v/v) and mannitol (100 mM) remarkably increased Km in both the LATS and the 
HATS, but Vmax did not change indicating a competitive inhibition. Under the PEG and mannitol treatments, Km and 
Vmax were higher than under the salt treatments. The salts increased slightly NO3

- efflux in the following order  
KCl > NaCl > Na2SO4. In contrast, mannitol strongly stimulated and the PEG inhibited NO3

- efflux. The obtained data 
reveal that salinity effects were not dependent on the anion type (Cl- versus SO4

2-) indicating a non-competitive 
inhibition mechanism between Cl- and NO3

-. In contrast, the cation types (K+ versus Na+) had a pronounced effect. The 
osmotic component is important to net NO3

- uptake affecting remarkably the influx in both LATS and HATS 
components of cowpea roots.  

Additional key words: KCl, low and high affinity transport systems, mannitol, NaCl, Na2SO4, PEG, Vigna unguiculata. 
 
 
Introduction 
 
Nitrate is an important N source in soils used by the 
major cultivated plants due to its great significance in 
several physiological processes such as photosynthesis, 
root signaling, and plant productivity among others 
(Yang et al. 2007, Sorgonà et al. 2011). Classical kinetic 
and functional genomic studies have shown that NO3

- 
influx in roots involves two transport systems represented 
by plasmalemma proteins: one a high-affinity transport 
system (HATS) and another a low-affinity transport 
system (LATS), both dependent on external NO3

- 
concentration ranges (Crawford and Glass 1998, Tsay  
et al. 2007). In higher plants, there are two HATS for 
NO3

- ions, one constitutive and another apparently 
dependent on an NO3

- external concentration; both 

operate at a micromolar range. Conversely, the LATS 
operate at high NO3

- concentrations, which are 
compatible with NO3

- levels commonly found in 
cultivated soils (a millimolar range), and these transport 
proteins are constitutive in the most plant species 
(Crawford and Glass 1998, Miller et al. 2007, Tsay et al. 
2007).  
 Net NO3

- uptake involves two opposite and 
independent processes that are regulated by different 
control mechanisms: influx and efflux (Forde and 
Clarkson 1999, Rubinigg et al. 2003). Some studies have 
shown that influx and efflux of NO3

- are regulated by 
different and independent mechanisms (Deanne-
Drumond 1993, Aslam et al. 1996, Mata et al. 2000).  
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However, despite the quantitative importance of NO3
- 

efflux, particularly in plants growing on a high NO3
- 

supply, little is known about biochemical and 
physiological mechanisms especially under adverse 
environmental conditions (Aslam et al. 1996, Miller and 
Smith 1996, Clarkson 1998). Efflux of NO3

- is associated 
with regulation of cytoplasmic NO3

- content in roots, 
which further depends on rate of NO3

- influx, nitrate 
reduction rates, NO3

- accumulation in root vacuoles, and 
translocation to shoots (Miller and Smith 1996).  
 Salinity strongly affects NO3

- influx and efflux, but to 
date, mechanisms underlying these processes are poorly 
understood (Silveira et al. 2012). The majority of 
performed studies have used NaCl as model, but this 
approach is very simplified since it does not consider 
several aspects of salinity components such as ionic 
composition, cation-anion specific effects, physical-
chemistry characteristics, and osmotic effects. Peuke and 
Jeschke (1999) performed perhaps a unique study 
involving characterization of inhibition of NO3

- uptake in 
barley seedlings by different salts and osmotic agents 
utilizing the classical kinetic approach. These authors 
found unexpected results where kinetic parameters 
indicated by NaCl, KCl, and Na2SO4 did not inhibit NO3

- 

uptake by a competitive inhibition but, in contrast, did it 
by non-competitive mechanisms. Overall, the reported 
studies involving kinetic characterization of NO3

- uptake 
inhibition by salinity remain incomplete.  
 The existing salinity in saline soils and irrigation 
water is composed of a complex mixture of ions in 
different ratios (Li et al. 2010). The chemical nature of 
anions and cations might directly or indirectly interfere 
with NO3

- uptake by ionic competition, synergism, and 
ionic strength or by alteration in membrane potential 
(Cachorro et al. 1994, Massa et al. 2009). Moreover, 
salinity might also affect NO3

- uptake by osmotic effects 
(Ourry et al. 1992, Peuke and Jeschke 1999). In this 

sense, results from several reported experiments have 
widely suggested that the effects of salinity caused on 
NO3

- uptake might be species-dependent, and these 
responses could, at least in part, be explained by 
differences in salt composition (Ouerghi et al. 2000).  
 It has been assumed for many years that Cl- can 
inhibit NO3

- uptake by a competitive mechanism at the 
level of influx and/or efflux (Deanne-Drumond 1993). 
Despite several studies performed in the past to elucidate 
the mechanisms of NO3

- and Cl- interaction, this question 
remain still not clear and contradictory (Massa et al. 
2009). Classic kinetic studies when employed for NO3

- 
uptake in the presence of several salts and osmotic agents 
are interesting because they allow revealing several 
mechanisms involving each component in both the HATS 
and the LATS. In addition, this approach is suitable for 
evaluation effects and interaction between NO3

- and Cl- 
(competitive or non-competitive) in the presence of 
different cations. This approach also allows determining 
the influence of osmotic effects on net NO3

- uptake and 
calculates the importance of apoplastic and symplastic 
transport in salt-induced nitrate inhibition. Besides, 
classic kinetics is suitable for estimation effects of 
salinity on NO3

- influx and efflux.  
 In this study, we utilized cowpea plants as model 
because it is a native species from arid and semi-arid 
regions, and it is widely cultivated in saline soils of 
Africa and Brazil (Silveira et al. 2001). The approach 
utilized was the classic kinetics of NO3

- influx and efflux 
in the presence of different salts and osmotic agents at the 
levels of the HATS and the LATS. We tested a 
hypothesis that salinity-induced net NO3

- uptake 
inhibition is dependent on physico-chemical aspects of 
salts and osmotic agents, which might affect the type of a 
nitrate inhibitory mechanism. The role and importance of 
each component on whole effects of salinity are 
discussed.  

 
 
Materials and methods 
 
Plants and treatments: Cowpea (Vigna unguiculata [L.] 
Walp.) cv. Pitiúba seeds previously sterilized in a 0.2 % 
(m/v) sodium hypochlorite (NaClO) solution for 30 min 
were germinated in paper rolls in a growth chamber at a 
temperature of 27 ± 2 C, a 12-h photoperiod, and a 
photosynthetic photon flux density (PPFD) of 
240 mol(photons) m-2 s-1. After 4 d, the seedlings were 
transferred to plastic pots containing Hoagland’s solution 
(Hoagland and Arnon 1950) at pH 6.0 in greenhouse 
conditions an air temperature ranged from 24 to 36 °C 
with a mean temperature of 29 °C, a relative humidity of 
65 %, a maximum PPFD of 900 µmol(photons) m-2 s-1, 
and a 12-h photoperiod, and grown for 7 d. 
 Nitrate influx and efflux assays were conducted using 
different nutrient solutions. For influx determination, the 
seedlings were kept in an N-free medium for 3 d before 

kinetic experiments. For efflux assay, a seedling nutrient 
solution was with 10mM KNO3. Further, three kinds of 
salts (100 mM NaCl, 100 mM KCl, and 100 mM Na2SO4,  
osmotic potential Ψπ = -0.44 MPa) and two osmotic 
agents (100 mM mannitol and 17.84 % (v/v) PEG,  
Ψπ = -0.45 MPa) were utilized. These ionic and osmotic 
agents were individually added in incubation solutions 
before performing the time-course and dose-dependent 
assays. 
 
Measurement of NO3

- influx and efflux: Initially, 
detached cowpea roots were washed in 0.1 mM CaCl2, 
transferred to incubation solutions containing 2.0 mM 
MES-Tris, 0.1 mM CaCl2, and 5.0 mM KNO3 at pH 6.0 
and incubated at 30 °C for 60 min. Influx of NO3

- was 
quantified by NO3

- depletion ([NO3
-]initial - [NO3

-]final) in 
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the incubation solution at different times (time-course) 
and in distinct ranges of NO3

-
 concentrations (dose-

dependent) using an NO3
--selective electrode 

(SevenMulti, Mettler, Toledo, Switzerland), according to 
the manufacturer’s instructions. For NO3

- efflux measure-
ments, cowpea roots were washed and transferred to 
incubation solutions containing 2.0 mM MES-Tris and 
0.1 mM CaCl2 at pH 6.0 (NO3

-free). Efflux of NO3
- was 

quantified by NO3
- released to the incubation solution 

using the NO3
--selective electrode.  

 Michaelis-Menten (M-M) kinetics is often used to 
calculate ion influx. Epstein (1972) showed that M-M 
equation fits the relationship between the uptake rate and 
the external ion concentration (Adamowicz and Le Bot 
1999). Thus, to calculate Michaelis constant (Km) and 
maximum rate (Vmax) of NO3

- influx, we used the general 
M-M equation: I = (Vmax  c)/(Km + c), where I represents 
the net flux of the ion into roots, Vmax is an asymptotic 
maximum value at the ion concentration approaching 
infinity, Km is a constant value that represents the 
concentration when I = 1/2 Vmax, and c is the concen-
tration of the ion in the root zone. Lineweaver-Burk plot 
was used to estimate inhibition: 1/I = (Km/Vmax + 1/Vmax). 
This equation is widely used simply by inverting both 
sides of the M-M equation (Massa et al. 2009). 
 
Kinetics of NO3

- influx and efflux in the presence of 
salts and osmotic agents: For influx measurements, 
detached cowpea roots were washed in 0.1 mM CaCl2 for 
20 min and transferred to incubation solutions containing 
2.0 mM MES-Tris and 0.1 mM CaCl2 (pH 6.0) 
containing 0, 2, 4, 6, 8, and 10 mM KNO3 for the LATS 
or 0, 0.1, 0.2, 0.4, 0.8, 0.8 and 1.0 mM for the HATS. For 
NO3

- efflux, cowpea roots were washed in 0.1 mM CaCl2 
for 5 min and transferred to NO3

-free incubation solutions 
containing 2.0 mM MES-Tris and 0.1 mM CaCl2 
(pH 6.0). The ionic agents employed were 100 mM NaCl 
(Ψπ = -0.430 MPa), 100 mM KCl (Ψπ = -0.415 MPa), and 
100 mM Na2SO4 (Ψπ = -0.460 MPa). The osmotic agents  

used were 100 mM mannitol (Ψπ = -0.437 MPa) and 
17.84 % (v/v) PEG 6000 (Ψπ = -0.450 MPa). For both 
assays, fresh detached roots were immediately incubated 
at 30 °C for 60 min in the presence of their respective 
incubation solutions. The obtained results in both the 
LATS and the HATS were expressed as µmol(NO3

-)  
g-1(d.m.) min-1. To determine if NO3

- influx in detached 
roots is a representative model for attached roots, cowpea 
plants were incubated in the presence of 100 mM NaCl 
and 17.84 % (v/v) PEG in the same solution utilized for 
detached roots. Influx of NO3

- was measured as 
previously described and the kinetic constants were 
obtained using the M-M equation and Lineweaver-Burk 
plot was used to determinate the inhibition type.  
 
Determination of NO3

- flux and efflux in apoplastic 
and symplastic pathways in the presence and the 
absence of NaCl: NO3

- flux in apoplastic and symplastic 
pathways was determined by the method described by 
Zhao et al. (2002) with some modifications. Symplastic 
NO3

- influx and efflux in roots were estimated by 
differences between the total influx/efflux obtained at an 
ambient temperature (25 °C) and apoplastic influx/efflux 
measured at a low temperature (3 °C) in the absence of 
transport by plasmalemma. Nitrate influx and efflux 
under the control and salinity conditions were performed 
in roots immersed in an incubation solution containing 
0.1 mM CaCl2, 2.0 mM MES-Tris, and 5.0 mM KNO3 
(influx) or in an NO3

--free solution (efflux), both at pH 
6.0. A time-courses for influx and efflux were performed 
over 60 and 80 min intervals, respectively. The results 
were expressed as μmol(NO3

-) g-1(d.m.).  
 
Data analysis: The experimental data were analyzed by 
polynomial and hyperbolic regressions for time-course 
and dose-dependent experiments, respectively. Plotting 
was assisted by the Sigmaplot 11 software (Systat, San 
Jose. CA, USA). All analyses include standard deviations 
corresponding to four replicates per treatment. 

 
 
Results 
 
Ionic and osmotic effects induced by the three kinds of 
salts (NaCl, KCl, and Na2SO4) and two osmotic agents 
(PEG and mannitol) on NO3

- influx process were 
assessed. These kinetic studies were performed under low 
(0 to 10 µM) and high (0 - 10 mM) NO3

- concentrations 
to evaluate the contributions of the HATS and the LATS, 
respectively. The results show a considerable impairment 
in NO3

- influx in both the HATS and the LATS induced 
by all tested salts (Fig. 1). In the LATS component, KCl, 
NaCl, and Na2SO4, all at 100 mM concentration, induced 
a maximum inhibition of NO3

- influx by 55, 44, and  
32 %, respectively, compared to the controls (Fig. 1A). 
Mannitol (100 mM) and PEG (17.84 %, v/v) induced 

maximum reductions of 65 and 58 %, respectively, 
(Fig. 1B). These results clearly demonstrate that the 
osmotic agents caused a higher inhibition of NO3

- influx 
than the salts. In the HATS, both salts and osmotic agents 
caused a similar trend in inhibition of NO3

- influx as was 
found in the LATS (Fig. 1C,D). The salts induced 
maximum inhibitions of 49, 41, and 21 %, respectively, 
(Fig. 1C) whereas mannitol and PEG showed maximum 
reductions by 50 and 59 %, respectively, compared to the 
controls (Fig. 1D). In the HATS, KCl shows an inhibition 
of nitrate influx similar to that caused by mannitol. 
 The kinetic parameters concerning the inhibition of 
NO3

- influx in the LATS component show that the Km 
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values did not change for the three studied salts compared 
to the control, which presented Km = 3.05 mM (Table 1). 
Compared to that, the Vmax values were considerably 
reduced by the salts, decreasing from 0.20 (control) to 
0.14, 0.11, and 0.09 µmol (NO3

-) g-1(d.m.) min-1 in the 
presence of NaCl, Na2SO4, and KCl, respectively, 
(Table 1). The results indicate the three studied salts 
caused a non-competitive inhibition on NO3

- influx 
according to the obtained data from Lineweaver-Burk 
model (Fig. 2A). On the other hand, the osmotic agents 

induced a strong increase in Km (from 3.05 in the control 
to 12.43 and 10.85 mM, for the mannitol and PEG 
treatments, respectively). The osmotic agents did not 
change the Vmax values of the control - approximately 
0.20 µmol(NO3

-) g-1(d.m.) min-1 (Table 1) - indicating a 
competitive inhibition for NO3

- influx in the LATS 
(Fig. 2B). 
 In the influx kinetics of the HATS, Km was 
maintained unchanged in the presence of the three salts 
compared to the control (0.68 mM in average). The Vmax 

 

 
Fig. 1. Nitrate influxes in cowpea detached roots determined in two transport systems: a low affinity transport system (A,B) and a 
high affinity transport system (C,D). The roots were subjected to salts (100 mM NaCl, 100 mM Na2SO4, and 100 mM KCl - A,C) and 
osmotics [100 mM mannitol and 17.84 % (v/v) PEG - B,D]. Means of four replicates ± SDs.  
 
Table 1. The kinetics constants of nitrate influx in cowpea detached roots and the type of inhibition for ionic (NaCl, Na2SO4, and 
KCl) and osmotic (mannitol and PEG) agents. Michaelis constant (Km) was expressed in mM and maximum rate (Vmax) in 
µmol(NO3

-) g-1(d.m.) min-1. 
 

Treatments LATS HATS 
 Km Vmax Inhibition Km Vmax Inhibition 

Control 3.05 0.2 - 0.69 0.07 - 
NaCl 100 mM 3.05 0.11 non-competitive 0.67 0.04 non-competitive 
Na2SO4 100 mM 3.04 0.14 non-competitive 0.66 0.05 non-competitive 
KCl 100 mM 3.06 0.09 non-competitive 0.72 0.03 non-competitive 
Mannitol 100 mM 12.43 0.2 competitive 1.92 0.07 competitive 
PEG 17.84 % (v/v) 10.85 0.2 competitive 2.27 0.07 competitive 
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values significantly decreased by the salts, from 0.07 in 
the control to 0.05, 0.04, and 0.03 µmol(NO3

-) g-1(d.m.) 

min-1 for the NaCl, Na2SO4, and KCl treatments, 
respectively. It is important to note that KCl caused the 
highest inhibitory effect on NO3

- influx in the HATS 
compared to the other salts (Table 1) similarly as in the 
LATS. These results suggest the occurrence of a non-
competitive inhibition for all tested salts on nitrate influx 

in both the HATS and the LATS (Fig. 2C). Moreover, the 
results suggest that the inhibition caused by NaCl 
involved a non-competitive inhibition of NO3

- influx by 
Cl- in both the transport systems. In contrast and 
unexpectedly, the osmotic agents caused increased Km 
and unchanged Vmax values compared to the controls 
indicating a competitive inhibition (Fig. 2D).  

 

 
Fig. 2. Lineweaver-Burk plots determined for two transport systems: a low affinity transport system (A,B)  and a high affinity 
transport system (C,D) in cowpea detached roots. The roots were subjected to salts (100 mM NaCl, 100 mM Na2SO4, and 100 mM 
KCl - A,C) and osmotic agents [100 mM mannitol and 17.84 % (v/v) PEG - B,D]. Means of four replicates ± SDs. 
 
Table 2. The kinetic constants of nitrate influx in cowpea 
attached roots and the type of inhibition for ionic (NaCl) and 
osmotic (PEG) agents. Michaelis constant (Km) was expressed 
in mM and maximum rate(Vmax) in µmol(NO3

-) g-1(d.m.) min-1. 
Nitrate concentrations were equal to those used in the assay for 
cowpea detached roots in the low affinity transport system.  
 

Treatments Km Vmax Inhibition 

Control 3.09 0.21 - 
NaCl 100 mM 3.11 0.15 non-competitive 
PEG 17.84 % (v/v) 9.47 0.21 competitive 

 
 When we compared the responses of detached roots 
with attached roots (entire plants) within the LATS, we 
found similar effects of NaCl and PEG on NO3

- influx in 
terms of Vmax and Km  (Tables 1 and 2). The NaCl and 
PEG treatments promoted influx reductions of 28 and 
43 %, respectively, compared to the controls (Fig. 3A). 

On average, NO3
- influx in whole plants was slightly 

higher (12 %) than in isolated roots, but the values of Km 
and Vmax were similar (Fig. 3B). These results reinforce 
that detached roots are a good model for studies of NO3

- 

influx kinetics in the presence of salts and osmotic 
agents. 
 The time-course data reveal that both the salts and the 
osmotic agents stimulated NO3

- efflux in cowpea roots. 
The 100 mM KCl induced the highest NO3

- efflux (and 
the lowest influx) followed by a lower NaCl efflux and 
the lowest Na2SO4 efflux.. A maximum stimulation of the 
effluxes varied by 36, 21, and 13 %, respectively, 
compared to the control (Fig. 4A). Interestingly, PEG 
stimulated NO3

- efflux by 38 %, whereas mannitol 
strongly inhibited it by 49 %, both compared to the 
control (Fig. 4B).  
 In order to better understand NO3

- influx and efflux 
mechanisms in roots exposed to salinity, we differ-
rentiated symplastic and apoplastic pathways. In the 
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control conditions, apoplastic NO3
- transport represented 

45 % of the total influx, and symplastic NO3
- transport 

represented 55 % (Fig. 5A,B). In the presence of NaCl, 
NO3

- transport via apoplastic and symplastic pathways 
represented 30 and 70 % of the total influx, respectively 
(Fig. 5A,B). These data suggest that the salt stress 
promoted a significant decrease in NO3

- influx caused by 
an expressive reduction in apoplastic transport in cowpea 
roots. With respect to efflux, apoplastic and symplastic 
NO3

- transport represented 31 and 69 %, respectively, of  
 

 
Fig. 3. Nitrate influxes in cowpea attached roots (A) and
Lineweaver-Burk plots (B) determined in a low affinity
transport system (LATS). Whole plants were subjected to
100 mM NaCl or 17.84 % (v/v) PEG. Concentrations of KNO3

were the same as used for LATS in cowpea detached roots.
Means of four replicates ± SDs. 
 
 

the total efflux in the control conditions. In the presence 
of NaCl, apoplastic and symplastic NO3

- transport 
represented 35 and 65 %, respectively, of the total efflux 
(Fig. 5D). The negative modulation exerted by NaCl in 
apoplastic and symplastic pathways were more 
pronounced on the NO3

- influx than on NO3
- efflux. 

 

 
Fig. 4. Nitrate effluxes in cowpea detached roots exposed to 
different ionic and osmotic agents. The roots were subjected to 
salts (100 mM NaCl, 100 mM Na2SO4, and 100 mM KCl - A) 
and osmotic agents [100 mM mannitol and 17.84 % (v/v) PEG - 
B] added to an NO3

- free incubation solution. Means of four 
replicates ± SDs. 
 

Discussion 
 
This study clearly demonstrates that both the ionic stress 
and the osmotic stress, which are components of salt 
stress, affected net NO3

- uptake in cowpea roots due to 
affection of influx and efflux processes. Interestingly, the 
influx kinetic parameters (Km and Vmax) calculated in 
both the LATS and the HATS show that the two osmotic 
agents (PEG and mannitol) in iso-osmotic concentrations 
induced a competitive inhibition, and they were more 
effective as inhibitors than the three studied salts (NaCl, 
KCl, and K2SO4). Unexpectedly, all studied salts 
displayed a non-competitive inhibition of NO3

- influx in 

both the transport systems. As the salts consisted of Cl- 
and SO4

2- anions at a high concentration (100 mM), a 
competitive inhibition could be expected, particularly 
involving Cl- versus NO3

- as has been speculated 
(Deanne-Drummond 1993, Cerezo et al. 1999, Silveira 
et al. 2012). Our results agree with those obtained by 
Peuke and Jeschke (1999), working with barley roots, 
utilizing a similar approach but different salt concen-
trations. In our study, it is interesting to note that KCl at 
the high concentration induced a higher inhibition of 
NO3

- influx than NaCl suggesting that some interaction at 
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the plasma membrane level could have occurred 
(Ivashikina and Feyziev 1998, Chen et al. 2007). These 
results strongly suggest that the accompanying cations 
are important for anion effects on net NO3

- uptake 
(Ramos et al. 2004, Kaburagi et al. 2015). For example, 
the results of inhibition kinetics were more similar 
between NaCl and Na2SO4 than when both were 
compared to KCl, despite Na2SO4 presents the Na+ 
concentration two-fold higher than NaCl. These results 
suggest that the Na+ ions, when accompanied by SO4

2-, 
are less effective in inhibition of both NO3

- influx and 
NO3

- efflux in cowpea roots when compared to Cl- as 
complementary anion for Na+. This response might also 
indicate that SO4

2- is less effective as NO3
- transport 

inhibitor in influx and efflux kinetics. Interestingly, Cl- 

was more effective in inhibition of NO3
- influx when it 

was accompanied by K+ in comparison to Cl- in the 
presence of Na+. However, both NaCl and KCl triggered 
a non-competitive inhibition, which corroborates that Cl- 
is not a determinant ion involved in NO3

- influx inhibition 
due to a direct competition mechanism. The question 
involving the inhibition of net NO3

- uptake by anions is 
an old problem not solved yet (Deanne-Drummond 1993, 
Aslam et al. 1996, Crawford and Glass 1998, Mata et al. 
2000, Silveira et al. 2001, 2012). Influx of NO3

- through 
the plasma membrane does not directly implicate anions 
but it is dependent on H+-ATPase activity, utilizing H+ as 
symporter in a 2H+/NO3

- stoichiometry and involving a 
H+ gradient (Santos et al. 2011, Andrews et al. 2013). 

 

 
Fig. 5. Apoplastic (A) and symplastic (B) nitrate influxes in cowpea detached roots exposed to an incubation solution containing 
5 mM KNO3; apoplastic (C) and symplastic (D) nitrate effluxes in cowpea roots exposed to a KNO3 free incubation solution. Both 
influx and efflux were measured in control roots and roots treated with 100 mM NaCl for 60 min. Means of four replicates ± SDs. 
 
 Potassium chloride induced a trend of a higher 
inhibition of NO3

- influx and, conversely, led to a higher 
NO3

- efflux compared to NaCl. As these processes 
contribute inversely to net NO3

- uptake, it is possible that 
a compensatory effect for nitrate acquisition should have 
occurred (Aslam et al. 1996, Miller and Smith 1996, 
Mata et al. 2000). In the majority of the reports involving 
K+ and Na+ uptake at concentrations comparable with 
those found in cultivated soils (at LATS range), K+ is 

frequently absorbed in a higher proportion compared to 
Na+ (Ivashikina and Feyziev 1998, Massa et al. 2009). 
Moreover, it has been reported in several species that 
high KCl concentrations, when supplied for a long term, 
might cause a higher toxicity in comparison to equivalent 
high NaCl concentrations (Chen et al. 2007, Yuan et al. 
2010, Kong et al. 2011). However, in the present study, 
the effects of the three salts were compared using the 
kinetic characteristics related to net NO3

- uptake (Km and 
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Vmax) under a short-term exposure. Thus, the fact that  
100 mM KCl induced a higher decrease in Vmax 
compared to NaCl is not enough to conclude that K+ is 
more harmful than Na+ for the cowpea plants.  
 Several experiments involving influx and efflux of 
salts have evidenced that a cation activity might affect 
uptake of an accompanying anion and vice-versa, 
therefore, it could change membrane potential (Chen 
et al. 2007). These alterations at the level of 
plasmalemma might alter net NO3

-
 uptake affecting influx 

or efflux processes (Aslam et al. 1996, Crawford and 
Glass 1998, Mata et al. 2000). In addition, it is plausible 
to argue that a higher reduction in Vmax of NO3

- influx 
induced by KCl in comparison to NaCl, in both the LATS 
and the HATS, could be attributed to a higher K+ influx 
accomplished to a higher Cl- uptake (the effect of the 
complementary cation). This reduction in Vmax could be 
associated with changes in membrane potential caused by 
alterations in cation-anion balance between apoplast, 
cytosol, and vacuoles (Crawford and Glass 1998, Chen et 
al. 2007, Glass et al. 2007).  
 It is interesting to highlight that in this study, both 
PEG and mannitol at iso-osmotic concentrations 
displayed a higher inhibitory effect on NO3

- influx in both 
the LATS and the HATS compared to the studied salts. 
Unexpectedly, both the osmotic agents presented a 
competitive inhibition in both the transport systems. Our 
results are similar to those reported by Peuke and Jeschke 
(1999) studying barley seedlings. Unfortunately, 
searching current literature, this mentioned work is the 
only one concerning kinetic aspects of inhibition of net 
NO3

-
 uptake by salts and osmotic agents. In this case, it is 

hard to found a plausible explanation for these 
unexpected results (i.e., the salt induced non-competitive 
inhibition and competitive interaction with NO3

- influx 
triggered by osmotic agents). However, these results 
strongly evidence that the osmotic component of salinity 
is very important for net NO3

- acquisition, and this 
component has been neglected when compared with the 
inhibitory effects attributed to specific saline ions and 
particularly to Cl- by acompetitive inhibitory effect 
(Cerezo et al. 1999, Silveira et al. 2012).  
 Michaelis-Menten kinetics applied by Epstein (1972) 
to analyze ion influx in roots follows the same principles 
as biochemical reactions. Ionic competitive inhibition 
assumes that ions are able to compete for the same 
binding site of nitrate transporters (NO3

- versus Cl- or 
SO4

2-). In this condition, Km (NO3
-) did not change by 

effect of the studied inhibitor ions, whereas Vmax 

decreased suggesting that inhibitory effects were non-
specific and more dependent on salt composition and 
ionic strength than on a direct competition with NO3

- 
(Ivashikina and Feyziev 1998, Peuke and Jeschke 1999). 
In contrast, the obtained results suggest that both osmotic 
agents were able to indirectly restrict binding NO3

- to the 
specific site of nitrate transporters and as consequence 
alter Km and not Vmax characterizing a competitive 

inhibition (Epstein 1972, Peuke and Jeschke 1999, Massa 
et al. 2009, Parker and Newstead 2014). Thus, as NO3

- 

influx and efflux utilize specific protein transporters and 
salts contain different cations and anions, the 
physiological interpretation of the results obtained by 
mathematical model is hard (Mata et al. 2000). In 
addition, in these kinetic studies commonly, the osmotic 
agents and salts are employed in high concentrations 
inducing a strong interaction with NO3

-, consequently 
affecting its chemical activity due to an increase in ionic 
strength. 
 Nitrate acquisition (net NO3

- uptake) in the presence 
of salts and PEG also decreased by increase of efflux in 
apoplastic and symplastic compartments. Interestingly, 
PEG was more effective for nitrate efflux inhibition than 
the three studied salts as noticed previously for influx 
measurements in both LATS and HATS components. 
Some studies have shown that influx and efflux of NO3

- 

are processes regulated by different and independent 
mechanisms (Aslam et al. 1996). Influx and efflux in 
apoplast are important to plant nutrition and elimination 
of excess salt ions from the cytoplasm (Glass 2007). In 
this study, NaCl increased similarly NO3

- efflux in both 
apoplast and symplast suggesting some coordination 
between these two processes (Aslam et al. 1996). Among 
the three studied salts, Na2SO4 was less effective in 
stimulation NO3

- efflux, whereas NaCl and KCl displayed 
a trend slightly contrasting, with KCl being more 
effective. In the presence of NaCl, efflux is species-
dependent and varies with the N-source as reported in 
cotton plants exposed to NaCl, where NH4

+ efflux is 
higher than NO3

- one (Dai et al. 2015).  
 It is important to note that the effects of PEG and 
mannitol on NO3

- efflux were unexpected since both 
osmotic agents induced similar effects on NO3

- influx. 
Like the effects caused by salts, it would be expected that 
both PEG and mannitol will stimulate nitrate efflux 
inducing a decrease in net NO3

- uptake. The opposite 
effect caused by mannitol compared to PEG and the salts 
on nitrate efflux (inhibiting nitrate efflux), was not 
reported in literature to date. Some reports have 
evidenced that mannitol might cause membrane 
hyperpolarization (Wegner et al. 2011), and possibly this 
effect could have altered NO3

- efflux in the cowpea roots. 
Indeed, plasmalemma potential is involved directly in 
NO3

- and other solutes uptake (Parker and Newstead 
2014), but specific reports for nitrate efflux in response to 
PEG and mannitol were not found in literature. This 
question is important because these osmotic agents are 
broadly employed in studies of plant nutrition (Sassi-
Aydi et al. 2014). In addition, mannitol is an effective 
scavenger of hydroxyl radical, the most harmful reactive 
oxygen substance (Shen et al. 1997), and this effect 
might affect cellular metabolism.  
 In summary, the results of this study suggest that 
salinity components (ionic and osmotic), simulated by 
KCl, NaCl, and Na2SO4; and PEG and mannitol, cause a 
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strong inhibition of net NO3
- uptake in cowpea roots. 

These inhibitory effects on NO3
- influx occured in both 

transport system, the LATS and the HATS, involving, 
surprisingly, a non-competitive interaction between salts 
and NO3

- and, inversely, a competitive mechanism 
associated with PEG and mannitol. These results 
evidence that Cl- is not critical for NO3

- net uptake 

inhibition due a competitive mechanism. Sodium chloride 
and PEG stimulated NO3

- efflux from both apoplast and 
symplast, but unexpectedly, mannitol inhibited this 
process. The osmotic agents were more effective than the 
salts in inhibition of NO3

- influx and efflux evidencing 
that this component is very important for nitrate 
acquisition under saline conditions.  
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