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Abstract: Plants can utilize different N forms, including organic and inorganic N resources, and show
great differences in the utilization efficiency of each N form among species and genotypes within a
species. Previously, we found that the Tibetan wild barley genotype (XZ16) was better in the utilization
of organic nitrogen in comparison with the cultivated barley genotype (Hua30). In this study, the
metabolite profiles of the two barley genotypes were comprehensively compared in their response to
four N forms, including nitrate (NO3

−), ammonium (NH4
+), urea, and glycine. The macro and micro

nutrient concentrations in shoots were mostly found to be higher in the nitrate and urea treatments than
in ammonium and glycine in both the genotypes. XZ16 had higher concentrations of nutrient ions in
the glycine treatment, but Hua30 accumulated more nutrients in the ammonium treatment. Among a
total of 163 differentially regulated metabolites, the highest up-regulation and highest down-regulation
values were found in XZ16 in the glycine and urea treatments, respectively. Some important metabolites,
such as proline, glutamine, serine, asparagine, L-homoserine, aspartic acid, putrescine, ornithine, and
4-aminobutyrate, were up-regulated in the glycine treatment in both the genotypes with a higher fold
change in XZ16 than that in Hua30. Similarly, fructose-6-PO4, aconitic acid, and isocitrate were only
up-regulated in XZ16 in the glycine treatment. Here, we concluded that the genotype XZ16 exhibited a
better response to the glycine treatment, while Hua30 showed a better response to the NH4

+ treatment,
which is attributed to the better utilization of glycine-N and NH4

+-N, respectively.

Keywords: barley; shoot tissue; genotypes; metabolomics; N fertilizers forms

1. Introduction

Nitrogen (N) is a constituent of amino acids, playing a crucial role in plant growth,
organic matter accumulation and harvest outcome [1]. However, nitrogen fertilizer ap-
plication increases crop yield, often at rates far greater than the rates at which crops can
consume nitrogen, resulting in leftover N in soils [2]. The mis-management of N fertilizers
not only compromises plants’ N use efficacy, but also exerts serious detrimental impacts on
the ecosystem [3]. Therefore, to minimize the environmental impacts and to enhance plant
yield, proper crop nitrogen status management is a pre-requisite [4].

Nitrogen is mainly available to plants in inorganic forms like nitrate (NO3
−) and

ammonium (NH4
+), but organic sources, such urea, free amino acids, and short peptides,

are also acquired by plants. The acquisition of these nitrogen sources by plants depends
mainly on plant habitat and time, soil heterogeneity, microbial community, and agronomic
practices, as well as other environmental conditions [5]. NO3

− is the dominant nitrogen
source found mostly in aerated soils ranging from 1 to 5 mM in concentration, while NH4

+

is found at relatively low concentrations, commonly ranging from 20 to 200 µM [6]. Free
amino acids and urea are found at very low concentrations between 1 and 150 µM and
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<70 µM, respectively [6–8]. In agriculture, urea is the major N fertilizer applied to plants,
and it is also an important N metabolite in plant metabolism [9]. The low manufacturing
cost plus the high nitrogen content make this organic compound a common N fertilizer that
is mostly used in arable soils [10]. Currently, in the terrestrial N cycle, plants’ organic N
uptake is a critical element [11]. Previously, organic N was considered as the second option
in the absence of more inorganic N, like under arctic or boreal ecological conditions [12–14].
Conversely, recent studies on agricultural [15,16] and sub-tropical plants [17] confirmed
that organic nitrogen makes up a significant portion of the N budget of plants.

In plants, several physiological and metabolic processes, such as nutrient uptake,
photosynthesis, enzyme activity, respiration rate, hydration equilibrium, and signaling
pathways, can be seriously impacted by different N form uptake, consequently leading to
an influence on plant growth and the yield of crops [18,19]. For ammonium-sensitive plants,
ammonium as a sole N source exerts deleterious effects on plant growth. The impacts of
NH4

+ and NO3
− on plants have been widely investigated, but the results are always incon-

sistent and species-dependent. Wheat, maize [20], sugar beet [21], beans [22], tobacco [23],
and canola [24] prefer NO3

−, while rice [25], pine, and larch [26], grow better with NH4
+

supplementation. A urea fertilizer containing 46% N increased nitrogen utilization as
compared to the other fertilizer sources, and appeared to be the better source, yielding the
highest dry matter compared to the other sources of nitrogen [27,28]. Other studies on Ara-
bidopsis and pakchoi showed that glycine application could enhance biomass accumulation
compared to that of the plants grown under nitrogen deficient conditions [29,30]. Wang
et al. [31] also found that glycine as a nitrogen source impacts physiological and biochem-
ical processes within plants, including a number of defense systems, redox homeostasis,
amino acids metabolism, and protein synthesis.

Omics approaches have provided great help in understanding the adaptive mech-
anism of plants grown under nutrient-deficient conditions. Several nutrient-responsive
genes and proteins have been characterized using genomic, transcriptomic, and proteomic
techniques [32,33], but the wide variation in transcripts and protein levels divert researchers’
focus to metabolites, as these biomolecules are the direct indicators of plant growth and
developmental status [34]. In several plant species, including maize, rice, wheat, bar-
ley, rapeseed, and tomato [35–40], metabolomics analysis has been performed to classify
nitrogen-deficiency-responsive metabolites and their respective pathways. Previously, a
metabolomics study performed with Arabidopsis leaf tissues found variations in plant
phenotype and biomass, along with the regulation of enzymes and major metabolites under
moderate N starvation [41]. Wang et al. [31] found a differential response in two cultivars
regarding the up- and down-regulation of glycine specific responsive proteins under a
glycine treatment as compared to that of the control.

The wild form of barley (Hordeum spontaneum) is considered as the ancestor of culti-
vated barley (Hordeum vulgare) and offers a great reservoir of genetic variations for barley
enhancement [42]. Furthermore, the extensive genetic diversity and high-level resilience of
wild barley to harsh environments, coupled with its wide range of adaptations, indicate its
better utilization of various nitrogen sources in soil [38,43]. Organic N offers the advantage of
providing less N coupled with a carbon source, which could potentially enhance the carbon
budget and NUE within plants, thereby reducing the energy required for N reduction and
assimilation processes [44,45]. In our previous findings, the wild genotype XZ16 showed
comparatively better growth in a glycine treatment as compared to Hua30. We suggest that the
wild genotype can absorb and utilize organic nitrogen (glycine) more efficiently as compared
to the cultivated genotypes. Accordingly, this study was conducted to identify the specific
metabolites responding to various N forms in the two barley genotypes.

2. Materials and Methods
2.1. Germination and Growth Conditions

Seeds of wild barley genotype XZ16 (low nitrogen tolerant) and cultivated barley
genotype Hua30 (low nitrogen sensitive) were surface sterilized with 2% hydrogen per
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oxide for 20 min, and then thoroughly washed five times with distilled water. After
sterilization, the seeds were soaked for five hours, and then put in sterilized sand for
germination. At the two-leaf stage, uniform seedlings were transferred to 1 L pots with
modified Hoagland solutions with KNO3 as a sole nitrogen source and were aerated with
air pumps. The pH of solution was adjusted to 5.8 ± 1 on a daily basis after renewing it
with fresh solution. The experiment was carried out in controlled growth conditions at
a temperature of 22 ◦C for 14 h day/18 ◦C and for 10 h at night. At the three-leaf stage,
four N treatments with the same concentration were started.

2.2. Treatment and Sampling

Barley seedlings were treated with four nitrogen forms (NO3
−, NH4

+, urea, and
glycine) at an N level of 2 mM based on Hoagland solution. NO3

− and NH4
+ forms of N

were supplied as KNO3 and (NH4)2SO4, respectively, and K concentration in the other three
N treatments without the addition of KNO3 was adjusted with KCl. The basic nutrient
solution for barley was modified to make the nitrogen level same for all the treatments [46].
Shoot tissues were sampled in five replicates after 7 days of treatment. Liquid N was used
for sample storage just after harvesting and kept at −80 ◦C until metabolite extraction.

2.3. Elemental Analysis

For element analysis, the shoots were collected after 7 days of treatment. The samples
were washed with dH2O and blotted on filter paper. To attain a constant weight, the
samples were kept for 72 h in an oven at 80 ◦C. Around 0.1 g dry samples was used
for element analysis. Tissue digestion was carried out in 5 mL HNO3 at 120 ◦C using a
microwave digester (MCA 3000, Anton Paar, Beijing, China), and the final volume was
adjusted to 15 mL by adding dH2O to the tube. Finally, an Inductively Coupled Plasma
Optical Emission Spectrometer (ICP-OES, Optima 8000DV, Perkin Elmer, Waltham, MA,
USA) was used for the determination of mineral concentration.

2.4. Metabolites Extraction

Frozen shoot tissues weighing 10 ± 1 mg were placed in a 2 mL test tube. Pre-cooled
extraction buffer containing a mixture of 500 µL buffer with methanol/dH2O (3:1 v/v) was
used. Adonitol (0.5 mg/mL) stock was used as the internal control and 10 µL was added to the
above solution. The samples were vortexed for 30 s. A ball mill was used for homogenization
for 4 min at 45 Hz. The ultra-sonication of samples was performed in ice water for 5 min,
followed by centrifugation at 12,000 rpm and at 4 ◦C for 15 min. A total of 200 µL supernatant
was collected in fresh tubes. A total of 60 µL of each sample was taken out and combined
together to prepare the QC (quality control) samples. The samples were evaporated in a
vacuum concentrator. After vaporization, 80 µL of methoxyamine hydrochloride solution was
added to 20 mg/mL of pyridine, and then incubated at 80 ◦C for 30 min. After incubation, it
was again derivatized using 100 µL of BSTFA regent (1% TMCS, v/v) at 70 ◦C for one and
half hours. The samples were cooled slowly to room temperature. Finally, 5 µL of FAMEs (in
chloroform) was added to the cooled samples. A gas chromatograph system (Agilent, Santa
Clara, CA, USA) coupled with a time-of-flight mass spectrometer (GC-TOF-MS) (Leco, St.
Joseph, MI, USA) was used for analysis following metabolite extraction.

2.5. GC-TOF-MS Analysis

An Agilent 7890 gas chromatograph together with a time-of-flight mass spectrometer
was used for GC-TOF-MS analysis. A DB-5MS capillary column was used. A total of 1 µL
aliquot was injected in the capillary column in a splitless mode. Helium gas was used as
the carrier. The gas flow rate and front inlet purge flow rate were kept at 1 mL min−1 and
3 mL min−1, respectively. The initial temperature was retained at 50 ◦C for 1 min, and then
raised up to 310 ◦C gradually at a rate of 10 ◦C min−1. The temperature was kept at 310 ◦C
for about 8 min. The temperatures for injection, transfer line, and the ion source were kept
at 280 ◦C, 280 ◦C, and 250 ◦C, respectively, and 70 eV energy in electron impact mode was
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supplied. Finally, mass spectrometry information was attained using the full-scan method
with a charge-to-mass ratio (m/z) range of 50–500 at a rate of 12.5 spectra per second after a
solvent delay of 6.30 min.

2.6. Data Preprocessing and Annotation

The raw data were processed by using chrome TOF (V 4.3x, LECO) software. The
processing of the data included peak extraction, the adjustment of the baseline, deconvo-
lution, alignment, and integration analysis. Metabolite identification was performed by
using LECO-Fiehn Rtx5 online database, where metabolite matching was carried out on
the basis of the mass spectrum and time retention index. The samples with less than 50%
QC samples or less than 30% RCD values were removed [47].

2.7. Data Analysis

The data were normalized using software, Simca-P (V14.1, Umetrics, Umeå, Sweden,
http://www.umetrics.com/simca (accessed on 10 January 2024)). After normalization, a PLS-
DA model was employed; metabolites with a p-value of less than 0.05 (t-test) and VIP (variable
importance in the projection) values greater than 1 were considered as differentially changed,
and metabolites were searched from commercial databases, such as NIST (http://www.nist.gov/
index.html (accessed on 16 January 2024)) and KEGG (http://www.genome.jp/kegg/ (accessed
on 16 January 2024)). A Venn diagram of differentially regulated metabolites was drawn using
jvenn 1.7v (http://genoweb.toulouse.inra.fr:8091/app/index.html (accessed on 17 January
2024)). Principal component analysis (PCA), partial least square discriminate analysis (PLSDA),
and heatmap analysis were conducted using metaboanalyst 6.0 (https://www.metaboanalyst.
ca (accessed on 19 January 2024)). For element analysis, two-way analysis of variance was
performed with a statistical software package (Statistix 8.1v). The significant difference between
the treatments and genotypes was observed using Fisher’s least significant difference (LSD) test
at 95% probability level.

3. Results
3.1. Elemental Concentrations

The effect of nitrogen forms is obvious on the element concentrations in the shoots
of two genotypes (Table 1). The glycine and ammonium treatments caused significantly
lower concentrations of macro and micro elements in the shoots, relative to the two other
N treatments, but the two genotypes showed different responses to the N form treatments,
with a lower K concentration for XZ16 in the ammonium treatment and for Hua30 in the
glycine treatment. Similarly, the Mg concentration was much lower in the glycine treatment
for Hua30, while XZ16 showed a smaller concentration of Mg under the ammonium treat-
ment. For Ca, S, and P, XZ16 showed a non-significant difference between the ammonium
and glycine treatments. For the micro elements, the same trend was found between the
two genotypes. The urea treatment showed a non-significant difference with the NO3

−

treatment for most of the elements in both the genotypes, while XZ16 showed much higher
concentrations than Hua30.

Table 1. Analysis of element contents in the shoot tissues of wild and cultivated barley genotypes
with different N fertilizers.

Genotype Treatments K Ca Mg P S Zn Mn Fe Cu

mg g−1 DW mg kg−1 DW

XZ16 NO3
− 55.75 b 7.98 ab 13.46 a 13.10 a 7.35 a 2.30 a 0.63 b 2.84 a 0.110 a

NH4
+ 46.82 d 6.19 d 10.18 de 9.94 c 6.09 cd 1.79 bc 0.42 de 2.03 de 0.087 b

Urea 58.48 a 8.27 a 12.51 b 13.20 a 7.11 ab 2.03 ab 0.73 a 2.51 b 0.093 ab

Gly 50.27 c 6.42 cd 11.03 c 9.54 c 6.55 bc 2.16 ab 0.53 c 2.32 bc 0.087 b

Hua30 NO3
− 46.27 de 7.15 bc 10.62 cd 10.88 b 6.51 bcd 1.33 cd 0.43 de 2.20 cd 0.087 b

NH4
+ 40.68 f 6.08 d 8.44 f 7.33 d 5.87 d 1.21 d 0.34 ef 1.83 ef 0.073 bc

Urea 44.03 e 6.58 cd 9.47 e 11.08 b 6.77 ab 1.46 cd 0.46 cd 1.84 ef 0.083 bc

http://www.umetrics.com/simca
http://www.nist.gov/index.html
http://www.nist.gov/index.html
http://www.genome.jp/kegg/
http://genoweb.toulouse.inra.fr:8091/app/index.html
https://www.metaboanalyst.ca
https://www.metaboanalyst.ca
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Table 1. Cont.

Genotype Treatments K Ca Mg P S Zn Mn Fe Cu

mg g−1 DW mg kg−1 DW

Gly 34.28 g 4.55 e 7.39 g 5.48 e 5.03 e 1.17 d 0.25 f 1.57 f 0.063 c

Interaction (N × G) *** * * ** * ns * * ns

LSD(0.05) values 2.6590 0.8377 0.7825 0.8229 0.6683 0.4676 0.095 0.2822 0.0223

Different letters within a column show significant difference (p < 0.05). * (0.05), ** (0.01), and *** (0.001), ns:
non-significant.

3.2. Metabolomics Profiles of XZ16 and Hua30

In total, 163 metabolites (Table S1) were differentially regulated in the shoots of XZ16
and Hua30 under the different nitrogen treatments. The up-regulated and down-regulated
metabolites in each treatment are presented in Figure 1. The highest numbers of up-
regulated metabolites were found in the glycine and ammonium treatments for XZ16 (47)
and Hua30 (37), respectively (Figure 1A), while lowest number of up-regulated metabolites
was observed in the urea treatment for XZ16 (18). Furthermore, there were 28 and 29 up-
regulated metabolites in Hua30 in the urea and glycine treatments, respectively, while there
were 33 up-regulated metabolites in XZ16 under the ammonium treatment. An opposite
trend was observed in the down-regulated metabolites, where the most down-regulated
metabolites were found in XZ16 (36) under the urea treatment (Figure 1B). In detail, the
down-regulated metabolites under the ammonium (24 and 23) and glycine (28 and 23)
treatments were found in XZ16 and Hua30, respectively.
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To differentiate between the genotypes and treatments, PCA analysis was carried out
(Figure 2). PC1 differentiated the nitrate (NO3

−) and urea samples from the ammonium- and
glycine-treated samples, but PC1 and PC2 did not clearly differentiate the genotypes. Thus,
partial least squares discriminant analysis (PLS-DA) was carried out. In the NO3

− treatment,
purine riboside, galactinol, and 13 others differentiated the two genotypes (Figure 3A), while in
the ammonium treatment, d-fructose 1,6-bisphosphate, 3,6-anhydro-d-galactose, and 13 others
differentiated the two genotypes (Figure 3B). Similarly, the dominated metabolites under the
urea treatment were ornithine, linolenic acid, 8-Aminocaprylic acid, and 12 others (Figure 3C).
In the glycine treatment, the dominating metabolites which contributed to genotype separation
were glycine, allose, glucoheptonic acid, methyl phosphate, D-glyceric acid, and 10 others
(Figure 3D). Among the top fifteen metabolites responsible for genotype separations, eight,
nine, eleven, and eight were found to be unique in the nitrate, ammonium, urea, and glycine
treatments, respectively. Methyl phosphate was common in the nitrate, ammonium, and
glycine treatments, while d-fructose 1,6-bisphosphate, and glucoheptonic acid were found to
be common under the ammonium and glycine treatments.
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3.3. Genotype- and Treatment-Dependent Responses of Metabolites

Heatmap analysis (Figure 4) clearly showed that nitrate and urea had a similar trend in
metabolite regulation, which can also be seen from the PCA analysis data; PC1 grouped these
two together (Figure 2). Similarly, the metabolite contents in the ammonium- and glycine-treated
plants were aligned together. However, there was distinct difference in each of the N treatments
between the two genotypes. Hence, 3-hydroxypropionic, isopropyl-ß-d-thiogalacto-pyranoside,
glutamine, D-(glycerol 1-phosphate), allose, and methyl phosphate were up-regulated in Hua30
and down-regulated in XZ16 under the ammonium treatment, while 4-acetamidobutyric acid,
alpha-ketoglutaric acid, and mucic acid were up-regulated in XZ16 and down-regulated in
Hua30. Mucic acid was also up-regulated under the urea, ammonium, and glycine treatments
only in XZ16. Ornithine, 3-cyanoalanine, and asparagine were up-regulated in the ammonium
and glycine treatments in both the genotypes, while these metabolites were down-regulated
in the nitrate and urea treatments, except in Hua30, which showed a little up-regulation in the
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urea treatment. Similarly, glutamine was down-regulated in the nitrate and urea treatments,
while it was up-regulated under the ammonium and glycine treatments, except XZ16, which
showed the down-regulation of glutamine under the ammonium treatment. Some metabolites
were found to be treatment-specific, such as putrescine, citric acid, and quinic acid, which were
strongly down-regulated in the ammonium treatment for both the genotypes, and up-regulated
or unchanged in the other treatments. Similarly, the quantities of lyxose and sulfuric acid were
greatly reduced only in the glycine treatment for both the genotypes. On the other hand, some
metabolites were genotype-specific, such as methyl phosphate, which was up-regulated in Hua30
under the nitrate, urea, and ammonium treatments. Similarly, mucic acid was up-regulated in
XZ16 under the ammonium, urea, and glycine treatments (Figure 4).
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In detail, we compared the whole metabolic profiles of the two genotypes under
the ammonium, urea, and glycine treatments with respect to nitrate (as the control) by
characterizing all the differentially regulated metabolites into major groups (Table S1).
Also, we mapped the important metabolites to the common pathways of carbohydrate
and amino acid metabolism (Figure 5). Mostly, the carbohydrates were up-regulated the
under ammonium and urea treatments, but down-regulated under the glycine treatment
in both the genotypes, but there were distinct variations between the wild and cultivated
genotypes (Table S1). In the ammonium treatment, more carbohydrates were up-regulated
in Hua30, but turanose, allose, D-(glycerol 1-phosphate), and 3,6-anhydro-D-galactose
were commonly up-regulated in both the genotypes, with greater fold changes in Hua30
as compared to those of XZ16. In the urea treatment, sorbose, turanose, mannose, and
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digitoxose were also commonly up-regulated in both the genotypes, but there were greater
changes in Hua30. Very few carbohydrates were up-regulated in the glycine treatment,
but a number of amino acid and organic acids were up-regulated in the glycine treatment
for both the genotypes, with greater number in XZ16 than Hua30. Some important amino
acids, such as aspartic acid, serine, L-allothreonine, asparagine, glutamine, 3-cyanoalanine,
L-homoserine, and ornithine were commonly up-regulated in both the genotypes, with
a greater fold change in XZ16 (Table S1). Similarly, malonic acid, 4-aminobutyric acid,
pyrrole-2-carboxylic acid, toluenesulfonic acid, guanidinosuccinic acid, dehydroascorbic
acid, and 3-hydroxypropionic acid were up-regulated in both the genotypes, but with a
significantly higher change in XZ16. Some fatty acids were significantly up-regulated only
in XZ16 in the glycine treatment. A nitrogen-containing compound such as putrescine
was also up-regulated in both the wild and cultivated genotypes, with a greater change
in the wild genotype XZ16. Glycolysis and TCA cycle intermediates were strongly down-
regulated in both the genotypes, with Hua30 showing more down-regulation as compared
to that in XZ16. Also, fructose-6-phosphate, isocitric acid, and aconitic acid were only
significantly up-regulated in XZ16 (Figure 5).
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based on color scale. Red indicates up-regulation, and blue represents down-regulation.
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Except the carbohydrate metabolites, all the other metabolites, especially the amino
acids and organic acids, were greatly reduced in the urea treatment, but there was a greater
variation in the wild genotype as compared to that in the cultivated genotype, with XZ16
displaying more down-regulation as compared to Hua30.
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3.4. Pathway Analysis

The pathway analysis of all the metabolites was carried out by using online metabo-
analyst 6.0. On the basis of KEGG and topology analysis, all the differentially regulated
metabolites were analyzed. The most important pathways on the basis of p-value and the
impact scores, were alanine, aspartate, and glutamate (0.597); glyoxylate and dicarboxylate
(0.328); glycine, serine, and threonine (0.437); beta-alanine (0.325); pentose phosphate path-
way (0.386); and the citrate cycle (TCA cycle) (0.279) (Table S2). Each treatment differently
regulated the different pathways, as shown in the Supplementary Tables (Table S3–S6). In
the glycine treatment, the glyoxylate and dicarboxylate and pentose phosphate pathways,
which are important intermediates of 2-oxoglytarate, were less down-regulated in XZ16 as
compared to those of Hua30 (Table S6), while in the ammonium treatment, glycine, serine,
and threonine metabolism were enhanced in XZ16 (Table S4). The amino acid metabolism
and TCA cycle were greatly affected by the four forms of nitrogen treatment (Table S1 and
Figure 5). Aspartate and asparagine belonging to the alanine, aspartate, and glutamate
pathways were more up-regulated under the ammonium and glycine treatments in XZ16
as compared to those of Hua30 (Table S1 and Figure 5).

4. Discussion

The leaf nutrient content as well as resorption mechanism play key roles in determining
the plant nutrient utilization approaches [48]. Generally, a resource spending nutrient
utilization approach is typically ideal for plant development as it is characterized by a
high leaf nutrient concentration and less leaf nutrient resorption [49]. Still, a conservative
consumption approach for nutrient utilization is found in plants that reflect a low leaf
nutrient concentration and high-level leaf nutrient resorption [50]. Furthermore, the leaf
nutrient concentration and its composition also indicate the status of plant nutrients, as
well as their tolerance to nutrient deficiency [51,52]. In our study, we found more dramatic
reductions in the concentrations of macro and micro nutrients under the glycine and
ammonium treatments compared to those of the other two N form treatments. Still, a
significant difference was observed between the two genotypes for nutrient concentrations
in the specific N treatments. XZ16 had higher concentrations of nutrient ions in the glycine
treatment as compared to those of Hua30, but Hua30 accumulated more nutrients in
the ammonium treatment (Table 1), as reflected in our previous results [46], where some
parameters, like the leaf surface area and tiller per plant, increased more in the ammonium
treatment for the cultivated barley genotype as compared to those of the wild genotypes.
Similarly, a higher biomass of wild genotypes was found under the urea treatment in
our previous study, whereas, here, we found higher nutrient concentrations in both the
genotypes under the urea treatment in comparison with the other two treatments, with
XZ16 being higher than Hua30. Dubey et al. [53] found that ammonium nitrogen not only
disturbed the nutrient balance, but also reduced calcium (Ca) uptake. In other studies, more
ammonium uptake resulted in reduced Ca and Mg concentrations in the plants’ shoots
and increased Mn and Al uptake [54,55]. Comparatively, a higher concentration of nutrient
ions in XZ16 under the glycine treatment may demonstrate the better utilization of organic
nitrogen in this wild barley genotype, and better NUE under organic fertilization will make
the wild barley genotype a better option in harsh conditions and nitrogen-limited soil.

The activity of enzymes associated with leaf nitrogen metabolism can be significantly
increased by better N fertilizer management [56], which promotes photosynthesis and
enhances the biosynthesis of amino acids, organic acids, and proteins, along with other
N-containing secondary metabolites in the plant tissues [57]. This study found altered
patterns of sugars, amino acids, metabolites, and organic acids in the four nitrogen forms.
In root metabolomics, we found the down-regulation of most sugars, metabolites, amino
acids, and organic acids under the glycine treatment, but in shoot metabolomics, we found
the opposite trend. The carbohydrate metabolism in the shoots was greatly improved under
the ammonium and urea treatments in both the genotypes, with the plants treated with
urea having a better carbohydrate metabolism than those under the ammonium treatment.
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But we can observe a difference between the two genotypes (Table S1). In the ammo-
nium treatment, some commonly regulated sugar metabolites, such as turanose, allose,
D-(glycerol 1-phosphate), and 3,6-anhydro-d-galactose, had greater fold changes in Hua30
(11.13, 3.23, 1.84, and 8.12) as compared to XZ16 (2.57, 1.68, 1.94, and 1.62), respectively
(Table S1). Soluble sugar, being an osmolyte and signaling molecule, also has a role in the
response of plants to environmental stresses [58]. Beta-mannosylglycerate is a potential
protein thermostabilizer [59], and the significant up-regulation of this metabolite in Hua30
may increase leaves’ protein stability under ammonium treatment [60]. The accumulation
of soluble sugar may confer higher abiotic stress resistance to Hua30 as compared to XZ16
under ammonium treatment. From Figure 5, it is clear that the glycolysis intermediate
(fructose-6-P) was more up-regulated and pyruvate was less down-regulated in XZ16 as
compared to those in Hua30, thus contributing to glycine utilization in XZ16. Similarly, the
TCA cycle intermediates (aconitic acid and isocitrate) were more up-regulated, and citrate,
alpha ketoglutarate, and fumarate were less down-regulated in XZ16 as compared to those
in Hua30, which may also be the metabolites contributing to glycine uptake (Figure 5).
Overall, glycine reduced the number of TCA intermediates in both the genotypes. Wang
et al. [61] and Liu et al. [62] also found the same results, which elucidate the lower N
use efficiency in plants exposed to a glycine treatment. Carbon metabolism have indirect
impact on NUE, as nitrate signaling and N metabolism genes are partly regulated by sugar
signaling [63], and the comparatively better carbon metabolism in XZ16 under a glycine
treatment may help to improve its NUE.

Increased flexibility and variations have been found in the amino acid contents depend-
ing upon the species, cell type, and also the physiological conditions of plants [35,64,65].
Nutrient deficiency, low temperatures, and drought stresses might stimulate the synthesis
of certain amino acids [57,66]. An amino acid content increase may be due to protein
degradation into single amino acids, which can results in high energy production under
stress conditions by providing a carbon skeleton to enhance the TCA cycle [67]. In this
study, we found the accumulation of amino acids in the ammonium and glycine treatments
in both the genotypes (Table S1), with Hua30 being more affected than XZ16 under the
glycine treatment. Perchlik and Tegeder [68] also found higher nitrogen use efficiency
under N-deficient conditions by supplying higher amino acid content to leaves, thereby
enhancing the sink carbon content. Various researchers found that the amino acids contents
and their relatives changes in shoots facilitate regulatory control over roots for nitrogen
uptake [69–71]. Stress-responsive amino acids (proline, asparagine, and homoserine) are
greatly boosted under ammonium and glycine treatments, but less responsive under a urea
treatment. Moreover, the accumulation of asparagine was found in the above treatments,
which is regarded as a plant adaptation and self-regulatory mechanism under organic nitro-
gen uptake [30,72]. The glycine treatment directed higher accumulations of L-ornithine and
putrescine (intermediates of arginine and proline metabolism), as well as 4-aminobutanoic
acid, which are responsible for plant stress reduction, as found in previous studies [73–75].
These findings suggest that glycine nutrition as a N source might enhance the stress resis-
tance in barley, as reported in lettuce earlier [76]. Also, the associated changes may lead to
an increase the antioxidant level and improve the tolerance against other abiotic stresses by
suppling glycine supplements to plants [77].

Plants undergoing through vigorous growth stages have been observed to reduce
some specific metabolites, like photosynthesis-related metabolites, metabolites of starch
and sucrose metabolism, oxidative metabolism of the pentose phosphate pathway, TCA
and glycolysis metabolites, along with nitrogen-containing metabolites, specially glutamine.
This proposes that these metabolites provide the structural components for the biosynthesis
of macromolecules, such proteins, which drive growth metabolism [78]. In the urea treat-
ment, amino acid and the organic acids were more down-regulated in XZ16 as compared
to Hua30. Urea is the best N fertilizer to aid barley growth, following nitrate [46]. Thus, for
barley seedlings exposed to a urea treatment, it is not necessary for them to accumulate
more amino acids or organic acids as a stress response. A possible reason for the reduced
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accumulation of amino acids may be the direct involvement of amino acids in protein
synthesis. Furthermore, more down-regulation of these metabolites in XZ16 may be related
to the increased biomass production in the urea treatment, as reported earlier [46].

The glyoxylate and dicarboxylate pathways, providing a metabolic balance to improve
tolerance [79], were highly effected in the glycine treatment (Table S6 and Figure S1).
Oxalic acid, isocitrate, and glutamine were significantly more up-regulated in XZ16 as
compared to those in Hua30 under glycine in this pathway, which may be the reason for
the increased utilization of glycine in XZ16. Similarly, in plants’ nitrogen metabolism,
two important pathways are arginine and proline, which are crucial for nucleic acid and
protein production. A precursor of polyamines, arginine has an essential role in proline
biosynthesis in the absence of glutamate. In the ammonium treatment, this pathway was
greatly affected (Table S4). The impact of ammonium treatment on this pathway is highly
anticipated. Neto et al. [80] also found these pathways to be stress-responsive.

5. Conclusions

In total, 163 DRM (differentially regulated metabolites) were identified in the two barley
genotypes exposed to four forms of N, among which the highest up-regulation values were
observed in the glycine treatment, while highest down-regulation values were observed in the
urea treatment in the wild genotype XZ16. The number of sugar metabolites, which provide a
carbon skeleton for photosynthesis and other process, was greatly increased under the urea
treatments as compared to the other treatments, while all the other metabolites, especially
the amino acids, were greatly down-regulated in the urea treatment, which may be directly
utilized for protein synthesis to produce more biomass. The up-regulation of amino acids
and stress-responsive metabolites in the glycine treatment was observed. Furthermore, higher
concentrations of macro and micro nutrients were found in urea and nitrate as compared to
the ammonium and glycine treatments, but with a genotypic difference. Relatively, XZ16 had
higher nutrient concentrations than Hua30 in the glycine treatment, while it was the opposite
when the two genotypes were subjected to the ammonium treatment. More up-regulation of
soluble sugar in Hua30 in the ammonium treatment may contribute to reduce ammonium
toxicity. Similarly, the glycolysis and TCA intermediates were up-regulated only in XZ16 in
the glycine treatment, along with stress-responsive metabolites, such as proline, asparagine,
and putrescine. More up-regulation in XZ16 as compared to Hua30 may enable the wild
genotypes to better utilize glycine. Using these results, we can conclude that nitrate and urea
are the best nitrogen sources for barley, while for organic nitrogen utilization, the wild barley
genotype is relatively better than the cultivated genotype. Furthermore, other integrated
transcriptomic and proteomic approaches should be used to explore the better utilization
mechanism of organic nitrogen in barley.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/agronomy14030621/s1, Figure S1: Variations in metabolites mapped to the
glyoxylate and dicarboxylate metabolism in shoot tissues of XZ16 and Hua30; Table S1: The fold changes
in metabolites in the shoot tissues of two genotypes (XZ16 and Hua30) under ammonium, urea, and
glycine treatments; Table S2: Top 52 pathways under different nitrogen treatments in the shoot tissues
of two genotypes (XZ16 and Hua30) through KEGG pathway analysis; Table S3: Pathways regulated
under control treatment (NO3-) in the shoot tissues of two genotypes (XZ16, Hua30) through KEGG
pathway analysis; Table S4: Pathways regulated under ammonium treatment (NH4+) in the shoot tissues
of two genotypes (XZ16 and Hua30) through KEGG pathway analysis; Table S5: Pathways regulated
under urea treatment in the shoot tissues of two genotypes (XZ16 and Hua30) through KEGG pathway
analysis; Table S6: Pathways regulated under glycine treatment regulated in the shoot tissues of two
genotypes (XZ16 and Hua30) through KEGG pathway analysis.
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