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A B S T R A C T

Nitrogen (N) use efficiency (NUE) in crops is a critical challenge, as only 40 % of applied nitrogen is typically 
recovered at harvest. Ammonium-based nutrition is proposed as a strategy to increase NUE in agrosystems. 
However, crops display better performance when growing with a nitrate-based nutrition. To advance in the 
current understanding of the interspecific variability to ammonium nutrition, we investigated the performance of 
the three annual species of Brachypodium genus: B. distachyon, B. stacei, and B. hybridum, focusing on their dif
ferential responses to ammonium and nitrate nutrition. B. stacei appeared as a tolerant species, with equal growth 
regardless of the N source, and B. distachyon as the most sensitive, while B. hybridum showed an intermediate 
phenotype. Metabolomic analysis highlighted critical differences in N metabolism, where B. stacei and 
B. hybridum exhibited more robust N assimilation in terms of protein content. In addition, several metabolic 
pathways were found associated with ammonium nutrition. Notably, flavonoid biosynthesis and tricarboxylic 
acid cycle pathways together with ethylene precursors and iron homeostasis-related compounds contributed to 
explain species-specific responses to ammonium nutrition. Altogether, these findings pinpoint potential strategies 
for improving N utilization and ammonium stress tolerance in cereals.

1. Introduction

Nitrogen (N) use efficiency (NUE) in crops, defined as the amount of 
applied N recovered from harvest, is estimated around 40 %, with the 
remaining 60 % contributing to environmental pollution (Good and 
Beatty, 2011). This is because nitrate (NO3

- ), the principal N form in 
agricultural soils, is prone to leaching and contaminates water re
sources. In addition, soil N, notably through NO3

- denitrification, can be 
converted to N gases such as nitrous oxide (N2O), a powerful greenhouse 
gas that contributes to global warming. The other main source of inor
ganic N is ammonium (NH4

+), which represents a better option to miti
gate N contamination and to improve NUE due to its longer availability 
in soil and its rapid assimilation into biomolecules (Marino and Moran, 
2019; Subbarao and Searchinger, 2021). In fact, over the last decades, 
the use of nitrification inhibitors combined with NH4

+ nutrition has 
attracted attention due to the environmental advantages of delaying the 
conversion of NH4

+ to NO3
- (Rodríguez et al., 2024). In this sense, the 

Intergovernmental Panel on Climate Change (IPCC) recommends the use 
of urease and nitrification inhibitors as a mitigation option for agricul
tural N losses (IPCC, 2014). However, despite the environmental bene
fits that NH4

+-based fertilization has compared to NO3
- -based nutrition, a 

high concentration of NH4
+ in soils can provoke stress in most crops. 

Much research has been conducted focused on understanding the causes 
and molecular mechanisms associated with NH4

+ stress and, it is now 
accepted that NH4

+ toxicity involves, among others, pH disequilibrium, 
hormone imbalance, energy trade-off and metabolic alterations (Liu and 
von Wirén, 2017; Coleto et al., 2023; Xiao et al., 2023).

Regarding the metabolic alterations, the plant experiences a signif
icant reprogramming of carbon (C) and N metabolism towards amino 
acid synthesis. Indeed, the adjustment of primary metabolism is essen
tial for the natural variation of NH4

+ tolerance in Brachypodium dis
tachyon (De la Peña et al., 2024). Further understanding of plant 
metabolism under NH4

+ stress may lead to breeding strategies to enhance 
crop performance under NH4

+ nutrition. In this context, non-targeted 
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metabolomics may provide a more comprehensive description of the 
complex metabolic networks for understanding NUE.

Brachypodium genus belongs to the Pooideae subfamily and thus, is 
closely related to economically relevant forage grasses and cereals, such 
as oat, rye, wheat and barley. Within this genus, the species Brachypo
dium distachyon has progressively come to the forefront for research on 
grasses as a model organism thank to its small genome, self-fertility, 
small size and short life cycle (Scholthof et al., 2018). For more than a 
century, B. distachyon was considered as the single annual species of 
Brachypodium genus. Importantly, Catalán et al. (2012) reported that 
what had been considered as a single species actually comprised three 
distinct species, and subsequently named the two novel species as Bra
chypodium stacei and Brachypodium hybridum. These three species consist 
of two diploid parents with different chromosome base number: 
B. distachyon (x = 5; 2 n = 10) and B. stacei (x = 10; 2 n = 20), and their 
derived allotetraploid hybrid B. hybridum (x = 5 +10; 2 n = 30). All 
three species are native from the Mediterranean region but B. distachyon 
is typically found in cooler, wetter and higher-altitude environment, 
B. stacei in drier, warmer and lower-altitude areas and B. hybridum in 
both ancestral environments and intermediate conditions (Martínez 
et al., 2018; Takahagi et al., 2018). Notably, B. hybridum has spread 
worldwide, surpassing the range of either of its diploid progenitors, thus 
suggesting a higher adaptability to different environments (Scholthof 
et al., 2018). In addition, B. hybridum has advantages regarding resis
tance to external stresses. For instance, B. hybridum showed a trans
gressive expression pattern in leaf phytohormone content compared 
with its parental species, which confers significantly greater tolerance 
response to drought (Martínez et al., 2018).

Most studies on N nutrition in Brachypodium have focused on 
B. distachyon, given its predominant role as model species (Barhoumi, 
2017; David et al., 2019; De la Peña et al., 2019; Wang et al., 2019). For 
instance, in De la Peña et al. (2019), we reported that the B. distachyon 
Bd21 reference accession responded to NH4

+ nutrition alike other ce
reals, such as wheat. Similarly, David et al. (2019), focusing on NO3

- 

uptake, also validated the suitability of B. distachyon as a tool to decipher 
cereal N nutrition. In the present work, we aimed to compare the per
formance of the three annual Brachypodium species (B. distachyon, 
B. stacei and their natural hybrid B. hybridum) when grown under NH4

+ or 
NO3

- nutrition. For this characterization we conducted a metabolomic 
study combining non-targeted and targeted approaches, with a partic
ular emphasis on metabolic traits related to C and N metabolism, 
because of its importance for NH4

+ stress tolerance (González-Moro et al., 
2021).

2. Materials and methods

2.1. Plant growth conditions

Brachypodium distachyon Bd21, B. stacei ABR114 and B. hybridum 
ABR113 were the three genotypes used in this work. Following the 
methodology described by Tyler et al. (2016), seeds were peeled by 
removing the lemma, washed in a solution containing 15 % bleach plus 
0.1 % Triton-X 100 for 4 min and thoroughly rinsed with sterile 
deionized water. To synchronize germination, seeds were placed in Petri 
dishes on damp paper towels and stratified in the dark at 4◦C for 7 days. 
Afterwards, the plates were covered and incubated in the dark in a 
growing chamber for 3 days. Germinated seeds were then sowed in trays 
filled with perlite:vermiculite (1:1, v:v) and misted with deionized 
water. After 7 days seedlings with a uniform appearance were trans
ferred to hydroponic tanks (12 plants per tank) filled with 4.5 L of 
nutrient solution containing 2.5 mM N, provided as either NO3

- or NH4
+. 

Three tanks (experimental units) were established per species and con
dition. The nutrient solution contained 1.15 mM K2HPO4, 0.85 mM 
MgSO4, 0.7 mM CaSO4, 2.68 mM KCl, 0.5 mM CaCO3, 0.07 mM 
NaFeEDTA, 16.5 μM Na2MoO4, 3.7 μM FeCl3, 3.5 μM ZnSO4, 16.2 μM 
H3BO3, 0.47 μM MnSO4, 0.12 μM CuSO4, 0.21 μM AlCl3, 0.126 μM NiCl2 

and 0.06 μM KI (pH 6.8). The N source was (NH4)2SO4 for NH4
+-fed 

plants and Ca(NO3)2 for NO3
- -fed ones. To compare both N sources, 

NO3-fed plants were supplied with CaSO4 to balance the sulfur supplied 
with the NH4

+. Plants were grown under hydroponic conditions for 19 
days. Environmental conditions in the growth chamber were set to a 
light period of 14 h (23 ◦C, 60 % relative humidity, light intensity 350 
μmol m− 2 s− 1) and a dark period of 10 h (18 ◦C, 70 % relative humidity). 
The nutrient solution was replaced every 4 days, where the stability of 
pH in the nutrient solution was confirmed. Shoots and roots were 
separated and weighed. Plants grown within the same tank were pooled, 
immediately frozen in liquid nitrogen, homogenized in a Tissue Lyser 
(Retsch MM 400) and stored at − 80 ◦C until use.

2.2. Enzyme activities

For enzyme activities approximately 20 mg of frozen shoot or root 
tissue powder was homogenized by vigorous mixing in 500 μl of 
extraction buffer composed of 20 % (v/v) glycerol, 0.25 % (w/v) bovine 
serum albumin, 1 % Triton X-100 (v/v), 50 mM HEPES–KOH (pH 7.5), 
10 mM MgCl2, 1 mM EDTA, 1 mM EGTA, 1 mM aminocaproic acid, 
1 mM benzamidine, 20 μM leupeptin. 0.5 mM dithiothreitol, 1 mM 
phenylmethylsulfonylfluoride and 10 % polyvinylpolypyrrolidone (w/ 
v) (Gibon et al., 2004). Assays to measure glutamate dehydrogenase 
(GDH), malate dehydrogenase (MDH), NADP-dependent isocitrate de
hydrogenase (ICDH), phosphoenolpyruvate carboxylase (PEPC), pyru
vate kinase (PK) and citrate synthase (CS) activity were performed by 
spectrophotometric methods using a 96-well microplate reader as 
described in Gibon et al. (2004). The evolution of NAD(P)H was moni
tored at 340 nm after incubation at 25◦C. The activity of GDH was 
assessed at 570 nm via a cycling reaction involving the reduction of 3-(4, 
5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide in the pres
ence of alcohol dehydrogenase and phenazine ethosulfate to quantify 
NAD+.

2.3. Targeted metabolite quantification

The extraction for chlorophyll, NH4
+, NO3

- and the metabolites shown 
in Figs. 2 and 3 was performed as described in De la Peña et al. (2024). 
Briefly, 20 mg of frozen tissue powder (shoot or root) was extracted in 
250 μL of 80 % ethanol, 10 mM HEPES/KOH (pH 6), incubated for 
20 min at 80 ◦C, centrifuged at 14,000 g for 5 min at 4◦C and the su
pernatant was recovered. This process was repeated with 150 μL of 80 % 
ethanol, 10 mM HEPES/KOH (pH 6) and 250 μL of 50 % ethanol in 
10 mM HEPES/KOH (pH 6). The three supernatants were pooled and the 
pellet resuspended in 400 μL of 0.1 M NaOH.

Chlorophyll quantification was determined by empirical adaptation 
of the formula of Arnon (1949) to the microplate reader. NH4

+ content 
was quantified as described in Sarasketa et al. (2014). Total content of 
free amino acids was assayed as described by Bantan-Polak et al. (2001). 
Glutamate, soluble sugars (glucose, fructose, sucrose), malate, citrate, 
proteins, starch and glutathione were quantified as described in De la 
Peña et al. (2024).

2.4. Non-targeted metabolomic analysis through LC-MS profiling

For non-targeted metabolomic analysis, 100 mg of frozen tissue 
(shoot or root) powder was extracted in 0.5 mL of methanol:water:for
mic acid (80:20:0.1, v/v/v) using a Retsch mixer mill for 4 min at 30 Hz. 
The samples were then centrifuged at 14000 g for 3 min and the su
pernatant was placed in an HPLC glass vial fitted with a conical insert.

Metabolite analysis was performed with a UPLC-QTOF-MS instru
ment equipped with an electrospray ionization (ESI) source (Waters 
Synapt G2). An aliquot of 2.5 µL of methanolic extract was injected into 
an Acquity UPLC (Waters) and separated on an ACQUITY UPLC® BEH 
C18 (50 ×2.1 mm, 1.7 µm) column at 40 ◦C. Mobile phase A was 0.05 % 
formic acid in water (v/v), and mobile phase B was 0.05 % formic 
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acid–acetonitrile (v/v). The gradient was as follows: 0 min, 2 % B; 3 min, 
35 % B; 6 min, 100 % B; 7.5 min, 100 % B; 7.6 min, 2 % B. The flow rate 
was 0.6 mL/min, and the target sample temperature was 20 ◦C. Detec
tion was performed in negative and positive ion modes in the m/z range 
80–1200 with a total scan time of 0.2 s. The acquisition was performed 
in data-independent mode (DIA) with the mass spectrometer switching 
alternatively from low (4 eV, 0.1 s scan time) to high (10–30 eV, 0.1 s 
scan time) collision energies. ESI conditions were as follows: capillary 
voltage + 2.8/-2.0 kV, cone voltage 25 V, source temperature 120 ◦C, 
desolvation temperature 400 ◦C, cone gas flow 20 L/h, and desolvation 
gas flow 900 L/h. For internal calibration, a leucine–enkephalin solution 
(Sigma–Aldrich, Steinheim, Germany) at 0.5 µg/mL was infused through 
the Lock Spray™ probe at a flow rate of 15 µL/min as a lockmass. Ac
quired data were processed using Waters MassLynx v 4.1 software.

The data obtained after analysis of the extracts by UPLC-TOF-MS in 
negative and positive mode of ionization were converted from the 
vendor file format (*.raw from Waters) into the common file format of 
Reifycs Inc. (Analysis Base File format *.abf) using the freely available 
Reifycs 211 ABF converter (http://www.reifycs.com/AbfConverter/i 
ndex.html). The sorted data was processed by MS-DIAL software (v. 
4.20) for feature detection, chromatogram construction, chromatogram 
deconvolution, isotopic peak grouping, chromatogram alignment, peak 
filtering, and gap filling. The parameters used for data processing are 
described in Table S1. Since the quality control (QC) samples did not 
consist of a mixture of all samples, but of similar samples from one shoot 
replicate of NH4

+ stress in B. distachyon, a randomly chosen sample was 
selected as a reference file to build up the alignment table. MS2Dec al
gorithm in MS-DIAL was applied for spectra deconvolution in the 
respective precursor ion range. Here peak area, also referred as peak 
intensity, is related to sample concentration.

2.5. Statistical analysis

Biomass, individually determined metabolites and enzyme activities 
were analyzed using a two-way ANOVA. For non-targeted metab
olomics, principal component analysis (PCA) was performed on shoot 
and root metabolomics data using the "FactoMineR" and "factoextra" 
packages in R. Metabolic pathway analysis was performed using the 
mummichog algorithm in MetaboAnalyst 6.0, with analysis parameters 
set to ±5 ppm mass tolerance, retention time matching, standard LC-MS 
adduct settings, and unadjusted two-way ANOVA p-values for treatment 
or interactions effects. This analysis was conducted separately for shoot 
and root tissues, using the Triticum aestivum metabolome reference li
brary, mapped 481 of 2709 initial mass features to putative metabolites. 
Representative metabolites were summarized by selecting features with 
the lowest ANOVA FDR values when multiple features mapped to the 
same metabolite. Additionally, student’s t-tests were used for pairwise 
analysis to determine the significance of the N source within a given 
species. Finally, for physiological measurements, targeted metabolite 
determination and enzyme activities we also conducted one-way 
ANOVA analysis followed by Duncan’s post-hoc test (P < 0.05) as 
shown in Table S2.

3. Results and discussion

3.1. B. stacei and B. hybridum show enhanced tolerance to ammonium 
stress

Plant growth is the most integrative indicator of plant performance 
and, surely, the best marker of NH4

+ stress. We compared the biomass 
accumulation of three related Brachypodium species under the exclusive 
supply of NH4

+ with that of plants grown with an exclusive supply of NO3
- 

as control condition. The results revealed a species effect, with 
B. hybridum exhibiting superior growth compared to both B. stacei and 
B. distachyon, regardless of the N source (Fig. 1A). Previous studies re
ported superior growth for both B. stacei and B. hybridum compared to 

B. distachyon with B. hybridum showing higher values for several 
morphometric traits (e.g. Catalán et al., 2012; López-Álvarez et al., 
2017). In our work, superior growth was not observed for B. stacei, 
which may be attributed to the still early developmental stage of the 
plant or to the experimental methodology (hydroponics respect to 
soil/substrate). As expected, NH4

+ supply reduced growth for both 
B. distachyon and B. hybridum, while the latter was able to maintain root 
growth. In contrast, the growth of B. stacei was similar under both N 
sources (Fig. 1A). Chlorophyll content is another common marker for 
determining the degree of stress suffered by plants when growing with 
NH4

+. Indeed, under a mild NH4
+ stress plants often display increased 

chlorophyll content, while chlorosis appears when the stress becomes 
severe (Sánchez-Zabala et al., 2015). In our study, the chlorophyll 
content tended to be lower under NH4

+ nutrition for all species, but not 
significant N source effect was observed (Fig. 1B).

3.2. Primary N and C metabolism adapts to ammonium stress in 
Brachypodium genus

Ammonium-based nutrition entails the accumulation of free NH4
+ in 

tissues leading to the induction of N assimilation. Whether the increase 
in N assimilation benefits plant performance remains unclear. On the 
one hand, enhancing N assimilation scavenges the excess of NH4

+. On the 
other hand, an excessive N assimilation may represent an energy trade- 
off and contributes to cell acidification, as the incorporation of NH4

+ to 
glutamate releases one proton (Hachiya et al., 2021). In general, 
increasing NH4

+ assimilation in the root seems beneficial; for instance, 
the Arabidopsis mutant for the cytosolic GLN1;2 glutamine synthetase 
(GS) isoform is sensitive to NH4

+ stress (Guan et al., 2016). Conversely, a 
higher increment of N assimilation in the aerial part appears as detri
mental (Poucet et al., 2021). For instance, an Arabidopsis mutant lack
ing the plastidic GS (GLN2) showed enhanced tolerance to NH4

+ stress 
(Hachiya et al., 2021).

In the aerial part, NH₄⁺ and amino acid content increased under NH4
+

nutrition in a similar manner for the three species, while protein content 
remained unchanged (Fig. 2). In roots, NH4

+ accumulation showed sig
nificant NxS interaction, with the magnitude of NH₄⁺ accumulation be
tween both N treatments following the pattern B. stacei > B. hybridum 
> B. distachyon. The huge preferential NH4

+ accumulation in the root can 
been interpreted as a physiological barrier to prevent deleterious NH4

+

Fig. 1. Fresh weight (g FW plant⁻¹) (A) and content of chlorophyll (B) of 
Brachypodium distachyon (Bd), B. hybridum (Bh) and B. stacei (Bs) under 
ammonium and nitrate nutrition. Statistical significance levels for the main 
effects and interactions between nitrogen source (N) and Species (S) are 
denoted by asterisks (* P < 0.05, ** P < 0.01, and *** P < 0.001), and non- 
significant results are labeled as (ns). In cases where the species factor was 
significant but not the interaction, Tukey’s post-hoc comparisons was used to 
display significant differences among the species. Asterisks between bars indi
cate biomass differences between nitrogen sources within a species by the 
student’s t tests.
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accumulation in the aerial part (González-Moro et al., 2021). This 
pattern of NH₄⁺ accumulation aligns with the relative root biomass 
tolerance for each species (Fig. 1A). Consistently, amino acid and pro
tein accumulation was also markedly higher in the root respect to the 
shoot (Fig. 2), supporting that the primary metabolic adjustment to NH4

+

nutrition took place in the root. However, no clear correlation was 
observed between total N content (Figure S1) and the ammonium 

tolerance degree (Fig. 1). GDH activity, a well-known metabolic marker 
of NH4

+ nutrition (Patterson et al., 2010; González-Moro et al., 2021), 
was also higher in roots and was induced by NH4

+ nutrition in both or
gans for the three species (Fig. 2). Indeed, in B. distachyon GDH2 was 
suggested as one of the metabolic determinants of NH4

+ tolerance (De la 
Peña et al., 2024). It is still controversial whether GDH works in ami
nating 2-oxoglutarate or deaminating glutamate or whether its function 

Fig. 2. Nitrogen assimilation-related traits in leaf and root tissues of B. distachyon (Bd), B. hybridum (Bh), and B. stacei (Bs) under NH₄⁺ or NO₃⁻ nutrition. Mea
surements include total amino acids content (µmol g⁻¹ FW), GDH activity (µmol NADH g⁻¹ FW h⁻¹), NH₄⁺ content (µmol g⁻¹ FW) and protein content (mg BSA g⁻¹ FW). 
Two-way ANOVA results show significance levels for nitrogen source (N), species (S), and their interaction (N × S). *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001.

Fig. 3. Carbon-related metabolites in leaf and root tissues of B. distachyon (Bd), B. hybridum (Bh), and B. stacei (Bs) under NH₄⁺ or NO₃⁻ nutrition. Measurements 
include citrate (nmol mg⁻¹ FW), malate (nmol mg⁻¹ FW), fructose (eq µmol Gluc g⁻¹ FW), glucose (eq µmol Gluc g⁻¹ FW), starch (eq µmol Gluc g⁻¹ FW), and sucrose (eq 
µmol Gluc g⁻¹ FW). Two-way ANOVA results show significance levels for nitrogen source (N), species (S), and their interaction (N × S). *p ≤ 0.05, 
**p ≤ 0.01, ***p ≤ 0.001.
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is species-dependent (Dubois et al., 2003; Vega-Mas et al., 2019). In our 
study, GDH did not show a significant NxS interaction; however, in the 
root, its activity was higher for B. stacei compared to both relatives, 
suggesting it might contribute to the better tolerance of this species 
towards NH4

+ nutrition.
The synthesis of amino acids requires C skeletons, a demand that 

becomes particularly intense under NH4
+ nutrition. In this scenario, the 

tricarboxylic acid (TCA) cycle adjusts its activity to operate in an open- 
flux mode, diverting C skeletons -mainly 2-oxoglutarate, but also 
oxaloacetate- for NH4

+ assimilation (González-Moro et al., 2021). In fact, 
the depletion of organic acids and the induction of TCA-associated en
zymes activity are common responses to NH4

+ stress, as reported in many 
species including B. distachyon (De la Peña et al., 2019). To evaluate 
potential interspecies difference regarding C metabolism, we deter
mined the content of main soluble sugars (glucose, fructose and su
crose), the two most abundant TCA cycle organic acids (malate and 
citrate) and starch (Fig. 3). In shoot, citrate and malate content was 
significantly lower under NH4

+ nutrition. In roots, the organic acid 
content was much lower than in leaves and the N source had a different 
behavior between species. Notably, citrate and malate accumulated 
upon NH4

+ stress in B. distachyon, while they decreased in B. hybridum, 
with no difference observed for the more tolerant B. stacei. Organic acid 
accumulation in B. distachyon, considering it was the only species in 
which root biomass decreased, suggests impaired use of C resources for 
N assimilation. For sugars, no interaction effect (NxS) was observed; 
however, B. hybridum showed a higher soluble sugars content in roots 
and starch in the shoot (Fig. 3), suggesting a superior photosynthetic 
performance and a more efficient C allocation that could be associated 
with the superior growth of this species. In agreement, B. hybridum 
presented a higher shoot C/N balance and higher root C content respect 

of the two other species (Figure S1).

3.3. Non-targeted metabolomics underlines pathways associated with 
ammonium tolerance in the Brachypodium genus

To further understand the species-dependent metabolic adaptation 
to NH4

+ nutrition, we looked for metabolites and metabolic pathways 
associated to the response of the Brachypodium genus to the N source 
using non-targeted metabolomics. We conducted this analysis in positive 
and negative ionization modes and detected a total of 2709 metabolic 
features in all samples (Table S3). As autotrophic and heterotrophic 
organs, the metabolism of leaves and roots is different. Therefore, to 
prevent the organ effect from masking impact effect of the species and 
the N source, we performed exploratory analyses separately for each 
organ. Principal component analysis (PCA) revealed a hierarchical or
ganization of the factors influencing the metabolic variation (Fig. 4). 
Both organs exhibited a similar pattern of species and condition distri
bution, with the PCA explaining 52.8 % of the total variation for shoot 
and 29.5 % for root. The primary source of variance was the species, 
captured by PC1 (34.9 % for shoot and 17 % for root), with B. distachyon 
showing the greatest divergence, while B. hybridum displayed an inter
mediate phenotype more closely aligned with B. stacei (Fig. 4). The N 
source contributed the second level of variation (PC2, 17.9 % for shoot 
and 12.5 % for root), with a clear separation observed in both organs, as 
indicated by the distinctive clustering of NH4

+ and NO3
- treatments 

(Fig. 4).
To place the metabolomics changes into the biological context, we 

analyzed the dataset considering their statistical significance (p-value <
0.05; Table S3) with respect to the N source effect using the Metab
oAnalyst 6.0 platform (Pang et al., 2024). To achieve this, we used the 

Fig. 4. Principal Component Analysis (PCA) of non-targeted metabolomic data separated by plant organs (shoot and root) in Brachypodium species under different 
nitrogen sources. Left panels show the distribution of three Brachypodium species: Bd (B. distachyon, orange), Bh (B. hybridum, blue), and Bs (B. stacei, pink). Right 
panels display the separation by nitrogen source treatments: NH4

+ (blue) and NO3
- (pink).
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pathway library for Triticum aestivum (bread wheat) and the mummi
chog algorithm (Figs. 5A and 5B). As recommended by MetaboAnalyst 
6.0, the complete dataset was employed to establish an accurate null 
model for background estimation. Mummichog algorithm is particularly 
valuable for analyzing unannotated metabolic features, as it assigns 
putative annotations and identifies significant pathways without 
requiring confident metabolite identification (Li et al., 2013). The un
derlying principle is that while individual metabolite annotations may 
be uncertain, pathway-level enrichment remains meaningful due to the 
non-random distribution of true metabolites within biochemical 
pathways.

In shoots, the metabolic pathway enrichment analysis focused on the 
N source effect identified three significantly enriched pathways (Fisher’s 
exact test with FDR correction): “citrate cycle (TCA cycle)” showed the 
highest enrichment (FDR = 8.29 × 10⁻⁴), followed by “glyoxylate and 
dicarboxylate metabolism” (FDR = 2.70 × 10⁻³), and “carbon fixation in 
photosynthetic organisms” (FDR = 1.31 × 10⁻²) (Fig. 5A). The metab
olites associated to these pathways are shown in Table S4. The fact that 
the three pathways are associated to primary C metabolism, highlights 
the importance of energy production and C supply for N assimilation, as 
already arouse by organic acid and sugar levels (Fig. 3). The enrichment 
of the TCA cycle, associated to the lower content of aconitate, fumarate, 
succinate, pyruvate, oxaloacetate, oxoglutarate and malate in the three 
species, along with the accumulation of Asp, Glu and Gln under NH4

+

nutrition, is surely responsible for the higher total amino acid level 
(Fig. 2). The glyoxylate pathway, is closely intertwined with the TCA 
pathway, as it bypasses the oxidative decarboxylation steps of this cycle, 
converting isocitrate to succinate and glyoxylate via the activity of 
isocitrate lyase. In a second step, malate synthase renders malate from 
glyoxylate and acetyl-CoA, without CO2 loss and thus, glyoxylate 
pathway conserves C skeleton production in form of malate or C4 acids 
(Eastmond and Graham, 2001). In the context of NH4

+ nutrition, the 
glyoxylate pathway may have an anaplerotic function, replenishing in
termediates of the TCA cycle (Eprintsev et al., 2015).

In the root, the enrichment pathway analysis focused on the effect of 
N source effect did not identify any pathway meeting the stringent sig
nificance threshold (FDR < 0.05); however, two major pathways 
approached significance (FDR < 0.1): “cysteine and methionine meta
bolism” (FDR = 7.5 × 10⁻²) and “glyoxylate and dicarboxylate meta
bolism” (FDR = 7.53 × 10⁻²) (Fig. 5B). The latter associated with several 
organic acids and amino acids, a pathway also retrieved in shoots. 
Detailed metabolite profiling revealed distinct patterns between NH4

+

and NO3
- nutrition across these pathways (Table S4). Considering the 

highlighted importance of the TCA cycle, we complemented the 
metabolite profiling by determining the activity of enzymes associated 

to TCA cycle (ICDH, MDH, PEPC, PK, CS). The N source significantly 
affected CS activity both in shoot and root (Fig. 6). PEPC activity was 
also induced in the root upon NH4

+ nutrition; notably, in B. hybridum that 
showed an overall higher root PEPC activity. Indeed, RNAi sorghum 
lines silenced for the root PEPC isoform (SbPPC3) presented enhanced 
sensitivity to NH4

+ stress and a higher NH4
+ accumulation in the root, 

thus providing a genetic evidence of the importance of TCA cycle under 
ammonium nutrition (Marín-Peña et al., 2024). B. hybridum also showed 
higher PK activity in the root, an enzyme responsible for the last step of 
glycolysis, which was probably induced by its higher root sugar avail
ability (Fig. 3). This further suggests a more active C metabolism, which 
would contribute to the more vigorous growth of this species. In the 
shoot, the more tolerant B. stacei presented the highest CS and PK ac
tivities, which may be facilitating the use of C resources in this species.

3.4. Non-targeted metabolomics depicts significant metabolites associated 
with the differential Brachypodium responses

In order to identify potential metabolites associated with the varying 
response observed among the three species, we paid special attention to 
the metabolic features significantly affected by the NxS interaction (p- 
value < 0.05; Table S3). In the aerial part, pathway enrichment analysis 
revealed significant enrichment of two flavonoid-related pathways: 
“flavone and flavonol biosynthesis” and “flavonoid biosynthesis” 
(Fig. 7A). Indeed, several flavonoids associated to these pathways 
exhibited significant NxS interaction effect (FDR < 0.05) (Table 1). For 
instance, the accumulation of flavonoids, such as the tentatively anno
tated kaempferol and isoquercitrin, was especially relevant in B. stacei 
under NH4

+ nutrition compared to NO3
- nutrition. Several other flavo

noids, including putative biochanin, daidzein, and rutin, also displayed 
species-specific responses to the N source, with notable different accu
mulation patterns across the three Brachypodium species.

Flavonoids are specialized metabolites with many different biolog
ical functions. One of their best-recognized properties is their ability to 
function as antioxidants through direct scavenging or reactive oxygen 
species (ROS) or via its metal-chelating activity. ROS overproduction 
has been often reported in plants exposed to NH4

+ stress. Indeed, altering 
antioxidant systems has been shown to affect the tolerance of plants to 
NH4

+ stress (Liu and von Wirén, 2017; Xiao et al.,2023). The origin of 
NH4

+-dependent ROS overproduction is not completely understood but it 
has been linked to, among others, increased mitochondrial electron 
transport chain activity (Rasmusson et al., 2020) and the Fenton reac
tion because of reactive iron (Fe) accumulation in the root (Liu et al., 
2022a). In this sense, it is noteworthy that B. stacei was the only species 
that displayed a significant accumulation of flavonoids, a response not 

Fig. 5. Metabolic pathway enrichment analysis using the mummichog algorithm in Brachypodium shoot (A) and root (B) for the metabolites showing significant 
nitrogen source effect (two-way ANOVA).
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observed in B. distachyon or B. hybridum (Table 2). Therefore, we can 
hypothesize that flavonoids may contribute to the observed NH4

+ toler
ance of B. stacei (Fig. 1). As a marker of plant redox status we determined 
the total content of reduced (GSH) and oxidized glutathione (GSSG) and 
calculated their ratio (GSH/GSSG) (Figure S2). The high variability 
among replicates hindered the statistical significance but the general 
trends observed do not support the involvement of glutathione in the 
species-effect on ammonium tolerance.

In roots, the analysis focused on the significant NxS interaction 
revealed several enriched pathways (FDR ≤ 0.05) (Fig. 7B) associated 
with 13 metabolic features presented in Table 2. Among these, primary 

C and N metabolites also showed significant NxS interaction. Glu was 
accumulated in B. stacei and B. hybridum, while it decreased in 
B. distachyon. Additionally, the content of the carboxylic acids tenta
tively annotated as citrate, oxoglutarate and oxaloacetate was lower in 
the root of B. hybridum and B. stacei while it increased in B. distachyon. 
These results are consistent with the targeted metabolites determination 
(Fig. 3) and suggest a higher N assimilation capacity for B. hybridum and 
B. stacei that may contribute to their higher NH4

+ tolerance compared to 
B. distachyon as previously discussed.

Interestingly, several key compounds were associated to root 
“cysteine and methionine metabolism” pathway. These metabolites 

Fig. 6. TCA-associated enzyme activities in B. distachyon (Bd), B. hybridum (Bh), and B. stacei (Bs) under ammonium and nitrate nutrition in both shoot and root. 
Measurements include citrate synthase (CS; μmol NADH g⁻¹ FW h⁻¹), malate dehydrogenase (MDH; mmol NADH g⁻¹ FW h⁻¹), isocitrate dehydrogenase (ICDH; μmol 
NADPH g⁻¹ FW h⁻¹), phosphoenolpyruvate carboxylase (PEPC; μmol NADH g⁻¹ FW h⁻¹), and pyruvate kinase (PK; μmol NADH g⁻¹ FW h⁻¹). Asterisks indicate the level 
of significance of the ANOVA due to the factors nitrogen source (N), species (S), and the interaction between nitrogen source and species (N × S). *: p ≤ 0.05; **: 
p ≤ 0.01; ***: p ≤ 0.001.

Fig. 7. Metabolic pathway enrichment analysis using the mummichog algorithm in Brachypodium shoot (A) and root (B) for the metabolites showing significant 
nitrogen source x species (NxS) interaction effect (two-way ANOVA).
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included 1-aminocyclopropanecarboxylic acid (ACC), which showed 
higher accumulation in B. distachyon upon NH4

+ nutrition compared to 
NO3

- nutrition (Table 2). ACC is the precursor or ethylene. Ethylene 
synthesis and its related signaling pathways are induced by NH4

+ (Li 
et al., 2019; 2022). In fact, ethylene appears as a negative signal in 
Arabidopsis, as the ethylene-insensitive mutant ein3 is tolerant to NH4

+

nutrition (Li et al., 2019). On the contrary, the rice ethylene-insensitive 
mutant Oseil1 displayed enhanced sensitivity to NH4

+ nutrition (Li et al., 
2022). In our study, ACC increased exclusively in the root of 
B. distachyon upon NH4

+ nutrition. Consistently, B. distachyon root 
growth was negatively affected by NH4

+ nutrition, while the other two 
species maintained similar root growth under both NH4

+ or NO3
- nutri

tion (Fig. 1A). Therefore, these findings support the idea that ethylene 
accumulation may be a negative determinant for NH4

+ sensitivity in 
Brachypodium species.

Furthermore, several compounds related to Fe homeostasis showed 
distinct patterns, including the phytosiderophores 2-deoxymugineic 
acid, 3’’-deamino-3’’-oxonicotianamine, and 3-hydroxymugineic acid, 
all sharing similar retention times. These metabolites also showed 
increased accumulation under NH4

+ nutrition in B. distachyon but not in 
B. stacei and B. hybridum. This result aligns with a previous study, where 
we reported that Fe homeostasis was altered in B. distachyon upon NH4

+

nutrition, as evidenced, among others, by the increased abundance of 
proteins associated with the methionine (Met) cycle and phytosider
ophore content (De la Peña et al., 2022). Similarly, recent works high
lighted the importance of Fe homeostasis for NH4

+ tolerance in 
Arabidopsis (Coleto et al., 2021; Liu et al., 2022a; Liu et al., 2022b; Li 
et al., 2024). Importantly, both ACC and phytosiderophores are 

synthesized from S-adenosyl-methionione, an essential plant metabolic 
intermediate. In addition, the occurrence of O-acetylserine among the 
13 metabolites, reinforces the idea that sulfur assimilation participates 
in NH4

+-dependent metabolic responses. These results suggest that 
Met/ethylene and Fe-associated responses may be associated with the 
differential growth observed among species within the Brachypodium 
genus.

4. Concluding remarks

The three Brachypodium annual species showed different degree of 
NH4

+ tolerance in terms of growth, where B. distachyon was the most 
sensitive and B. stacei the most tolerant. Ammonium nutrition entailed a 
rearrangement of TCA cycle functioning, suggesting a redirection of 
carbohydrate flux to support N assimilation. This metabolic strategy was 
shared by the three species, but differences were observed notably for 
B. distachyon, which displayed the higher sensitivity and presented 
lower sugar and organic acid accumulation, notably in the shoot. 
B. hybridum, regardless of the N source, exhibited the highest biomass, 
which might be due to its enhanced C metabolism, as supported by 
higher sugar and starch content and C-related enzyme activities. In 
addition, the higher shoot flavonoid levels detected in the more tolerant 
B. stacei and the higher content of root ACC and Fe-associated metabo
lites content in the more sensitive B. distachyon could be associated to 
the differences observed in NH4

+ tolerance/sensitivity among these 
species. Altogether, our work underlines the power of non-target 
metabolomics and natural variation to unveil mechanisms that can 
contribute to enhance NH4

+ tolerance. Future works will help to further 

Table 1 
Metabolic features with their tentative annotation from leaf pathway enrichment analysis of the N source × species (NxS) interaction.

Pathway Class Tentative annotation Query 
Mass

Matched 
Form

RT B. distachyon B. hybridum B. stacei

Ammonium Nitrate Ammonium Nitrate Ammonium Nitrate

FB F (-)-Epiafzelechina 297.074 M+Na[1 + ] 1.65 3.2 ± 0.0 3.18 
± 0.0

3.2 ± 0.0** 3.1 
± 0.0

3.2 ± 0.0** 3.05 
± 0.0

FB F (2 R)− 2-(3.4- 
Dihydroxyphenyl)− 3.5.7- 
trihydroxy− 2.3- 
dihydrochromen− 4-oneb

285.04 M-H2O-H[-] 1.655 3.4 ± 0.0 3.40 
± 0.0

3.6 ± 0.0 3.6 
± 0.0

3.6 ± 0.0** 3.46 
± 0.0

FB O 3-O-p-Coumaroylquinic acid 337.093 M-H[-] 1.425 3.2 ± 0.0* 3.44 
± 0.0

2.8 ± 0.0 2.7 
± 0.0

2.8 ± 0.0* 2.66 
± 0.0

FB F Aromadendrinc 308.032 M+Na-2H[-] 2.283 0.7 ± 0.1** 1.35 
± 0.1

3.4 ± 0.0 3.4 
± 0.0

3.5 ± 0.0* 3.45 
± 0.0

FF F Astragalin 431.098 M-H2O+H 
[1 + ]

1.641 3.3 ± 0.0* 3.09 
± 0.0

3.2 ± 0.0 3.2 
± 0.0

3.3 ± 0.0* 3.11 
± 0.0

FF F Biorobin 575.14 M-H2O-H[-] 2.208 4.1 ± 0.0* 4.01 
± 0.0

3.7 ± 0.0** 3.7 
± 0.0

3.9 ± 0.0** 3.52 
± 0.0

FB L Buteind 295.059 M+Na[1 + ] 1.643 3.7 ± 0.0* 3.66 
± 0.0

3.2 ± 0.0 3.2 
± 0.0

3.1 ± 0.0* 2.94 
± 0.0

FB C Dattelic acid 335.078 M-H[-] 1.399 2.4 ± 0.0 2.40 
± 0.1

3.2 ± 0.2 2.6 
± 0.1

2.7 
± 0.0***

2.33 
± 0.0

FF F Isoquercitrin 445.078 M-H2O-H[-] 1.654 3.9 ± 0.0 3.88 
± 0.0

4.1 ± 0.0 4.0 
± 0.0

4.1 
± 0.0***

3.83 
± 0.0

FB. FF F Kaempferol 285.04 M-H[-] 1.655 3.4 ± 0.0 3.40 
± 0.0

3.6 ± 0.0 3.6 
± 0.0

3.6 
± 0.0***

3.46 
± 0.0

FB F Pentahydroxyflavanone 285.04 M-H2O-H[-] 1.655 3.4 ± 0.0 3.40 
± 0.0

3.6 ± 0.0 3.6 
± 0.0

3.6 ± 0.0** 3.46 
± 0.0

FB L Phloretin 297.074 M+Na[1 + ] 1.65 3.2 ± 0.0 3.18 
± 0.0

3.2 ± 0.0** 3.1 
± 0.0

3.2 ± 0.0** 3.05 
± 0.0

FF F Rutin 565.156 M- 
HCOOH+H 
[1 + ]

1.645 4.5 ± 0.0* 4.46 
± 0.0

3.9 ± 0.0 3.9 
± 0.0

3.8 ± 0.0** 3.51 
± 0.0

FB F trans− 3.3′.4′.5.5′.7- 
Hexahydroxyflavanone

319.045 M-H[-] 1.012 3.3 ± 0.0 3.48 
± 0.1

3.3 ± 0.0* 3.7 
± 0.1

3.8 ± 0.0 3.58 
± 0.1

For pathway, FB means “Flavonoid biosynthesis” and FF “Flavone and flavonol biosynthesis”.
For compound class, F means “Flavonoids”, O “Organooxygen compounds, L “Linear 1,3-diarylpropanoids”, C “Cinnamic acids and derivatives”
In tentative annotation: aAlso matched to 5-Deoxyleucopelargonidin, afzelechin, and apiforol; bAlso matched to luteolin; cAlso matched to eriodictyol, eriodictyol 
chalcone and fustin; dAlso matched to butin, chalconaringenin, garbanzol, naringenin and pinobanksin 5-[galactosyl-(1->4)-glucoside]
RT: Retention time in minutes.
Asterisks indicate significant differences between ammonium and nitrate treatments (* p < 0.05; ** p < 0.01; *** p < 0.001).
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depict the potential involvement of the metabolic traits identified in the 
quest of increasing ammonium tolerance and use efficiency to increase 
crops NUE and to boost NH4

+-based nutrition in agroecosystems.
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J. Sánchez-Zabala, C. González-Murua, D. Marino, Mild ammonium stress increases 
chlorophyll content in Arabidopsis thaliana, Plant Signal. Behav. 10 (2015) e991596, 
https://doi.org/10.4161/15592324.2014.991596.
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