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Glutamine alleviates the toxicity
of externally applied amino acids
in Arabidopsis

Lauren M. Kerwien †, Rayah Edelson †, Kristupas Vorobjovas
and Guillaume Pilot*

School of Plant and Environmental Sciences, Virginia Tech, Blacksburg, VA, United States
Introduction: Plants use amino acids not only as building blocks for protein

synthesis, but also as nitrogen carriers between the various organs and as

precursors of a plethora of specialized compounds that fulfill essential

functions ranging from structural roles to interaction with other organisms.

Feedback regulation of amino acid metabolic enzymes is well studied in plants

and has been accepted as a main regulatory mechanism of pathway activity.

Studies inNicotiana sylvestris have shown that single amino acids provided at high

concentrations are toxic to plants and plant cells, an inhibition that can be

inexplicably reversed by addition of glutamine.

Results and discussion: The present study established an Arabidopsis-based

framework to further study the mechanisms controlling the activity of amino

acid metabolic pathways. In this context, we determined with precision the

toxicity of each amino acid on Arabidopsis plants grown in solid and liquid

media. The level of toxicity varied between 0.3 and 4 mM, depending on the

amino acid, with some amino acids found non-toxic at concentrations up to 20

mmol.l-1. For some of the tested amino acids, the inhibition was relieved by

adding amino acids from the same pathway, supporting the notion that the effect

is a consequence of the feedback inhibition of the pathway. In good agreement

with past reports from Nicotiana, we found that glutamine alleviated, or

sometimes completely suppressed, the growth inhibition exerted by single

amino acids. Suppression of valine toxicity was not due to decreased valine

uptake by glutamine, showing that glutamine effect is due to another

phenomenon. The involvement of Target of Rapamycin (TOR) was tested using

the specific inhibitor AZD8055. TOR inhibition completely overrode the toxicity of

Val andmasked the effects of Gln, in good agreement with TOR being a high order

regulator of the metabolism, but precluding any conclusion as to whether it is

involved in the Gln-suppressing effect of Val toxicity.

KEYWORDS

amino acid metabolism, amino acid transport, ammonium, branched chain amino
acids, nitrate, regulation - physiological, Target of Rapamycin (TOR)
1 Introduction

Amino acids play a central role in plant metabolism, lying at the crossroads of

the carbohydrate pathways and the nitrogen assimilation pathway. The only reaction

by which nitrogen enters metabolism in physiological conditions is the synthesis of the

amino acid Gln through the Glutamine synthetase/Glutamate synthase pathway; nitrogen is
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then incorporated into other nitrogenous compounds by

transamination. Amino acids are used as substrates for many

reactions leading to the synthesis of a plethora of secondary

(specialized) metabolites essential for plant development,

interaction with other organisms and for acclimation to growing

conditions. Amino acids form a dynamic pool of metabolites whose

distribution and content evolve over time depending on the

conditions: during permissive conditions, amino acids can be

stored in the vacuole (Winter et al., 1993; 1994) and used for

protein synthesis, while they are degraded to provide energy or

other metabolites during stresses (Huang and Jander, 2017;

Hildebrandt, 2018).

Most amino acids are synthesized by several branched

pathways, i.e. the Asp family (Lys, Thr and Met), the branched

chain amino acid family (BCAA; Leu, Ile and Val), and the aromatic

amino acid family (AAA; Trp, Tyr and Phe). The other amino acids

are synthesized through more linear pathways (His, Pro, Ser, Gly,

Cys) or by connected metabolic reactions (Glu, Gln, Asp, Asn, Arg,

Pro, Ala). Most pathways are feedback-inhibited by their end

products, namely amino acids, at the level of key enzymes

forming complex regulatory loops (Pratelli and Pilot, 2014).

Bioinformatic modeling using only this kind of information

managed to accurately predict amino acid accumulation,

suggesting that this form of regulation plays a major role in the

regulation of the pathways, at least in steady state conditions

(Curien et al., 2009). Yet, the activity of the metabolic enzymes is

also subject to regulation at the post-translational level. For

instance, Lys catabolism is regulated by phosphorylation (Miron

et al., 1997; Zhu et al., 2002), and the synthesis of Leu is regulated by

ubiquitin ligases (Iantcheva et al., 2022). Expression is also

regulated at the mRNA level, with key enzymes of the pathways

showing changes in their mRNA accumulation under various

nutritional or stress conditions (e.g., Zhu-Shimoni and Galili,

1998; Stepansky et al., 2005; Less and Galili, 2008; Less et al.,

2011). Regulatory cascades can even affect mRNA structure and

stability, as in the case of the enzymes in the branch leading to Met

synthesis (Hacham et al., 2006, 2007). These few studied cases hint

at regulatory mechanisms acting at multiple levels and at the

existence of broader regulatory pathways currently unknown.

Numerous studies have shown that several amino acids are

toxic to plants at concentrations that varies from 100 µM to >10

mM, depending on the species, nature of the system (cells vs. whole

plant) and medium (e.g., Borstlap, 1970; Gamborg, 1970; Behrend

and Mateles, 1976; Bonner et al., 1996; Lee et al., 2007; Pratelli et al.,

2010). Depending on the amino acid and its position in the

biosynthetic pathways, the toxicity can typically be alleviated by

supplying amino acids that are synthesized from the same pathway

and take part into the regulation of the pathway; for instance Met

relieves the toxicity of Lys+Thr, and Ile + Val relieves Leu toxicity

(Dunham and Bryan, 1969; Borstlap, 1970; 1981). These

observations are well in agreement with the fact that an amino

acid in excess blocks the metabolic branch it controls, preventing

the cells from synthesizing the other amino acids of the pathway

and inducing an amino acid imbalance.

In apparent disagreement, Gln has been found to alleviate the

toxicity of all amino acids (Bonner et al., 1992, 1996; Bonner and
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Jensen, 1997), while it has not been found to be a direct inhibitor/

activator of any of the metabolic enzymes inhibited by the amino

acid in excess. There, the authors postulated the existence of two

kinds of inhibition: a general amino acid inhibition and a specific

amino acid inhibition. The distinction comes from the ability of Gln

to completely (general inhibition) or partially (specific inhibition)

suppress the growth inhibition created by a single amino acid. The

specific inhibition is thought to be created by certain amino acids

(e.g. Val, Thr, Lys) that block biosynthesis of closely related amino

acids in the same metabolic pathway, while the mechanism for the

general inhibition is not clear. The authors hypothesized that

inhibitory amino acids interfere with glutamine biosynthesis or

exert osmotic effects opposite to Gln, like disrupting cell-volume

regulation. In this case, Gln supplementation would restore the

amino acid balance. Apart from its effect on growth inhibition by

amino acids, Gln has been shown to alleviate plant’s response to the

non-proteogenic amino acid b-aminobutyric acid (BABA). BABA

induces a specific response that enhances resistance of Arabidopsis

against microbial pathogens, but adding Gln to BABA-treated

plants suppressed this response (Wu et al., 2010), suggesting that

BABA triggers the above-mentioned general amino acid inhibition.

A similar suppression effect of BABA-induced resistance to

microbial pathogens by Gln has been recently shown in tomato

(Janotik et al., 2022). Gln also has a role in promoting growth, both

inNicotiana sylvestris (Bonner et al., 1992) and Arabidopsis (Lardos

et al., 2024), and promotes somatic embryogenesis and organ

development in several species in presence of inorganic nitrogen

sources (Vasudevan et al., 2004; Husin et al., 2014). A signaling role

for Gln has been suggested (Lee et al., 2023), in good agreement

with the fact that Gln is an activator of the Target of Rapamycin

(TOR) regulator of metabolism (Cao et al., 2019; O’leary et al., 2020;

Liu et al., 2021; O’leary et al., 2025). Other studies showed that Gln

treatment of N-starved rice roots induced the expression of genes

involved in nitrogen metabolism and in stress response (Kan et al.,

2015). Growing Arabidopsis on Gln as nitrogen source also induced

the expression of stress-responsive genes (Liao et al., 2024) and

affected the expression of nitrate uptake transporters (Svietlova

et al., 2024). It should be noted that these three last studies used Gln

as the sole nitrogen source. The effects of Gln on plant metabolism

thus appear complex and warrant more study.

In this context, the goal of this study was to establish reliable

conditions for studying the regulation of amino acid metabolism in

response to various stressors and molecules, determine the

sensitivity levels of Arabidopsis to most proteogenic amino acids

and test whether Gln can alleviate the growth inhibition caused by

other amino acids.
2 Methods

2.1 Plant growth

Arabidopsis thaliana plants (Col-0) were surface sterilized in a

50% (v/v) ethanol/water 3% (w/v) sodium dichloroisocyanurate

solution for 20 min on a shaker, washed three times in 100%

ethanol, and the remaining ethanol was evaporated off under the
frontiersin.org
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sterile hood. Plants were grown on a base medium composed of

half-strength Murashige and Skoog (MS) medium without nitrogen

(Phytotech labs, M531) supplemented with the appropriate

source of nitrogen (depending on the experiment) and sugar. The

final concentrations of constituents were 0.5% (14.6 mM) sucrose,

1.5 mM CaCl2, 625 µM K2HPO4, 500 µM MgSO4, 50 µM MnSO4,

50 µM H3BO3, 50 µM Na2EDTA, 50 µM FeSO4, 15 µM ZnSO4,

2.5 µM KI, 0.5 µM Na2MoO4, 0.05 µM CoCl2, 0.05 µM CuSO4, 8 g/l

agar if necessary, pH 5.7 KOH. Plants were grown in a growth

chamber (Percival) set to 16/8 h day/night, 25/22 °C (day/night),

with anti-condensation shelves.

For growth on solid medium, 12 seeds were sown in 9 cm-

square Petri dishes filled with gelified base medium supplemented

with 5 mM KNO3 and filter-sterilized amino acids (from 100 mM

stock solutions stored at 4 °C, except Gln, Asn and Cys, which were

stored frozen). Petri dishes were placed vertically, and plants were

grown for 14 days in the growth chamber before scanning.

For growth in liquid medium, in the preliminary assays

presented in Supplementary Figures 2, 3, plants were sown

directly in the growth medium (150 µl of a suspension of 1 mg/

ml of seeds in 0.1% agar, which corresponds to 8 ± 2 seeds per well),

treated 5 days later, and scanned and weighed after 7 more days (12

days total since sowing).

The newly optimized assay (in 48-well plates) consisted in

germinating seeds on gelified base medium supplemented with 10

mM KNO3, and, after four days of growth, transferring three

seedlings into each well of 48-well plates containing 900 µl of

base medium supplemented, unless otherwise stated in figure

legends or text, with 10 mM KNO3. At the time of transfer, the

dry weight (DW) of one seedling was 46 µg ± 2 µg (n=5 pools of 20

plants), so that three plants weighed ~140 µg DW. Plants were

treated 24 h later with the adequate volume of amino acids (from

filter-sterilized 100 or 200 mM stock solutions) and water to a final

volume of 1 ml. Plants were grown for nine days in the growth

chamber, for a total of 14 days from sowing to harvest.

For some uptake assays, plants were sown in 1 ml of complete

liquid half-strength MS medium (i.e., 10 mM KNO3 and 20 mM

NH4NO3 final) containing 1% sucrose, in a 24-well plate; the

medium was renewed 10 days later. Plants were treated 13 days

after sowing and the uptake measured after 24 h. For other assays,

seeds were germinated on base medium supplemented with 10 mM

KNO3 for four days, and six seedlings were transferred into wells of

24-well plates containing 2 ml of base medium supplemented with

10 mM KNO3. Seven days later, the medium was aspirated and

replaced with 2 ml of fresh medium containing the appropriate

amino acids. The uptake was measured 24 or 48 h after the

treatment (see below).

2.2 Uptake assays

Plants were acclimated to the laboratory where uptakes were

performed for about 1 h on a horizontally rotating shaker

(Eppendorf Thermomixer set at 350 rpm). The growth medium

was removed and replaced by 1 ml of the uptake solution composed

of the same medium as for the growth, the desired unlabeled amino

acids, and 1 µl of the 3H-labeled amino acid (37 kBq). The plants
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were incubated in the substrate for 15 min, washed three times with

5 ml 0.4 mM CaSO4 using a vacuum filtering device, and placed in

1 ml of the same medium as for the growth in liquid conditions for

15 min for efflux measurement. These two incubations occurred

under shaking as above. The plants were dried for 3 hours at 60 °C

and weighed, bleached in 1 ml 3% NaClO overnight, neutralized

with 200 µl 1 M HCl, and ventilated for a few hours. Four ml of

Optiphase HiSafe 3 scintillation fluid (Revvity) were added to the

efflux medium and to the bleached plant mixture, and the

radioactivity was measured in a liquid scintillation counter. Total

uptake was calculated as the sum of the radioactivity in the efflux

medium and the plants, divided by the plant dry weight. Note: the

results of the efflux analyses are not reported here.

2.3 Data analysis

Data was graphed in Excel and JMP 18 and statistical analyses

were performed in JMP or R. Normality of model residuals and

homogeneity of variances were assessed using Shapiro-Wilk and

Levene’s tests, respectively. Because ANOVA is robust to modest

deviations from normality under approximately equal variances,

Tukey’s HSD was used for post hoc mean separation. For amino

acids where residual normality was not supported, results were

verified using Welch’s one-way ANOVA, which produced

consistent results. Dose response curves were created in JMP by

fitting data points with 4-parameter logistic or 3-parameter

exponential equations, from 8 concentrations of amino acids

(including 0 mM), and three biological replicates (i.e. 3 wells).

The inflection point of the dose response curve was used to calculate

the inhibitory concentration 50% (IC50) for the logistic-fitted

curves. For the exponential-fitter curves, IC50 was calculated

using the inverse of the equation and the weight of plants halfway

between the weight at the lowest and highest concentrations of each

amino acid tested. A mixed model was used in JMP to analyze

uptake data across multiple experiments, and the resulting adjusted

data (obtained by subtracting the Best Linear Unbiased Predictor

values to the observations) were used for the plots.
3 Results

3.1 Most amino acids are toxic to
Arabidopsis roots

Previous amino acid toxicity experiments performed by our

laboratory used half-strength standard MS medium with 0.5%

sucrose (Pratelli et al., 2010). We reckoned that the presence of

10 mM ammonium in the medium (Murashige and Skoog, 1962)

might interfere with the plant’s response to externally supplied

amino acids, because ammonium is not typically stored in plant

cells but readily converted to Gln. We also reduced the

concentration of nitrogen similar to that of other publications

(e.g. Lardos et al., 2024), to a concentration of 5 mM nitrate,

supplied as potassium nitrate.

We chose the concentrations of amino acids by reference to our

past results (Pratelli et al., 2010). We did not use Cys, Tyr and Trp
frontiersin.org
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because of their low solubility or instability. As before, Gln, Asn,

Glu, Asp, Pro and Ala did not inhibit root growth when supplied at

20 or 10 mmol.l-1 (Supplementary Figure 1). Root architecture

seemed affected by Glu, Asp, Pro and Ala but was not explored

further (Supplementary Figure 1). The other amino acids, including

the non-proteogenic amino acids ornithine (Orn) and citrulline

(Cit), were found to be toxic at concentrations ranging from

0.5 mM to 10 mM (Supplementary Figure 1). Cit and Orn

toxicity can be explained by their metabolic connection to the

Arg pathway, which is toxic (see diagrams in Pratelli and Pilot,

2014). It should be noted that we did not attempt here to identify

the minimum concentration of each amino acid that inhibited root

growth, which might be lower than the ones we used.

3.2 Supplying amino acids from the same
pathway relieved toxicity of some amino
acids

It has been reported that, for the amino acids of the BCAA

pathway, growth inhibition of Nicotiana sylvestris cells and

Spirodela polyrhiza fronds by one amino acid can be suppressed

by concomitant addition of the other BCAAs (Borstlap, 1981;

Bonner and Jensen, 1997). To test whether this could also be

observed with Arabidopsis roots, 0.2 mM of both Ile and Val

were added to the medium containing 1 mM Leu. Almost

complete suppression of the Leu inhibition was observed

(Figure 1A). Interestingly, addition of 0.05 mM Tyr and Trp did

not suppress the growth inhibition from 1 mM Phe, while they

slightly reduced root growth when Phe was not present, proving

that this concentration was biologically effective (Figure 1B).

3.3 Glutamine alleviates the root growth
inhibition due to Leu and Phe

It was reported in Nicotiana sylvestris (Bonner et al., 1992, 1996;

Bonner and Jensen, 1997), but never investigated in Arabidopsis,
Frontiers in Plant Science 04
that Gln can suppress the growth inhibition created by other amino

acids. This was tested for Leu and Phe, to which 20 mM Gln were

added. In both cases, Gln alleviated the growth inhibition, leading to

similar root growth as in the mock medium (Figure 2). It is

conceivable that addition of a large excess of Gln to the medium

would lead to a reduced uptake of Leu or Phe, thereby reducing

their toxicity, as shown for Ala and Gly in Spirodela polyrhiza

(Borstlap, 1974). Most amino acid transporters involved in amino

acid uptake from Arabidopsis roots (mainly AtLHT1 and AtAAP1)

characterized thus far have low substrate specificity and are

therefore able to transport most amino acids (Rentsch et al.,

2007). We thus reasoned that the Leu or Phe transport system

should be similarly inhibited by a large excess of Glu (similar size as

Gln, but different charge, or Asn, smaller than Gln but same

charge). Transport through AtLHT1, an excellent Phe transporter,

is indeed similarly competitively inhibited by Gln, Glu or Asn

(Hirner et al., 2006), and AtAAP1 transports equally well Phe, Leu,

Gln, Glu and Asn (Fischer et al., 2002). To test this hypothesis, Glu

and Asn were added to the medium at the same concentration of

Gln, but both amino acids failed to alleviate Leu or Phe inhibition

(Figure 2). These experiments show that, similar to other plants and

past reports, Gln can specifically alleviate growth inhibition by

amino acids in this system.

3.4 Establishing growth conditions to study
plant’s response to externally applied
amino acids

Root growth is governed by the activity of the root apical

meristem, which is subject to complex regulation involving

hormones and the activity of TOR (Barrada et al., 2015; Ma et al.,

2024). Studying the reason for the inhibition of growth by amino

acids and its alleviation by Gln is difficult with vertically grown

plants because of the low root tissue mass that Arabidopsis plants

produce, the labor involved in sowing seeds on top of vertical agar

dishes and the potential for contamination that renders one full dish
FIGURE 1

Recovery of the growth inhibition of Leu and Phe by amino acids from the same pathways. Inhibition of growth of Arabidopsis roots on media
containing Leu (A) or Phe (B), and recovery by Ile + Val or Tyr + Trp. Plants were grown vertically for 14 days on base medium containing 5 mM
KNO3 and amino acids at the indicated concentrations. Scale bars = 1 cm.
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not usable. Understanding the regulation of amino acid metabolism

could reasonably be achieved if the whole plant is treated, without

amino acids being first taken up by the roots, metabolized and

translocated to the shoots. Such a system would also simplify

material production and enable more conditions to be tested with

more repetitions. While being more artificial than growth on

gelified medium, we chose growing plants in wells of 48-well

plates, completely submerged in medium: in this system, each
Frontiers in Plant Science 05
well would correspond to a biological replicate, and many amino

acid combinations and concentrations can be tested in parallel.

We first tested the effect of the amount (5, 10 or 20 mM) and

nature of inorganic nitrogen (NH4
+ or NO3

-) on the tolerance of

Arabidopsis growth to Leu and Phe. Whichever the nitrogen source,

increasing amounts of inorganic nitrogen in the growth medium

increased plant tolerance to both Leu and Phe toxicity

(Supplementary Figures 2, 3). Increasing percentages of
FIGURE 2

Recovery of the growth inhibition of Leu and Phe by Gln in a vertical plate assay. Plants were grown vertically for 14 days on base medium
containing 5 mM KNO3 and amino acids at the indicated concentrations. Scale bars = 1 cm.
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ammonium also increased amino acid tolerance but led to a

reduction in the growth of mock-treated plants, especially when

the medium contained 20 mM nitrogen (Supplementary Figures 2,

3). The balance between growth of the control plants and amino

acid susceptibility seemed to be attained in media containing 10

mM nitrogen.

We further explored the suitability of the medium composition,

aiming at recapitulating past observations concerning root growth

on vertical plates. We chose the gdu1-1D mutant as a positive

control. This mutant over-expresses the AtGDU1 gene, and displays

enhanced amino acid export from plant cells, a concomitant

decrease amino acid uptake and exceptional amino acid tolerance

in half strength MS medium (Pratelli et al., 2010). gdu1-1D was

grown alongside the wild type on media containing Leu or Phe with

increasing percentage of ammonium, keeping the concentration of

total inorganic nitrogen at 10 mM. For the wild type, growth

difference between the control and amino acid treatments was

maximal in 100% nitrate compared to the other media

(Supplementary Figure 3B). While the growth of gdu1-1D plants

was essentially the same between control and amino acid treatments

on all media, their growth was reduced when the medium contained

50% or more ammonium, suggesting that this mutant is

ammonium sensitive, which has never been reported before.

Because control plants appeared healthier when the medium

contained 10 or 20 mM nitrate (Supplementary Figure 2A) and

the plants were more susceptible to amino acids in media

containing only nitrate (Supplementary Figures 3A, B),

subsequent experiments were performed in media containing 10

mM nitrate as nitrogen source.

The final test for the suitability of this medium consisted in

testing for the alleviation of amino acid toxicity by Gln. Addition of

10 or 20 mMGln, but not Glu, alleviated the toxicity of Phe and Leu

supplied between 2 and 4 mM (Supplementary Figure 4A), in good

agreement with the results of vertical plates (Figure 2).

3.5 Estimating the IC50 of toxic amino
acids

The toxicity of Arabidopsis wild type plants to amino acids was

tested using the newly defined protocol involving transferring 4-

days-old seedling from solid to liquid medium prior to treatment

(see Methods), recording plant dry weight and images of the plates.

Plants were exposed to three to eight concentrations of each amino

acid. For toxic amino acids, the concentrations were chosen based

on the results of preliminary experiment in which growth was

visually estimated, so that the final concentrations spanned the

range across which the growth declined from non-inhibited to

completely inhibited (not shown). Gln, Glu, Asn and Asp were not

toxic to plants when supplied at concentrations up to 20 mM (we

deliberately did not test higher concentrations) (Figure 3). Gly, Ser

and Arg were moderately toxic, leading to ~10, 20, 50 and 50%

reduction in seedling dry weight, respectively, when supplied at

concentrations up to 20 mM (Figure 3). His, Cit, Pro and Ala

reduced plant growth by ~50 to 65%, leading to IC50s of 0.70, 1.5,

1.5 and 4.1 mM respectively (Table 1, Figure 3). The other amino

acid tested (Cys, Orn, Val, Leu, Ile, Met, Thr and Phe) decreased
Frontiers in Plant Science 06
plant growth by at least 70% (Table 1, Figures 3, 4). Val, Thr, Leu

and Phe were the most toxic with IC50 of ~1 mM or less in our

conditions (Table 1). Interestingly, most of the toxic amino acids

corresponded to the free amino acids typically less abundant in

plants (“minor” amino acids), whose contents have been shown to

be highly coordinated, even across species and conditions (Noctor

et al., 2002).

3.6 Effect of Gln or complementary amino
acids on the toxicity of specific amino acids

Similar to the effect of Leu on root growth on vertical plates

(Figure 1A), the toxicity of Val was completely relieved by addition of

the two amino acids synthesized from the same pathway, Leu and Ile,

supplied at 0.2 or 0.4 mM (Figure 4A). Interestingly, addition of

0.4 mM each of Leu and Ile was toxic to plants, with a reduction of

~40% in dry weight, possibly because Leu and Ile at this

concentration (but not at 0.2 mM) prevents sufficient Val synthesis

by feedback inhibiting the acetohydroxy acid synthase (AHAS, see

diagram on Supplementary Figure 5).

The effect of Gln on the toxicity of Val, Leu, Ile, Orn, Lys, Thr,

Met, Phe and Pro was tested across seven concentrations of each

amino acid. For each amino acid, Gln significantly alleviated the

growth reduction (Figure 4, Supplementary Figure 6). Complete

suppression of toxicity was observed for Val, which was the amino

acid with the lowest IC50, and Thr. Gln reduced, but did not

completely suppress, the toxicity of the other amino acids, leading

to plants that did not grow as much as the control.

Because Asn and Asp were, with Gln and Glu, the amino acids

that did not affect growth when supplied at concentrations lower up

to 20 mmol.l-1, we tested whether they could alleviate the toxicity of

other amino acids. We applied 20 mM Gln, Glu, Asp and Asn

concomitantly with Leu, Val, Ile, Phe and Thr at concentrations well

above their IC50. Both Glu and Asp failed to alleviate the toxicity,

whereas Asn had a strong alleviating effect, yet not as much as that

of Gln, on the toxicity of the five tested amino acids (Figure 5).

Gln has been shown to activate TOR (Liu et al., 2021; O’leary

et al., 2025), which, among other effects, regulates amino acid

metabolism. To test whether TOR is involved in the alleviation of

amino acid toxicity by Gln, plants were treated by Val, Gln and

AZD8055, a specific inhibitor of TOR (Montane andMenand, 2013).

AZD8055 was supplied at concentration below, at and above its IC50

(i.e. 10, 20 and 30 nM; Table 1, Supplementary Figure 7). We

reasoned that if AZD8055 and Val inhibit different pathways, their

effect should be additive, and if Gln stimulates TOR to relieve Val

growth inhibition, AZD8055 should suppress this effect.

Unexpectedly, we observed that Val inhibition of growth (down to

~15% of the weight of the control) was suppressed by AZD8055 (to

~30% of the weight of the control), and that, at the same time, the

relief of inhibition by Gln was suppressed by AZD8055 (Figure 6). In

addition, the weight curves corresponding to the Val and Val+Gln

treatments flattened with increasing AZD8055 concentrations to the

point that they were nearly identical at 30 nM AZD8055, at a value

corresponding to weights of plants treated with AZD8055 alone.

These results suggest that inhibition of TOR overrides both Val

toxicity and its relief by Gln in a concentration dependent manner.
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3.7 Amino acid uptake is modified by the
composition of the medium in response to
externally supplied amino acids

To better understand the effect of the supply of amino acids at

toxic concentrations on the physiology of the plant, uptake of amino

acid was measured first in conditions used in previous publications
Frontiers in Plant Science 07
(Pratelli et al., 2010), i.e. in plants grown in half-strengthMSmedium.

Gln was used as a substrate for estimating overall amino acid uptake

activity, since it is not toxic to plants and most amino acid

transporters are not very specific for a particular amino acid

(Rentsch et al., 2007). Treatments with either 10 mM Gln, Leu or

Phe led to a similar decrease in Gln uptake (~50%), and addition of

10 mM Gln to Leu or Phe had no effect on the uptake compared to
FIGURE 3

Dose response curves of the dry weight of Arabidopsis to various amino acids. After four days of germination on solid medium, plants were grown
for 9 days in 48-well plates in liquid base medium containing 10 mM KNO3, supplemented with amino acids at the indicated concentrations (X-
axes). For each amino acid, the effect of concentration on the dry weight was analyzed using a one-way ANOVA followed by a Tukey’s HSD, P-value
<0.05. Error bars (when visible) represent the standard deviation from the mean, n=3. Different letters indicate statistically different means.
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Leu or Phe alone (Figure 7A). Because many amino acids, like Gln

and Leu, have been shown to stimulate the TOR kinase (Liu et al.,

2021), we wondered whether the amino acid-triggered reduction in

amino acid uptake could be due to TOR activation. Unexpectedly,

treatment of plants for 24 h with AZD8055 led to the opposite effect,

namely a reduction in Gln uptake (by ~50%, Figure 7B), similarly to

treatments by 10 mM Gln or Leu.

Uptake of Gln when plants were grown in the same medium as

the vertical growth assays presented in Figures 1, 2, i.e. 5 mM

KNO3, was also measured. In this medium, treatment of plants for

24 h with 10 mM Lys, Val, Met, Phe, Leu or Thr did not have an

effect as marked as when plants were grown in half-strength MS

medium (which contains 10 mMNH4
+ and 20 mMNO3

-): only Thr

and Leu led to a decrease of Gln uptake, by ~20-25% (Figure 7C).

3.8 Suppression of Val toxicity by Gln is not
due to reduced Val uptake

One major hypothesis that could explain the suppression of Val

toxicity by addition of a large excess of Gln (Figure 4B) would be that

Gln competes with Val for uptake. While this hypothesis was not

supported by previous experiments (see 3.1 and 3.6 by testing the

effect of Glu), an effect specific of Gln but not of Asn or Glu could not
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be neglected. Plants were treated for 24 h by 1mMVal or 1 mMVal +

20 mM Gln and Val uptake was measured in a medium containing

either 1 mMVal or 1 mMVal + 20 mMGln (Figure 7D). Addition of

any combination of amino acids had no or little effect of the uptake of

Val, in good agreement with the results presented in Figure 7C.

Notably, Val uptake was identical when plants were treated and

assayed in 1 mM Val and when they were treated and assayed in

1 mM Val + 20 mM Gln, conditions that perfectly mimic those

from Figure 4B.
4 Discussion

4.1 Establishing a robust assay to study the
regulation of amino acid metabolism

We developed a method to grow Arabidopsis plants in liquid

medium and apply a range of treatments, with a short turnaround

time of 14 days. Nitrogen and sucrose concentrations, as well as

germination and treatment timings, were optimized to ensure

reproducibility: IC50 values obtained from experiments performed

several months apart were comparable, with increased variability
TABLE 1 IC50 (mM) for AZD8055 and the tested amino acids on the growth of Arabidopsis grown for 14 days in liquid medium.

Compound Exp1 Exp2 Exp3 Average

AZD 0.024 0.023 .0023

Val 0.31 0.30 0.31

Thr 0.38 0.49 0.44

His 0.56 * 0.46 * 0.51

Leu 0.98 0.60 0.79

Phe 1.25 0.84 1.20 1.10

Met 1.49 1.36 1.42

Pro 1.68 * 1.16 * 1.46 * 1.43

Lys 2.61 * 0.84 * 1.73

Cit 1.47 * 2.03 * 1.75

Ile 3.03 * 3.03 * 3.03

Orn 3.24 4.11 * 2.54 * 3.30

Cys 3.74 4.21 3.47 3.80

Ala 4.69 * 3.53 * 4.11

Arg n.d.

Ser Not toxic

Gly Not toxic

Asp Not toxic

Asn Not toxic

Glu Not toxic

Gln Not toxic

Trp n.a.

Tyr n.a.
Results from two or three independent experiments (Exp1, Exp2, Exp3). Dose response curves were fitted with logistic equations, except for the experiments indicated with a star “*”, which were
fitted with an exponential equation. IC50 could not be determined for weakly and not toxic amino acids (Gln, Glu, Asn, Asp, Ser, Gly and Arg). Trp and Tyr were not tested because of poor
solubility. “n.d.” not determined; “n.a.” not assayed; “Not toxic” no effect on growth was observed for concentrations up to 20 mmol.l-1.
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FIGURE 4

Gln alleviates the growth inhibition of all toxicity of most amino acids. After four days of germination on solid medium, plants were grown for 9 days
in 48-well plates in liquid base medium containing 10 mM KNO3, supplemented with amino acids at the indicated concentrations (X-axes). (A) Blue
line: Val only; Green line: Val + 0.4 mM Leu + 0.4 mM Ile; Orange line: Val + 0.2 mM Leu + 0.2 mM Ile. At each amino acid concentration, dry
weight was compared between plants grown in Val alone and plants grown in Val supplemented with either 0.2 or 0.4 mM Ile + Leu using a Welch’s
t-test with a Holm-Bonferroni correction, p<0.05, n=3. An orange asterisk indicates a significant difference in plant growth when plants were grown
in Val medium supplemented with 0.2 mM Ile + Leu compared to the Val medium. A green asterisk indicates a significant difference in plant growth
when plants were grown in Val medium supplemented with 0.4 mM Ile + Leu compared to the Val medium. (B-J) Blue: amino acid only; Orange:
amino acid + 20 mM Gln. * Significantly different from the growth in a medium containing only the toxic amino acid at the same concentration,
Welch’s t-test with a Holm-Bonferroni correction, P < 0.05, n=3. Error bars (when visible) represent standard deviation from the mean. The pictures
of the plants used to generate these data are presented in Supplementary Figure 6.
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FIGURE 6

TOR inhibition overrides the effect of Val and Gln on plant growth in liquid medium. After four days of germination on solid medium, plants were
grown for 9 days in 48-well plates in liquid base medium containing 10 mM KNO3, supplemented with 0, 0.3, 0.4 or 0.5 mM Val, with either 0 or 20
mM Gln and treated with 0, 10, 20 or 30 nM AZD8055 (AZD). Plant weights were compared between the Gln treatment at each Val concentration
using a Welch’s t-test with a Holm correction, P-value<0.05, n=3. * Indicates a significant difference between plants supplemented with 0 and 20
mM Gln. There were no significant differences in plants treated with 0 or 20 mM Gln in the 10, 20, 30 nM AZD8055 treatments. The dotted line
corresponds to the weight of plants treated with 0.5 mM Val only.
FIGURE 5

Gln and Asn alleviate the toxicity of Leu, Val, Ile, Phe and Thr in a liquid assay. After four days of germination on solid medium, plants were grown for
9 days in 48-well plates in liquid base medium containing 10 mM KNO3, supplemented with amino acids (3 mM Leu, 0.7 mM Val, 9 mM Ile, 3 mM
Phe, 2 mM Thr; CTR, no toxic amino acid) and 0 (mock) or 20 mM Gln, Glu, Asn and Asp. For each amino acid, the effect of concentration on the
dry weight was analyzed using a one-way ANOVA followed by a Tukey’s HSD, P-value <0.05 (different letters indicate statistically different means).
Error bars represent the standard deviation from the mean, n=3. The pictures of the plants used to generate these data are presented in
Supplementary Figure 4B.
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observed for less toxic amino acids (Table 1). Because germination

and early vegetative development are controlled by distinct

regulatory pathways (see below), treatments applied at sowing

inevitably combine effects on germination with effects on the

cellular processes of interest. Applying treatments four days after

sowing circumvents this limitation and enables specific analysis of

vegetative cellular responses. In this study, assay output was based

on dry weight measurements, but additional readouts, such as

chlorophyll content, could also be obtained after extraction and

direct measurement in the 48−well plate. The robustness of the

culture system likely relies on treating a fixed number of plants

(three) in a defined volume of medium (1 ml), which enables time
Frontiers in Plant Science 11
−course experiments by harvesting plants at successive time points,

or pooling wells to obtain sufficient material for metabolite, protein,

or mRNA analyses.

4.2 Gln alleviates the toxicity of all tested
amino acids in Arabidopsis

Similarly to previous studies (e.g., Borstlap, 1970; Gamborg,

1970; Behrend and Mateles, 1976; Bonner and Jensen, 1997; Lee

et al., 2007; Pratelli et al., 2010), excess of specific amino acids in the

growth medium inhibited whole plant development when grown in

liquid conditions, or root elongation when grown on Petri dishes
FIGURE 7

Amino acid uptake in Arabidopsis plantlets. (A, B) Plants were grown for 13 days in half-strength MS medium, treated by combination of amino acids
provided at 10 mM each, or treated by 10 µM AZD8055 (AZD). The uptake of Gln (1 mM in the uptake medium) was assayed 24 h later. The bars and
error bars are mean and standard deviation of 6 to 9 samples. (C) Plants were germinated on solid medium for four days and grown for 11 days in
liquid base medium containing 10 mM KNO3, treated by amino acids provided at 10 mM each for 24 h, and the uptake of Gln (provided at 1 mM)
was assayed. (D) Plants were germinated for four days on solid medium and grown for 11 days in liquid base medium containing 10 mM KNO3,
treated by combination of amino acids provided at 1 mM and Gln at 20 mM for 48 h, and the uptake of Val (provided at 1 mM with or without 20
mM) was assayed. The bars and error bars represent means and standard deviations of 3 samples. “‡” indicates the radiolabeled that assayed for
uptake. For (A, D), different letters represent significantly different means, ANOVA, Tuckey’s HSD, p<0.05. For (B, C), * indicates significantly
difference from the control, Student’s t-test, p<0.05. .
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placed vertically (Figures 3, 4; Supplementary Figure 1). Not all

amino acids were found to be toxic, and the IC50 of the toxic amino

acids varied between 0.5 and 4 mM, with Val, Thr and His being the

most toxic, and Asp, Glu, Asn and Gln showing no toxicity at the

assayed concentrations (Table 1). Growth inhibition by Leu or Val

was alleviated by supplying amino acids that are synthesized from

the same pathway and take part in the regulation of the pathway, i.e.

Ile+Val or Leu+Ile (Figures 1A, 4A). Yet, this was not observed for

Phe when Trp+Tyr were supplied (Figure 1B). Similarly, we did not

manage to alleviate Ile toxicity by supplying Leu+Val at

concentrations varying from 0.1 to 0.6 mM, or trying amino acid

ratios similar to that described for Spirodela polyrhiza (Borstlap,

1981; not shown). It is possible that we have not provided

Arabidopsis-specific ratios of those complementary amino acids,

and more exploration of this phenomenon for Ile, Phe and possibly

Met and Lys should be performed to draw definitive conclusions.

Overall, the toxicity of specific amino acids likely stems from their

feedback−inhibitory effects on the corresponding biosynthetic

pathways. However, the levels of ‘minor’ amino acids (those

present at lower concentrations, i.e. His, Arg, Tyr, Trp, Phe, Met,

Val, Ile, Leu, Lys) are highly coordinated in plants (Noctor et al.,

2002; Foyer et al., 2003), likely reflecting uncharacterized regulatory

mechanisms. It is conceivable that disrupting this balance by

supplying exogenous amino acids could destabilize metabolism

and translation, ultimately causing stress or reduced growth,

although this remains speculative and warrants further investigation.

Gln has been shown to alleviate the growth inhibition from

exogenously applied amino acids in Nicotiana sylvestris cells

(Bonner et al., 1996). Here, we show that Gln also alleviates

amino acid-mediated inhibition in Arabidopsis grown vertically

or in liquid culture (Figures 2, 5). Similar to the study in N.

sylvestris, the alleviation of the inhibition was not always

complete. It depended on the ratio of the toxic amino acid over

Gln: a higher ratio was associated with a weaker alleviation, e.g. for

Phe, Leu or Ile (Figure 4). At amino acid concentrations that did not

completely inhibit growth, the alleviation was always complete.

These results are slightly different from N. sylvestris, where Gln

could not completely alleviate the inhibition of Ala, Cys, Pro, Thr

and Val (Bonner et al., 1996). Other differences were also noted

compared to the reports from Bonner et al., 1996: the authors

reported a toxic effect of Asn, Asp and Glu, that we did not observe,

whereas, in liquid medium, Asn was also potent at alleviating amino

acid toxicity (Figure 5). Differences in medium composition (full

strength MS medium, i.e. 40 mM NO3
- and 20 mM NH4

+, vs.

10 mM NO3
-) or the organism studied (N. sylvestris cells vs.

Arabidopsis plantlets) could explain those discrepancies.

Interestingly, we did not observe alleviation of toxicity by Asn in

vertical plates, where the seeds are germinated on the amino acid

medium, while it was observed in the liquid assay where plantlets

are transferred after germination into such medium. Germination is

controlled by numerous checkpoints and complex regulatory

pathways involving phytohormones and reactive oxygen species

ensuring that the external conditions are optimal for the

establishment of the developing seedling (Xu et al., 2024; Zhao

et al., 2024). Some amino acids could therefore trigger different
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signaling cascades and responses during or after germination,

leading to them being toxic when the seeds are sown rather than

when the seedlings are transferred into the amino acid medium.

Similar to the study on N. sylvestris cells (Bonner et al., 1996),

and different from other studies (Borstlap, 1974; 1978), who showed

that alleviation of Leu, Val and Ile toxicity by Glu, Gly and Ala was

due to an inhibition of uptake by competition, alleviation of the

uptake of Val was not inhibited by a 20-fold excess of Gln

(Figure 7D). This suggests that Gln plays a specific role in the

regulation of metabolism (see also Lee et al., 2023), independent of

an effect on amino acid uptake. Testing whether the effect of Gln is

generalizable to all plants and across many conditions will be of

particular interest. Gln concentration varies greatly between day and

night, sub-cellular compartments and tissue for most studied species

(Riens et al., 1991; Winter et al., 1992, 1993; Farré et al., 2001), likely

reflecting differences in nitrogen and carbon availability. This raises

the question of whether such condition- and species-dependent

fluctuations affect amino acid fluxes, e.g. promoting synthesis

when carbon and nitrogen are plentiful, possibly by acting as a

part of a regulatory mechanism that tunes nitrogen metabolic

activity to the current physiological status of the cell.

4.3 The quality and quantity of the
inorganic nitrogen source affects the
toxicity of and uptake response to amino
acids

The assays performed to develop conditions for a robust liquid

assay of amino acid toxicity showed that increasing the quantity of

total inorganic nitrogen and/or ammonium decreased the growth

inhibition for Leu and Phe (Supplementary Figures 2, 3). It is

important to note that we have not tested other amino acids, but

since Leu and Phe are synthesized from two different pathways, we

do not believe that this observation is amino acid or pathway

specific. This hypothesis is supported by a previous report showing

that presence of ammonium in the medium suppressed the toxicity

of most amino acids to tobacco, tomato and carrot cells (Behrend

and Mateles, 1976). Increase of nitrogen content and especially

NH4
+ in the medium increases production and accumulation of Gln

in plant cells (Frechilla et al., 2002; Hachiya et al., 2021). Given that

external Gln alleviates amino acid toxicity, it is conceivable that Gln

endogenously synthesized under high nitrogen/ammonium supply

has the same effect, suggesting that the alleviation does not (at least

entirely) depend on sensing external Gln, but rather from an intra-

cellular effect. Through a similar reasoning, Asn treatment could

leads to increase of Gln accumulation in the cells, by first being

deaminated by asparaginase, and the resulting ammonium being

used to synthesize Gln (Ivanov et al., 2012; Gaufichon et al., 2016),

ultimately alleviating amino acid toxicity. This hypothesis could by

tested by comparing amino acid profiles in NH4
+-, Asn- and Gln-

treated plants, in controlled pH conditions limiting ammonium

toxicity (Hachiya et al., 2021), and/or reduce Gln synthesis using

methionine sulfoximine.

Aside from amino acid toxicity and its possible effect on Gln

content and signaling, increasing nitrogen or ammonium content in
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the medium affected how the plants responded to amino acid

supply. In a medium containing 10 mM NO3
-, addition of 10

mM Leu, Phe, Met, Val, Lys or Thr had no effect on the amino acid

uptake capacity, tested by measuring the uptake of Gln (Figure 7C),

while in a medium containing 20 mM NH4
+ and 40 mM NO3

-, 10

mM Leu, Phe and Gln treatments decreased the uptake of Gln by

about 40% (Figure 7A). Whether this effect is due to changes in

internal concentrations of amino acids caused by different sources

of external inorganic nitrogen will be an interesting hypothesis to

test. This would certainly lead to a better understanding of the (co-)

regulation of amino acid metabolism and transport.

4.4 Which pathways are responsible for the
alleviating effect of Gln on amino acid
toxicity?

Because amino acid metabolic pathways are central in cell

metabolism, they are the target of several signaling pathways,

involving metabolite sensing and hormone responses which are

not clearly elucidated yet. Pathway activity is also modulated in

response to stresses and changing conditions to provide energy

(catabolism during stress) or substrate for protein synthesis

(anabolism during permissive conditions) (Pratelli and Pilot,

2014; Hildebrandt, 2018; Heinemann and Hildebrandt, 2021). It

has become increasingly clear that the TOR kinase is an

intermediate between amino acid sensing and regulation of amino

acid anabolism/catabolism (Liu et al., 2021; Ingargiola et al., 2023;

Yang et al., 2025), but other cascades have been proposed to also

play a role (Gent and Forde, 2017). Interestingly, it has been shown

that addition of some amino acids can alter the positive effect of Pro

and Ala on nighttime O2 consumption rate in a TOR dependent

manner (O’leary et al., 2020), reminiscent of the effect of Gln on the

toxicity of other amino acids. We tested whether TOR could be

involved in the Gln response by using the specific TOR inhibitor

AZD8055 on both amino acid uptake and alleviation of amino acid

toxicity by Gln. Given that amino acid treatments decrease amino

acid uptake (Figure 7A), and that amino acids stimulate TOR

activity (Cao et al., 2019; O’leary et al., 2020; Liu et al., 2021;

O’leary et al., 2025), we expected TOR inhibition to increase amino

acid uptake. On the contrary, we observed that AZD8055 led to a

decrease in amino acid uptake (Figure 7B). Regarding the effect on

plant growth, if Gln alleviates Val-triggered growth inhibition

through TOR activation, we expected AZD8055 to negate the

effect of Gln. Surprisingly, we observed that AZD8055 treatment

reduced growth to the same level at all Val concentrations tested,

and independent on the presence of Gln (Figure 6), which was

unexpected if the sole effect of Gln was to activate the TOR pathway.

This suggests that the processes affected by Val and Gln lie

downstream of TOR, whose overarching control of metabolism

masks their individual effects. Whether this hypothesis is

compatible with the observation that AZD8055 inhibition of

growth could be alleviated by inhibiting Gln synthesis (Ingargiola

et al., 2023) remains to be tested. The data are therefore not

sufficient to explain the effect of Gln, which could involve the

other major player in the regulation of the metabolism, SUCROSE-
Frontiers in Plant Science 13
NON-FERMENTING-1-RELATED PROTEIN KINASE 1 (SnRK1;

Artins et al., 2024), or hormonal pathways. A clearer picture would

be obtained by either using hypomorphic mutants of the TOR

complex (like raptor1, Anderson et al., 2005) or measuring TOR

activity by assaying the phosphorylation of downstream proteins

(like S6K1 or RSP6, Mahfouz et al., 2006; Dobrenel et al., 2016).

Unfortunately, those experiments were out of the scope of this

manuscript. One could also test the involvement of the putative

amino acid sensors of the ACR family (Hsieh and Goodman, 2002;

Sung et al., 2011) or the recently identified FYVE1/FREE1 Gln

receptor (Tanigawa et al., 2024).

4.5 Conclusions and future directions

This work tested and optimized the conditions to study the

regulation of amino acid metabolism. Quantifying the growth

inhibition of Arabidopsis plants by externally supplied amino

acids and its alleviation by Gln revealed that the amount and

source of inorganic nitrogen in the medium influence plants’

susceptibility to amino acids and amino acid transport response

to external amino acids. Follow-up studies would enable further

elucidation of the molecular mechanisms responsible for the growth

inhibition by amino acids: the effect of Gln, the interactions between

amino acids, the effect of the inorganic nitrogen in the medium, the

response of mutants of specific signaling and hormone pathways

(TOR, abscisic acid, salicylic acid, jasmonate) to amino acid

treatments, and involvement of various hormones could be studied.
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