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Abstract

Nitrogen (N) fertilization is essential to maximize crop production. However, around half of the applied N is lost to the
environment, causing water and air pollution and contributing to climate change. Understanding the natural genetic
and metabolic basis underlying plants N use efficiency is of great interest to attain an agriculture with less N demand
and thus more sustainable. The study of ammonium (NH,*) nutrition is of particular interest, because it mitigates N
losses due to nitrate (NO;) leaching or denitrification. In this work, we studied Brachypodium distachyon, the model
plant for C; grasses, grown with NH,* or NO;~ supply. We performed gene expression analysis in the root of the B.
distachyon reference accession Bd21 and examined the phenotypic variation across 52 natural accessions through
analyzing plant growth and a panel of 22 metabolic traits in leaf and root. We found that the adjustment of primary
metabolism to NH,* nutrition is essential for the natural variation of NH,* tolerance, notably involving NH,* assimilation
and phosphoenolpyruvate carboxylase (PEPC) activity. Additionally, genome-wide association studies (GWAS) indi-
cated several loci associated with B. distachyon growth and metabolic adaptation to NH,* nutrition. We found that the
GDH2 gene was associated with the induction of root glutamate dehydrogenase activity under NH,* nutrition and that
two genes encoding malic enzyme were associated with leaf PEPC activity. Altogether, our work underlines the value
of natural variation and the key role of primary metabolism to improve NH,* tolerance.

Abbreviations: CS, citrate synthase; FK, fructokinase; GDH, glutamate dehydrogenase; GK, glukokinase; GOGAT, glutamate synthase; GS, glutamine synthetase;
GWAS, genome-wide association study; ICDH, NADP-dependent isocitrate dehydrogenase; MDH, malate dehydrogenase; ME, malic enzyme;NUE, nitrogen use
efficiency; OPLS-DA, orthogonal projection to latent structures-discriminant analysis; PCA, principal component analysis; PEPC, phosphoenolpyruvate carboxylase;
PK, pyruvate kinase; TCA, tricarboxylic acid.
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Introduction

Crop grasses, including cereals, play a critical role in human
nutrition, while also serving as a crucial component of animal
feed and biofuel production. The optimization of crop yield
relies heavily on nitrogen (N), resulting in the annual usage of
>100 Mt of N fertilizers (Swarbreck et al., 2019). However, N
use efficiency (NUE), which measures the proportion of ap-
plied fertilizer that is recovered in grain, is estimated to be be-
tween 30% and 50%. A low NUE means a significant amount
of N is lost to the environment, with an estimation of 50 kg
N ha™! year ' lost through leaching and greenhouse gas emis-
sions that negatively affect water and air quality and contribute
to climate change (Lassaletta ef al., 2016; Coskun et al., 2017,
Swarbreck et al., 2019).

Non-leguminous vascular plants mainly obtain N from the
absorption of ammonium (NH,") or nitrate (NOj"), primary
N sources present in fertilizers. NH," is directly assimilated
into organic compounds while NO;™ has to be first reduced
to NH," to be used. In this sense, a higher content of assimi-
lated N is a general feature of plants grown under NH," nu-
trition (Esteban et al., 2016; Gonzalez-Moro et al., 2021). The
negative charge of NOj;™ prevents its adhesion to soil particles
and thus is prone to leaching, which makes it unavailable for
plant use and decreases the NUE of the agrosystem. In this
regard, NH, " -based fertilization in combination with a nitri-
fication inhibition strategy, which blocks its oxidation by soil
microbial nitrifiers, appears as a promising alternative to im-
prove NUE since it maintains N in the soil for longer peri-
ods, and thus can reduce the amount of N fertilizer needed.
Adopting this approach leads to reduced NO; ™ leaching and
N,O emissions when compared with a more nitric fertilization
(Subbarao and Searchinger, 2021; Xiao et al., 2023). However,
an excessive concentration of NH," in the soil can lead to
plants suffering stress. The most common symptoms of NH,"
stress are reduced plant growth and altered root architecture
compared with plants grown with NO;~ supply. When NH,"
stress increases because of the high NH," concentration and/
or the length of exposure, symptoms become more severe and
include leaf chlorosis and even plant death. The causes of this
symptomatology are diverse and comprise oxidative stress, in-
tracellular pH alterations, and unbalanced mineral nutrition
(Britto and Kronzucker, 2002; Coleto et al., 2023; Xiao et al.,
2023). These adverse effects are commonly attributed to the
excessive NH," uptake, accumulation, or even assimilation
(Britto and Kronzucker, 2002; Sarasketa ef al., 2014; Hachiya
et al., 2021).

Although NH," stress is considered universal, the threshold
concentration of NH," to trigger stress varies between plant

species. Some species, such as Spinacia oleracea (Lasa et al., 2002),
display very high sensitivity to NH,", whereas species such as
oil palm are highly tolerant (De la Pefia ef al., 2023). In addi-
tion, important variability has been reported within the same
species such as Arabidopsis thaliana (Sarasketa et al., 2014; Chen
et al., 2021; Katz et al., 2022), pea (Cruz et al., 2011), or rice
(Di et al., 2018). In general, plants adapted to low nitrification
environments show the highest tolerance to NH," stress, such
as late-successional conifers adapted to acidic soils (Britto and
Kronzucker, 2013), rice to paddy fields with limited oxygen
availability (Xiao ef al., 2023), and species such as the C, grass
Spartina alterniflora adapted to saline soils (Hessini et al., 2013).
In agricultural soils, nitrification is very active, and thus crops
have been bred for their ability to grow using NO;™ as primary
N source regardless of the fertilizer used. Thus, many crops
could have lost their ability to efficiently handle NH," nu-
trition. In this sense, exploiting natural variability in order to
identify traits to enhance NH," tolerance is of great interest,
notably in wild species that have not been subjected to a nitri-
fying environment.

Brachypodium distachyon is a wild Cj; grass that belongs to the
Pooideae subfamily and is closely related to important cereal
crops such as barley and wheat (Kellogg, 2015; Catalan et al.,
2016; Scholthof et al., 2018). Its reduced diploid genome, small
size, and short generation time make it an attractive and pow-
erful model for research. Importantly, many common features
with cereals have been revealed, such as biotic stress responses
and cell wall composition, and even its root microbiome and
root exudate profile closely resemble those of wheat (Hasterok
et al.,2022). Importantly, several works validated B. distachyon as
a model to study N nutrition in cereals, for instance studying
the dynamics of NO;™ uptake (David et al., 2019). Regarding
NH, " nutrition, we reported that the reference accession B.
distachyon Bd21 displayed a similar metabolic behavior upon
NH, " stress compared with wheat, for example accumulating
NH, " and asparagine in roots and diverting carbon (C) metab-
olism to facilitate NH," assimilation (De la Pefa et al., 2019).
Opverall, the study of N nutrition in B. distachyon fills a gap
with cereals compared with the use of Arabidopsis thaliana with
dicot crops, all while keeping the advantages of working with
a model plant. For instance, differences have been observed
between these two models regarding NRT2 NO;~ transport-
ers (Wang et al., 2018) or plant metabolic performance upon
NH, " nutrition (De la Pefia et al., 2019). Advancing towards
the identification of the genetic and metabolic basis of the ad-
aptation to ammonium nutrition in monocots is of great in-
terest to improve the ammonium use efficiency of cereals that
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will help make agricultural systems more sustainable, notably
regarding N losses.

In this context, we studied the non-domesticated grass
model B. distachyon, performing a transcriptomic analysis in the
reference accession Bd21 and surveying the responses towards
NH," stress in 52 natural accessions collected throughout its
native growth range in the Mediterranean and the Middle East
that were previously used to build the B. distachyon pan-genome
(Gordon et al.,2017).All accessions were grown in hydroponic
conditions with NO;~ or NH," as N source. Plant growth and
22 metabolic markers (13 metabolites and nine enzyme ac-
tivities) were determined in both roots and leaves. We exam-
ined the obtained phenotypic data with multivariate analyses
to elucidate the involvement of metabolic adaptation in NH,*
tolerance in grasses. Furthermore, combining the acquired data
with genomic information, we conducted a genome-wide as-
sociation study (GWAS), a genetic approach tailored to inves-
tigate complex and polygenic traits. This method facilitated the
identification of potential regulatory genetic loci associated
with NH," nutrition, helpful for the development of cereal
cultivars with a more efficient use of NH," as the source of N.

Materials and methods

Plant growth and experimental design

Seeds were washed in a solution containing 15% bleach and 0.1% Triton
X-100 for 4 min, followed by thorough rinsing with sterile deionized
water. To synchronize germination, seeds were placed on damp sterile
filter paper in Petri dishes and stratified in darkness at 4 °C for 7 d. After
stratification, plates were transferred to a growth chamber and kept in the
dark for an additional 3 d. Germinated seeds were sown on trays filled
with perlite:vermiculite (1:1, v:v) soaked with deionized water. After 7
d, homogeneous seedlings were selected and transferred to hydroponic
tanks.

For transcriptomic analysis, 12 seedlings of the B. distachyon Bd21 ref-
erence accession were placed in tanks of 4.5 liters growing under ammo-
nium or nitrate conditions (three tanks per condition). Plants were grown
during 19 d with 2.5 mM N, a N-sufficient condition as established in
De la Pena et al. (2019) supplied as 1.25 mM (NH,),SO, or 1.25 mM
Ca(NOs),. In addition, the nutrient solution contained 1.15 mM
K,HPO,, 0.85 mM MgSO,, 0.7 mM CaSO,, 2.68 mM KCI, 0.5 mM
CaCQOs;, 0.07 mM NaFeEDTA, 16.5 uM Na,MoOy,, 3.7 uM FeCl;, 3.5
UM ZnSO,, 16.2 uM H,BOs, 0.47 uM MnSO,, 0.12 uM CuSO,, 0.21
puM AlCl;, 0.126 uM NiCl,, and 0.06 pM KI.To properly compare both
N sources, NO; -fed plants were supplied with 1.25 mM CaSO, to
match the SO, supplied with the NH,". The pH was 6.8 and its stability
was checked every 2 d with a pHmeter and maintained in £0.2 units
during the whole experiment. The nutrient solution was replaced every
4 d.The individuals grown in the same tank were pooled and considered
as a biological replicate, immediately frozen in liquid nitrogen, ground to
powder using a Tissue Lyser (Retsch MM 400) at cryogenic temperature,
and stored at —80 °C until RNA extraction.

To characterize the intraspecific variability in the metabolic adaptation
of B. distachyon to nitrate or ammonium nutrition, we analyzed 52 acces-
sions that were de novo assembled and annotated by Gordon et al. (2017)
(https://brachypan.jgi.doe.gov/). To do so, we employed 1.2 liter tanks,
each accommodating three seedlings of a single accession (three tanks
per accession). The growth conditions and medium composition were
the same as for the transcriptomic analysis. Harvesting of the plants took

place between 10.00 h and 12.00 h, 2 h after the onset of the light pe-
riod. Shoots and roots were separated and weighed individually. The three
individuals grown in the same tank were pooled together and considered
as a biological replicate, immediately frozen in liquid nitrogen, ground to
powder using a Tissue Lyser (Retsch MM 400) at cryogenic temperature,
and stored at =80 °C until further use.

Metabolite determination

Ethanolic extraction was carried out with 20 mg of frozen root or leaf
powder in three phases. Samples were homogenized with 250 pl of 80%
ethanol in 10 mM HEPES (pH 6), incubated for 20 min at 80 °C, cen-
trifuged at 16 000 ¢ for 5 min at 4 °C, and the supernatant was recovered.
The process was repeated with 150 pl of 80% ethanol in 10 mM HEPES
(pH 6), and with 250 pl of 50% ethanol in 10 mM HEPES (pH 6). The
three supernatants were pooled together and the resulting pellet resus-
pended in 400 pl of 0.1 M NaOH to measure proteins and starch. Total
chlorophyll, soluble sugars, citrate, malate, protein, and starch were deter-
mined as described in Poucet et al. (2021). The NH," and NO; content
was quantified as described in Sarasketa et al. (2014) and Tschoep et al.
(2009), respectively. Total free amino acids were quantified as described by
Bantan-Polak ef al. (2001). Glutamate quantification was determined fol-
lowing Zhang et al. (2015), and total glutathione as described by Griffith
(1980).

Enzyme activities

A 20 mg aliquot of frozen leaf and root powder was extracted by vig-
orous shaking with 500 pl of extraction buffer [20% (v/v) glycerol, 1%
Triton X-100 (v/v), 50 mM HEPES-KOH (pH 7.5), 10 mM MgCl,,
1 mM EDTA, 1 mM EGTA, 1 mM aminocaproic acid, 1 mM benza-
midine, 20 pM leupeptin, 0.5 mM DTT, 1 mM phenylmethylsulfonyl
fluoride, 10% polyvinylpolypyrrolidone (w/v)]. Glucokinase (GK), fruc-
tokinase (FK), glutamate dehydrogenase (GDH), phosphoenolpyruvate
carboxylase (PEPC), malate dehydrogenase (MDH), pyruvate kinase
(PK), total citrate synthase (CS), mitochondrial citrate synthase (CSm),
and NADP-dependent isocitrate dehydrogenase (ICDH) enzyme ac-
tivities were assayed by spectrophotometry with robotized microplate
assays (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
measured at 570 nm via a cycling reaction involving the reduction of
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide in the
presence of alcohol dehydrogenase and phenazine ethosulfate. CS ac-
tivity was measured at 412 nm following the reduction of 2 mM DTNB
[5,5'-dithiobis(2-nitrobenzoic acid)] as described in Anoop ef al. (2003).
All assays have been validated by checking the recovery of a biological
standard (tomato leaf extract) and by ensuring that the dilution of the
extracts had no effect on the estimation of activities, as described in
Bénard and Gibon (2016).

Transcriptomic analysis

Total RNA was isolated from 25 mg of Bd21 frozen root powder grown
under NH,* or NO;™ nutrition using the Nucleospin RNA plant kit
(Macherey-Nagel), which included DNase treatment. RNA quality
was analyzed on Agilent RNA 6000 Nano chips in an Agilent 2100
Bioanalyzer (Agilent, Santa Clara, CA, USA). Three independent biolog-
ical replicates were analyzed; each replicate corresponded to a pool of 12
plants. mRINA was purified using poly(T)oligo-attached magnetic beads.
Libraries were generated with the NEBNext® Ultra™ RNA Library
Prep Kit for Illumina® (NEB, USA) and sequenced, generating paired-
end reads on an Illumina platform. Library preparation and sequencing
were outsourced to Novogene (UK).
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The sequencing reads were aligned to B. distachyon reference genome
version 3.1, using the software HISAT2 (Kim et al., 2019). Transcripts
were quantified as fragments per kilobase of transcript per million
mapped reads (FPKM) with HTseq (Anders et al., 2015). Differential
expression was assessed using the DESeq2 package (Love et al., 2014).
DESeq2 provides statistical routines for determining differential expres-
sion in digital gene expression data using a model based on the nega-
tive binomial distribution. P-values were adjusted using the Benjamini
and Hochberg’s approach for controlling the false discovery rate (FDR).
Genes with an adjusted P-value <0.05 found by DESeq2 were assigned
as differentially expressed. Gene ontology (GO) enrichment analysis was
performed using g:Profiler (Kolberg et al., 2023).

For quantitative PCR (qQPCR) 1 pg of total RNA was retrotranscribed
into cDNA (PrimeScript™ RT;Takara Bio) and gene expression was de-
termined from 2 pl of a 1:10 ¢cDNA dilution in a 15 pl reaction volume
using TB Green® Premix Ex Taq™ II (Takara Bio) in a Step One Plus
Real Time PCR System (Applied Biosystems). The PCR program was
5 min at 95 °C and 40 cycles of 94 °C for 155 and 60 °C for 30 s.
The relative expression levels of target genes were calculated by the 2~
82 method where ACt is the difference in threshold cycle number (Ct)
for the target gene and the mean of the reference genes BAUBI10 and
BdEFI1a. Primers used are available in De la Pefa et al. (2019) and in
Supplementary Table S1.

Genome-wide association study

We performed GWAS on a dataset of 51 accessions using the Genome
Association and Prediction Integrated Tool-R. package (GAPIT version
3) (Wang and Zhang, 2021). The genetic diversity file (Bdistachyon_314.
vcf) was obtained from Phytozome (Goodstein et al., 2012). Biallelic
single nucleotide polymorphisms (SNPs), mapped on reference assembly
v3.0, were subsequently filtered to remove loci with missing calls in more
than two accessions. This analysis was conducted for all measured pheno-
types under NH," or NO;™ nutritional conditions. GWAS analysis was
performed with a multilocus mixed model (MLMM). Population struc-
ture was controlled with a kinship matrix (Supplementary Fig. S1A) and
a principal component (PC) matrix of two dimensions (Supplementary
Fig. S1B). The principal component analysis (PCA) and the kinship ma-
trix were calculated from an SNP fraction of 0.05 (5% randomly selected
markers). The first two dimensions of the PCA explained nearly 50%
of marker variance, and indicated the presence of three populations. A
threshold probability of 1 X 107 for individual tests was considered as
significant. To ensure reliable associations, we removed SNPs with a low
minor allelic frequency (MAF) <10% across the panel, as these SNPs
can often lead to false-positive associations. In total, our analysis in-
cluded 1845901 SNPs distributed across the five chromosomes of B.
distachyon. Many marker—trait associations found were close in the phys-
ical map, indicating a common underlying gene. These close associations
were grouped in single quantitative trait loci (QTLs) following a linkage
disequilibrium (LD)-based method. First, LD, adjusted by kinship and
PCs, was calculated with the LDcorSV package (Mangin et al., 2012).
Background LD was computed as the LD corresponding to the 95th per-
centile of a normal distribution fitted to the pairwise interchromosomal
LD values computed for a random set of 200 markers per chromosome
(1000 in total), after square root transformation as in Breseghello and
Sorrells (2006). LD decay per chromosome was computed as the distance
at which a Loess curve fitted to the set of pairwise LD values between
1000 random SNPs crossed the background LD. Marker—trait associa-
tions were identified as belonging to the same QTL if the associated
SNPs were closer than the corresponding chromosomic LD distance. To
search for candidate genes at each of the identified QTLs, we defined the
confidence region for each QTL. To this end, LD decay of each QTL
from the top associated SNP was calculated fitting a Loess curve to the
pairwise LD values calculated with 1000 thinned SNPs, extracted from

the flanking region of =1 Mb.The confidence region was defined as the
distance from the top SNP to the point where the Loess curve decreased
to half of its maximum value, as in Vos et al. (2017).

Statistical analysis

All statistical analyses were performed using R (R version 4.2.2). PCA
scores were generated with the FactoMineR package (Lé ef al., 2008),
along with hierarchical clustering analysis (HCA) using the ‘heatmap.2’
function from the gplots package. To identify significant metabolic
variables contributing to the separation of the top sensitive and tol-
erant accessions, PCA and orthogonal projection to latent structures-
discriminant analysis (OPLS-DA) were carried out using the ‘ropls’
package (Thevenot ef al., 2015). For this purpose, the data were scaled
using the Pareto method. To analyze variable individually, ANOVA was
performed on the linear regression model, utilizing type III sums of
squares. Additionally, for the total plant biomass, we calculated the esti-
mated marginal means and compared the effects of NH," and NO;~
nutrition in each genotype by performing post-hoc Tukey multiple
comparisons using the ‘emmeans’ package (Lenth ef al., 2018). For each
case, we ensured the validity of the assumptions by evaluating the nor-
mality and homogeneity of variance through the Kolmogorov—Smirnov
and Levene’s tests, respectively.

Results and discussion

The N source had extensive influence on root gene
expression in B. distachyon

Brachypodium distachyon was previously described as a good
model to study NH," nutrition, showing a similar beha-
vior compared with other grasses and cereals (De la Pena
et al., 2019). In the present study, to further understand B.
distachyon response to the N source provided, we performed
a transcriptomic analysis in the root of the reference acces-
sion Bd21 grown with 2.5 mM NH," or NO; supply. This
N concentration represents an N-sufficient condition that,
when supplied in the form of NH,", entails a stress situation
that provokes growth impairment with respect to NO;3™ nu-
trition (De la Pena er al., 2019, 2022). In the present work, a
similar growth reduction phenotype was observed, as shown
in Supplementary Fig. S2. Transcriptomic analysis revealed
that long-term growing with exclusive NH," or NO; as N
source had a great impact at the root transcriptional level,
with 2974 differentially expressed genes. Out of them, 1467
showed higher expression under ammonium nutrition while
1507 showed higher expression under nitrate nutrition
(Supplementary Table S2). GO enrichment analysis revealed
categories associated with oxidative stress such as ‘response to
oxidative stress’, ‘glutathione metabolic process’, or ‘hydrogen
peroxide metabolic process’, with iron homeostasis such as
‘L-methionine biosynthetic process’ and ‘transition metal ion
transport’, and with C and N metabolism such as ‘nitrate im-
port’, ‘carboxylic acid metabolic process’, and ‘amino acid
transmembrane transport’ (Fig. 1; Supplementary Table S3).
This general response is in agreement with previous reports
that showed Fe homeostasis alteration under NH," nutrition
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Fig. 1. Gene ontology (GO) enrichment analysis of differentially expressed genes (DEGs) [P<0.05, fold change (FC) >2] with higher expression in the root
of ammonium-fed (A) or nitrate-fed (B) Brachypodium distachyon Bd21 plants. Only driver terms identified with g:Profiler are shown. BP, CC, and MF
mean biological process, cellular component, and molecular function, respectively. The color scale represents the P-value given as —log,o and the dot size
the number of DEGs within each category. All DEGs are shown in Supplementary Table S2 and the whole GO analysis in Supplementary Table S3.
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Fig. 2. Natural variation of 52 accessions of B. distachyon grown under nitrate or ammonium as N source. (A) Total plant biomass. (B) Ratio between
total plant biomass mean under ammonium versus nitrate nutrition. For (A), values represent the mean +SE (n=3). Each biological replicate corresponds
to three plants grown in the same tank. Violin plots on the right side show the overall distribution of the traits. Significant effects of N source (S),
accession (A), and their interaction (SxA) from two-way ANOVA, as well as the significance of N source effect within each accesion, are indicated
((")P<0.1, *P<0.05, **P<0.01, **P<0.001). Red and blue color refer to ammonium and nitrate nutrition, respectively. The top 10 accessions displaying
the highest tolerance and the highest sensitivity to ammonium nutrition are shown in purple and yellow, respectively.

in B. distachyon (De la Pefia et al., 2022) and Arabidopsis (X.X.
Liu et al.,2022;Y. Liu et al., 2022). Moreover, redox alterations
are also common under NH," nutrition (Podgoérska et al.,
2013), among others in relation to Fe homeostasis (X.X. Liu
et al., 2022). We looked in detail into the expression of genes
coding for N transporters (Supplementary Table S4). Seven
NRT?2 genes, four NRT'1;1 homologs, and two AMT1 genes
have been identified in the B. distachyon genome (Plett et al.,
2010; Girin et al., 2014; von Wittgenstein et al., 2014). In our
work, an N source effect was evident in the expression N
transporters, notably observing a great induction of NRT?2
members in nitrate-grown plants. Similarly, the gene ex-
pression of AMT1 ammonium transporters was significantly
higher under ammonium nutrition (Supplementary Table
S4). Regarding C and N, it has been widely reported that
NH," nutrition entails an important adaptation of primary
metabolism that has an impact on plant tolerance. Among
others, the induction of NH, " assimilation is considered as an
NH," tolerance-promoting mechanism (Kusano et al., 2011;

Guan et al.,2016). However, excessive NH, " assimilation also
demands an intense C supply derived from the tricarboxylic
acid (TCA) cycle that leads to C—N imbalance and is con-
sidered as a trade-off for growth (Poucet et al., 2021; Kong
et al., 2022). In fact, glutamine (Gln) synthesis and/or accu-
mulation in plastids is associated with enhanced sensitivity
to NH," stress in Arabidopsis (Hachiya et al., 2021) and rice
(Xie et al.,2023).

Brachypodium distachyon displays extensive growth
variation as a function of the available N source

To further study the response of B. distachyon to NH," nutri-
tion, we performed a natural variation study comparing the
performance of 52 natural accessions grown under exclusive
NH," or NO; supply. As markers of plant physiology, we de-
termined shoot and root biomass and leat chlorophyll con-
tent. Taking into consideration the available literature and the
transcriptomic results, we focused on primary metabolism to
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study the differential adaption of the studied accessions to the
N source provided and analyzed nine enzyme activities and 13
metabolites. The whole dataset generated for this work is avail-
able in Supplementary Table S5.

Given that NH," nutrition represents a stress condition,
the N source had a significant impact on plant biomass, with
a general decrease in biomass accumulation for NH, -fed
with respect to NOj -fed plants (Fig. 2A).To allow compar-
ison among genotypes, the total plant biomass ratio of the
NH," versus the NO;~ condition was employed, a param-
eter previously used as an NH," toxicity/tolerance indicator
(Ariz et al., 2011; Sarasketa et al., 2014). This ratio revealed
extensive natural variation upon NH," tolerance in B. dis-
tachyon. The most sensitive accessions showed ratios below
0.5 and the most tolerant accessions close to 1 (Fig. 2B).The
reference accession Bd21 showed an intermediate phenotype
with a ratio of 0.68, in line with previous works (De la Pena
et al., 2019, 2022; Glazowska et al., 2019). The pattern for
shoot and root biomass for these accessions was consistent
with that of their respective total biomass (Supplementary
Fig. S3).

Root metabolic adaptation determines B. distachyon
intraspecific variability towards ammonium tolerance

In order to explore the distribution of the accessions with
respect to the metabolic variables determined, a PCA was
conducted considering all enzymes and metabolites with the
exception of chlorophyll and starch, as they were not meas-
ured in roots. PC1 and PC2 explained 76% of the total varia-
tion. As expected, the PCA clearly differentiated root and leaf
data (Fig. 3). Regarding the N source effect, the analysis also

25 ~°
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PC1 (50.3%)

discriminated NH, - and NOj -grown plants. Notably, the
impact of the N source on root metabolism was greater com-
pared with leaf metabolism, as all the accessions were clearly
separated into two non-overlapping clusters based on root
data, while the two groups partially overlapped when consid-
ering the leat data (Fig. 3), thus supporting a higher variation
in root versus leaf metabolic response to NH," nutrition than
to NO;™ nutrition. The variables with a higher contribution
to group separation along PC1 were nitrate, MDH, and CSm.
Notably, nitrate had a great influence on the separation of
root groups. The enzyme activities GK, FK, PK PEPC, ICDH,
GDH, and CS were the variables with the highest contribu-
tion to the separation along PC2 (Supplementary Fig. S4).
Looking at the general behavior of the metabolic variables
individually across the studied accessions (Supplementary Figs
S5, S6), the NOj;™ condition exhibited, as expected, signifi-
cantly higher levels of tissue NO;™ (Supplementary Figs S5C,
S6B), while the NH," condition exhibited higher levels of
tissue NH,", notably in the root (Supplementary Fig. S6A).
A high NH," concentration stimulates its assimilation and, in
agreement with this, the amino acid content was also higher
in the leaves and root of NH, -fed B. distachyon accessions
(Supplementary Figs S5E, 6D). In addition, protein content
was also higher in the root (Supplementary Fig. S6C). C me-
tabolism adaptation, among others to sustain the supply of
C skeletons for amino acid synthesis, is also common under
NH," nutrition. This C metabolic adaptation involves a re-
distribution of soluble sugars and the adjustment of the TCA
cycle functioning to work in an open-flux mode, diverting
C skeletons, mainly 2-oxoglutarate, for N assimilation. Under
this circumstance, the action of the anaplerotic enzymes is of
great importance to replenish the intermediates of the cycle.

Groups

EI Leaf ammonium nutrition
Root ammonium nutrition

EI Leaf nitrate nutrition

Root nitrate nutrition

Fig. 3. Individual score plot of principal component analysis (PCA) for 52 accessions of Brachypodium distachyon grown under ammonium and nitrate
nutrition, based on 20 metabolic traits determined in both leaf and root tissue. The variable score plot is shown in Supplementary Fig. S2.
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In this regard, the activity of TCA and anaplerotic enzymes is
generally higher when plants are grow under ammonium nu-
trition (Vega-Mas et al., 2019a; Gonzalez-Moro et al., 2021).
Indeed, the amino acid accumulation commonly observed
under ammonium nutrition is generally accompanied by or-
ganic acid depletion, notably in the leaves (Vega-Mas et al.,
2019a; Poucet et al., 2021). Our data indicated that malate
and citrate levels were very low in B. distachyon plants grown
under NH," nutrition, and a general induction of the deter-
mined enzyme activities was observed, notably in the root
(Supplementary Figs S5, S6). Regarding soluble carbohy-
drates, glucose content also tended to be lower under NH,"
nutrition, while fructose and sucrose were similar under both
nutritional conditions (Supplementary Figs S5, S6). Another
classical marker of NH," nutrition is the induction of GDH
activity in the root (Cruz et al., 2011; Sarasketa et al., 2014).
Accordingly, root GDH activity was higher in every accession
studied, with a mean fold increase of ~2.5 (Supplementary Fig.
S6R). Altogether, the general metabolic responses in our ex-
periment were similar to those previously reported for Bd21
in De la Pena et al. (2019), wheat (Setién et al.,2013), and rice
(Kusano et al., 2011), suggesting that the stimulation of NH,"
assimilation supported by TCA cycle functioning, notably in
the root, to prevent photosynthetic damage is a general fea-
ture in grasses (De la Pefa et al., 2019). An increase in reactive
oxygen species (ROS) production has been reported under
NH," nutrition, often accompanied by an increase in cell an-
tioxidant machinery in order to avoid or delay the occurrence
of oxidative stress (Podgorska et al., 2013;Y. Liu et al., 2022).
Concordantly, our analysis showed that total glutathione con-
tent was overall higher under NH," nutrition, notably in the
roots (Supplementary Figs S5M, S6K). Importantly, most met-
abolic variables were influenced by the genotype, as indicated
by the significant N sourceXaccession interaction observed
with two-way ANOVA.

To further explore the obtained metabolic data, we per-
formed HCA on heat map visualization of the whole dataset
(Supplementary Fig. S7) and separating the two nutritional
conditions (Fig. 4 for ammonium and Supplementary Fig.
S8 for nitrate). Similar to the PCA result, clustering of the
whole dataset clearly separated four groups, corresponding to
leat and root tissue under both nutrition types (Supplementary
Fig. S7). When looking at the data under NH," nutrition, two
main accession clusters were differentiated (Fig. 4). The cluster
placed in the lower part of the heat map is formed by 18
accessions while the upper cluster is formed by 34 accessions.
Among others, the differentiation of these two clusters was
based on a lower sugar accumulation in the accessions placed
in the lower cluster. Interestingly, when we searched for the
top 10 NH,"-sensitive and -tolerant accessions, as defined with
the biomass ratio in Fig. 2B, a noteworthy pattern emerged.
Most sensitive accessions clustered in the lower group, while
the top 10 tolerant accessions clustered in the upper group
(Fig. 4). Importantly, when examining the distribution of these

accessions in the heat maps performed with NOj™ nutrition
data, we found a more disperse pattern with no clear sepa-
ration of accessions (Supplementary Fig. S8). Taken together,
our results indicate that the metabolic adaptation to NH," nu-
trition is a leading force to determine the intraspecific NH,"
sensitivity in B. distachyon using the NH," versus NO;~ biomass
ratio as the tolerance marker.

To identify the key explanatory metabolic variables asso-
ciated with tolerance and sensitivity to NH," stress, we con-
ducted PCA and OPLS-DA on the 20 metabolic variables
derived from the selected top NH, -tolerant and -sensitive
accessions, strengthened by the hierarchical clustering in Fig.
4. For this analysis, we excluded the two sensitive accessions
located in the opposite cluster (Bd3-1 and RON2).To avoid a
bias in the analysis because of the different size of the groups,
two of the tolerant accessions (Mig3 and Koz1) were excluded.
When the analysis was performed with the metabolic vari-
ables measured under NH," nutrition, sensitive and tolerant
accessions were clearly segregated along PC1 and PC2 (Fig.
5A). Notably, the sensitive accessions exhibited a greater dis-
persion, while the tolerant ones displayed a narrower scat-
tering. Likewise, the OPLS-DA model revealed increased
variability among the most sensitive accessions compared with
the tolerant accessions (Fig. 5B).To elucidate the most relevant
metabolic variables, we derived VIP (variable importance in
projection) values from the OPLS-DA model using a threshold
of one. From the 14 significant variables, root and leaf sucrose
and amino acid content, leaf NH, " and starch content, and root
PEPC and PK activity were positively associated with NH,*
tolerance (Fig. 5C). In contrast, leaf PEPC, PK, ICDH, and CS
activity and root and leat GDH activity were negatively asso-
ciated with NH," tolerance (Fig. 5C). It was not possible to
build the OPLS-DA model with the data obtained for these 16
accessions under nitrate conditions due to the lack of statistical
significance in the first predictive component.

GWAS revealed gene loci potentially involved in B.
distachyon tolerance to ammonium nutrition

To identify genetic loci potentially associated with B. dis-
tachyon tolerance upon NH," stress, we performed GWAS
using the available dataset of dense SNPs specific to this gen-
otype collection (Gordon et al., 2017). We performed GWAS
for a total of 91 traits, setting the significance threshold at
—log;, P-value =5 (Supplementary Figs S9-S11). All signifi-
cant SNPs are shown in Supplementary Table S6. Given the
extensive amount of information obtained and considering
that accession clustering revealed that the metabolic variation
under NH," nutrition (Fig. 4), but not under nitric nutrition
(Supplementary Fig. S8), was able to differentiate between
NH, " -sensitive and -tolerant accessions, we focused on the
GWAS results associated with NH," nutrition. In particular,
we focused on phenotypic traits such as biomass, glutathione
content, and the significant variables derived from OPLS-DA.

$20Z 18qWBAON 6] UO Jasn ezobelez ap pepisiaAlun ea9101qig Aq 86209/ //2852.19/9Xl/£601 01 /10p/a[01e-8oueApe/gxl/woo-dno-olwapeoe//:sdiy Woll papeojumo(]


http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/erae382#supplementary-data
http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/erae382#supplementary-data
http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/erae382#supplementary-data
http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/erae382#supplementary-data
http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/erae382#supplementary-data
http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/erae382#supplementary-data
http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/erae382#supplementary-data
http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/erae382#supplementary-data
http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/erae382#supplementary-data
http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/erae382#supplementary-data
http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/erae382#supplementary-data
http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/erae382#supplementary-data
http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/erae382#supplementary-data
http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/erae382#supplementary-data
http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/erae382#supplementary-data
http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/erae382#supplementary-data
http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/erae382#supplementary-data

Color Key
o and Histogram
-
c
=N}
QN
(@] ; !
o
-4 024

Column Z-Score

Metabolic adaptation determines Brachypodium ammonium tolerance | Page 9 of 17

|| || |
[ | q ||
l C H = |
|| N | -
| || || N - l [ |
|| || [ | n
||
[ [ l [ |
[ ]
= ||
|| || l |
m ' || - -- [ | = | \
] |
- -
|| || - ||
[ || - || -l H B [
N = = -
|| N s [ |
|| |
= N
| - |
\- H EN
-. I = =
= E E e e TE.
|| l [ | [ | [ | -
B = . || i || [
m J -
o S
|| u [ H
H B || | [
M U U Y 4 e A o U e e U U U U U M U U U U o U Y U b e b e e Y ot 4 U e e A e e e U U
T T T 0000 R 0o T T NN NN OO N NGO 0O000 00000000 ®®
DO OVOOVDOOOO0ODVDOODVDVDDVDDVDDVDDPDVDVDDVDDPOOVODOVDOVOOOOOOVDOOOVDOOOOOOOLO
=Tl o e e & e o = = e e e O 0 e e L O O O O O O
S QO+, 50000 ' wOIEXNOQLDV ' oNSP9PIX XV X O ] =+ cT I C
82Ef@a;:g6505&0aggog@aowmmpecggﬁfﬁfgggaﬁog
SOLZYULroPg=z500 W=esZs w0 S 2w o Z0O ©==09
(&) = O OE o s o =0 a o
S = £ 5
3 g 5

BdTR2B
BdTR11I
Jer1

Luc1
Mur1
S8iiC
Per1
BdTR1i
Uni2
RON2
Mon3
BdTR7a
BdTR13C
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Fig. 4. Heat map visualization including hierarchical clustering for metabolites and enzymatic activities determined in leaf and root of 52 B. distachyon

accessions grown under NH,* nutrition. Chl, chlorophyll; CS, citrate synthase; CSm, mitochondrial citrate synthase; FK, fructokinase; GDH,

NAD-dependent glutamate dehydrogenase; GK, glucokinase; Glu, glutamate; ICDH, NADP-dependent isocitrate dehydrogenase; MDH, malate
dehydrogenase; PEPC, phosphoenolpyruvate carboxylase; and PK, pyruvate kinase. The 10 accessions displaying the highest tolerance and the highest
sensitivity to ammonium nutrition, as defined in Fig. 2, are shown in purple and dark green, respectively.
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Fig. 5. Multivariate analyses. Principal component analysis (PCA) (A), orthogonal projection to latent structures-discriminant analysis (OPLS-DA) of
correlation scaled scores (B), and S-plot of metabolic traits (C) performed with eight NH,*-sensitive and -tolerant Brachypodium distachyon accessions
under ammonium nutrition. In (A) and (B), dark green and purple refer to ammonium-sensitive and -tolerant accessions, respectively. Significant variables
in (C) are indicated with red color.

For the significantly

variables, we performed LD analysis and searched the loci
present in the confidence regions surrounding those SNPs
(Supplementary Table S7). To discuss potential candidate

associated SNPs corresponding to these

genes among those present in the LD regions, we looked for
available literature and also at their expression profile in the
root of Bd21, as shown in Supplementary Table S8 (extracted
from Supplementary Table S2).

$20Z JoquianoN 6 UO Jasn ezobeiez ap pepisioAlun eosjolqig Aq 86209/ 2/Z8cerI8/aXl/S60 L 0 L/1op/a|o1e-aoueApe/gxl/wod:dno olwapese//:sdyy Woll peapeojumo(


http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/erae382#supplementary-data
http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/erae382#supplementary-data
http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/erae382#supplementary-data

Metabolic adaptation determines Brachypodium ammonium tolerance | Page 11 of 17

For shoot, root, or whole-plant biomass under NH, " nutri-
tion, we did not find any SNP above the established threshold,
probably as a consequence of the low number of accessions
used for the study and the complexity of the biomass mul-
tigenic trait that may hinder the finding of significant SNPs.
However, the analysis of the whole-plant biomass ratio (ammo-
nium versus nitrate) revealed a significant SNP in chromosome
3 (ss.32878838 SNP, position 49357800). The genomic region
associated with this SNP, following LD analysis, encompasses
16 genes (Supplementary Table S7). Two of the genes placed
in the close vicinity of the significant SNPs, Bradi3g48060
and Bradi3¢48070, which code for a homolog of Arabidopsis
CLAVATA2 (CLV2) and for a member of the abscisic acid
(ABA)-responsive kinase substrates (AKS) basic helix—loop—
helix (bHLH) transcription factor family, respectively, were
induced in the root of Bd21 under ammonium nutrition
(Supplementary Table S8). CLV2 is a known leucine-rich re-
peat receptor-like protein involved in plant growth and devel-
opment (Pan et al., 2016). In Arabidopsis, AKS transcription
factors facilitate ABA-dependent K" uptake and root elonga-
tion, among others through the regulation of the expression of
the K" transporters KAT1, KAT2, and AKT1 (Takahashi et al.,
2013;Tian et al.,2015). NH, " and K compete for their uptake,
and K" deficiency is among the causes that lead to NH," stress
(Coleto et al.,2023). Interestingly, several potassium transporters
including KAT2 (Bradi2g06750), AKT1 (Bradi2g45170), and
AK'T2 (Bradi2¢24450) were differentially expressed in Bd21
root as a function of the N source provided (Supplementary
Table S2). We looked for Arabidopsis AKS transcription factor
orthologs in the B. distachyon reference genome and found
three genes (Bradi2¢57800, Bradi3¢39927, and Bradi3g48070).
We determined their expression in the ammonium-sensitive
ABR2 and the ammonium-tolerant Koz-1 accessions, and
observed that Bradi2g57800 and Bradi3¢48070 were induced
under ammonium nutrition only in Koz-1 (Supplementary
Fig. S12A). We also determined CLI’2 expression, with no
differences observed between genotypes (Supplementary Fig.
S12B). Altogether, our results suggest that AKS transcription
factors might be involved in NH," tolerance. Future studies,
for instance with the use of mutants and/or overexpressing
plants, are necessary to confirm the contribution of these genes
to plant tolerance of NH," stress.

Root glutathione content correlates with B. distachyon
tolerance to ammonium nutrition

ROS overproduction is often described in plants grown
under NH," nutrition, considering the occurrence of oxida-
tive stress as one of the causes of NH, stress. The origin of
NH, -dependent ROS overproduction is linked to, among
others, an increased mitochondrial electron transport chain
activity (Rasmusson et al., 2020), the non-consumption of
photosynthetically generated reductants during NO;~ reduc-
tion (Podgorska et al., 2013), and the Fenton reaction due

to reactive Fe accumulation in the root (Y. Liu et al., 2022).
Thus, cell antioxidant capacity is often enhanced under NH,*
nutrition to buffer ROS production. Glutathione is a sulfur-
containing compound that, together with ascorbate, is the
main non-enzymatic antioxidant. Our transcriptomic analysis
indicated ‘glutathione metabolic process’ as an important bi-
ological process associated with the genes induced upon am-
monium nutrition (Fig. 1). This category contained 29 genes,
which corresponded to 26 glutathione transferases, the two
main enzymes in charge of glutathione synthesis, and one
glutathione reductase (Supplementary Table S3). When we
determined the total glutathione content in the assessed B.
distachyon accessions, we observed that glutathione levels were
generally higher under NH," nutrition, notably in the root
(Supplementary Figs S5M, S6K). Although glutathione was not
among the significant variables that emerged from OPLS-DA,
root glutathione was the metabolic variable that showed the
highest correlation with ammonium tolerance using the NH, "
versus NO;~ biomass ratio as the tolerance definer (R*=0.48;
Supplementary Fig. S13C). Unfortunately, no SNP above
the significance threshold was found for root GSH content
(Supplementary Fig. S11K). In contrast, the GWAS detected
nine significant SNPs associated with leaf glutathione content,
with the SNP $5.31890199 of chromosome 3 showing a very
high significance (—log;, P-value=12.26) (Supplementary Fig.
S10M; Supplementary Table S6). The region surrounding this
SNP contained six loci, three of them showing significant dif-
ferential expression in Bd1 roots as a function of the N source
provided (Supplementary Table S8). These three genes corre-
spond to a cyclin, a RING/FYVE/PHD-type zinc finger su-
perfamily protein, and a pentatricopeptide repeat (PPR) family
protein. However, there is no evidence of any link between
these genes and glutathione content in plants.

BdGDH2 is associated with B. distachyon ammonium
tolerance

GDH is a reversible enzyme that in vitro can both assimilate
NH," to form glutamate and deaminate glutamate to form
2-oxoglutarate (2-OG). Although many efforts have been
dedicated to elucidating the role of GDH in vivo, its revers-
ible nature remains controversial. In general, evidence sup-
ports that GDH would be mainly operating in its deaminating
role (Fontaine et al., 2012). However, studies performed in
tomato (Vega-Mas et al., 2019b) and tobacco (Skopelitis ef al.,
2006) with the use of GS/GOGAT inhibitors have shown
that, under certain conditions, NH," can be incorporated into
Glu and/or Gln even when GS/GOGAT is inhibited, thus
supporting the GDH aminating role at least in these Solanaceae
species. However, GDH does not seem to favor in vivo NH,"
assimilation in wheat (Vega-Mas ef al.,2019a). In B. distachyon,
closely related to wheat, we could expect that the enhanced
GDH activity reported in NH,"~fed plants, mainly in the root
(Fig. 6A; Supplementary Fig. S6R), could be acting in the
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Fig. 6. Root glutamate dehydrogenase (GDH) activity of 52 accessions of Brachypodium distachyon grown under nitrate or ammonium as N source.
Violin plots on the right side show the overall distribution of the trait (A). Manhattan plot of GWAS for root GDH activity of NH,*-fed plants (B). Genetic
map of the LD region corresponding to the three significant SNPs (ss.34747643, ss.34747708, and s5.34747864) found in chromosome 5 (C). GDH
family gene expression pattern in roots of Bd21 plants grown with ammonium or nitrate as the exclusive source of nitrogen (D). Values represent the
mean +SE (n=3). Each biological replicate corresponds to the three or 12 plants grown in the same tank for (A) and (D), respectively. In (A), significant
differences from two-way ANOVA are indicated (*P<0.05, **P<0.01, ***P<0.001) for N source effect (S) and accession (A), and their interaction (SxA). In
(D), an asterisk (¥) indicates a significant nitrogen source effect (t-test, P<0.05).

generation of 2-OG to limit the depletion of organic acids
provoked by high NH,". Indeed, GDH activity was negatively
correlated with the biomass ratio (Supplementary Fig. S13),
and displayed a negative association with NH," tolerance in
OPLS-DA (Fig. 5C).

Interestingly, GWAS uncovered three significant SNPs in
chromosome 5 (ss.34747643, ss.34747708, and ss.34747864)
associated with root GDH activity (Fig. 6B). These three
SNPs cover a genomic region of 10.57 kb where the gene
that encodes the mitochondrial GDH enzyme (GDH2,
Bradi5g17330) is located (Fig. 6C; Supplementary Table S7).

Indeed,in general, GDH2 is the GDH isoform that experiences
the highest induction upon ammonium nutrition (Sarasketa
et al., 2016). Notably, the Bd21 transcriptome showed that
GDH2 was the isoform specifically induced in NH, -fed
plants (Supplementary Table S2; Fig. 6D). We also determined
GDH?2 expression in the root of two accessions with contrast-
ing ammonium tolerance and reported a similar induction in
ammonium-fed plants for both accessions (Supplementary Fig.
S12C). Altogether, OPLS-DA followed by GWAS indicate
that the BIGDH2 gene is associated with B. distachyon nat-
ural variation upon ammonium nutrition. In addition, finding
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the BIGDH?2 gene associated with GDH activity reveals the
power of GWAS even with a small panel of accessions when
robust phenotyping is performed.

Phosphoenolpyruvate carboxylase as a target to
improve ammonium tolerance in grasses

OPLS-DA indicated a pivotal role for PEPC activity, partic-
ularly in the root, as the most crucial enzymatic activity for
discriminating among the NH," - sensitive and -tolerant acces-
sions (Fig. 5C). PEPC catalyzes the carboxylation of phospho-
enolpyruvate (PEP) to oxaloacetate (OAA) using HCO; and
inorganic phosphate. In Cj; plants, one of the fundamental
functions of PEPC is to anaplerotically replenish TCA cycle
intermediates, notably when intermediates of the cycle are
removed to maintain different biosynthetic pathways, as in the
case of NH," nutrition (Lasa et al., 2002;Vega-Mas et al., 2019a;
Gonzilez-Moro et al., 2021). Indeed, studies with Arabidopsis
mutants demonstrated that malate provision partially depends
on PEPC activity (Shi et al., 2015; Feria et al., 2016). Recently,
RNAI sorghum lines that display a decreased expression of the
main root PEPC isoform (SbPPC3) and reduced root PEPC
activity displayed NH," hypersensitivity, meaning lower bio-
mass accumulation in transgenic plants with respect to wild-
type plants. In addition, the silenced plants presented higher
NH," accumulation in the root and the alteration of normal
TCA functioning (Marin-Pefa et al., 2024). PK was also in-
duced in NH, -fed plants and associated with NH," tolerance
in a similar way to PEPC (Fig. 5C; Supplementary Figs S5, S6).
PK uses PEP to provide pyruvate to the TCA cycle and its ac-
tivity is regulated by the cellular demand for C skeletons for
NH," assimilation (Baysdorfer and Bassham, 1984). In tomato
leaves, the conjoint action of PK and PEPC was also proposed
as central to ensure carbon flux for energy production under
ammonium nutrition (Poucet et al., 2022). Therefore, PEP
seems to be a crucial checkpoint in the capacity of the root cell
to maintain NH, " assimilation, and PK and PEPC are in charge
of channeling the PEP pool towards pyruvate or OAA, re-
spectively. Another important function of non-photosynthetic
PEPC is linked to the regulation of cell pH homeostasis,
through the so-called biochemical pH-stat that consists of car-
boxylation and decarboxylation reactions that produce and
consume protons (Feng ef al., 2020). Interestingly, OPLS-DA
showed that root PEPC was positively associated with ammo-
nium tolerance, while leaf PEPC showed an opposite associ-
ation (Fig. 5C). Indeed, leaf PEPC activity was the variable
that displayed the highest negative correlation with the NH, "/
NOj;™ biomass ratio (Supplementary Fig. S13A). Therefore, the
induction of the TCA cycle to provide C skeletons in the root
can be interpreted as a positive trait for NH," tolerance, while
the induction in the leaf can be considered as a negative trait.
In this regard, Arabidopsis plants impaired in proper root Gln
synthesis are sensitive towards NH," stress (Guan et al., 2016),
while plants that prevent Gln accumulation in leaves are more

tolerant (Hachiya et al., 2021; Xie et al., 2023). Thus, in con-
sonance with previous studies, our data support the idea that a
high root NH," assimilation capacity would be beneficial for
the plant, while the high assimilation in leaves would be detri-
mental for NH," tolerance.

GWAS for root PEPC activity showed a unique significant
SNP (CHR2_ss5.31408046;-log;, P-value 5.26;Supplementary
Table S6). LD analysis indicated eight loci in the genomic re-
gion associated with this SNP (Supplementary Table S7). Five
of these loci are genes that encode proteins with a domain cor-
responding to protease inhibitors annotated as ‘Potato inhib-
itor I family’ that are potentially related to pathogen resistance
(Supplementary Table S7). Two of these genes (Bradi2¢39260
and Bradi2¢39280) showed higher expression in ammonium-
fed Bd21 roots (Supplementary Table S2). However, there
is no obvious link between this class of proteins and PEPC
activity or NH," nutrition. Interestingly, the GWAS per-
formed with leaf PEPC activity showed 10 significant SNPs
in chromosome 2 within a genomic region of 18 kb (top SNP
CHR2_s55.31624104, —log;, P-value 6.17; Supplementary
Table S6). Importantly, the genomic region linked to these
SNPs (Supplementary Table S7) comprises two genes coding
for NADP"-dependent malic enzyme (ME; Bradi2g49542 and
Bradi2g49532). The joint action of PEPC and ME is consid-
ered as a metabolic rectifier of cytosolic pH perturbations, and
thus is central for the functioning of the biochemical pH-stat
model (Davies, 1973; Sakano, 2001). This model has been used
to explain organic acid depletion under ammonium nutrition
(Pasqualini et al.,2001; Poucet et al.,2021). Altogether, our data
suggest that in B. distachyon the higher activity of PEPC would
be related to TCA replenishment rather than to the control of
cytosolic pH and that ME activity might be a determinant for
leat PEPC activity.

Conclusion

In this work, we used the non-domesticated grass model B. dis-
tachyon to advance our understanding of the metabolic and ge-
netic basis of NH," tolerance. We carried out a transcriptomic
analysis in the root of the Bd21 accession and conducted a nat-
ural variation study determining key metabolic traits associated
with NH," tolerance in the roots and leaves of 52 accessions.
We evidenced that B. distachyon displays extensive variability
towards NH," tolerance and that the root metabolic adapta-
tion to NH," nutrition is essential for the plant to cope with
NH," stress. Multivariate analysis revealed that NH," assimila-
tion in the root and PEPC activity have a major effect on de-
termining an accession’s tolerance or sensitivity towards NH,"
nutrition. Additionally, taking advantage of available genetic in-
formation of the selected accession, we performed GWAS for all
the variables analyzed and report several loci associated with B.
distachyon growth and metabolic adaptation to ammonium nu-
trition. Among others, we suggest that AKS transcription factors
might be associated with ammonium tolerance. In addition, we
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found that the GDH2 gene was associated with the induction of
root GDH activity observed under NH," nutrition. Importantly,
according to our multivariate analysis, GDH induction was neg-
atively associated with NH," tolerance. In addition, two genes
encoding ME were associated with leaf PEPC activity. These
results highlight the importance of the coordination between
the different players associated with the TCA cycle, in partic-
ular the nexus between C; and C, organic acids, and empha-
size the importance of C management under NH," nutrition.
Altogether, our work underlines that primary metabolism is a
key definer of B. distachyon NH," tolerance and evidences the
utility of B. distachyon as a model of N nutrition in crop grasses.
Improving crop NUE, and ammonium use efficiency in par-
ticular, is of great interest to mitigate the environmental con-
tamination associated with N fertilization in order to attain a
more sustainable agriculture. In this work, we revealed cell me-
tabolism as a determinant of the natural variation to ammonium
tolerance. The identification and future validation of the genetic
basis associated with the control of the metabolic adaptation to
ammonium nutrition will be of great importance in the search
for crop genotypes better adapted to this nutrition and will con-
tribute to reduce the N losses in agricultural systems.
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