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a  b  s  t  r  a  c  t

The  C4 grass  Spartina  alterniflora  is  known  for  its  unique  salt  tolerance  and  strong  preference  for  ammo-
nium  (NH4

+)  as a nitrogen  (N)  source.  We  here  examined  whether  Spartina’s  unique  preference  for  NH4
+

results  in  improved  performance  under  drought  stress.  Manipulative  greenhouse  experiments  were  car-
ried out  to measure  the  effects  of variable  water  availability  and  inorganic  N  sources  on  plant  performance
(growth,  photosynthesis,  antioxidant,  and  N metabolism).  Drought  strongly  reduced  leaf  number  and
area,  plant  fresh  and dry  weight,  and  photosynthetic  activity  on all N sources,  but  the  reduction  was  most
pronounced  on  NH4

+.  Indeed,  the  growth  advantage  seen  on NH4
+ in  the  absence  of  drought,  producing

nearly  double  the biomass  compared  to growth  on  NO3
−, was  entirely  obliterated  under  both  interme-

diate  and severe  drought  conditions  (50  and  25% field  capacity,  respectively).  Both  fresh  and  dry  weight
became  indistinguishable  among  N sources  under  drought.  Major  markers  of the  antioxidant  capacity  of
the  plant,  the  activities  of the  enzymes  superoxide  dismutase,  catalase,  ascorbate  peroxidase,  and  glu-
tathione  reductase,  showed  higher  constitutive  levels  on  NH4

+.  Catalase  and  glutathione  reductase  were
specifically  upregulated  in  NH4

+-fed plants  with  increasing  drought  stress.  This  upregulation,  however,
failed  to protect  the  plants  from  drought  stress.  Nitrogen  metabolism  was  characterized  by  lower  consti-
tutive  levels  of  glutamine  synthetase  in  NH4

+-fed plants,  and  a rise  in glutamate  dehydrogenase  (GDH)

activity  under  drought,  accompanied  by elevated  proline  levels  in leaves.  Our  results  support  postulates
on  the  important  role  of  GDH  induction,  and  its involvement  in the synthesis  of  compatible  solutes,  under
abiotic  stress.  We  show  that,  despite  this  metabolic  shift,  S. alterniflora’s  sensitivity  to  drought  does  not
benefit  from  growth  on NH4

+ and  that  the  imposition  of drought  stress  equalizes  all  N-source-related
growth differences  observed  under  non-drought  conditions.

©  2017  Elsevier  GmbH.  All  rights  reserved.
. Introduction

Under natural conditions of growth and development, plants

re inevitably exposed to multiple stresses, such as drought, salin-
ty, flooding, mineral deficiencies, and toxicity (Ben Hamed et al.,
013). Of these, drought is considered one of the most formidable

Abbreviations: APX, ascorbate peroxidase; CAT, catalase; EL, electrolyte leakage;
C,  field capacity; GR, glutathione reductase; GDH, glutamate dehydrogenase; GS,
lutamine synthetase; GPX, guaiacol peroxidase; H2O2, hydrogen peroxide; SOD,
uperoxide dismutase.
∗ Corresponding author at: Biology Department, Faculty of Science, Taif University,
aif, 888, Saudi Arabia.

E-mail address: kamelhessini@gmail.com (K. Hessini).

ttp://dx.doi.org/10.1016/j.jplph.2017.03.003
176-1617/© 2017 Elsevier GmbH. All rights reserved.
challenges to agricultural productivity (Mahajan and Tuteja, 2005;
Hessini et al., 2008, 2009b), and the greatest losses in productivity
occur in arid and semiarid regions, where, in addition to scarcity,
the quality of irrigation water is often low (Fernández-Cirelli et al.,
2009).

Drought inhibits plant growth by disturbing the uptake of ions
and water, impeding N-metabolism, and causing oxidative stress
(Gonzalez et al., 1998; Bhargava and Sawant, 2013). The extent of
damage depends on plant genotype, the severity of the stress, and
the type, quantity, and regime of fertilization (Hessini et al., 2009a;

Waraich et al., 2011, 2012). The use of fertilizer to enhance crop
productivity has increased five-fold since the 1960s, and about 65%
of it is used on cereals. However, inadequate or inefficient fertil-
ization perturbs plant growth and contributes to soil degradation

dx.doi.org/10.1016/j.jplph.2017.03.003
http://www.sciencedirect.com/science/journal/01761617
http://www.elsevier.com/locate/jplph
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jplph.2017.03.003&domain=pdf
mailto:kamelhessini@gmail.com
dx.doi.org/10.1016/j.jplph.2017.03.003
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Humbert et al., 2013), and it is predicted that access to fertil-
zation will be one of the main challenges for crop production in
rought-prone areas (Shiferaw et al., 2014).

Nitrogen (N), the most important macronutrient obtained by
lant roots, is deficient in most soils, and in particular those in
rid and semiarid regions (Hernández et al., 1997). It is critical
o all principal metabolic processes, including those related to
smotic adjustment, and constitutes almost 80% of the total nutri-
nts absorbed by plant roots (Marschner, 1995). Plants take up N
ainly in two forms: nitrate (NO3

−) and ammonium (NH4
+), or as

ixtures of the two. Great differences exist between species in their
reference for the sources of N, with most species growing best on
ither NO3

− or a mixed N source (Kronzucker et al., 1999), while
nly few perform best on NH4

+ (Kronzucker et al., 1997; Britto and
ronzucker, 2002; Britto and Kronzucker, 2013).

Plant response to N fertilization under drought conditions varies
ith plant species, climate, N source, and fertilization regime

Waraich et al., 2011). Nitrate may  not always be beneficial under
rought, as it can accumulate in plant leaves without contributing
o biomass or to increasing yield (Martinoia et al., 1981; Bernguer
t al., 2009). However, the NO3

− ion can also serve as an elec-
ron sink and potentially alleviate photosystem stress under water
imitation conditions (Yi et al., 2014). Plants with high tissue
O3

− levels also lose nutritional value because, when consumed in
xcess, NO3

− can be harmful for human and livestock health (Britto
nd Kronzucker, 2002; Hessini et al., 2009b). Thus, there is interest
n identification and development of drought-tolerant plant geno-
ypes able to utilize NH4

+ as their principal N source. Indeed, the
ddition of NH4

+ to the nutrient solution has been reported to mit-
gate the adverse effects of drought on growth and development
f rice (Gao et al., 2010). NH4

+ has also been reported to miti-
ate the effects of salt stress on Hordeum vulgare, Citrange carrizo,
nd Spartina alterniflora (Kant et al., 2007; Fernández-Crespo et al.,
012; Hessini et al., 2013), although others have observed the oppo-
ite effect, as, for instance, in pea (Speer et al., 1994; Speer and
aiser, 1994).

Although the mechanism by which NH4
+ may  enhance plant tol-

rance to osmotic stress is not clear, several authors consider it a
esult of: (i) NH4

+ assimilation carrying a lower energy cost than
hat of NO3

− (Kant et al., 2007); (ii) increased plant water absorp-
ion (Gao et al., 2010); (iii) the activation of antioxidant enzymes
esponsible for some mechanisms of early acclimation to stress
Misra and Gupta, 2006; Fernández-Crespo et al., 2012).

Spartina alterniflora is an interesting test species due to its
4 photosynthetic habit and high tolerance for environmental
tresses. Due to these characteristics, Spartina is sometimes an inva-
ive species that can disturb natural ecosystems. In this study, we
xplore the mechanism for drought tolerance in this species and
eport the effects of ammonium nutrition on the species in the
ight of the responsiveness of its antioxidant systems and shifts
n N metabolism that may  be required for acquisition of drought
olerance.

. Material and methods

.1. Plant material and propagation

The plants used in this experiment were obtained from 25-
m-high cuttings transplanted into 4-L blow-moulded pots (one
utting per pot) filled with sandy soil and irrigated with Hewitt
1966) nutrient solution for one month under well-watered condi-

ions, in a greenhouse with an average air temperature of 25/18 ◦C
ay/-night, an air relative humidity ranging between 65 and 90%,
n average irradiance at mid-day of ∼900/1800 �mol  m−2 s−1 PAR,
nd a natural photoperiod of 12–15 h. In order to prevent nitrifica-
ysiology 213 (2017) 98–107 99

tion, 4 �L L−1 Nitrapyrin (Nserve; Dow Chemical Co., Kings Lynn,
England) and 7.5 �L L−1 dicyandiamide (DCD; Sigma Chemicals,
St. Louis, MO)  were added to the nutrient solution. Nitrogen was
added as either calcium nitrate [Ca(NO3)2] or ammonium sul-
phate [(NH4)2SO4] or a mixture of NH4

+ and NO3
− in a ratio of

1:1 [NH4NO3] (N concentration was  7.5 mM in total), with three
superimposed drought regimes (100%, 50%, and 25% field capac-
ity). The field capacity (FC) of soil was estimated according to the
technique of Bouyoucos (1983). To maintain 100% field capacity,
plants were rewatered to the corresponding weight every day with
the above-mentioned nutrient solution. Soil water contents (SWC,
%) determined in the treatments of 100, 50, and 25% FC were 11.5,
5.75, and 2.88%, respectively. Evaporation from the soil surface was
prevented by enclosing all pots in plastic bags sealed at the base of
each seedling. In addition, ten pots without plants were used to
monitor evaporative water loss from the soil surface. The medium
containing NH4

+ as the only N source was buffered with 0.33 g
CaCO3 per kg soil DW (Cantera et al., 1999). Ten replicate pots were
used and the treatments were arranged in a completely random-
ized design. Soils of control plants were maintained at 100%, while
those of drought-exposed plants were kept at 50% (mild stress) and
25% (severe stress) of FC. Sixty days after the onset of the drought
treatments, plants were harvested (between 10:00 a.m. and noon)
and separated into leaves and roots. The fresh weights (FW) of
leaves and roots of each plant were determined immediately after
plant collection, as were the number of leaves and leaf surface area
(LI-3000A, Li-Cor Nebraska, USA). Sub-samples of fresh shoots and
roots were weighed and frozen in liquid N and stored at −80 ◦C
for later metabolite analysis and enzymatic assays. Root and shoot
dry weights (DW) per plant were determined after oven-drying
samples to constant weight at 60 ◦C. The water content (WC) was
calculated as follows:

WC(%) = [(FW − DW)/FW]  × 100

Measurements were carried out on ten plants per treatment.

2.2. Gas exchange measurements

Gas exchange parameters (net CO2 assimilation rate – A; tran-
spiration rate – E; stomatal conductance – gs; instantaneous
water-use efficiency – WUEi, calculated as the ratio A/E) and leaf
surface temperature were determined one day before final harvest
using a portable gas exchange system (Li-Cor 6200, Li-Cor Nebraska,
USA). Measurements were taken from the first fully expanded
leaves after they had acclimated to the leaf chamber conditions
for 10 min; all the measurements were performed between 10:00
a.m. and 2:00 p.m. (10 replicates per treatment).

2.3. Free amino acids, proline, and total soluble sugars
determination

Free amino acid and proline contents were determined by the
ninhydrin method as described by Zivcovic et al. (2005). These
compounds were extracted from leaf material (0.25 mg) with 85%
ethanol. An aliquot (0.2 mL)  from the extract was  mixed with 1 mL
0.2 M citrate buffer (pH 5.0) containing 0.4 N NaOH, 0.72 mm SnCl2,
and 2% ninhydrin in ethylene glycol. The mixture was incubated
in boiling water for 20 min. Samples were cooled and diluted in
water:propanol (1:1 v/v). The optical density was  read with a spec-
trophotometer (Spectro UVS-2700, Labomed) at 570 and 440 nm
to determine free amino acid and proline content, respectively.

Leucine and proline were used for calibration curves. Total soluble
sugars (TSS) were extracted in 80% ethanol from 1 g fresh leaf and
quantified according to Staub (1963) using a spectrophotometer
(Sherwood Scientific Ltd., model 259, Cambridge, UK).
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.4. Electrolyte leakage

Electrolyte leakage (EL) was measured as described by Dionisio-
ese and Tobita (1998). Shortly after harvest, fresh samples from the
ppermost fully expanded leaf blades of five plants (200 mg)  were

ncubated in test tubes with distilled water at 25 ◦C for 2 h, and then
nitial conductivity (EC1) of the bathing medium was measured. The
ubes containing the leaf material were then boiled for 30 min  to
elease all the electrolytes, cooled to 25 ◦C, and the conductivity
EC2) was measured again. The electrolyte leakage was  calculated
s follows:

L = (EC1/EC2) × 100

.5. Hydrogen peroxide

Tissue H2O2 was determined as described by Frew et al. (1983).
fter harvest, fresh samples from the uppermost fully expanded

eaf blades of five plants (0.5 g per plant) were quickly frozen in
iquid nitrogen, then ground to powder with mortar and pestle,
ogether with 5 mL  of 5% (w/v) TCA and 0.15 g activated charcoal.
he mixture was centrifuged at 10,000g for 20 min  at 4 ◦C. The
upernatant was adjusted to pH 8.4 with a 17 M ammonia solu-
ion, then filtered. H2O2 in the extract was allowed to react with
-aminoantipyrine and phenol, in the presence of a peroxidase.
he product, a quinoneimine dye, with a maximum absorption at
05 nm,  was photospectrometrically detected at 505 nm.  The H2O2
oncentration was inferred using a calibration curve.

.6. Determination of antioxidant enzyme activities

For each enzymatic assay, three samples from the first pairs of
ully expanded leaves were weighed and finely ground in a mor-
ar with liquid nitrogen, then homogenized with the respective
xtraction buffer. Homogenates were filtered through two layers
f Miracloth (Calbiochem) before being centrifuged for 20 min  at
0,000g at 4 ◦C. Aliquots of the extracts were used for enzyme
ssays.

.7. CAT and GPX activities

Frozen leaves (0.2 g) were homogenized in a mortar with 2 mL  of
xtraction medium containing 66 mM potassium phosphate buffer
pH 7.0) and 0.1 mM EDTA. CAT activity was determined by fol-
owing the decrease in absorbance at 240 nm according to Beers
nd Sizer (1952). The reaction medium contained 60 mM potas-
ium phosphate buffer (pH 7.0), 5 mM H2O2, and leaf extract. GPX
as determined according to Castillo et al. (1984) by following

he increase in absorbance at 470 nm as a result of guaiacol oxida-
ion. The reaction medium contained 43 mM  potassium phosphate
uffer (pH 6.1), 8 mM guaiacol, 2 mM H2O2, and diluted extracts.
he final volume was 1 mL  for all reactions.

.8. APX activity

Samples of leaves (0.2 g) were homogenized with 0.8 mL of
xtraction medium containing 50 mM Tris-HCl (pH 7.8), 0.1 mM
DTA, 0.2% (v/v) Triton X-100, 1 mM phenylmethylsulfonyl fluoride
PMSF), and 2 mM ascorbate as described by Hossain and Asada
1984). APX activity was followed by the decrease in absorbance
t 290 nm of a reaction medium containing 50 mM HEPES-NaOH

pH 7.6), 0.25 mM ascorbate, 0.1 mM H2O2, and 10–40 �L extract
leaf). Controls with p-chloromercurybenzoate, an APX inhibitor,
ere included to test for non-specific peroxidases and spontaneous

eactions (Ranieri et al., 1996).
ysiology 213 (2017) 98–107

2.9. GR and SOD activities

Samples of plant tissues (0.2 g) were homogenized with 0.8 mL
of extraction medium containing 5 mM Tris-HCl (pH 7.5), 0.1 mM
EDTA, 0.2% (v/v) Triton X-100, 1 mM PMSF, 2 mM DTT, and
0.1% (w/w)  polyvinylpolypyrrolidone (PVPP). The supernatant was
desalted using a Bio Gel P6-DG (Bio-Rad laboratories), then used to
assay the activities of GR and SOD. GR was  assayed by the decrease
in absorbance at 340 nm (NADPH oxidation). The reaction mixture
contained 0.1 M HEPES (pH 7.8), 3 mM MgCl2, 2.5 mM GSSG, 0.2 mM
NADPH, and 200 �L sample extract, as described by Edwards et al.
(1990). The oxidation rate was corrected for non-enzymatic oxi-
dation of NADPH by GSSG. SOD activity was measured according
to McCord and Fridovich (1969). The superoxide radical was  gen-
erated during oxidation of xanthine in a reaction catalyzed by
xanthine oxidase. The reduction of cytochrome c by the superoxide
radical is inhibited by SOD. One unit of SOD activity was  required
to inhibit the reduction rate, followed at 550 nm, by 50%.

2.10. Determination of GS and GDH activities

Enzymatic assays were carried out on mixtures of the third
and fourth pairs of fully expanded leaves. GS (EC 6.3.1.2) was
extracted using the same proportion of plant material to volume
of extractant (1/1; w/v). The extraction medium contained: 50 mM
Tris-HCl buffer (pH 8.0), 1 mM EDTA, 10 mM  2-mercaptoethanol,
5 mM dithiothreitol, 10 mM MgSO4, 1 mM  cystein, and 0.6%
polyvinylpyrrolidone. Extracts were filtered and centrifuged at
35,000g for 15 min, and then the supernatants were assayed. GS
activity was assayed as the ligase reaction at 30 ◦C in a medium
containing 60 �mol  imidazole pH 7.0, 1 �mol  MnCl2, 2.6 �mol
Na2HAsO4, 1.5 �mol  ADP, 65 �mol  glutamine, 50 �mol NH2OH,
pH 7.0, and enzyme in a total volume of 0.6 mL.  The reaction was
started by adding NH2OH to the medium and stopped by adding
0.5 mL  of 0.6 M FeCl3 in 2.5 M HCl. Activity was assessed from
absorbance at 546 nm.

To analyse GDH, shoots and roots were ground in a mortar with
liquid nitrogen, and then the powder (5 g material to 5 mL  medium)
was extracted with buffer containing 100 mM maleic acid-KOH (pH
6.8), 100 mM sucrose, 2% 2-mercaptoethanol, and 15% ethylene gly-
col. Extracts were ground in a mortar with liquid nitrogen and
then filtered and centrifuged at 35,000g and 4 ◦C for 10 min. The
supernatant was  used to determine the enzyme in the aminating
direction by following the absorption change at 340 nm induced by
NADH oxidation (Groat and Vance, 1981).

2.11. Statistical analysis

Data were analysed using an analysis of variance (ANOVA) at
a significance level of p < 0.05. The model is defined on the basis
of fixed effects and hierarchical classification criteria. The main
effects were taken to be drought and nitrogen form, as well as their
interactions. A similar two-way analysis of variance (ANOVA) was
performed for data obtained with three levels of soil drought and
form of nitrogen as the main factors. When the ANOVA was signifi-
cant at p < 0.05, Duncan’s Multiple Range Test was used to compare
means. All statistical analyses were carried out using SAS software.

3. Results

3.1. Growth
Under well-watered conditions (100% FC), plant biomass accrual
responded strongly to the N source present in the root medium.
The biomass of NO3

−-fed plants was  only half that of those fed
with NH4

+, while NH4NO3-fed plants had intermediate biomass
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Fig. 1. Effect of drought and nitrogen form on fresh weight (FW, g plant−1) and dry
weight (DW, g plant−1) in S. alterniflora. Each data point is the mean ± SD of ten
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Fig. 2. Effect of drought and nitrogen form on leaf area (cm2 plant−1) and leaf num-
ber, in S. alterniflora. Each data point is the mean ± SD of ten replicates per treatment.
Values with different letters are significantly different at p = 0.05 level (Duncan’s
multiple-range test).

Fig. 3. Effect of drought and nitrogen form on leaf water content (WC, %) and water
loss (mmol  H2O plant−1 s−1) in S. alterniflora. Each data point is the mean ± SD of ten
eplicates per treatment. Values with different letters are significantly different at
 = 0.05 level (Duncan’s multiple-range test).

Fig. 1). Under drought conditions (soil moisture 50 or 25% FC),
lant biomass accumulation became similar on all three N-source
reatments, and at 50% FC no significant differences from control,
O3

−-fed, plants were observed.
The effect of drought on plant growth was dependent on the

egree of stress applied (Table 1, P ≤ 0.05). Based on plant fresh
nd dry weights, plant leaf area, and numbers of leaves per plant,
nd with the exception of NO3

−-fed plants grown in soils at 50%
C, the plant response to drought was dependent on the level of
tress imposed (Figs. 1 and 2; P ≤ 0.05). At the end of the experiment
after 60 days of drought), the total fresh and dry plant weights
ere strongly reduced (Fig. 1, P ≤ 0.05) by drought, being more pro-

ounced in the severe drought treatment. In accordance with this
esult, leaf area, number of leaves, and leaf water content were
lso strongly affected by drought (Figs. 2 and 3; P ≤ 0.05). Under
ontrol conditions, plant growth increased with increasing NH4

+ in
he nutrient solution.

.2. Photosynthesis, transpiration, stomatal conductance, leaf
emperature, and water use efficiency

The effects of N source and drought on photosynthetic capac-
ty, transpiration rate, and leaf temperature of S. alterniflora were
ssessed at the end of the experimental period (Table 2). Irrespec-
ive of the N form, net CO2 assimilation (A), transpiration rate
E), and stomatal conductance (gs) were strongly reduced under
rought conditions (Table 2, P ≤ 0.05). Instantaneous water-use

fficiency (WUEi) and the difference between ambient tempera-
ure and leaf temperature increased more in plants subjected to
evere than to mild drought stress (Table 2, P ≤ 0.05). This increase

replicates per treatment. Values with different letters are significantly different at
p  = 0.05 level (Duncan’s multiple-range test).
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Table  1
Two-way ANOVA analysis of N form, drought, and their interactions for fresh and
dry weight, leaf number and area, TAA (total amino acids) TSS (total soluble sugars),
proline, ions, organic N, photosynthetic parameters, mean leaf temperature −air
temperature (Tc-Ta), H2O2, EL, antioxidant and N metabolic enzyme activities.

Source of variation

N form Drought Drought × N form

Fresh weight 9.85* 18.42*** 2.76*

Dry weight 5.73ns 8.49** 2.04ns

Leaf area 3.32* 30.15*** 3.38*

Leaf number 1.96ns 14.86*** 0.48ns

A 1.35ns 163.59*** 3.64*

E 19.16*** 22.65*** 2.88*

gs 10.21** 28.17*** 0.04ns

WUEi 20.42*** 1.49ns 3.12*

Tc-Ta 12.47** 7.23** 0.38ns

H202 3.77* 190.10*** 2.47ns

EL 7.35** 23.25*** 0.33ns

TAA 2.34ns 29.03*** 11.59***

Proline 8.12** 49.18*** 4.11*

TSS 24.84*** 48.46*** 3.75*

SOD 15.65*** 1.41ns 0.08ns

CAT 75.65*** 8.32** 2.59ns

APX 21.62*** 2.68ns 0.59ns

GR 6.49* 0.16ns 0.52ns

GPX 2.16ns 2.12ns 1.40ns

GPX 11.47*** 92.17*** 3.68*

n

w
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Table 3
Effect of nitrogen form and drought on total amino acids (TAA, �mol g−1 FW), proline
(�mol  g−1 FW), and total soluble sugars (TSS, �mol g−1 FW)  in leaves of Spartina
alterniflora.

Treatments N-form TAA Proline TSS

100% FC
NO3

− 2.5 ± 0.1de 0.1 ± 0d 0.1 ± 0
NH4NO3 2.4 ± 0.4de 0.2 ± 0.03d 0.2 ± 0
NH4

+ 2.3 ± 0.3e 0.3 ± 0.2c 0.2 ± 0

50% FC
NO3

− 2.5 ± 0.5de 0.3 ± 0.1c 0.2 ± 0
NH4NO3 2.9 ± 0.2de 0.6 ± 0.2b 0.2 ± 0
NH4

+ 5.7 ± 1b 0.6 ± 0.1b 0.3 ± 0

25% FC
NO3

− 4.5 ± 0.5c 0.6 ± 0.1b 0.3 ± 0
NH4NO3 3.1 ± 0.1d 0.8 ± 0.1a 0.3 ± 0
NH4

+ 6.6 ± 0.3a 0.9 ± 0.2a 0.3 ± 0

T
E
u

V

GDH 0.06ns 20.73*** 1.26ns

s-non significant, **- significant at P < 0.01, ***- significant at P < 0.001.

as more pronounced in NH4
+- than in NO3- or NH4NO3-fed plants

Table 2, P ≤ 0.05).

.3. Organic solute contents

Table 3 shows the effect of nitrogen form and drought on con-
ent of organic solutes (total amino acids, proline, and total soluble
ugars) in Spartina alterniflora leaves. Irrespective of the N form,
rought significantly increased the amount of proline (and total
mino acids in general). However, it did not influence the content
f soluble sugars (Table 3, P ≤ 0.05).

Under drought, the presence of ammonium enhanced the leaf
ccumulation of proline and total amino acids (Table 3, P ≤ 0.05)

.4. Evaluation of oxidative stress

Regardless of the N form, drought induced a significant increase

n the H2O2 content of S. alterniflora leaves. This effect was more
ronounced at severe than at mild drought stress (Fig. 4A, P ≤ 0.05).
embrane damage also increased, as assessed by solute leakage

s drought level increased. The damage to drought-stressed plants

able 2
ffect of nitrogen form and drought on photosynthetic rate (A, �mol  CO2 m−2 s−1), transpi
se  efficiency (WUEi, mol CO2 m−2 s−1/(mmol H2O m−2 s−1)) and mean leaf temperature 

Water treatments N-form A E 

100% FC
NO3

− 12.5 ± 0.7a 2.2 ± 0
NH4NO3 13.4 ± 1.2a 2.3 ± 0
NH4

+ 13.6 ± 0.9a 2.9 ± 0

50%  FC
NO3

− 7.4 ± 1.1b 1.7 ± 0
NH4NO3 6.9 ± 0.7b 0.9± 0
NH4

+ 4.5 ± 0.3c 0.5 ± 0

25%  FC
NO3

− 2.4 ± 0.4d 0.4 ± 0
NH4NO3 3.6 ± 0.5 cd 0.3 ± 0
NH4

+ 3.3 ± 0.5 cd 0.2 ± 0

alues represent the mean ± SE of ten replicates per treatment. Different letters within th
Values represent the mean ± SE of ten replicates per treatment. Different letters
within the same column indicate significant differences between treatments at
P  ≤ 0.05.

was higher with ammonium than with nitrate nutrition (Fig. 4B,
P ≤ 0.05).

3.5. Activities of antioxidant enzymes

Regardless of the N regime, SOD activity did not change signifi-
cantly in response to drought stress. However, total SOD activity
was always higher (±3%) in leaves of NH4

+- than of NO3- or
NH4NO3-fed plants (Fig. 5A). CAT followed the same pattern of
activity (Fig. 5C). The activities of APX and GR in NO3- and
NH4NO3-fed plants did not change in response to drought. How-
ever, ammonium-fed control plants tended to have higher APX and
GR activities, which increased under drought conditions (Fig. 5B
and D, P ≤ 0.05). Finally, GPX activity was not observed to respond
to N source or drought (Fig. 5E, P ≤ 0.05).

3.6. Nitrogen metabolism

GS activity in leaves of NO3-fed plants was  higher under mild
drought stress than in those not exposed to drought and those
under severe drought stress. However, in both mixed-fed and
ammonium-fed plants, this activity increased under mild drought
stress, but was strongly reduced under severe drought stress. In
general, the supply of NH4

+ to the nutrient solution partially inhib-

ited the activity of GS (Fig. 6A, P ≤ 0.05).

Regardless of the form of N applied, drought stress induced an
increase in GDH activity in leaves of S. alterniflora.  Under drought,
the total activity of GDH was higher in ammonium-fed than in

ration rate (E, mmol H2O m−2 s−1), stomatal conductance (gs), instantaneous water
−air temperature (Tc-Ta) in Spartina alterniflora plants.

gs WUEi (A/E) Tc-Ta (◦C)

.2b 31.5 ± 5.4a 5.7 ± 0.6 4.2 ± 0.5e

.1b 32.5 ± 2.1a 5.8 ± 0.4 5.5 ± 0.2 cd

.4a 35.6 ± 8a 4.7 ± 1.4 4.3 ± 0.6e

.2c 23.0 ± 2.7b 4.4 ± 0.4 5.0 ± 0.3d
.1d 22.8 ± 1.3b 7.6 ± 0.5 5.5 ± 0.1 cd
.1e 28.0 ± 2.8b 9.0 ± 1.0 6.2 ± 0.8bc

.1e 7.3 ± 1.9c 6.0 ± 0.4 6.5 ± 0.3b

.1e 7.3 ± 1.3c 12.0 ± 2.3 6 ± 0.7bc

.1e 10 ± 3.9c 16.5 ± 1.5 7.2 ± 0.1a

e same column indicate significant differences between treatments at P ≤ 0.05.
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Fig. 4. Effect of drought and nitrogen form on hydrogen peroxide (H2O2) concen-
trations (�mol  [g FW]−1) and electrolyte leakage (EL) (%) in leaves of S. alterniflora
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lants. Each data point is the mean ± SD of three replicates per plants. Values with
ifferent letters are significantly different at the p = 0.05 level (Duncan’s multiple-
ange test).

itrate-fed plants, being more pronounced under severe drought
tress (Fig. 6B, P ≤ 0.05).

. Discussion

Drought is a major stress factor for most plants, even for C4
pecies, which have a water-use efficiency significantly superior
o that of C3 plants under arid conditions, being able to main-
ain stomatal closure when water availability is low (Sage, 2004;
sborne and Beerling, 2006). S. alterniflora, a C4 grass, is able to

hrive on, acclimate to, and tolerate salinity stress well (Hessini
t al., 2013). It is also unique in that it grows best on NH4

+ as an
 source, rather than nitrate or mixed N sources, which are pre-

erred by most species (Kronzucker et al., 1997, 1999, 2000; Britto
nd Kronzucker, 2002, 2013; Hessini et al., 2013). It is well known
hat growth on NH4

+ leads to fundamental shifts in C/N balance,
on homeostasis, hormone balance, and overall performance under
tress (Britto and Kronzucker, 2002; Guo et al., 2005; Ariz et al.,
013; Li et al., 2014; Esteban et al., 2016). Ammonium nutrition is
ssociated with higher levels of oxidative stress, and consequent
nduction of components of the plant antioxidant apparatus, in
lants susceptible to NH4

+ toxicity (Zhu et al., 2000; Bendixen et al.,
001; Guo et al., 2007; Nimptsch and Pflugmacher, 2007; Wang
t al., 2010), but it is not known how ammonium-tolerant species
espond to this particularly when challenged by drought. Our pre-
ious studies demonstrated that, under salt stress, ammonium

utrition results in higher antioxidant defence than nitrate nutri-
ion and thus enhances the tolerance of S. alterniflora to salinity
Hessini et al., 2013). In this work we explored the involvement of
he antioxidant metabolism of S. alterniflora in response to drought
ysiology 213 (2017) 98–107 103

stress, and the response of its nitrogen metabolism when Spartina
is presented with its preferred nitrogen source, NH4

+, as opposed
to NO3

−, or mixed NH4NO3 nutrition. Prior to the imposition of
drought stress, NH4

+ was  favourable for the growth of S. alterniflora
over nitrate-or mixed-fed plants. A similar positive effect of NH4

+

has been observed in some wetland and marine species (Thursby
and Harlin, 1984; Munzarova et al., 2006), as well as in plants in
terrestrial habitats where NH4

+ prevails as N form, such as late-
successional temperate and Northern forest soils and flooded rice
fields (Kronzucker et al., 1997; Garnett et al., 2001; Britto and
Kronzucker, 2002; Munzarova et al., 2006). It must be kept in
mind, however, that N-source preference is a complex biological
trait without a precise definition (Britto and Kronzucker, 2013),
and comparisons of preference are typically conducted under very
limited sets of conditions. Strikingly, in our study, despite a clear
preference for NH4

+ by S. alterniflora, which produced over twice
the biomass of plants grown on NO3

−, this preference was com-
pletely lost when drought stress was superimposed. Indeed, at
both mildly and severely lowered water availability, no differences
in dry matter accumulation between plants fed with differing N
sources could be observed. This result contradicts some previous
reports showing that feeding rice with ammonium can signifi-
cantly increase its drought tolerance (Yang et al., 2012), but is in
agreement with many studies that describe the additional stress
NH4

+ can impose when other significant stresses, such as salinity
stress, co-occur (Speer et al., 1994; Speer and Kaiser, 1994). Thus, in
terms of drought tolerance, Spartina’s preference for NH4

+ fails to
translate into improved performance under salinity challenge, as
observed in this study. Indeed, the biomass decline under drought
was especially pronounced when combined with NH4

+ nutrition.
The reductions in plant biomass were accompanied by changes in
plant leaf area (number of leaves and leaf size; Fig. 2), which may
have had two consequences: 1) a reduction of carbon fixation due to
a decrease in the photosynthetic rate per plant, which may  reduce
plant tolerance to drought; and 2) a reduction of water loss, which
may  help the plant cope with drought stress. We  observed water
loss by S. alterniflora plants to be significantly reduced by drought.
Ammonium-fed plants were by far the most water-requiring under
control (non-drought) conditions, with water loss nearly twice
that of nitrate-fed plants, and, notably, the adjustments between
morphology (leaf number and leaf area per plant) and physiology
(transpiration rate and conductance) brought about by even mild
drought stress transformed these into the least water-requiring
of all the plants under the various N-source-drought treatments
applied (Figs. 2 and 3, Table 2), thus partly explaining the resistance
of this species to drought stress.

The decline in plant growth resulting from drought is in part
related to changes in whole-plant carbon status (Lopes et al., 2011).
The CO2-concentrating mechanisms of C4 plants usually allow their
photosynthesis to be competitive under conditions that promote
carbon loss, by virtue of a lack of photorespiration and supe-
rior capacity for stomatal closure. Such conditions, which cause
excessive light reactions and limited carbon flux (i.e. “excitation
pressure” or “acceptor limitation” in the photosynthetic apparatus),
include extreme temperatures, high irradiance, and water deficit
(Edwards et al., 2004). We  observed that drought reduced the rate
of photosynthesis to a greater extent than stomatal conductance,
the reduction being more pronounced when ammonium was  the
sole N source. This decline in photosynthetic activity may therefore
be due to not only decreased stomatal conductance, but also non-
stomatal factors, including the reduced activity of photosynthetic
enzymes, inhibition of chloroplast activity, chlorophyll breakdown,

inhibition of nitrate assimilation, induction of early senescence,
and changes to leaf anatomy and ultrastructure (Ghannoum, 2009;
Ashraf and Harris, 2013). Such behaviour was not observed in salt-
treated S. alterniflora grown with NH4

+, even with a 50% drop in
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ig. 5. Effect of drought and nitrogen form on activities of superoxide dismutase (SOD
eroxidase (GPX) (E) in leaves of S. alterniflora. Each data point is the mean ± SD of

 = 0.05 level (Duncan’s multiple-range test).

tomatal conductance (Hessini et al., 2013). Thus, the highly effi-
ient stomatal control of transpiration by this C4 species observed
nder salt stress did not occur under drought stress. The sensitivity
f C4 plants to drought stress has been well reviewed by Ghannoum
2009), who argued that, although the CO2-concentrating mecha-
ism offers C4 photosynthesis a greater buffering capacity against
O2 shortages caused by partial stomatal closure under drought,
he biochemistry of C4 photosynthesis is at least as sensitive as
hat of C3 photosynthesis. The reasons for this are not clear. Impor-
antly, in plants of any photosynthetic type that grow on NH4

+,
here is a higher carbon (C) flow requirement, as incoming NH4

+

ust be metabolized immediately to a much greater extent than
n the case of NO3

−, which can be sequestered in vacuoles of both
oot and shoot cells (Martinoia et al., 1981; Kronzucker et al., 1995).
ree NH4

+concentrations typically remain low in tissue, except
nder toxicity conditions (Barth et al., 2010; Li et al., 2014). This
ecessitates the upregulation of anapleurotic pathways (Roosta
nd Schjoerring 2008a; Ariz et al., 2013) to supply sufficient C, in
articular when CO2 entry through stomata is limited on account
f the need to reduce water loss under drought stress. This also
xplains why higher light intensities can counteract NH4

+ toxic-
ty as long as stomata can remain open to supply C-skeletons via

hotosynthesis, but this is frequently nullified by lower leaf num-
ers and areas in plants grown on NH4

+ (Gerendas et al., 1997; Guo
t al., 2007). However, per-leaf-area CO2 assimilation rate can be
orbateperoxidase (APX), catalase (CAT), glutathione reductase (GR), and andguaiacol
 replicates per plants. Values with different letters are significantly different at the

enhanced in NH4
+-grown plants (Guo et al., 2007), and the CO2

compensation point can be lower under NH4
+ than NO3

− nutrition
(Guo et al., 2005). The larger biomass, and leaf number and area, in
NH4

+-grown S. alterniflora under control (non-drought) conditions
is not maintained under drought conditions; thus, NH4

+-grown S.
alterniflora lack the ability to prevent C limitation in the leaf appa-
ratus; indeed, under mild drought, plants grown on a mixed N diet
had the largest leaf area, with no N-source-dependent differences
at the highest level of drought, and per-leaf-area assimilation was
not sufficiently enhanced in NH4

+-grown plants under drought to
compensate for leaf-area decline (Table 2).

In many plants, drought is perceived as an oxidative stress
(Helena and Cruz, 2008), and several studies show that growth
on NH4

+ can produce a higher oxidant stress load (Misra and
Gupta, 2006; Skopelitis et al., 2006; Wang et al., 2010). How-
ever, how plants grown on ammonium protect themselves from
oxidative stress remains largely unknown (Bendixen et al., 2001).
Domínguez-Valdivia et al. (2008) suggest that, independent of the
ammonium tolerance of the plants studied, the stress originating
from applying ammonium as the only N source is not an oxidative
stress. In contrast, Misra and Gupta (2006) found that NH4

+-fed
plants generate more oxygen radicals than those fed with nitrate.

Recently, Podgórska et al. (2013) showed that ammonium nutrition
in Arabidopsis thaliana increases the NAD(P)H/NAD(P)(+) ratio in
leaves, ROS content, and the accumulation of biomolecules oxidized
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Fig. 6. Effect of drought and nitrogen form on activities of glutamine synthetase
(GS, nmol �-amino butyric acid. mg−1 protein min−1) and glutamate dehydrogenase
(GDH, nmol NADH oxidized g−1 protein min−1) in leaves of individual S. alterniflora
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lants. Each data point is the mean ± SD of three replicates per treatment. Values
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ange test).

y free radicals. Using H2O2 levels in leaves as a proxy for oxidative
tress, we observed no clear difference between N sources (Fig. 4a),
uggesting that, in terms of oxidative stress, ammonium nutrition
s not more stressful for S. alterniflora than the other N sources.
n all N conditions, a net increase in H2O2 and membrane damage

as observed when drought stress was imposed, with no signifi-
ant differences between nitrate- and ammonium-fed plants. Thus,
auged by H2O2 production, NH4

+ appeared to neither aggravate
or improve oxidative stress in S. alterniflora.

To counter stress effects, plants have developed oxidation-
rotection systems such as antioxidant enzymes (SOD, CAT, APX,
PX, and GR). Surprisingly, our study did not observe effects of
rought on the activities of these major antioxidant enzymes in
. alterniflora,  other than when fed with NH4

+. However, when
H4

+ and drought were combined, significantly increased activ-
ties of principal antioxidant enzymes (SOD, CAT, APX, and GR)

ere observed. The mechanisms by which ammonium induces an
ncrease in antioxidant activity in NH4

+-fed plants is unknown,
ut has been observed in other systems (Wang et al., 2010). Nev-
rtheless, it is documented that the NH4

+ ion may  be a stress
ignal triggering the activation of enzymes responsible for some
arly mechanisms of acclimation to stress (Rios-Gonzalez et al.,
002; Misra and Gupta, 2006; Wang et al., 2010). Several stud-

es have indicated that ROS production on NH4
+ media is higher

han under other N regimes (Nimptsch and Pflugmacher, 2007;
ang et al., 2010), while NO3

−, as an electron sink under photosyn-
hetic C-acceptor limitation, can partially alleviate photostress and
ubsequent ROS production (Yi et al., 2014). This also leads to the
requently observed higher stress load when other stresses, such as
luminium or salt stress, are combined with growth on NH4

+ (Tan
t al., 1992; Speer et al., 1994; Speer and Kaiser, 1994; cf. Hessini
t al., 2013). From our study, two points are worth emphasizing: (i)

he activities of all major antioxidant enzymes were low under all N
nd water conditions examined; and (ii) except in NH4

+-fed plants,
hese were not upregulated, even under severe drought stress. The
on-activation of the SOD, APX, GPX, and GR protective mechanism
ysiology 213 (2017) 98–107 105

does not exclude the synthesis of the critical antioxidant metabo-
lites, such as tocopherols, ascorbic acid, and glutathione, and/or the
activation of alternative oxidases (Mittler 2002), but it is never-
theless surprising. It should also be emphasized that the synthesis
of antioxidants, such as ascorbic acid and glutathione, is carbon-
intensive (Ivanov and Edwards, 1997; Wang et al., 2010) and can
compete directly with the C-demand for N assimilation; this may,
in part, explain the higher antioxidant stress state in NH4

+-grown
plants, as gauged by the antioxidant enzyme response, albeit not by
H2O2, which appears to serve as a poor proxy for the oxidative stress
load. It is also interesting to note that the level of H2O2 detected in
S. alterniflora exposed to drought is similar to that measured when
it was exposed to salinity stress, despite very different antioxidant
activity states of the enzymes (Hessini et al., 2013). Clearly, despite
the preference for the NH4

+ source of N under non-drought condi-
tions, S. alterniflora suffers from elevated oxidative stress on NH4

+

when carbon flow is impaired by drought, as occurs in non-NH4
+

specialists.
Drought inhibits plant growth by disrupting several metabolic

processes, including N metabolism. However, mild drought can also
stimulate the activity of several enzymes involved in N metabolism,
such as glutamine synthetase (GS) (Fiasconaro et al., 2012). The
observed increase in GS activity in leaves of S. alterniflora under
mild drought conditions indicates an enhanced capacity to assimi-
late NH4

+. Similar findings had already been reported for barley in
response to salt stress (Kant et al., 2007). However, during severe
or prolonged drought periods, decreased water availability may
disturb N metabolism, including GS activity (Foyer et al., 1998).
Acclimation to water deficits requires responses that allow primary
metabolism to continue. In our study, plants grown on NH4

+ con-
sistently showed lower GS activities than those grown on NO3

− or
NH4NO3; this likely reflects the ability of nitrate to act as a posi-
tive signal for GS activity (Foyer et al., 2003; Serapiglia et al., 2008),
inducing, in addition to cytosolically-located GS, GS located in plas-
tids (including proplastids in roots), opening up an assimilatory
pathway not available on NH4

+ alone (Redinbaugh and Campbell,
1993; Kronzucker et al., 1999; cf. Roosta and Schjoerring, 2008b).
However, some flexibilities in the GS machinery, under NH4

+ nutri-
tion, drawing on two cytosolic forms of the enzyme, at least in
the C4 genus Sorghum, have also been reported (El Omari et al.,
2010), providing a partial explanation of that genus’ superior toler-
ance for NH4

+, similar to that of S. alterniflora, under non-drought
conditions.

There is evidence that NADH-GDH can contribute greatly to the
assimilation of NH4

+ when plants are subjected to harsh condi-
tions (Terce-Laforgue et al., 2004; Kant et al., 2007; Zhonghua et al.,
2011). Accordingly, increased GDH activity may  be a good indicator
of stress. The increased GDH activity observed in ammonium-fed
and drought-stressed plants in this study may be due to the abil-
ity of the NH4

+ ion to induce the expression of the gene encoding
the a-subunit of GDH and to consequently increase the levels of
GDH protein (Turano et al., 1997) and activity (Terce-Laforgue et al.,
2004). Furthermore, it has been shown that GDH expression can
be induced by elevated ROS levels under abiotic stress (Skopelitis
et al., 2006). Our results support this hypothesis since an increase
in proline and total amino acids was  observed in ammonium-fed
and drought-stressed plants. Such shifts toward enhanced GDH
activity have been shown to improve performance under salinity
in wheat (Wang et al., 2007) and rice (Zhou et al., 2015). In our
study, the increase in GDH (Fig. 6) was accompanied by an increase
in the stress indicators H2O2 and EL (Fig. 4), and in leaf temper-
ature (Table 2), indicating that, under severe water deficit (25% %

FC), ammonium-fed S. alterniflora was more stressed than when
fed with nitrate. For example, the difference between leaf tem-
perature and ambient air temperature increased with the degree
of drought stress, particularly in ammonium-fed plants (Table 2),
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ue to a decrease in the instantaneous transpiration rate and a
ecrease in plant leaf area (Fig. 2), leading to a drastic decrease

n water loss (Fig. 3). The difference between leaf temperature and
mbient temperature is a non-destructive, fast and reliable indica-
or of plant stress (O’Neill et al., 2006). By a variety of measures,
herefore, Spartina loses the growth and performance advantages
ormally associated with NH4

+ as an N source, and, in fact, unlike
nder salinity stress, the grass performs less well than on other N
ources when drought stress is imposed.

. Conclusion

Although Spartina alterniflora is able to thrive on, acclimate to,
nd tolerate both ammonium and salinity stresses, it is unable
o tolerate drought, even when provided with its preferred N
orm, NH4

+. Indeed, in contrast to performance under salt stress,
rought imposition completely nullifies any of the growth advan-
ages observed in this C4 grass under normal conditions when
rovided with NH4

+ as an N source. The sensitivity of the species
o drought is in part due to low constitutive levels of activities of
ntioxidant enzymes able to combat the oxidative damage caused
y osmotic stress. A shift in N metabolism from glutamine syn-
hetase toward higher engagement of glutamate dehydrogenase
hen fed with NH4

+, while leading to elevated levels of compatible
olutes in our test species, and while beneficial under water-deficit
onditions in some species, ultimately proves insufficient as a tol-
rance mechanism under drought in the C4 grass.
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