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Abstract This study was performed to determine if a

high supply of N-NO3
- is capable of mitigating negative

salinity effects on photosynthesis and growth through the

stimulation of nitrate assimilation, which could act as an

sink from photosynthetic electron transport chain and

restrict the over reduction in thylakoid membrane in

Jatropha curcas leaves. The experiment was arranged in a

factorial design with two nitrate concentrations (1 and

10 mM) and two NaCl levels (0 and 100 mM). Salt-stres-

sed plants supplied with high NO3
- demonstrated a higher

nitrate uptake rate, nitrate reductase activity and soluble-

protein content when compared with plants that presented

low nitrate uptake. High nitrate assimilation was associated

with higher leaf growth, CO2 assimilation and lower

membrane damage in salt-stressed plants. The superior

performance of salt-stressed plants grown with high NO3
-

was indicated by a higher effective quantum yield of PSII

and electron transport rate and lower energy excess at the

PSII level and non-photochemical quenching. Interestingly,

a high NO3
- level in the absence of NaCl did not alter the

leaf growth, photochemical activity and gas exchange

parameters when compared with plants supplied with low

nitrate. The proline and glycinebetaine contents were

similarly increased in both low- and high-NO3
- salt-

stressed plants. Our data suggest that the favorable effects

induced by high nitrate supply were possibly associated

with stimulation in the nitrate assimilatory pathway. This

process might have acted as a sink of electrons from the

thylakoid membranes minimizing photo-damage and

stimulating CO2 assimilation under salinity in J. curcas.

Keywords Jatropha curcas � Nitrate assimilation �
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Introduction

High salinity and low soil nitrogen (N) availability are

important growth-limiting factors for most plants species

(Villa-Castorena et al. 2003). Increasing the availability of

N in soils through fertilizer utilization can improve crop

productivity and mitigate some stressful factors (Albassam

2001). In saline soil, by mechanisms yet unknown, the

supply of N might alleviate the adverse effects of salinity

(Flores et al. 2003). Nitrate is often the main nitrogen

source in agricultural soil, and the uptake and assimilation

of nitrogen are strongly affected by salinity (Silveira et al.

2001). Nitrate reductase (NR, E.C.1.7.1.1) is the most

important enzyme involved in the nitrate assimilation

pathway (Campbell 1999). The second step, nitrite reduc-

tion to ammonia, occurs in chloroplasts and is a strong

consumer of electrons from reduced ferredoxin (Campbell

1999).

The final step of N assimilation involves the glutamine

synthetase/glutamate synthase activities (the GS/GOGAT

cycle), which also occurs in chloroplasts. The reactions of

this cycle consume ATP and reduced ferredoxin (Lea and

Azevedo 2007). The GS/GOGAT cycle produces gluta-

mine and glutamate, which can act as amino-acids initia-

tors for several pathways involved with the synthesis of

amino acids, proteins and other compounds essential for
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plant growth (Rocha et al. 2012). Most of these reactions

are consumers of energy and electrons as NAD(P)H,

reduced ferredoxin and ATP. Thus, the whole nitrate

assimilation process is a strong consumer of electrons in

the photosynthetic electron-transport chain, and can thus,

alleviate the ‘‘electron pressure’’ on photosystem II

(Osmond and Forster 2006).

The electron excess and over-reduction of the thylakoid

membranes is frequent under the combined conditions of

high light and abiotic stress. Stress conditions, such as

salinity, induce stomatal closure and impairment in CO2

assimilation (Adams et al. 2006). Under these conditions,

the plants can deploy several mechanisms to avoid or

minimize photo-damage, photo-inhibition and oxidative

stress (Silva et al. 2010a). The most common processes

utilized are photorespiration, heat dissipation and the

xanthophyll cycle. Recently, Osmond and Forster (2006)

have suggested other processes, such as N metabolism,

growth and respiration. However, the mechanisms associ-

ated with nitrate assimilation and energy dissipation in

photosystems are currently unknown.

Because a large fraction of leaf nitrogen is allocated to

the photosynthetic apparatus, especially for Rubisco con-

tent, the leaf N content can also influence the photosyn-

thetic capacity (Hikosaka and Hirose 2000). An N deficit

necessarily promotes the remobilization of nitrogen from

Rubisco (Paul and Foyer 2001) the salinity might decrease

the nitrate acquisition, and as a consequence, the Rubisco

content and the photosynthesis rates could decrease

(Soussana et al. 2000). There are reports that nitrate

improves the growth of salt-stressed citrus by improving

photosynthetic activity and reducing chloride accumulation

(Iglesias et al. 2004). However, in maté plants supplied

with different forms of N, a higher photosynthetic effi-

ciency was observed in the plants supplied with N-NH4
?

when compared to plants supplied with N-NO3
- (Gaiad

et al. 2006).

Another important strategy used by plants in response to

abiotic stress is the accumulation of compatible solutes

(Silva et al. 2010b). High levels of N might stimulate the

accumulation of nitrogenous solutes, such as proline and

glycinebetaine (Chen et al. 2007). Thus, the N-induced

accumulation of these solutes could mitigate the negative

effects of salinity by increments of osmotic adjustment and

the protection of proteins and membranes against damage

caused by reactive oxygen species (ROS) (Silveira et al.

2009). Our recent studies have demonstrated that amino

acids, glycinebetaine and soluble sugars are effective and

important mediators of the osmotic adjustment of J. curcas

young plants under conditions of high salinity and drought

(Silva et al. 2009, 2010b).

Jatropha curcas is a species that grows in marginal

areas where other crop species are not able to survive

(Francis et al. 2005). In addition, J. curcas has high eco-

nomic potential due to its seed-oil quality, which can be

converted to biodiesel for industrial use (King et al. 2009).

Although this species has shown satisfactory yield under

the constraining conditions of semiarid regions, such as

drought and high temperature (Silva et al. 2010a), there are

few studies regarding the salt tolerance associated with

nitrate nutrition. In this study, we tested the hypothesis that

a high supply of NO3
- can mitigate the negative effects of

the salinity by increasing the nitrate assimilation rate. This

process might contribute to an improvement in the photo-

synthetic electron transport and CO2 assimilation, because

it acts as an electron sink, thus attenuating thylakoid over-

reduction. Our study evaluated changes in nitrate assimi-

lation, photosystem II efficiency and CO2 assimilation, and

it evaluated proline and glycinebetaine accumulation in the

absence and presence of salinity in J. curcas plants culti-

vated under high and low exogenous nitrate levels.

Materials and methods

Plant material and experimental conditions

The experiment was conducted in a greenhouse under

natural conditions (3�440S; 38�330W, at sea level), and the

environmental conditions were as follows: an average air

temperature of 29 �C, a mean air relative humidity of

65 %, an average maximum photosynthetic photon flux

density (PPFD) of approximately 1,300 lmol m-2 s-1 and

a photoperiod of 12 h. Jatropha curcas seeds were sup-

plied by the Fazenda Tamanduá (Santa Terezinha, PB,

Brazil), and they were selected by taking into account the

seed size and weight. Eight days after the germination in

sand, the seedlings were transferred to plastic pots (2 L)

containing quarter-strength Hoagland and Arnon (1950)

nutrient solution (pH 6.0) in the first week and were given

half-strength nutrient solution for the remainder of the

experiment.

Twenty-three days after germination, the NO3
- and

NaCl treatments were applied. The plants were divided into

two groups and supplied with 1 mM NO3
- as 0.25 mM

Ca(NO3
-)2 and 0.5 mM KNO3, which represented the N1

treatment, or 10 mM NO3
- in the form of 2.5 mM

Ca(NO3
-)2 and 5 mM KNO3, which represented the N10

treatment, dissolved in a complete nutrient solution. The

Ca2? and K? concentrations were kept at 3.0 mM and

6.0 mM, respectively, in all nutrient solutions by utilization

of CaCl2 and KCl. The other nutrients were utilized

according to a half-strength Hoagland and Arnon (1950)

nutrient solution. These two groups of plants were simul-

taneously subjected to salt stress over 10 days by the dis-

solution of 100 mM NaCl in the nutritive solution.
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To avoid osmotic shock, the NaCl was added to the solu-

tion in two subsequent steps (50 mmol NaCl L-1 day-1).

Two new treatments were then initiated (N1?Salt and

N10?Salt). The N10 treatment was used as the control or

reference. Nitrate concentration was monitored daily and

adjusted to 1 or 10 mM as necessary. The in vivo photo-

synthesis measurements were performed at 10:00 a.m. in a

fully expanded leaf. A similar leaf was subsequently used

to determine the NR activity. After 5 hours of sunshine, the

plant material was harvested at 11:00 a.m. to allow for the

induction of nitrate reductase.

Relative water content, membrane damage, dry weight

and chlorophyll content in leaves

The leaf relative water content (RWC) was calculated

as follows: RWC = [(FW - DW)/(TW - DW)] 9 100,

where FW is the fresh weight, TW is the turgid weight

measured after 6 h of saturation in deionized water at 4 �C

in the dark, and DW is the dry weight determined after

48 h in an oven at 75 �C (Silveira et al. 2009). The

electrolyte leakage (EL) in the leaves was determined as

previously described (Silva et al. 2010a). At the end of the

experiment, the plants were collected, and the total leaf dry

matter was obtained by drying the leaves in an oven at

75 �C for 48 h. The total chlorophyll concentration was

calculated as previously described (Silva et al. 2010c).

Leaf gas exchange and chlorophyll fluorescence

measurements

The leaf gas exchange and chlorophyll fluorescence

parameters were measured using a portable photosynthesis

system (LI-6400-XT) and a leaf chamber fluorometer (6400-

40), respectively (LI-COR, USA). The measurements were

performed in fully expanded and mature leaves under con-

stant CO2 concentration and PPFD (*380 lmol mol-1 CO2

and 1,000 lmol photons m-2 s-1, respectively). The air-

flow rate was 300 lmol s-1. The actinic light intensity was

1,000 lmol photons m-2 s-1. Measurements were recorded

when the total coefficient of variation (CV) was\5 %. To

reduce the time for measurement stabilization, the air

pumped into the LI-6400-XT was passed through a buffering

gallon (5 L). There was an approximate 1- to 2-min time lag

to acquire the steady-state level of fluorescence. Measure-

ments of the leaf CO2 assimilation rate (PN, in lmol

m-2 s-1), transpiration (E, in mmol m-2 s-1), stomatal

conductance (gS, in mol m-2 s-1) and intercellular CO2

concentration (CI) in Pa were taken, and the instantaneous

carboxylation efficiency (PN/CI, in lmol m-2 s-1 Pa-1)

and the ratio between apparent electron-transport rate (ETR)

and leaf CO2 assimilation rate (ETR/PN in lmol lmol-1)

were calculated. For leaves that were in the light or that had

adapted to the dark for 30 min, the chlorophyll fluorescence

measurements were taken using the saturation pulse method.

Prior to this determination, a test subjecting the leaf to dif-

ferent dark periods (10, 20, 30, 40, 50 and 60 min) was

performed to obtain the best time for the Fv/Fm measure-

ment. After the optimization of the dark adaptation time, the

measured values of Fm and Fm
0 were used to calculate

the non-photochemical quenching (NPQ). The intensity

and duration of the saturation light pulse were 8,000

lmol m-2 s-1 and 0.7 s, respectively. To maximize the

stomatal opening, the amount of blue light was 10 % of the

PPFD (Flexas et al. 2007).

The following parameters were assessed: the maxi-

mum quantum yield of PSII in dark-adapted leaves

[Fv/Fm = (Fm - Fo)/Fm], the effective quantum yield of

PSII [DF/Fm
0 = (Fm

0 - Fs)/Fm
0], the photochemical

[qP = (Fm
0 - Fs)/(Fm

0 - Fo
0)] and non-photochemical

[NPQ = (Fm - Fm
0)/Fm

0] quenching, the apparent ETR

[ETR = (DF/Fm
0 9 PPFD 9 0.5 9 0.84)], and the rela-

tive energy excess at the PSII level [EXC = (Fv/Fm) -

(DF/Fm
0)/(Fv/Fm)]. To evaluate the ETR, 0.5 was used as

the fraction of the excitation energy distributed to PSII, and

0.84 was used as the fraction of incoming light absorbed by

the leaves. PPFD is the PPFD. The minimum (Fo), maxi-

mum (Fm) and variable (Fv = Fm - Fo) fluorescence

intensities were sampled in dark-adapted leaves. In addi-

tion, measurements were taken under light-adapted condi-

tions, with a sampling of the minimum (Fo
0) and maximum

(Fm
0) fluorescence intensities. The Fo

0 signal was measured

after PSI excitation using far-red light. The measurement of

Fm
0 was performed by supplying far-red illumination after

the actinic light flash removal. The fluorescence signal

measured immediately before the saturation pulse is

referred to as Fs
0, and the variable fluorescence signal

under light conditions is DF0 = Fm
0 - Fs

0 (Flexas et al.

2007; Silva et al. 2010a).

Net nitrate uptake by roots and nitrate reductase

activity, nitrate content and soluble-protein content

in leaves

The net nitrate uptake was evaluated by NO3
- depletion in

the nutrient solution after a 24-h interval of root uptake

(Silveira et al. 2001). The nitrate concentration was mea-

sured by the Cawse (1967) method. Over the experimental

period (10 days), the nitrate concentration was measured

daily in the nutrient solution and the initial concentrations

of each treatment (1 and 10 mM) were restored by addition

of CaCl2 1 M and KNO3. The nitrate reductase activity was

measured by an in vivo method according to Hageman and

Hucklesby (1971), with minor modifications described in

details by Silveira et al. (2001). The leaf nitrate was

extracted with hot water (100 �C), and the concentration
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was determined using the method of Cataldo et al. (1975).

The total soluble protein was extracted with a 100 mM

Tris–HCl buffer (pH 8.0) containing 30 mM DTT, 20 %

(v/v) glycerol and 3 % (w/v) PEG-6000 (Zimmermam

et al. 2006). The total soluble-protein concentration was

measured using the Bradford (1976) method with a stan-

dard curve obtained using bovine serum albumin (BSA).

Determination of organic solutes

Lyophilized leaf samples were transferred to hermetically

closed tubes containing deionized water, and the tubes

were placed in a 100 �C water bath for 1 h. After the

supernatant extraction, the total soluble sugar was deter-

mined using the phenol–sulfuric method (Dubois et al.

1956). Sucrose determination was performed using the

method described by van Handel (1968). The total free

amino acids (TFAA) and the proline and glycinebetaine

(GB) concentrations in the leaves were determined as

previously described (Silveira et al. 2009).

Experimental design and data analysis

The experiment was arranged in a factorial (2 9 2) design.

The experiment had two nitrate concentrations (1 and

10 mM) and two NaCl levels (0 and 100 mM) with four

replicates (an individual pot containing one plant was one

replicate). The data were analyzed by an ANOVA, and the

means were compared with Tukey’s test at the 0.05 level of

confidence. The standard deviation is plotted in each of the

tables and figures.

Results

Leaf dry weight accumulation and membrane damage

Salt stress promoted strong changes in the physiological

parameters of the J. curcas plants under high and low

nitrate concentrations during medium growth. For exam-

ple, the leaf dry weight was reduced by 57 and 43 % in the

N1?Salt and N10?Salt treatments, respectively, compared

to their respective controls (Table 1). In contrast, the

electrolyte leakage (EL) and membrane damage were sig-

nificantly increased by 57 and 33 %, respectively, in the

same salt treatments compared to the controls (Table 1).

The degree of leaf hydration, expressed as the relative

water content and the concentrations of photosynthetic

pigments in the salt-stressed plants, was not affected by

salinity or nitrate (Table 1). It is important to note that, in

terms of growth and membrane integrity, a high NO3
-

level (10 mM) in the nutrient solution was able to mini-

mize the damage caused by NaCl.

Leaf gas exchange and chlorophyll fluorescence

All of the leaf gas exchange parameters evaluated in this

study were also affected by salinity. The leaf CO2 assimi-

lation was decreased by 55 and 30 % in the N1?Salt and

N10?Salt treatments, respectively, compared to their

respective references (Table 2). Similarly, transpiration (E),

stomatal conductance (gS) and carboxylation instantaneous

efficiency (PN/CI) showed reductions of 20, 53 and 65 %,

respectively, in the N1?Salt and 25, 37 and 35 %, respec-

tively, in the N10?Salt treatment compared to the respective

references (Table 2). In contrast, the ETR/PN ratio increased

by 42 and 28 %, respectively, in the N1?Salt and N10?Salt

treatments when compared to the reference plants (Table 3).

Based on the leaf DW and EL results, the plants supplied with

10 mM NO3
- suffered less-severe salt stress than the plants

treated with 1 mM NO3
-.

Regarding the chlorophyll fluorescence parameters,

when compared to the reference plants, the effective

quantum yield of PSII (DF/Fm
0) and the photochemical

quenching were reduced by 28 and 18 %, respectively, in

the N1?Salt treatment and by 13 and 20 %, respectively,

in the N10?Salt treatment (Table 3). Similarly, in the

N1?Salt and N10?Salt treatments, the apparent ETR was

reduced by 36 and 17 %, respectively, when compared to

the reference plants (Table 3). However, the non-photo-

chemical quenching coefficient (NPQ) and the relative

energy excess at the PSII level (EXC) reached values

approximately 200 and 120 % higher than those of the

reference plants, respectively, in the N1?Salt treatment,

and they reached values approximately 130 and 40 %

higher, respectively, in the N10?Salt treatment (Table 3).

In addition, neither stressed nor non-stressed plants showed

significant changes (p [ 0.05) in the maximum quantum

yield of PSII in dark-adapted leaves (Fv/Fm) (Table 3) and

minimum florescence (Fo) (data not shown).

Nitrate assimilation and nitrogenous compounds

accumulation

Regardless of the salt present, the nitrate uptake was

strongly enhanced in plants supplied with high NO3
-

concentration when compared to those that received a low

nitrate level (Fig. 1a). The leaf nitrate concentration was

slightly higher in both salt-treated and non-treated (refer-

ence) plants grown under high nitrate levels compared to

the respective plants cultivated in the presence of a low

nitrate level (Fig. 1b). Nitrate reductase activity was

strongly decreased by salinity in both low and high NO3
-

fed plants (Fig. 1c). Moreover, compared with the plants

grown under a low nitrate level, a high supply of nitrate

strongly increased the nitrate reductase only in salt-stressed

plants. The soluble-protein concentrations indicated a
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similar pattern to those observed by nitrate uptake and

nitrate reductase activity. That is, in both salt-treated and

non-treated conditions, the plants treated with 10 mM

NO3
- had higher leaf soluble-protein concentrations than

the plants grown under low nitrate levels (Fig. 1d). The

contents of the TFAA in leaves were slightly increased by

the effect of salinity under a low supply of nitrate, but the

contents were significantly increased by salinity under a

high supply of nitrate. However, when compared with the

plants grown under a low nitrate level, the plants grown

under a high level of nitrate alone demonstrated a discrete

increase in the concentrations of amino acids.

Proline, glycinebetaine and soluble-sugar accumulation

In regard to the studied osmo-solutes, proline and glycin-

ebetaine (GB), the salinity significantly increased the pro-

line levels in low and high nitrate-treated plants compared

to their respective references (Fig. 2b) Nitrate alone did not

exhibit any effect on the proline concentration. However,

the salt stress promoted moderate increases in the GB

content in both high and low nitrate-treated plants. In

addition, in the absence of NaCl, the exogenous nitrate

levels had no effect on the GB concentrations (Fig. 2c). It

is important to note the low levels of all obtained proline

concentrations (from 0.25 to 0.38 lmol g-1 DW when

compared with GB, which changed from approximately

205–245 lmol g-1 DW). In spite of this high GB con-

centration, salt stress was slightly stimulated at both nitrate

levels. In contrast to other solutes, neither the nitrate levels

nor the salinity changed the soluble-carbohydrate contents

(Fig. 2d).

Discussion

In this study, we demonstrated that a high supply of

exogenous NO3
- was more effective in mitigating, at least

Table 1 Leaf dry weight, electrolyte leakage, relative water content and chlorophyll content in the J. curcas plant leaves exposed to salt stress

with high or low nitrate contents

Treatment Leaf DW (g plant-1) EL (%) RWC (%) Chlorophyll

(mg g-1 FW)

N1 11.13 ± 2.21 24.90 ± 1.96 67.37 ± 8.95 0.48 ± 0.01

N1?Salt 4.73 ± 0.83 39.30 ± 1.78 74.92 ± 4.50 0.46 ± 0.01

N10 10.73 ± 0.84 26.03 ± 3.20 65.28 ± 4.40 0.51 ± 0.01

N10?Salt 6.09 ± 0.44 34.73 ± 2.25 68.03 ± 1.91 0.49 ± 0.01

The values are the means of four replicates ± SD

Table 2 Leaf CO2 assimilation rate, transpiration, stomatal conductance and carboxylation instantaneous efficiency in the J. curcas plant leaves

exposed to salt stress with high or low nitrate contents

Treatment PN (lmol m-2 s-1) E (mmol m-2 s-1) gs (mol m-2 s-1) PN/CI (lmol m-2 s-1 Pa-1)

N1 12.73 ± 0.66 1.86 ± 0.15 0.15 ± 0.01 0.60 ± 0.06

N1?Salt 5.65 ± 0.88 1.50 ± 0.04 0.07 ± 0.01 0.21 ± 0.04

N10 12.61 ± 1.38 2.31 ± 0.21 0.16 ± 0.01 0.66 ± 0.08

N10?Salt 8.85 ± 0.62 1.73 ± 0.12 0.10 ± 0.01 0.43 ± 0.06

The values are the means of four replicates ± SD

Table 3 The effective quantum yield of PSII, the maximum quantum yield of PSII in dark-adapted leaves, photochemical and non-photo-

chemical quenching, the apparent electron-transport rate, the relative energy excess at the PSII level and the ratio between the apparent electron-

transport rate and the leaf CO2 assimilation rate in the J. curcas plant leaves exposed to salt stress with high or low nitrate contents

Treatment DF/Fm0 qP NPQ FV/Fm ETR (lmol m-2 s-1) EXC (lmol m-2 s-1) ETR/PN

N1 0.63 ± 0.01 0.91 ± 0.02 0.44 ± 0.04 0.79 ± 0.01 27.26 ± 0.50 0.22 ± 0.01 2.15 ± 0.14

N1?Salt 0.45 ± 0.01 0.74 ± 0.02 1.25 ± 0.19 0.76 ± 0.02 17.48 ± 2.09 0.48 ± 0.03 3.06 ± 0.72

N10 0.61 ± 0.01 0.94 ± 0.01 044 ± 0.08 0.80 ± 0.01 26.36 ± 0.35 0.24 ± 0.01 2.04 ± 0.26

N10?Salt 0.53 ± 0.02 0.75 ± 0.03 1.00 ± 0.15 0.77 ± 0.03 21.80 ± 1.69 0.33 ± 0.02 2.62 ± 0.80

The values are the means of four replicates ± SD
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partially, the negative effects caused by salinity when

compared with the low NO3
- in the root medium of

J. curcas. Interestingly, because the endogenous NO3
-

concentrations in the leaf tissues were almost similar among

the two exogenous nitrate levels studied, these effects were

essentially triggered by the nitrate flux. These results allow

us to propose the following hypothesis: in alleviating the

negative effects of salinity, the nitrate flux from the roots to

the leaves is more important than the nitrate endogenous

level or N status in leaf tissues. As the nitrate flux might

control the nitrate reductase activity (Abd-ElBaki et al.

2000; Bybordi 2010), it is plausible to assume that the

nitrate assimilatory reduction process, by acting as a sink of

electrons in the photosynthetic electron-transport chain, is

essential in minimizing the deleterious effects caused by

salinity on the photosynthesis of J. curcas.

This current hypothesis is reasonably supported by our

obtained data. First, the highest supply of nitrate favored

leaf growth and photosynthesis (CO2 assimilation and

photochemical activity) only in salt-stressed plants. Sec-

ond, the concentrations of the two nitrogenous solutes

involved in osmotic adjustment and cell protection,

proline and glycinebetaine, were similarly increased

following both the low and high NO3
- supply. The free

amino acids and soluble proteins had their concentrations

increased by high nitrate concentrations in both salt- and

non-stressed plants. It is important to note that both low

and high NO3
--fed plants exhibited similar leaf growth

and photosynthesis. Thus, low NO3
--fed plants previously

stored sufficient amounts of N, which, when combined

with 1 mM NO3
- supplied by the nutrient solution, was

likely sufficient to maintain an adequate rate of growth

and photosynthesis.

The nitrate assimilatory reduction by nitrate reductase

and nitrite reductase are the reactions that consume high

amounts of electrons in the cytosol from NAD(P)H (two

electrons) and in the chloroplasts from reduced ferredoxin

(six electrons), respectively (Campbell 1999). This fact can

explain the more severe effects on photosynthesis, growth

and membrane damage caused by NaCl on the plants

grown under low nitrate concentrations, which exhibited

low nitrate uptake and assimilation. In other words, the

higher rates of nitrate assimilation could contribute to the

consummation of a part of the electron excess in the thy-

lakoid membrane, thus inducing a lower NADPH/NADP?

ratio. This process might allow a higher electron-transport

rate from photosystem II to CO2 assimilation under con-

ditions of restrictions in the stomatal opening caused by
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Fig. 1 Net nitrate uptake (a),

nitrate content (b), nitrate

reductase activity (c) and total

soluble-protein levels (d) in the
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conditions. The values are the

means of four replicates ± SD.
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salt stress (Kato et al. 2003). Nitrate assimilation could

then act as an additional chloroplast electron sink under

low CO2 assimilation conditions.

Although Kato et al. (2003) have demonstrated that a

high N level favors photochemical activity, these authors

neither discussed nor explained the underlying mecha-

nisms involved with photo-inhibition and photosynthesis

improvement by N. Thus, to the best of our knowledge, our

study is the first to demonstrate a proposed mechanism for

explaining the favorable effects triggered by high N in

photo-acclimation under salt stress. Indeed, in an excellent

review on the mechanisms involved with the protection of

photosystems, Osmond and Forster (2006) suggested that N

utilization might attenuate over-reduction of the photo-

system II and to improve photo-acclimation. However,

these authors did not propose any explanation of the bio-

chemical mechanism involving N and the improvement in

photosystem II efficiency and CO2 assimilation.

All photochemical and gas exchange parameters

obtained in the current study corroborate with the notion

that high rates of NO3
- flux and assimilation might

attenuate the adverse effects caused by an imbalance

between the high rates of electron supply from photosys-

tems I and II and the low rates of utilization for the most

important electron sink, CO2 assimilation. Moreover, as

our experiments were conducted under natural conditions

with high light levels, high temperature and a high vapor

pressure deficit, these factors might have interacted

strongly with the salinity, thus allowing for a large accu-

mulation of electrons in the photosystem II and over-

reduction in the thylakoid membrane due to low rates of

CO2 assimilation (Silva et al. 2010a). Under these condi-

tions, J. curcas frequently suffers membrane damage and

oxidative stress (Silva et al. 2010a). Interestingly, as

revealed by the high values of Fo and Fv/Fm, the significant

photochemical alterations induced in the J. curcas salt-

stressed plants were not sufficient to cause photo-inhibition

and photo-damage in PSII.

In our current study, the higher NO3
- uptake and nitrate

reductase activity in salt-stressed plants grown under high

NO3
- occurred in parallel to the high nitrate assimilation

and amino-acids synthesis. Nitrate assimilation and amino-

acids synthesis are processes that consume considerable

amounts of energy, reducing power (electrons) and ATP

(Cabello-Pasini et al. 2011). Of course, protein synthesis

requires amino acids that have originated from nitrate and

ammonia assimilation, followed by an intense intercon-

version among amino acids. Thus, nitrate assimilation,
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Fig. 2 The levels of total free

amino acids (a), proline (b),

glycinebetaine (c) and soluble

sugar (d) in the J. curcas leaves

exposed to salt stress under high

and low nitrate conditions. The

values are the means of four

replicates ± SD. The bars
represent the mean values

(n = 4) ± SD. The same letters
represent differences that are

not significant based on a

significance cutoff of 0.05, as

assessed by Tukey’s test
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amino acids and protein synthesis are important processes

involved in the utilization of electrons and ATP production

by the photochemical machinery reducing the ‘‘energy

pressure’’ on the photosystems and the thylakoid membrane.

As the nitrate and ammonia assimilation depends on the

supply of carbon skeletons, electrons and ATP produced by

the Calvin cycle and photochemical reactions, it is important

to emphasize that both CO2 and NO3
- assimilation might

operate in balance (Robredo et al. 2011).

Although decreases in photochemical activity and

increases in the ETR/PN ratio (an indicator of an alternative

sink for photosynthetic electrons) have been observed in

J. curcas plants under conditions of high salinity (evi-

denced by reductions in DF/Fm
0, qP and ETR), such con-

ditions suggest that these changes are an acclimation

mechanism rather than an indicator of dangerous effects on

the chloroplast’s machinery (Ribeiro et al. 2009a, b; Silva

et al. 2011). In the current study, the NPQ, a parameter

associated with heat dissipation, was strongly increased,

especially in low-nitrate grown plants. These results again

reinforce our hypothesis that high rates of nitrate assimi-

lation might act as an important sink for the electron excess

in the PSII, and thus, protect chloroplasts against photo-

inhibition and oxidative damages.

The reduction in the actual quantum yield of PSII and

apparent electron-transport rates might be associated with a

down-regulation in the electron-transport rate at the PSII

level (Ribeiro et al. 2009a, b), especially in high NO3
--fed

salt-stressed plants. Down-regulating the linear electron

transport between the two photosystems to match the

demand of CO2 fixation could decrease the electron

transport to O2 on the acceptor side of PSII (i.e., in the

Mehler reaction), thus minimizing the production of reac-

tive oxygen species (Drodzova et al. 2004; Foyer et al.

2009). Alternatively, an up-regulation of other electron

sinks, such as photorespiration and nitrate assimilation,

also could minimize photo-damage, photo-inhibition and/

or oxidative stress (Foyer et al. 2009).

Conclusion

Our results demonstrate that a high supply of NO3
- and the

nitrate assimilation process can mitigate the negative

effects of salinity. Nitrite assimilatory reduction and

ammonia assimilation in the chloroplast might act as a sink

of electrons from the thylakoid membrane, thus minimizing

photo-inhibition and photo-damage and stimulating CO2

assimilation under conditions of stomatal limitations

imposed by salt stress in J. curcas.
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