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Abstract: The interaction between salinity and nitrogen metabolism has been investigated in two
barley landraces, one tolerant (“100/1B”) and one susceptible to salinity (“Barley medenine”) from
the Middle East and North Africa (MENA) region. Barley plants were exposed to 50 mM NaCl for
7 days; then, salinity was increased to 150 mM NaCl in the presence (10 mM) or limitation (1 mM) of
ammonium as a nitrogen source. Upon salinity, “100/1B” was shown to support N assimilation by
enhancing the glutamine synthetase (GS) and glutamine oxoglutarate aminotransferase (GOGAT)
cycle under high N, and the stimulation of the glutamate dehydrogenase (GDH) pathway under
low N treatment. In “Barley medenine”, salinity reduced the GS/GOGAT cycle, and increased GDH
activity. Upon salinity, Heat Shock Proteins 70 and PEPC remained unchanged in “100/1B”, while they
decreased in “Barley medenine”. The tolerance degree is a determining factor in enzymes’ occurrence
and regulation: exposed to salinity, “100/1B” rapidly increased APX and PEPC activities, while this
was delayed in “Barley medenine”. Salinity increased cyt-G6PDH levels in “100/1B”, while “Barley
medenine” showed a decrease in G6PDH isoforms. Correlation analyses confirm GOGAT was
related to G6PDH; GDH and APX with PEPC in “100/1B” under moderate salinity; severe salinity
correlated GDH with G6PDH and PEPC. In “Barley medenine” under salinity, GOGAT was correlated
with G6PDH, while APX showed a relation with PEPC. Therefore, specific enzymatic activities and
occurrence can be used to determine stress responsiveness of different landraces. We suggest that the
rapid increase in G6PDH, APX, and nitrogen assimilation enzymes activities represents an index of
tolerance in “100/1B” and a stress symptom in “Barley medenine”.
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1. Introduction

High salinity is one of the most widespread abiotic stresses affecting plant physiology, growth,
and development [1-3]. Remarkable reduction in cereals productivity was recurrently reported in
recent decades by abiotic constrains, namely salinity and drought [4-6]. Exposure to an excess of salts
triggers different metabolic changes by modifying the balance between nutrient availability and plant
requirements, and inducing associated constraints, namely osmotic, ionic, and oxidative stresses [7].
These conditions disturb cells water potential, disrupt nutrient availability caused by competitive
uptake, and generate reactive oxygen species (ROS) [8].

One of the most important mechanisms conferring acclimation and tolerance of plants to abiotic
stresses and salinity is the regulation of ROS levels. This stress response is regulated by a specific
scavenging complex, composed by both enzymes and non-enzymatic antioxidant compounds [9-11].
Critical enzymes involved in ROS detoxification are ascorbate peroxidase (APX, E.C. 1.11.1.11),
catalase (CAT, E.C. 1.11.1.6), superoxide dismutase (SOD, E.C. 1.15.1.1), and glutathione reductase
(GR, E.C. 1.8.1.7) [10,12]. Furthermore, an assisting role as reductants’ supplier has been recently
proposed for glucose 6-phosphate dehydrogenase (G6PDH, E.C. 1.1.1.49), which provides additional
NAPDH for scavenging enzymes upon abiotic stresses such as salinity and drought [13-16].

On the other hand, salinity affects nitrogen (N) metabolism inducing nutritional imbalances [8].
N is a crucial plant nutrient required for growth and development [17]. Therefore, the interaction
between salinity and N metabolism is particularly complex, because of the antagonism in plant
response under these combined interactions. N supply improves nutritional plant status and alleviates
toxicities of abiotic stress [18]. In this context, crucial roles were played by enzymes such as
phosphoenolpyruvate carboxylase (PEPC, E.C. 4.1.1.32), which regulate the connection between carbon
and N metabolism for the replacement of carbon skeletons and the replenishment of the tricarboxylic
acid cycle; G6PDH plays a pivotal role in reductants provision also for enzymes involved in N
metabolism and assimilation [19]. Furthermore, N availability showed contrasting roles in abiotic
stress susceptibility/tolerance: deficiency of this nutrient could reduce water loss but N transporters,
namely AfNRT1.1 (At1g12110), AtNRT1.8 (At4g21680), and CLCA (At5g40890), showed positive effects
on plant response to abiotic stresses [20-22].

Nowadays, the enhancement of crop yields upon high saline environments led to a renewed
interest for plant physiology researchers. Mediterranean regions, especially arid and semi-arid areas
from Southern Europe and Northern Africa, were usually characterized by ecosystems subjected to
multiple stress conditions characterized by contemporary onset of excess of salinity and/or water
scarcity, heat, and nutrients [23]. Therefore, farmers throughout centuries have developed a number
of traditional varieties. These genotypes, generally described as landraces, showed the ability to
tolerate environmental changes maintaining unaltered yields [3,24]. In the Middle East and North
Africa (MENA) region, barley represents a critical agronomic resource in semi-desert environments,
especially in developing countries where this crop is a critical component of cereal rotation, providing
a stable source to sustain smallholder farmers, and often replaces wheat or other cereals in more arid
areas [25]. On the other hand, barley is the fourth most produced cereal in the world [26], representing
one of the main sources of carbohydrates in developing countries, due to its natural stress tolerance,
thus supporting small farmers in many arid areas [25,27,28]. Furthermore, barley is an excellent model
organism to investigate abiotic and biotic stress resistance, being tolerant to different environmental
stress [29].

It is worth pointing out that the identification of novel alleles QTL and peculiarities from
unexploited genotypes is a central challenge for researchers, in order to improve crop productivity in
vulnerable environments and provide new tools to increase crop yields [24,30]. For example, genes such
as HsCBLS (calcium-sensor calcineurin B-like) and HsCIPKs—identified in Tibetan genotypes of
Hordeum spontaneum—were overexpressed in rice, contributing to an increased tolerance to salinity,
drought, and heavy metals [5].



Agronomy 2020, 10, 1426 3of 14

The aim of this paper is to investigate the effects of the interaction between salinity and N
metabolism in two contrasting barley landraces. Our strategy is finalized to understand how the
selected landraces respond to the detrimental effects induced by salt stress and how salinity regulates
the N metabolism. To do this, biochemical activities of enzymes involved in responses to salinity
and nitrogen assimilation have been studied. Our hypothesis is that landraces showing contrasting
responses to salinity and nitrogen assimilation might reflect distinct regulations in their main metabolic
pathways in order to adapt to environmental conditions. Therefore, specific enzymatic activities
and protein occurrence can be identified as stress responsive sensors in different cereal genotypes;
this possibility will be discussed under the light of the results obtained.

2. Materials and Methods

2.1. Plant Material and Growth Conditions

Two barley landraces, “100/1B” and “Barley medenine”, which differ in their response to salinity,
were chosen for this study. “100/1B” is a salt-tolerant landrace from Oman; the seeds were supplied by
the Laboratory of Genetics and Cereal breeding—INAT, University of Tunis. “Barley medenine” is a
salt-susceptible landrace selected by International Center for Agricultural Research in the Dry Areas
(ICARDA) for “PRF sud project” in 2009; the seeds were obtained from the National Research Institute
for Rural Engineering, Water and Forestry, Ariana, Tunisia in collaboration with the International
Center for Biosaline Agriculture, Dubai, United Arab Emirates. Soil salinity in the origin area of
“100/1B” and “Barley medenine” is 2 and 1.3 (dS m™'), respectively [25]. Seeds were germinated
for 7 days in the dark on moistened paper, then seedlings were grown in hydroponic solution in
darkened plastic bottles at 20 °C, at 60-80% relative humidity, under a 16h-light/8h-dark regime,
with approximately 180 umol photons m~2 s~!. The composition of the medium (modified Hoagland
solution), continuously bubbled with air, has been previously described [23]. Hydroponic solutions
were controlled for pH (6-6.5) and adjusted daily.

2.2. Nitrogen and Salt Treatments

After 7 days of hydroponic culture and before starting any treatments, 10 seedlings from each
landrace were collected for analysis (-N/-NaCl). Then, plants were separated into 4 groups: Two control
groups were grown without NaCl, upon low or high N supply with 1 and 10 mM of (NHy4),SOy,
respectively. The other two groups were grown under the same concentration of (NH4);SO4 and
subjected to moderate salt stress (50 mM NaCl), which was increased to severe stress (150 mM
NaCl) after 7 days. Seedlings were collected 3 and 7 days after moderate NaCl stress (50 mM NaCl);
further samples were collected after 1 and 3 days under imposing severe stress (150 mM NaCl).
This experimental scheme was designed to simulate field conditions where salinity sequentially
increases from low to high levels. These degrees of salinity (50 and 150 mM NaCl) allow investigating
of both tolerance and adaptation to this abiotic stress. Sampling days have been selected based on
previous biochemical investigation on similar enzymes upon abiotic stress [13,23], which indicated 3
and 7 as the most stressful days. The whole experimental design is depicted in Figure 1.
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Figure 1. Scheme of the adopted experimental strategy. Stressed plants treated by low and high N
were collected after 3 and 7 days of moderate stress (50 mM NaCl); then, a severe stress (150 mM NaCl)
was applied and plants were collected after further 1 and 3 days. Control plants (without NaCl) were
collected before any treatment, and after N application at the end of experiment.

2.3. Enzyme Extraction and Activities” Determination of NADH-GOGAT and NADH-GDH

NADH-GOGAT and NADH-GDH were extracted by grounding 300 mg of barley leaves in the
same buffer containing 1 mL of 100 mM KH,PO;, buffer (pH 7.5), 2 mM EDTA, 2 mM dithiothreitol
(DTT), and plant-specific proteases inhibitor cocktail (Sigma-Aldrich, St. Louis, USA). GOGAT and
GDH assays were measured by following the oxidation of NADH at 340 nm for 10 min as described by
Groat and Vance [31] and Singh and Srivastava [32], respectively. Specific activity was expressed as
nmol NADH mg~! protein min~!. The reaction mixture for NADH-GOGAT assay contained 100 mM
KH, POy buffer (pH 7.5), 18.75 mM2-oxoglutarate,15 mM aminooxyacetate, 0.15 mM NADH, 7.5 mM
L-glutamine, and extract. GDH activity was measured using 100 mM KH,POy buffer (pH 7.5), 200 mM
(NH4)2504, 0.15 mM NADH, 2.5 mM 2-oxoglutarate, and extract. Enzymatic activities were determined
spectrophotometrically using a Cary 60 spectrophotometer (Agilent Technologies, Santa Clara, CA,
USA) at 25 °C. For all enzymatic assays, the protein concentration in the samples was measured using
the Bradford method.

2.4. Enzyme Extraction and Activities Determination of GGPDH, APX, and PEPC

G6PDH, APX, and PEPC activities were extracted by grounding 300 mg of barley leaves in the
same extraction buffer containing 50 mM Tris-HCl, a pH 8.0, 5 mM MgCl,, 4 mM EDTA, 10% glycerol,
and plant-specific proteases inhibitor cocktail (Sigma-Aldrich, St. Louis, USA). (1) G6PDH was assayed
as previously described by Castiglia et al. [33]. NADP* was determined at 340 nm for 2-10 min.
The reaction mixture contained 50 mM Tris-HCl buffer (pH 8.0), 5 mM MgCl,, 0.15 mM NADP*, 3 mM
G6P, and 100 uL of extract. Enzyme activity was expressed as nmol-reduced NADP* min~! mg™!
protein. (2) APX activity was determined following the oxidation of ascorbic acid at 290 nm for 5-10 min.
APX assay was carried out as described by Nakano and Asada [34]; the assay mixture contained 30 mM
potassium phosphate buffer (pH 7.5), 1 mM EDTA, pure hydrogen peroxide H,O,, 5 mM ascorbic acid,
and extract. The enzyme activity was expressed as pmol of ascorbic acid min™' mg~! protein. (3) PEPC
was assayed by following the method of Fontaine et al. [35] with some modifications. For PEPC
determination, a reaction coupled to malate dehydrogenase (MDH) is required. PEPC activity was
measured by following NADH oxidation at 340 nm for 10 min. The reaction was assayed at 25 °C,
in a mixture containing 100 mM Tris-HCl (pH 8.2), 20 mM MgCl,, 100 mM NaHCO3, 0.2 mM NADH,
MDH (3uL/mL Tris HCI pH 8.2); 10 mM PEP was used to start the reaction; a control without PEP was
prepared for each assay. Enzymatic activities were determined spectrophotometrically using a Cary
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60 spectrophotometer (Agilent Technologies, Santa Clara, USA) at 25 °C. For all enzymatic assays,
the protein concentration in the samples was measured using the Bradford method.

2.5. Western Blotting

For Western blotting analysis, proteins were extracted as described previously (Section 2.4) and
then, separated using electrophoresis SDS-PAGE. Polypeptides were transferred on a Hybond membrane
(Ge Healthcare, Chicago, IL, USA) using a Transblot turbo transfer system (Biorad, Hercules, CA, USA).
The membrane was incubated with primary G6PDH antibody raised against potato cytosolic (cyt),
chloroplastic (P1), and plastidial (P2) G6PDH isoforms [36]; barley Fd-GOGAT [37]; HSP70 (cytosolic and
chloroplast—Agrisera, Vannds, Sweden) and PEPC from antiserum from Amarantus edulis. After incubation
of the membrane with secondary antibodies, cross-reacting polypeptides were identified by enhanced
chemiluminescence using the Western Bright Quantum kit (Advansta—Aurogene, Roma, Italy). Images were
acquired by the BioRad Chemidoc system/Quantity One software (BioRad, Hercules, CA, USA).

2.6. Statistical Analyses

R software (R- 64 3.6.1) was used for statistical analysis. The significance of saline stress,
N treatment, and duration of salt stress single effects and their interaction were analyzed using a
linear variance analysis model (ANOVA p < 0.05). Then, means were compared using Duncan’s
test. Correlation analysis using Pearson’s parametric correlation test was performed to determine the
correlation coefficients for all possible pairs of columns in the data table.

3. Results

3.1. Contrasting Barley Landraces Showed Diversified Stress and Antioxidant Responses

The ability of two contrasting barley landraces to respond to a combination of salinity and
nitrogen starvation stresses was analyzed by biochemical investigation on N metabolism and
antioxidant enzymes.

The different behavior in the salt stress condition and N concentrations is clearly depicted in
Figure 2, which shows leaves from these two landraces under experimental conditions. “100/1B” leaves
showed a reduced damage induced by salinity, while the “Barley medenine” landrace showed strongly
stressed leaves, both upon high and low N.

100/1B Barley Medenine
150 mM NaCl 150 mM NaCl 150 mM NaCl 150 mM NaCl
10 mM NH4+ 1 mM NH4+ 10 mM NH4+ 1 mM NH4+

Figure 2. Effects of salinity and N supply on “100/1B” and “Barley medenine” leaves.
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The salt tolerant landrace “100/1B” showed a reduced involvement of APX upon salinity under
low N conditions (Figure 3). A rapid APX activity increase of about 50%, related to severe salt stress,
was observed in “100/1B” plants grown in high N, whereas under low conditions, plants showed an
APX activity essentially unchanged by salinity. The presence of an adequate source of N (10 mM
NHy) induced an increase in APX activity upon 150 mM of NaCl. The involvement of G6PDH in
“100/1B” appeared to be mainly related to N assimilation by a significant increase upon the low N
concentration condition compared with the high N concentration. On the other hand, susceptible
“Barley medenine” showed increased activities of APX and G6PDH upon salinity both in high N and
low N concentration. It should be underlined that the sensitive landrace “Barley medenine” showed
higher G6PDH activities than “100/1B” when expressed on a mg~! prot. The maximum activity in low
N plants was observed after 24 h of 150 mM NaCl exposure, while high N induced a marked increase
up to 216 nmol min~! mg~! prot after 3 days of severe stress.
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Figure 3. Effects of salinity and N concentration on G6PDH and APX enzymatic activities in barley
plants growth in hydroponic system. Levels of low N concentrations are in grey bars; high N
concentrations are in black bars. Legend: (BT), before treatment; (50 mM 3D), 3 days of moderate stress;
(50 mM 7D), 7 days of moderate stress; (150 mM 8D), 7 days in 50 mM NaCl and 1 day in 150 mM
NaCl (severe stress); (150 mM 10d) 7 days in 50 mM NaCl and 3 days in 150 mM NaCl (severe stress);
(CT 10D) control treatment for 10 days. (A)100/1B, G6PDH activity; (B): Barley Medenine, GGPDH
activity; (C) 100/1B, APX activity; (D): Barley Medenine, APX activity. Letters indicate significant
differences between different treatments. (p < 0.05, ANOVA: Duncan’s test).

In order to investigate the contribution of different G6PDH isoforms, antibodies constructed
against cytosolic (Cyt-G6PDH), chloroplastic (P1-G6PDH), and plastidial (P2-G6PDH) were used by
Western blotting (WB—Figure 4). The results showed an increase in cyt-G6PDH abundance upon
150 mM NaCl in high N “100/1B” plants, while an evident decrease was observed in low N plants
(Figure 3). P1-G6PDH remained unaffected at low N regimes in “100/1B” and decreased under high N
under both moderate and high salinity.
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Figure 4. Western blotting of leaves of “100/1B” (A) and “Barley medenine” (B) grown under low
N (1 mM NH,") and high N (10 mM NH4*) using antisera Fd-GOGAT, cyt-G6PDH, P1-G6PDH,
P2-G6PDH, Chl-HSP70, Cyt-HSP70, PEPCase, and Tubulin (as control for equal loading). Legend:
(BT), before treatment; (50 mM 3D), 3 days of moderate stress; (50 mM 7D), 7 days of moderate stress;
(150 mM 8D), 7 days in 50 mM NaCl and 1 day in 150 mM NaCl (severe stress); (150 mM 10d) 7 days
in 50 mM NaCl and 3 days in 150 mM NaCl (severe stress); (CT 10D) control treatment for 10 days.
Images are representative of two or three WB from different experiments.

Plastidic P2-G6PDH decreased in “100/1B” under low N and salinity and remained unaffected by
salt stress under high N. Similar behaviors were observed in “Barley medenine”. Finally, the degree
of the stress conditions was monitored by the HSP70s occurrence (Figure 4). Upon moderate stress,
cyt-HSP70 protein occurrence remained unchanged in low N conditions in “100/1B”, while high salinity
induced a sensible increase in cyt-HSP70 upon high N. By contrast, “Barley medenine” showed a
high stability in cyt-HSP70 abundance upon high N independently of NaCl concentration. Chl-HSP70
showed no differences in “100/1B” in each analyzed condition with the exception of an increase upon
high salinity and high N after 10D. In “Barley medenine”, Chl-Hsp70 showed a decrease upon high
salinity, independently by N supply.



Agronomy 2020, 10, 1426 8 of 14

3.2. N Metabolism Modifications upon Salinity: The Role of GOGAT and GDH

Salinity did not induce substantial changes in NADH-GOGAT activity both under high and low N
in tolerant “100/1B” (Figure 5). The only exception was represented by the higher stress point (10 days,
150 mM NaCl, 10 mM NHy), where the NADH-GOGAT activity showed a 22% increase. Furthermore,
GDH activity showed an 24% increase upon severe salt stress in low N after 8 days. On the other
hand, in “Barley medenine”, NADH-GOGAT showed reduced differences between controls and salt
stressed conditions both upon low and high N concentrations. Contrarily, an evident increase in GDH
activity was observed in the susceptible “Barley medenine” in both low N and high N conditions;
this increase was more evident under low N. Fd-GOGAT occurrence was investigated using specific
antibodies. As shown in Figure 4, “100/1B” reported a decrease in Fd-GOGAT occurrence in low N
grown plants under salinity, while under high N conditions, no differences were observed upon salt
stress. Similar behavior in “Barley medenine”, where only a more severe decrease in Fd-GOGAT
occurrence, was observed under 150 mM NaCl.

[ Before treatment |l HighN [ LowN

15 a 14 =
100/1B : b 134 Barley Medenine
12+
go  bed bod D be 1] c
2 104 cde € 2 1 d d d
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[NaCl] and days of salinity stress [NaCl] and days of salinity stress

Figure 5. Effects of salinity and N concentration on NADH-GOGAT and GDH enzymatic activities in
barley plants growth in hydroponic system. Levels of low N concentrations are in grey bars; high N
concentrations are in black bars. Legend: (BT), before treatment; (50 mM 3D), 3 days of moderate stress;
(50 mM 7D), 7 days of moderate stress; (150 mM 8D), 7 days in 50 mM NaCl and 1 day in 150 mM
NaCl (severe stress); (150 mM 10d) 7 days in 50 mM NaCl and 3 days in 150 mM NaCl (severe stress);
(CT 10D) control treatment for 10 days. (A)100/1B, GOGAT activity; (B): Barley Medenine, GOGAT
activity; (C) 100/1B, GDH activity; (D): Barley Medenine, GDH activity.Letters indicate significant
differences between different treatments. (p < 0.05, ANOVA: Duncan’s test).
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3.3. Change in the Activity of PEPcase

As shown in Figure 6, the tolerant “100/1B” had an increase in PEPC activity upon N supply
and NaCl. In the susceptible “Barley medenine”, PEPC activity under high N was relatively stable
throughout salt stress but lower than control. A 3-d response increasing PEPC activity was observed
in low N under both moderate and severe salinity. Western blotting analysis showed an unchanged
PEPC occurrence in low N “100/1B” plants and an increase in high N plants under severe salinity
(Figure 4). On the contrary, in low N “Barley medenine” plants, PEPC occurrence was reduced under
high salinity, while a high N supply maintained a relative stability in PEPC abundance, even under
severe stress (Figure 4).

[ Before treatment [ LowN [l High N
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Figure 6. Effects of salinity and N concentration on PEP carboxylase (PEPC) enzymatic activity in
barley plants growth in hydroponic system. Levels of low N concentrations are in grey bars; high N
concentrations are in black bars. Legend: (BT), before treatment; (50 mM 3D), 3 days of moderate stress;
(50 mM 7D), 7 days of moderate stress; (150 mM 8D), 7 days in 50 mM NaCl and 1 day in 150 mM
NaCl (severe stress); (150 mM 10d) 7 days in 50 mM NaCl and 3 days in 150 mM NaCl (severe stress);
(CT 10D) control treatment for 10 days. (A)100/1B, PEPC activity; (B): Barley Medenine, PEPC activity;
Letters indicate significant differences between different treatments. (p < 0.05, ANOVA: Duncan’s test).

3.4. Correlation between Suppliers of Reducing Power (G6PDH and PEPC) and Different Enzymes Involved in
N Metabolism or Defense against Stress

Both G6PDH and PEPC participate, directly or indirectly, in N assimilation, by providing NAD(P)H
and carbon skeletons supply, respectively; therefore, under stress conditions, a diversion of metabolism
to ROS detoxification can be possible. To achieve a deeper understanding of G6PDH and PEPC effects
on other enzymes, the correlations between different enzymes have been evaluated. In the “100/1B”
landrace cultivated under 50 mM NaCl, GOGAT was strongly and positively correlated with GoPDH
(r=0.84, p = 0.011) (Table 1). GDH and APX were moderately correlated with PEPC activity (r = 0.54,
p=0.176 and r = 0.52, p = 0.195, respectively). Under severe stress, GDH was strongly and positively
correlated with both G6PDH and PEPC (r = 0.87, p = 0.005 and r = 0.9, p = 0.002, respectively) and
inversely correlated with APX (r = —0.85, p = 0.008) (Table 1). On the other hand, “Barley medenine”
showed a positive correlation of GOGAT with G6PDH (r = 0.76, p = 0.027), and of APX with PEPC
(r=10.7, p = 0.058) upon severe salinity (Table 2).
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Table 1. Coefficients of correlation (r) between different enzymes measured in “100/1B” cultivated under
50 mM NaCl (moderate salt stress—lower diagonal data) or 150 mM NaCl (severe salt stress—upper
diagonal data). Numbers in brackets indicate p values.

“100/1B” GOGAT GDH G6PDH APX PEPC
GOGAT 0.53 (0.173) 0.84 (0.011) ~0.28 (0.5) —0.07 (0.875)
GDH ~0.11 (0.799) 0.4 (0.345) 0.21 (0.622) 0.54 (0.176)
G6PDH ~0.35 (0.389) 0.87 (0.005) —0.24 (0.564) 0.25 (0.558)
APX 0.26(0.539) —0.85 (0.008) ~0.97 (0.001) 0.52 (0.195)

PEPC 0.03 (0.942) 0.90 (0.002) 0.76 (0.030) ~0.78 (0.021)

Table 2. Coefficients of correlation (r) between different enzymes measured in “Barley medenine”
cultivated under 50 mM NaCl (moderate salt stress—lower diagonal data) or 150 mM NaCl (severe salt
stress—upper diagonal data). Numbers in brackets indicate p values.

“Barley Medenine” GOGAT GDH G6PDH APX PEPC
GOGAT 0.92 (0.001) 0.04 (0.916) 0.33 (0.430) —0.35 (0.402)
GDH ~0.84 (0.009) 0.14 (0.737) 0.55 (0.155) ~0.35 (0.389)
G6PDH 0.76 (0.027) —0.57 (0.141) 0.20 (0.642) 0.26 (0.534)
APX 0.48 (0.229) ~0.17 (0.684) 0.19 (0.645) ~0.39 (0.336)
PEPC ~0.16 (0.705) 0.23 (0.576) —0.50 (0.206) 0.7 (0.058)

4. Discussions

In this work, we investigated the biochemical modifications involved in the response to salt stress
and nitrogen deprivation in two contrasting landraces of barley, one salt tolerant “100/1B”, a landrace
from Oman; and one salt susceptible, “Barley medenine”, a landrace from ICARDA/Tunis [25].
Recently, these landraces—together with other 38 genotypes from North Africa—were analyzed in
crop fields for their potential in salinity tolerance in the Middle East and North Africa (MENA) region.
These genotypes were grouped in four different clusters, where “100/1B” belong to the best salt tolerant
one. This investigation highlighted K*, Ca?* content, and relative water content as the most important
traits explaining barley yield reduction ratio under salinity stress [25]. It is worth pointing out that
even if agronomic data are available, no investigation about antioxidant response and N metabolism
was analyzed in landraces from this germplasm collection. In this context, our results showed different
behaviors in enzymatic activities and protein occurrence in the selected landraces. Heat shock proteins
(HSP70s) are crucial regulators of response against abiotic stress [23]. The maintenance or the increase
in HSP70s isoforms occurrence in “100/1B” and its decrease in “Barley medenine” in response to
salinity could explain the tolerance of the first and susceptibility of the second.

High levels of antioxidant enzymes are generally considered as a biochemical index of plant
tolerance against salinity [38]. Contrarily, a number of authors consider scavenging enzymes as a stress
symptom, suggesting their increase a consequence of oxidative damage [10,39]. Our results suggested
a long-term activation of APX and G6PDH in salt-susceptible “Barley medenine”, thus highlighting a
severe oxidative stress induced by stress. By contrast, the delayed response of “Barley medenine” in
the increased APX and PEPC activities, observed only 3d after salt stress, and evidently upon low N,
may suggest that high levels of APX and PEPC activities can be considered as a symptom of oxidative
stress in this sensitive landrace. Similarly, Maksimovi¢ et al. [39] investigated the role as a stress
sensor of APX, by analyzing the increase in enzymatic activity in barley plants under oxidative stress.
Furthermore, our results confirm the role of N metabolism in maintaining metabolic functions under
salt stress [40]. In accordance with our findings, previous studies showed that different plants respond
to salinity by increasing APX and PEPC activities [41,42]. On the other hand, N-fed “100/1B” showed
a precocious increase in APX and PEPC, indicating their central role in the ability of this landrace
to tolerate high salinity. Interestingly, “100/1B” G6PDH activity showed reduced efforts upon N-fed
salinity, reporting a probable preferred activation to sustain N assimilation in salt-tolerant landraces.
G6PDH plays an important role in sustaining the redox state of plant cells through supplying the
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NADPH reductants needed for ROS-detoxification mechanisms [19]. The G6PDH increase in both
landraces reflects the oxidative damage produced by salinity and the high requirement for reductants
to trigger a defense system against ROS. Therefore, the higher occurrence of cyt-G6PDH in “100/1B” in
response to salinity and N availability can justify the tolerance of this landrace.

“100/1B” and “Barley medenine” behaviors suggested different N assimilation and detoxification
mechanisms upon salinity. NADH-GOGAT and GDH regulations were related to N availability in the
tolerant “100/1B”, which was least affected by salinity compared to the sensitive “Barley medenine”.

Tolerant “100/1B” stimulated the GS/GOGAT pathway under sufficient N nutrition and salinity.
This result is in accordance with previous studies on chickpea (Cicer arietinum L.), soybean (Glycine max
L.), and halophyte species, [43,44] thus it could allow assimilation of the excess of NH4 " accumulated
under salinity.

“100/1B” subjected to salinity is able to switch the main GS/GOGAT cycle to GDH assimilation
under low N, possibly to limit energy-consuming metabolism. In fact, despite its high efficiency,
the GS/GOGAT pathway is an energy consuming process when compared to GDH assimilation,
by requiring an extra ATP molecule [45]. Through this mechanism, plants can save energy for the
defense system and adaptation to salinity

In “Barley medenine”, GOGAT activity significantly decreased upon salinity. Previous studies
on different crops showed salt stress inhibition of the GS/GOGAT cycle, induced by both salt ions
damaging and/or substrate limitation [46,47].

The noticeable NADH-GDH increase after 24 h of severe salinity in both landraces reflects a rapid
leaf protein catabolism induced by salt and leading to high intracellular NH,* levels [8]. The alternative
N assimilation pathway (GDH) activation by salinity is strongly required to protect plants against
ammonium toxicity, fill the glutamate pool, and allow the synthesis of stress-protective metabolites [48].
The GDH enzyme presents low affinity for NHs*, and it can be stimulated to synthesize glutamate
only when NH, " concentration >1 mM, [46]; therefore, the fact that GDH was stimulated under low N
(1 mM NH4*) supports the hypothesis of intracellular ammonia accumulation under salt stress.

Taken together, the tolerant “100/1B” seems to have established a strong regulation mechanism
under salinity, by maintaining an efficient energy-saving N metabolism, delivering carbon sources,
synthesizing oxoglutarate, incorporating NH,* to synthesize amino acids required for cell osmotic
adjustments, and rapidly triggering a defense system after stress exposure. The participation of
G6PDH in the NADPH recycling machinery and the role of PEPC in furnishing carbon skeletons during
ammonium assimilation may indicate a correlation between different enzymes, in its turn depicting
different defense scenarios of the two landraces upon salinity. Under moderate stress, the positive
correlation between G6PDH and GOGAT suggests that the reductants produced via G6PDH can be
used in N metabolism in the GS/GOGAT cycle. The positive correlation of PEPC with both APX and
GDH indicates PEPC involvement in both the ROS scavenging system and N assimilation via GDH
pathway. Under severe salinity, based on the strong correlation between GDH with both G6PDH
and PEPC, we suggest that severe salinity leads to a diversion of reductants supplied by G6PDH and
PEPC to the alternative N assimilation pathway (GDH). Based on the observed correlation under high
salinity in the sensitive “Barley medenine”, we suggest the involvement of G6PDH in N assimilation
via the GS5/GOGAT cycle and the participation of PEPC [19] in response against salinity as well.

5. Conclusions

The results presented here support the hypothesis that activities and occurrence of specific
enzymes can be used as a useful index of metabolism in landraces. Particularly, the activities of
GS/GOGAT and GDH represent a fast and reliable tool to identify the rapid response of barley landraces
to salinity. Furthermore, biochemical investigations on scavenging and reductants’ supplier enzymes
represent crucial aspects to analyze genotypes, ecotypes, and landraces with different responses in
abiotic stress conditions. Finally, our findings proved that the tolerance of “100/1B” and the sensibility
of “Barley medenine” to salinity, which have been previously selected on agronomic parameters [26],
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are based on different biochemical and metabolic regulation of enzymes of the central metabolism.
This study demonstrated that specific enzymatic activities and protein occurrence can be utilized as
tools and/or sensors to investigate plant salt stress response. Further investigations will be necessary
to clarify the possible molecular pathways of regulation which coordinate the basal metabolism fluxes
in adverse environments.
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