
plants

Article

Regulation of Ammonium Cellular Levels is An
Important Adaptive Trait for the Euhalophytic
Behavior of Salicornia europaea

Jinbiao Ma 1,†, Valerio Cirillo 2,†, Dayong Zhang 3, Albino Maggio 2, Lei Wang 4 ,
Xinlong Xiao 1,* and Yinan Yao 5,*

1 CAS Key Laboratory of Biogeography and Bioresources in Arid Land, Xinjiang Institute of Ecology and
Geography, Urumqi 830011, China; majinbiao@ms.xjb.ac.cn

2 Department of Agricultural Sciences, University of Naples Federico II, Via Università 100, 80055 Portici,
Italy; valerio.cirillo@unina.it (V.C.); almaggio@unina.it (A.M.)

3 State Key Laboratory of Crop Genetics and Germplasm Enhancement, Cotton Hybrid R & D Engineering
Center (the Ministry of Education), College of Agriculture, Nanjing Agricultural University, Nanjing 210095,
China; cotton.z@126.com

4 State Key Laboratory of Desert and Oasis Ecology, Xinjiang Institute of Ecology and Geography,
Chinese Academy of Sciences, Urumqi 830011, China; egiwang@ms.xjb.ac.cn

5 College of Life Sciences and Engineering, Southwest University of Sciences and Technology,
Mianyang 62101, China

* Correspondence: xiaoxinlong@nwsuaf.edu.cn (X.X.); yaoyinan0430@163.com (Y.Y.)
† These authors have contributed equally to this work.

Received: 21 January 2020; Accepted: 12 February 2020; Published: 17 February 2020
����������
�������

Abstract: Salinization of agricultural land is a devastating phenomenon which will affect future food
security. Understanding how plants survive and thrive in response to salinity is therefore critical to
potentiate tolerance traits in crop species. The halophyte Salicornia europaea has been used as model
system for this purpose. High salinity causes NH4

+ accumulation in plant tissues and consequent
toxicity symptoms that may further exacerbate those caused by NaCl. In this experiment we exposed
Salicornia plants to five concentrations of NaCl (0, 1, 10, 50 and 200 mM) in combination with two
concentrations of NH4Cl (1 and 50 mM). We confirmed the euhalophytic behavior of Salicornia that
grew better at 200 vs. 0 mM NaCl in terms of both fresh (+34%) and dry (+46%) weights. Addition of
50 mM NH4Cl to the growth medium caused a general growth reduction, which was likely caused
by NH4

+ accumulation and toxicity in roots and shoots. When plants were exposed to high NH4Cl,
high salinity reduced roots NH4

+ concentration (−50%) compared to 0 mM NaCl. This correlates with
the activation of the NH4

+ assimilation enzymes, glutamine synthetase and glutamate dehydrogenase,
and the growth inhibition was partially recovered. We argue that NH4

+ detoxification is an important
trait under high salinity that may differentiate halophytes from glycophytes and we present a possible
model for NH4

+ detoxification in response to salinity.

Keywords: salinity; NH4
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+ detoxification; salt stress;
glycophytes; halophytes

1. Introduction

Salt stress is one of the most detrimental abiotic stresses perturbing plants ability to grow. It is
estimated that salinization affects 20% of arable soils and is further expanding [1]. Much effort has
been dedicated to improve both crop management in saline environments and crop tolerance to high
salinity [2]. With respect to plants, halophytes have profitably been used as model systems to unravel
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key mechanisms and tolerance traits that differentiate them from glycophytes [3–6], with the ultimate
goal of transferring and/or potentiating those mechanisms in crop plants [7,8]. Among halophytic
species, euhalophytes can stand and grow well in up to 500 mM NaCl [5] in nature, a concentration
that would be fatal to the majority of glycophytes, including most crops [9].

Salicornia europaea L. is one of the most studied euhalophytes, growing in coastal areas and
inland salt marshes. It is a salt-accumulating species from the Chenopodiaceae family and the main
adaptive traits allowing this specie to thrive in salty environments are well known. Among them,
ion compartmentalization, regulation of intracellular osmotic balance and cellular turgor control are
considered key determinants of its halophytic behavior [9–14].

Ion uptake and translocation within the plant is affected upon exposure to high concentrations of
NaCl, with differences between halophytes and glycophytes [15]. In glycophytes, salt stress causes
NH4

+ accumulation in plant cells, which is toxic [16] and may further exacerbate damages due to
NaCl [17,18]. Moreover, the level of free NH4

+ content in plants has been negatively correlated with salt
stress tolerance [19–21]. The ammonium content in rice increased three to four times when seedlings
were treated with 100 mM NaCl. Salt stress induced NH4

+ accumulation has been associated to the
inactivation of specific enzymes involved in NH4

+ homeostasis [3,18], including glutamine synthetase
(GS) and glutamate dehydrogenase (GDH) which can maintain NH4

+ cellular concentrations below
toxicity levels by incorporating it into amino acids [22,23]. It has also been reported that NH4

+

fertilization in both Populus simonii and Sesamum indicum worsens the detrimental effects of salt stress
on physiological and growth parameters, which indicates that high NH4

+ under salinity does not
help plants cope with salinity [24,25]. Despite this, NH4

+ nutrition has been reported to enhance
salt tolerance in citrus plants [26], Spartina alterniflora [27] and other wetland plants [28]. In these
experiments, since plants grown with NH4

+ were healthier irrespectively of salt stress, it was concluded
that these species preferred NH4

+ as a form of nitrogen form rather than NO3
− [29]. In contrast

to glycophytes, it has recently been shown in the halophytic Salicornia europaea that several genes
involved in NH4

+ assimilation and translocation were upregulated when NaCl was added to the
growth medium, indicating that the control of NH4

+ levels in the presence of high concentrations of
NaCl may have physiological relevance for this species [30].

Based on these considerations, we hypothesized that the ability of Salicornia to maintain NH4
+

levels below toxicity limits is important for this species to cope with high salinity and may be a
distinctive trait for halophytes as compared to glycophytes. Several reports have indeed documented
higher expression of GS and GDH in halophytes as compared to glycophytes [31–33]. Here we
demonstrate that high GS and GDH activity prevented tissue NH4

+ accumulation in Salicornia plants
grown at 200 mM NaCl. However, when extra NH4

+ was exogenously supplied, the euhalophytic
Salicornia lost its ability to thrive in a salty environment and behaved as a regular halophyte. These
results bring upfront, for the first time, the mechanism of NH4

+ detoxification as key determinant of
plant growth under high salinity.

2. Results

2.1. Effects of NH4Cl/NaCl on Growth and Morpho-Physiological Traits

Plants hydration state (Figure 1A) and water content (Figure 1B) were both higher at 200 mM
NaCl compared to 0 mM NaCl. In the presence of 1 mM NH4

+, whole plant fresh weight and dry
weight significantly increased upon addition of NaCl to the growth medium (Figure 1C,D). At higher
NH4Cl (50 mM), plants manifested symptoms of ammonium stress and both whole plant fresh and
dry weights were reduced compared to 1 mM NH4Cl treatment at all NaCl concentrations tested
(Figure 1C,D).
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Figure 1. S. europaea water status and biomass accumulation under different NaCl/NH4Cl treatments. 
(A) Photos of S. europaea grown in NaCl-free nutrient solution or with addition of 200 mM NaCl. (B) 
Shoots water content of S. europaea under NaCl-free or 200 mM NaCl treatments. Asterisk represents 
significant differences compared to the control (0 mM NaCl) according to t-test (p < 0.05). (C) Fresh 
weight and (D) dry weight of S. europaea grown on agar medium at increasing NaCl levels and two 
NH4Cl levels. Means with the same letter are not significantly different according to the Duncan’s test 
(p < 0.05). Error bars represent the standard error. 

Remarkably, under low NaCl and high NH4Cl, the conditions which showed the smallest NH4Cl 
effect (see differences at 0 mM NaCl vs. higher concentrations), the plant stem apex was yellow and 
wilted (Figure 2A,B). DAB staining also revealed symptoms of oxidative stress in shoot tips and apex 
tissues (Figure 2C). 

Figure 2. (A) S. europaea phenotype as affected by two concentrations of NaCl in combination with 
three concentrations of NH4Cl. (B) Whole seedlings of S. europaea under NaCl/NH4Cl treatments. (C) 
Detection of peroxides using DAB staining on S. europaea under 50 mM NH4Cl and increasing 
concentrations of NaCl. 

Under higher NaCl treatment (50–200 mM), the ammonium toxicity phenotype was partially 
relieved, although the extra ammonium seemed to suppress the euhalophytic behavior of Salicornia 
(Figure 1C,D). It is worth noting that lower biomass accumulation and smallest differences in terms 

Figure 1. S. europaea water status and biomass accumulation under different NaCl/NH4Cl treatments.
(A) Photos of S. europaea grown in NaCl-free nutrient solution or with addition of 200 mM NaCl.
(B) Shoots water content of S. europaea under NaCl-free or 200 mM NaCl treatments. Asterisk represents
significant differences compared to the control (0 mM NaCl) according to t-test (p < 0.05). (C) Fresh
weight and (D) dry weight of S. europaea grown on agar medium at increasing NaCl levels and two
NH4Cl levels. Means with the same letter are not significantly different according to the Duncan’s test
(p < 0.05). Error bars represent the standard error.

Remarkably, under low NaCl and high NH4Cl, the conditions which showed the smallest NH4Cl
effect (see differences at 0 mM NaCl vs. higher concentrations), the plant stem apex was yellow and
wilted (Figure 2A,B). DAB staining also revealed symptoms of oxidative stress in shoot tips and apex
tissues (Figure 2C).
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Figure 2. (A) S. europaea phenotype as affected by two concentrations of NaCl in combination with
three concentrations of NH4Cl. (B) Whole seedlings of S. europaea under NaCl/NH4Cl treatments.
(C) Detection of peroxides using DAB staining on S. europaea under 50 mM NH4Cl and increasing
concentrations of NaCl.

Under higher NaCl treatment (50–200 mM), the ammonium toxicity phenotype was partially
relieved, although the extra ammonium seemed to suppress the euhalophytic behavior of Salicornia
(Figure 1C,D). It is worth noting that lower biomass accumulation and smallest differences in terms of
plant fresh weight and dry weight with respect to low/high NH4Cl were both found at 0 mM NaCl
treatment. These results confirmed that Salicornia plants need NaCl to grow well, but also indicate that
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high NH4 concentrations in the growth medium may become a more serious problem when plants
have to deal with it under optimal growth conditions (high NaCl) (Figure 1A,B).

2.2. Shoot and Root Ionic Profile in Response to Increasing NaCl and NH4Cl Concentrations

At 1 mM NH4Cl, the NH4
+ content in shoots and roots did not change at increasing salinity

(Figure 3A,B). The tissue NH4
+ content significantly increased in roots and shoots at 50 mM NH4Cl

(approximately 5-fold increase at 0 mM NaCl). However, the NH4
+ content in roots gradually decreased

at increasing NaCl (50% less from 0 to 200 mM NaCl). In contrast, the NH4
+ concentration moderately

increased in shoots from 0 to 200 mM NaCl (Figure 3A,B). At higher NaCl concentrations, Na+ in
shoot tissues rapidly increased up to 3-fold from 0 to 200 mM NaCl, while only 36% increase in roots.
Addition of 50 mM NH4

+ partially counteracted the Na+ accumulation in shoots at 50 and 200 mM
NaCl; whereas the same effect was observed in roots at 10 and 50 mM NaCl (Figure 3C,D). On the
other hand, the shoot Cl− content increased at moderate rate from 0 to 200 mM NaCl, reaching 155.7
mg/g dry weight at 200 mM vs. 109.2 mg/g dry weight at 0 mM 50 mM NH4Cl treatment caused 16.5%
increase of the shoot Cl− concentration compared to plants at 1 mM NH4Cl (average of all NaCl levels)
but nearly constant at increasing NaCl concentrations (Figure 3E). In roots, the Cl− concentration was
similar for the two NH4Cl levels and at increasing salinity, indicating that most Cl− is translocated to
the shoots (Figure 3F). The K+ content gradually decreased in both shoots and roots at increasing NaCl,
likely due to competition effects with Na+ and, at higher NH4Cl, likely due to competition effects with
NH4

+ (Figure 3G,H). The reduced K+ in the presence of NH4
+ could have caused some turgor loss,

which we observed under the 0 mM NaCl/50 mM NH4Cl combination (Figure 2A,B).
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Figure 3. Ion content of shoots (top panel, A-C-E-G) and roots (bottom panel, B-D-F-H) of S. europaea
in response to five NaCl concentrations (0, 1, 10, 50, 200 mM) in combination with two NH4Cl
concentrations (1 and 50 mM). Means with the same letter are not significantly different according to
the Duncan’s test (p < 0.05). Error bars represent the standard error.

2.3. Expression Pattern of Genes Involved in the Ammonium Assimilation Metabolism in Response to
Increasing NaCl and NH4Cl Concentrations

To further understand the molecular mechanisms that could mediate and explain Salicornia
responses to NH4Cl/NaCl interactions, the expression of genes related to ammonium assimilation
were detected using qRT-PCR. GS1, glutamine synthetase, (unigene5393_All) was expressed only in
roots and showed a continuous increase from 0–4 h, with high expression at 72 h, under 200 mM
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NaCl (Figure 4A–C). However, GS2 (unigene29790_All) was mainly expressed in shoot tissues and
had a slight decrease under 200 mM NaCl treatment. A 50 mM NH4Cl treatment caused a short-term
induction of this gene, which was inhibited after longer time (72 h). Interestingly, this inhibition was
removed under 200 mM NaCl (Figure 4D–F). GDH, glutamate dehydrogenase (unigene5295_All) was
expressed in both roots and shoots, and it was induced by 200 mM NaCl. GDH expression in roots
was significantly upregulated by NH4Cl with up to four-fold increase after 2 h. The gene expression
decreased at 72 h, but the transcript abundance was still higher than the 0 h control. The induction
in shoots was delayed compared to roots, but the expression level significantly increased after 72 h.
GDH expression in roots under both 50 mM NH4Cl and 200 mM NaCl increased up to seven- fold
after 4h, it then decreased at 72 h but still had three-fold induction compared to control plants. The
induction in shoots was delayed and the expression level gradually increased after 72 h (Figure 4G–I).
GOGAT1 (glutamate synthase) (unigene54171_All) was mainly expressed in roots and its expression
was not significantly altered by 200 mM NaCl, yet it was inhibited by sole 50 mM NH4Cl treatment
(Figure 4L–N). The same pattern was found for GOGAT2 in the 50 mM NH4Cl treatment both in shoots
and roots. However, the relative expression of this gene was also down-regulated at 200 mM NaCl
(Figure 4O–Q). Under the combined 50 mM NH4Cl/200 mM NaCl treatment, GOGAT was inhibited
also (Figure 4L–Q).
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Figure 4. GS, GDH and GOGAT gene expressions in shoot (black bars) and root (grey bars) tissues
of Salicornia plantlets treated with 200 mM NaCl (top panel—A, D, G, L, O), 50 mM NH4Cl (middle
panel—B, E, H, M, P) and 200 mM NaCl + 50 mM NH4Cl (bottom panel—C, F, I, N, Q) for 0 h, 0.5 h, 2 h,
4 h, 72 h. Error bars represent the standard deviation. Asterisks (* = p < 0.05; ** = p < 0.01; *** = p < 0.001)
indicate significant differences between each time point and the 0h point for shoots (black bars) and
roots (grey bars) according to ANOVA and LSD post-hoc analysis (n = 3 biological replicates).

2.4. Effects of NH4
+/Na+ on Enzyme Activities Related with Ammonium Assimilation Metabolism

The glutamine synthetase (GS) activity was induced by 50 mM NH4Cl especially in roots and
at higher NaCl concentrations (50 and 200 mM) (Figure 5A). Root GS activity was also moderately
induced by NaCl (see GS response pattern at 1 mM NH4Cl). In the absence of NaCl, the glutamate
dehydrogenase (GDH) activity was induced by NH4

+ only in the shoots (Figure 5B), with a remarkable
effect of the 50 mM treatment, which increased it by 4-fold compared to 1 mM NH4Cl. The presence of
200 mM NaCl in the growth medium significantly inhibited the GDH enzymatic activity in the shoots,
while enhanced it in the roots (Figure 5B). Addition of 25 or 50 mM NH4Cl partially counteracted the
NaCl induced GDH inhibition in the shoots, whereas it further enhanced it in the roots (Figure 5B).
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Figure 5. Activity detection of ammonium assimilation related enzymes under NaCl/NH4Cl treatments.
(A) Glutamine synthase (GS) activity. (B) Glutamate dehydrogenase (GDH) activity in shoot and root
tissues of Salicornia plantlets. Means with the same letter are not significantly different according to
the Duncan’s test (p < 0.05). Error bars represent the standard error.

3. Discussion

3.1. Regulation of NH4
+ Toxicity is a Key Determinant of Salicornia Growth at High Salinity

Salicornia is one of the most known salt-accumulating halophytes and has been studied for
its potential uses in agriculture [34] but also to unravel fundamental mechanisms underlying
salt stress tolerance [35]. Most work with halophytes, including Salicornia, has focused on ion
compartmentalization, regulation of intracellular osmotic balance and the control of cellular turgor as
key determinants of their exceptional tolerance to high salinity [9,13,30]. More recently, large-scale
de novo transcriptome analysis of gene expression in salinized roots of the euhalophyte Salicornia
europaea [30] has also revealed that key genes involved in NH4

+ assimilation are upregulated in
response to salinity, a response which we further investigated. We confirmed the euhalophytic response
of Salicornia [34] with an improved growth and Relative Water Content at 200 mM NaCl (Figure 1).
Addition of NH4Cl to the growth medium significantly reduced plant growth, with largest effects at
higher salinity (Figure 1). Despite the relatively moderate impact on plant growth in the absence of
NaCl, NH4Cl caused tissue browning and some tip burns (Figure 2). This was most likely due to a
general metabolic and growth impairment caused by the lack of Na+, which is the main osmoregulator
in Salicornia and most halophytes [9,33], rather than specific NH4

+ or Cl− toxicity, since these symptoms
were not observed at higher NaCl and/or NH4Cl treatments. Under these conditions, the presence of K+

could have at least partially replaced the function of Na+. Nevertheless, the K+ level was significantly
reduced in both shoots and roots by 50 mM NH4Cl at low salinity (Figure 3G,H), probably due to
competition effects of K+ with NH4

+. This possibility is consistent with a reduced plant hydration state
we observed in plants growing at low NaCl/high NH4Cl (Figure 1), a condition that may eventually
lead to tissue desiccation if an excess of NH4

+ in the medium persists [36].
With respect to other ions, the accumulation of Na+ and Cl− in roots and shoots was consistent

with most published literature [37,38]. Na+ increased in both shoot and roots at increasing salinity
(Figure 3C,D) and it was moderately reduced by NH4Cl, possibly due to competition effects with
NH4

+ [39]. The concentration of Cl− was relatively stable and was not affected by NH4Cl in the roots,
whereas it moderately increased with salinity in the shoots, a response already observed for Salicornia
and other halophytes [40]. The higher shoot Cl− concentration in 50 mM NH4Cl treated plants also
demonstrates that the growth inhibition observed in response to NH4Cl cannot be attributed to the
effect of Cl− per se since the largest growth differences were observed at 200 mM NaCl, where the
shoot Cl− was similar in 1 mM and 50 mM NH4Cl treated plants (Figure 3E,F). In contrast, the
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NH4
+ accumulation pattern in roots and shoots was quite remarkable and, to our knowledge, it has

never been documented before in response to salinity in Salicornia (Figure 3A,B). At 50 mM NH4Cl,
the NH4

+ concentration increased in both shoots (27-fold vs. 1 mM NH4Cl) and roots (11-fold vs.
1 mM NH4Cl). Most interestingly, NH4

+ slightly increased in shoot upon salinization, whereas it
significantly decreased in the roots. All together the ion accumulation patterns attributes mostly to
NH4

+ toxicity the observed growth inhibition. However, the correspondence between the root NH4
+

decline (Figure 3B) and partial growth recovery (Figure 1C,D) at high NaCl also indicates that high
salinity may activate specific NH4

+ detoxification responses in Salicornia. Most toxic effects of NH4
+

have been attributed to ionic imbalance and intercellular pH disturbance, and other mechanisms of
action which are not fully understood [41–43]. NH4

+ toxicity is enhanced by salinity in glycophytes [18],
due to the inactivation by NaCl of NH4

+ assimilating enzymes, and consequent accumulation of free
NH4

+ in plant tissues [44,45]. Plants ability to preserve the activity of NH4
+ assimilation enzymes

can therefore be important to regulate cellular NH4
+ levels under salt stress. Consistent with this

hypothesis, our data show that, in contrast to glycophytes [46], the euhalophyte S. europaea does
not accumulate much NH4

+ in the shoot and it remarkably reduces it in the roots when exposed to
increasing salinity (Figure 3A,B).

3.2. NH4
+ Detoxification is Mediated by Salt Induced Activation of the NH4

+ Assimilation System

Salicornia plants grown under salinity have a higher NH4
+ assimilation activity compared to

glycophytes [31,33]. We found that the relative expression of the genes encoding for GS and GDH
was significantly upregulated in plants grown at 200 NaCl compared to non-salinized control plants
(Figure 4). These results support the hypothesis that in saline environment, Salicornia may control
NaCl-induced NH4

+ accumulation through activation of the GS/GDH mediated NH4
+ detoxification

system. This control occurs in roots via GS and GDH upregulation and in shoots mostly via GDH
upregulation (Figure 4A–D–G). To better understand the role of NH4

+ assimilation enzymes in response
to salinity, we artificially altered the steady-state control of NH4

+ levels under high salt by adding
an excess of NH4

+ to the growth medium. Similar to the NaCl treatment, addition of 50 mM NH4Cl
caused an upregulation of NH4

+ assimilation genes, which was maintained under the 200 mM NaCl/50
mM NH4Cl treatment (Figure 4 A–I). However, root and shoot accumulation of NH4

+ at 50 mM
NH4Cl also indicated that GS and GDH activities are insufficient to incorporate all available NH4

+

into aminoacids and to maintain cellular NH4
+ below toxicity levels (Figure 3A). These results were

confirmed by the GS and GDH enzymatic activites which were both higher in roots at 200 mM NaCl
(Figure 5). High NH4Cl and NaCl levels both enhanced glutamine synthetase (GS) activity in roots
(Figure 5A), as already reported [47]. GDH activity increased in roots exposed to 200 mM NaCl
whereas it was reduced in shoots. Interestingly, root GDH activity was severely inhibited by the
overall hypo-osmotic stress of the plants (lack of Na+). In salt-free environment, GDH activity did not
change upon exposure to high NH4

+ levels (Figure 5B), leading to root over-accumulation of NH4
+

compared to shoots (Figure 3A,B). Consistent with the lower NH4
+ concentrations detected in the

shoots, in the absence of NaCl, GDH activity was high in the shoot (Figure 5B). When the external
concentration of NaCl was within optimal ranges for Salicornia, root GDH activity was restored and
NH4

+ was rapidly incorporated into aminoacids at root level, thus reducing the translocation of the
ion to the shoot [48]. GS and GDH activities are generally unaffected or even inhibited by salt stress
in most glycophytes [3,18,31,33]. An exceptionally efficient NH4

+ detoxification ability of Salicornia,
and possibly other euhalophytes could represent an important trait determining its/their halophytic
behavior. It has been recently reported [43] that the NH4

+ assimilation pathway, especially with respect
to reduced GS and GOGAT enzyme activities, is weakened under high NH4

+ stress in Arabidopsis
plants, which exhibited an NH4

+-sensitive phenotype typical of glycophytes.
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3.3. Role of GOGAT in NH4
+ Detoxification and Osmoprotection

GOGAT is a key enzyme for the NH4
+ assimilation pathway, linking GS and GDH activity [49]

but also a general stress signaling component [50]. In contrast to GS and GDH, the gene encoding for
GOGAT was downregulated when Salicornia plants were exposed to an excess of NH4

+ (Figure 4M,N).
GOGAT may function as modulator of the NH4

+ detox machinery. The reduced activity of GOGAT
leads to glutamine accumulation, which is a well-known response to NH4

+ excess/toxicity in both
plants and humans [51,52]. Therefore, the fast and remarkable response of GOGAT under NH4

+

stress could serve as signaling intermediate [53]. Although glutamine has been shown to function
as signaling molecule in response to plant nitrogen metabolism and stress response [50,54], the link
between GOGAT and salt stress tolerance in plants has not been sufficiently addressed. In response to
salinity, NH4

+ assimilation activity could also be linked to proline accumulation [55–57], which is a
common osmoregulator in glycophytes. Although Salicornia is likely to use glutamate (which is a
precursor of proline) instead of proline as main osmoregulator [9,58], the balance between intermediate
metabolites produced by an altered NH4

+ assimilation pathway may play an important role in plant
response to salt stress [50,54,59]. NaCl induced enzymatic activity for NH4

+ incorporation into
aminoacids may turn out to be an important mechanism finalized to avoid NH4

+ accumulation in
sensitive cellular sites [18] (Figure 6).
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+ detoxification in plants. A model for ammonium assimilation in
response to direct/indirect causes of NH4

+ accumulation in plants is proposed. Steady state NH4
+

control: under 200 mM NaCl, an ideal concentration for the growth of Salicornia, GS is upregulated to
detoxify cells from salinity induced NH4

+ accumulation. In this phase, GS alone is able to incorporate
NH4

+ into glutamine and GDH is set on its glutamate deaminating mode. In this scenario, cellular
NH4

+ levels are maintained low. NH4
+ detoxification boost: when NH4

+ begins to build up (due to
plants exposure to higher/toxic NaCl levels and/or an extra source of NH4

+), GOGAT is deactivated
due to low levels of α-ketoglutarate that is used by an intense GDH activity. The GDH activity is set on
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its detox mode so to incorporate NH4
+ into glutamate and therefore sustain the GS ammonium

detoxification function. GDH uses α-ketoglutarate to incorporate ammonium into glutamate. This will
eventually lead to glutamine accumulation because GOGAT cannot convert it to glutamate. Metabolic
limitations to NH4

+ detoxification: in the long run (time and/or level of exposure to NH4
+ and/or NaCl),

glutamine accumulation will impair GS activity due to a negative feedback. Under these conditions, the
only NH4

+ detox enzyme is GDH, which will further deplete α-ketoglutarate and consequently lead to
glutamate hyper-accumulation (since this is not anymore used by GS). High glutamate levels also lead
to GDH deactivation due to a negative feedback. Consequently, NH4

+ accumulation overwhelms the
cellular ability to detoxify it. Under these conditions, the over-production of glutamate will be then
used by P5CS to produce proline, which is a typical response in plants exposed to salt stress.

S. europaea is typical of low salt marshes, a costal ecosystem regularly flooded by saltwater or
brackish water [60]. It is well known that soil nitrification is very much impaired in this environment
due to the inhibition of the ammonia-oxidizing microbial community, a common phenomenon in
saline and/or flooded lands [41,61,62]. This effect strongly diminishes nitrate concentration in the
soil and forces plants to rely on ammonium as nitrogen source for nutrition [63]. It is likely that this
environment selected plants with high ammonium assimilation rates, a functional strategy to ensure a
sufficient nitrogen supply while avoiding salinity induced NH4

+ toxicity [60].

4. Materials and Methods

4.1. Plant Materials and Treatments

Seeds of S. europaea were sterilized with 75% alcohol for 30 s and 10% sodium hypochlorite for
5 min, and finally washed 5 times using sterile ddH2O. Seeds of S. europaea were sown on agar medium
plates for germination. Culture medium in plates was supplemented with ion components of 1/2

Hoagland nutrient mix, 1% sucrose, 1.2% agar and 0.5 g/L MES, with a pH of 6.0. 30 days old seedlings
were moved to agar plates with the same basic composition of the germination plates, supplemented
with two concentrations of NH4Cl (1 mM and 50 mM). Five concentrations of NaCl (0 mM, 1 mM,
10 mM, 50 mM, 200 mM) were combined in a factorial experimental design with 1 mM or 50 mM
NH4Cl treatments. The plates were randomly distributed on a bench in a growth chamber. Three plates
containing 6 plantlets each were sampled for biomass evaluation, ion content and enzyme activity.

4.2. Determination of Ion Contents

Samples were rinsed with deionized water and dried with absorbent paper, then exposed to 105 ◦C
for 15 min fixation and subsequently oven dried at 60 ◦C to constant weight. The ion concentrations
were determined by inductively coupled plasma emission spectrometer ICP-OES after digestion with
HNO3-HClO4.

4.3. Hydrogen Peroxide Detection

In order to identify oxidative processes occurring in the shoots of Salicornia plantlets,
Diaminobenzidine (DAB) staining method was used according to [64]. Briefly, DAB (1 mg mL−1) was
dissolved in sterile H2O (pH 3.0) and maintained in the darkness. Tween 20 (25 µL) and Na2HPO4

(2.5 mL at 200 mM) were added in order to obtain a 10 mM Na2HPO4 DAB staining solution. Salicornia
plantlets grown under 50 mM NH4Cl and 0, 1, 10, 50 and 200 mM NaCl were completely immersed in
the DAB staining solution in 12-well plates. Gentle vacuum infiltration was used to ensure the complete
infiltration in plants tissues. The plates were placed on a shaker (100 rpm) for 4–5 h. The solution was
boiled for 15 min in bleaching solution (ethanol: acetic acid: glycerol 3:1:1) for chlorophyll degradation,
allowing the visualization of brown precipitate formed by the reaction of DAB with hydrogen peroxide.
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After boiling, bleaching solution was replaced and pictures were taken after 30 min immersion in the
fresh bleaching solution.

4.4. Determination of NH4
+ Contents and Ammonium Assimilation Enzyme Activity

For generating a standard curve, 2 mM NH4Cl was dissolved using 10 mM formic acid and
diluted four times by five-fold (400 µM, 80 µM, 16 µM, 3.2 µM). 10 mM formic acid was used as a
blank control. 100 µL of each of the four dilutions and 900 µL OPA reaction solution (containing 3 mM
o-phthalaldehyde OPA, 10 mM β-mercaptoethanol, 50 mM NaH2PO3, 50 mM Na2HPO3, pH = 6.8)
were mixed and kept in a water bath at 80 ◦C for 15 min, then immediately cooled in an ice bath.
The fluorescence absorption value was measured by using a multi-function microplate reader, and
the excitation and emission wavelengths of the fluorescence detection were 410 nm and 470 nm,
respectively. The standard curve was generated based on the NH4Cl concentration and the fluorescence
absorption value.

For the detection of tissues NH4
+ content, Na+/NH4

+ treated plants were rinsed with 1 mM CaCl2,
then the shoots and roots were separated and accurately weighed to 0.1g and collected into separate 2
mL centrifuge tube. After adding the steel balls, root or shoot samples were homogenized by a quick
shock, before adding 1 mL of pre-cooled formic acid (10 mM). Samples were centrifuged at 13,000 rpm
for 10 min at 4 ◦C. The supernatant was then transferred to a new centrifuge tube. 100 µL supernatant
was mixed with 900 µL of OPA reaction solution heated at 80 ◦C for 15 min and immediately cooled in
an ice bath. The fluorescence absorption value was measured using a Varioskan Flash with 410 nm
excitation and 470 nm emission wavelengths. The NH4

+ content per gram of fresh weight in shoots
and roots of each sample was calculated according to the standard curve. Minor changes were made
according to reported research methods [65].

The enzyme activity of glutamine synthetase (GS) and glutamate dehydrogenase (GDH) were
determined using dedicated kits (Jiancheng, Nanjing, China).

4.5. Gene Expression Analysis Under NH4Cl/NaCl Treatment

For gene expression analysis, 30 day old seedlings of S. europaea germinated on agar were moved
into a hydroponic system. The nutrient solution used was 1/2 Hoagland. The pH was maintained
stable at 6.0 during the whole experiment. The plantlets were treated with (1) 200 mM NaCl, (2) 50 mM
NH4Cl, (3) 200 mM NaCl + 50 mM NH4Cl for 0 h, 0.5 h, 2 h, 4 h, 72 h, with 0 h as control. Three
plants per treatment were harvested and placed in liquid nitrogen for following gene expression
analysis. Shoot and roots were collected separately, and total RNA was extracted using the RNeasy
Mini Kit (Qiagen) and digested with DNase (Qiagen) to eliminate possible DNA contamination. The
concentration, purity and integrity distribution of total RNA was detected by NanoDrop 2000 and 1.5%
agarose gel electrophoresis. When the RNA samples had an absorbance ratio of A260/A280 = 1.9–2.1
and A260/A230 > 2.0, the samples were used for subsequent cDNA synthesis. 1 µg of total RNA was
used for the synthesis of the first strand of cDNA with the reverse transcription reagent (TaKaRa).
The gene CAC was used as an internal reference gene [66]. Each gene-specific primer was designed
online at NCBI Blast-primer, as shown in Table S1. RT-qPCR was performed in a CFX96 Real-Time PCR
Detection System (Bio-Rad) with 20 µL reaction mixture containing 10 µL of 2 × SYBR pre-mixture
(BioTeke, Beijing), 4 µL of diluted cDNA (1:10), forward and reverse primers (0.25 µM), and 5 µL water.
The relative gene expression was calculated according to the 2−∆∆Ct method [67].

Supplementary Materials: The following are available online at http://www.mdpi.com/2223-7747/9/2/257/s1,
Table S1: List of primers used in the experiment.
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