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SUMMARY

Ammonium (NH4
+)-based fertilization efficiently mitigates the adverse effects of nitrogen fertilization on the

environment. However, high concentrations of soil NH4
+ provoke growth inhibition, partly caused by the

reduction of cell enlargement and associated with modifications of cell composition, such as an increase of

sugars and a decrease in organic acids. Cell expansion depends largely on the osmotic-driven enlargement

of the vacuole. However, the involvement of subcellular compartmentation in the adaptation of plants to

ammonium nutrition has received little attention, until now. To investigate this, tomato (Solanum lycoper-

sicum) plants were cultivated under nitrate and ammonium nutrition and the fourth leaf was harvested at

seven developmental stages. The vacuolar expansion was monitored and metabolites and inorganic ion

contents, together with intracellular pH, were determined. A data-constrained model was constructed to

estimate subcellular concentrations of major metabolites and ions. It was first validated at the three latter

developmental stages by comparison with subcellular concentrations obtained experimentally using non-

aqueous fractionation. Then, the model was used to estimate the subcellular concentrations at the seven

developmental stages and the net vacuolar uptake of solutes along the developmental series. Our results

showed ammonium nutrition provokes an acidification of the vacuole and a reduction in the flux of solutes

into the vacuoles. Overall, analysis of the subcellular compartmentation reveals a mechanism behind leaf

growth inhibition under ammonium stress linked to the higher energy cost of vacuole expansion, as a result

of alterations in pH, the inhibition of glycolysis routes and the depletion of organic acids.

Keywords: nitrogen, vacuole expansion, metabolism, pH, Solanum lycopersicum, transporter, flux,

modeling.

INTRODUCTION

Plants take up nitrogen (N) from the soil, mainly in the

form of nitrate (NO3
−) and ammonium (NH4

+). Owing to its

oxidative state, amino acid synthesis directly from NH4
+ is

energetically more efficient, as the two reductive steps to

transform NO3
− into NH4

+ are detoured (Hase et al., 2006).

Paradoxically, ammonium nutrition can entail a stressful

situation that induces a set of symptoms such as chlorosis

and biomass reduction (Britto & Kronzucker, 2002). The

causes of these symptoms include external cell medium

acidification, depleted uptake of inorganic cations through

direct competition with the NH4
+ uptake or the disruption

of hormone balance (Britto & Kronzucker, 2002; Liu & Von

Wirén, 2017). In parallel, under severe ammonium stress,

the occurrence of oxidative stress has also been associated

with the lower reductive power needed for NH4
+ assimila-

tion (Podgórska et al., 2013). It is known that ammonium

syndrome is not caused by a single mechanism alone but

rather by a combination of the above-mentioned factors.

Although ammonium stress is considered universal, there

is high interspecific and intraspecific variability (Cruz

et al., 2011; Sarasketa et al., 2014), with some species even

displaying a preference for ammonium. For example,

among crops, rice (Oryza sativa) is considered highly

� 2022 The Authors.
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tolerant to ammonium nutrition (Estebana et al., 2016). In

all cases, the genetic basis of this natural variation remains

to be discovered.

Walch-Liu et al. (2000) observed that cell number and

size were lower in leaves of tobacco (Nicotiana tabacum)

plants fed with NH4
+ compared with those fed with NO3

−,

suggesting that cell division and elongation were affected

by ammonium nutrition in relation to lower cytokinin

levels. Later, a similar impact of NH4
+ nutrition on Ara-

bidopsis root cells was reported (Liu et al., 2013; Ötvös

et al., 2021). Smaller leaf cell size under ammonium nutri-

tion has been associated with higher cell wall stiffness,

potentially reducing cell elongation (Podgórska et al.,

2017). However, cell expansion also relies on the internal

pressure exerted on the cell wall by the vacuole (Kaiser

et al., 2021; Kaiser & Scheuring, 2020). Indeed, cell turgor

is maintained through the uptake of water, directly driven

by the costly transport and deposition of solutes into the

vacuole (Fricke & Chaumont, 2005). In tomato (Solanum

lycopersicum) leaves, the nitrogen source has a substantial

impact on the content of the main cellular soluble com-

pounds (e.g. inorganic ions and organic acids) (Kirkby &

Mengel, 1967; Poucet et al., 2021), which are assumed to

be stored in the vacuole. The fact that the impact of the

nitrogen source varied according to leaf developmental

stage raised the question of the role played by vacuole

expansion in response to ammonium.

Ammonium (NH4
+) accumulates inside the vacuole

owing to its acidic nature. Indeed, direct microelectrode

measurements in NH4
+-supplied Chara corallina cells esti-

mated concentrations in the vacuole to be fourfold that

found in the cytosol (Wells & Miller, 2000). NH4
+ storage in

the vacuole has thus been proposed as a strategy used by

plants to maintain cytosolic NH4
+ concentrations. The dis-

covery of the function of the Arabidopsis tonoplast-

localized receptor-like kinase CAP1 ([Ca2+]cyt-associated
protein kinase 1) in the regulation of vacuolar NH4

+ com-

partmentation showed the importance of this process. The

cap1-1 mutant presented lower net NH4
+ flux across the

tonoplast and enhanced sensitivity to ammonium stress

(Bai et al., 2014). Moreover, it was reported that expressing

two Arabidopsis tonoplast aquaporins – TONOPLAST

INTRINSIC PROTEIN 2;1 (TIP2;1) and TIP2;3 – in Saccha-

romyces cerevisiae facilitated the transport of NH3 into the

vacuole and conferred yeast tolerance to the presence of

methylammonium (Loqué et al., 2005). More recently,

ammonium stress has been associated with increased

tonoplast degradation and lower tonoplast content in Ara-

bidopsis roots (Robert, Yagyu, Koizumi, et al., 2021).

Although the vacuole plays a major role in response to

ammonium nutrition, the study of metabolism at the sub-

cellular level remains challenging.

In this work, we addressed this question by develop-

ing a mathematical model describing the exchange of

solutes between the vacuole and the cytoplasm during leaf

development in nitrate- or ammonium-grown tomato

plants. We measured the expansion of the vacuole, the

cytosolic and vacuolar pH, and major metabolites and inor-

ganic ions at the tissue and subcellular levels using non-

aqueous fractionation (NAF). Altogether, our results show

that pH homeostasis, primary metabolism and inorganic

ions interact to restrain vacuole expansion under ammo-

nium nutrition.

RESULTS

Reduced vacuole expansion under ammonium nutrition is

associated with higher tonoplastic ΔpH and profound

changes in solute composition

To assess vacuole expansion during leaf cell growth accord-

ing to the nitrogen source supplied, we monitored the

growth of the first tomato leaf able to achieve maximal

growth, i.e. the fourth leaf to appear. Ammonium nutrition is

known to reduce biomass accumulation (Britto & Kron-

zucker, 2002). This fourth leaf presented a slower growth

rate, leading to poorer biomass, under ammonium nutrition

compared with nitrate nutrition (Figure 1a,b). However, leaf

growth dynamics did not change with the nitrogen source,

and growth reached the maximal rate after 21 days, regard-

less of the nutrition type. Logically, whole-plant biomass

was also reduced under ammonium nutrition, an effect that

was enhanced with the age of the plant (Figure S1). Chloro-

phyll content varied similarly under both nutrition regimes

(Figure S2), with a slightly higher chlorophyll content under

ammonium nutrition, which is generally associated with

mild ammonium stress (Sanchez-Zabala et al., 2015).

Fine monitoring of the volume of parenchymal cells and

their main subcellular compartments showed that, similarly

to leaf growth, cell and vacuole volume followed a sigmoidal

curve pattern during leaf development (Figure 1c). Ammo-

nium nutrition significantly affected cell and vacuole vol-

umes, which were decreased by 38% and 32%, respectively,

at day 41. In contrast, the volumes of the cytosol and chloro-

plast were not significantly affected (Figure S3). Accordingly,

the reduced size of the vacuole under ammonium nutrition

leads to a decreased ratio of vacuole/cytoplasm during the

expansion of ammonium-fed cells when compared with

nitrate nutrition (Figure S3). Interestingly, vacuole and cell

volumes were strongly correlated, regardless of the N source

(Figure 1d). Although it is not fully clear whether vacuolar

size changes precede or follow cellular size changes (Kaiser

et al., 2021; Kaiser & Scheuring, 2020), this result suggests

that ammonium nutrition might impact cell growth by affect-

ing vacuole expansion.

To characterize the metabolic status of tomato leaf

during its development, we investigated the tissue concen-

tration of the main soluble species likely accumulating in

the vacuole (amino acids, main organic acids, free sugars

� 2022 The Authors.
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,
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and inorganic ions) (Figures S4 and S5), protein, starch,

total C and N contents (Figure S2) and the activity of

enzymes involved in central metabolism (Figure S6). Unidi-

mensional clustering analysis highlighted patterns in the

investigated compounds that were linked to nitrogen

source and leaf development (Figure 2a). Briefly, organic

acids (malate and citrate), Mg2+, SO4
2−, NO3

− and Ca2+ pre-

dominantly and gradually accumulated under nitrate nutri-

tion. Conversely, the contents of NH4
+, starch and free

hexoses and protein were higher under ammonium nutri-

tion, when the growth rate increased exponentially (13–
21 days). Total amino acids, Cl− and HPO4

2− contents were

also higher under ammonium nutrition. Amino acids and

Cl− were accumulated primarily in young expanding

leaves, whereas HPO4
2− accumulated in older leaves.

Finally, Na+, K+, protein, sucrose and chlorophyll contents

formed a cluster with few nitrogen-source differences dur-

ing leaf growth.

Plant cells expand through the continuous deposition

of solutes in the vacuole to maintain osmotic pressure,

resulting in the inward flow of water (Fricke & Chau-

mont, 2005). The energization of vacuolar transport partly

relies on the ΔpH established across the tonoplast (Rea &

Sanders, 1987). We measured cytosolic and vacuolar pH

using 20, 70-bis-(2-carboxyethyl)-5-(and-6)-
carboxyfluorescein (BCECF), a pH-sensitive fluorescent dye

(Martinière et al., 2013; Swanson & Jones, 1996). Ammo-

nium nutrition led to significant acidification of the vac-

uole, with a pH of 5.5 � 0.1 compared with 6.4 � 0.1 for

nitrate nutrition (Figure 2b). However, the cytosolic pH was

maintained at around 6.8 under both conditions, resulting

in a ΔpH between the vacuole and the cytosol of 1.2 for

cells of ammonium-fed plants and 0.4 for cells of nitrate-

fed plants. As NH4
+ supply is known to acidify the external

medium of the cell (Hill et al., 2002), we also extracted

apoplastic fluids by infiltration–centrifugation and mea-

sured their pH (Figure 2c). As expected, the apoplastic pH

was more acidic (pH 5.8 � 0.1) under ammonium nutrition

than under nitrate nutrition (pH 6.4 � 0.03).

A two-compartment model of solute distribution at ther-

modynamic equilibrium

Summing the soluble compounds (Figure 3) revealed that

the total content of organic and inorganic compounds was

Figure 1. Time-course of leaf fresh weight, and cellular and vacuolar volume throughout leaf development in tomato (Solanum lycopersicum) plants grown with

ammonium (red) or nitrate (blue) as the nitrogen source. (a) Representative images of the terminal leaflet of the fourth leaf during its development. (b) Leaf growth

curve. Continuous lines represent regression analysis using a three-parameter logistic function. Dashed lines represent the absolute growth rate (AGR). (c) Time

course of leaf parenchyma cell and vacuole volume. Continuous lines represent regression analysis using a three-parameter logistic function. Dashed lines repre-

sent relative growth rate (RGR). (d) Correlations between cell and vacuole volume for plants fed with ammonium (red) and for plants fed with nitrate (blue).

� 2022 The Authors.
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,
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higher when plants were cultivated in the presence of

nitrate as the nitrogen source, suggesting an increase in

cell osmolarity. Osmolarities were also deduced from

osmolality values measured with an osmometer. The val-

ues thus estimated were in the same order and increased

similarly in both conditions, from 246 � 3 to

364 � 19 mOsmol L−1 with ammonium, and from 262 � 11

to 328 � 10 mOsmol L−1 with nitrate. This result suggests

that growth impairment under ammonium conditions was

not a consequence of a change in total osmolarity. It raises

the question of the subcellular distribution of organic and

inorganic compounds and the impact on their cytosolic

and vacuolar concentrations that could influence the

osmolarity of these two compartments, and thus molecule

and water fluxes.

Non-aqueous fractionation has been developed to

estimate the subcellular distribution of metabolites, classi-

cally among the cytosol, the plastids and the vacuole (Des-

tailleur et al., 2021; Krueger et al., 2011). When applied to

tomato leaf, it was possible to resolve the vacuole and the

cytosol in 21-, 31- and 41-day-old leaves (Table S1), but not

in the younger leaves, probably because their cells were

too small.

To circumvent the lack of experimental data for young

leaves, we created a mathematical model by integrating

biochemical and morphometrical data. This model

depicted tomato leaf parenchyma as a unique cell with a

vacuole and a homogeneous cytoplasm, in which the cyto-

sol, mitochondria and chloroplasts were not distinguished,

thus ignoring potential exchanges between these orga-

nelles and the cytoplasm.

The model consists of a set of equations describing

the concentrations of the 14 major molecules studied

within the vacuole and the cytoplasm, taking into account

the volume of the respective compartments, the molecule

content in the tissue and their transport mechanisms.

Amino acids, accounting for less than 7% of total osmolar-

ity with ammonium and 2% with nitrate (see experimental

data available online), were neglected in this model. For

each compound, the equations were parameterized based

on the literature regarding: (i) the driving forces involved

in vacuolar transport, i.e. ΔpH (pHvacuole – pHcytoplasm) and

the electric potential difference (ΔΨ, Vvacuole – Vcytoplasm)

across the tonoplast; and (ii) the stoichiometry of the

transport (Table S2). The core skeleton of each equation is

7 10 13 16 21 31 41 7 10 13 16 21 31 41

Magnesium

Sulfate

Nitrate

Malate

Citrate

Calcium

Ammonium

Starch

Glucose

Fructose

Sodium

Potassium

Protein

Sucrose

Chlorophyll

Phosphate

Chloride

Amino acids

Days aŌer leaf emergence

0.5

1

1.5

2

2.5

Ammonium Nitrate(a)
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4.0
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5.0
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6.0
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p-value =3.4e-5

**

(b)
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Nitrate

pH

(c)

6.4
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4.0

4.5

5.0

5.5

6.0

6.5

7.0 p-value=6.1e-10

**

6.4

5.8

Figure 2. Hierarchical clustering of metabolites and inorganic ion accumu-

lation throughout leaf development in Solanum lycopersicum (tomato)

plants grown with ammonium or nitrate as the nitrogen source and in vivo

intracellular pH measurement. (a) Heat map representation of metabolites

and inorganic ions obtained after unidimensional hierarchical clustering

using the PHEATMAP package in R 1.0.12. Columns correspond to the seven

developmental stages and show the mean-centered values (n = 3) of the dif-

ferent compounds determined in the study. (b) Vacuolar and cytosolic pH

measurement based on BCECF signal. Values represent means � SEs

(n = 12 leaves, each replicate corresponding to average of 10 measurements

per leaf section). (c) Apoplast pH in tomato leaves fed with ammonium or

nitrate as the unique source of nitrogen (values represent means � SEs,

n = 20). Significant differences between ammonium and nitrate treatments

in panels (b) and (c) are highlighted with asterisks (**P < 0.01).

Ammonium Nitrate

7 101316 21 31 41 7 101316 21 31 41
0

100

200

300
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Days after leaf emergence

m
O
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Figure 3. Comparison between experimentally measured and calculated

osmolality of tomato leaves grown with ammonium or nitrate as the nitro-

gen source. The continuous green line represents the osmolality measured

with an osmometer. The purple line represents the osmolality predicted by

summing the solute contents measured in bulk tissue, expressed in

mmol g−1 FW, and considering the tissue density (d) equal to 1 g FW mL−1.

Values represent means � SDs (n = 3).

� 2022 The Authors.
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based on the diffusion (for channels) or co-transport (for

carriers) at thermodynamic equilibrium, i.e. assuming the

transport fluxes are infinitesimally small compared with

the transport capacity of carriers (for details, see

Appendix S1). As a result of this near-equilibrium assump-

tion (see Appendix S2), the model did not allow the

involvement of two different transporters for the same

molecule, thus preventing the occurrence of ion cycling

across the tonoplast. The model was constructed consider-

ing channels for malate, citrate, NH4
+, SO4

2−
, Cl− and

PO4
2−, and H+ antiporter for hexoses, sucrose, K+, Na+,

Ca2+, Mg2+ and NO3
− (Table S2). Transport mechanisms

were selected based on our current knowledge of vacuolar

transport mechanisms in leaves, and taking into considera-

tion the need for a positive net flux of osmolytes into the

vacuole to enable water uptake and promote its elongation

during leaf expansion (Fricke & Chaumont, 2005; Kaiser &

Scheuring, 2020). Equations and parameter settings are

listed in Tables S3–S5.
Moreover, some ions such as malate, Ca2+ and differ-

ent forms of phosphate are known to form osmotically

inactive complexes when their concentration is above max-

imum solubility. Solute complexation can affect osmolality

and the distribution of solutes across the tonoplast. For

this reason, we extensively reviewed the constant of solu-

bility product (Ksp) of various ion associations that are

most likely to occur in cells. We considered the formation

of seven different complexes, the Ksp values of which are

listed in Table S6. All this information was considered to

define three models, the first model with no complex for-

mation (model 1) and two others in which we assumed

that some of these compounds would be forming com-

plexes, either in both compartments (model 2) or solely in

the vacuole (model 3).

Constraint-based optimization and experimental valida-

tion of the model

The cytoplasmic and vacuolar concentrations of major sol-

uble compounds (ions, organic acids and soluble sugars)

were simulated with the three models from the measured

tissue contents using subcellular volumes and the ΔpH
across the tonoplast. The system of equations was first

solved for the three late developmental stages (in 21-, 31-

and 41-day-old leaves) for which we had subcellular data,

assuming a succession of states close to thermodynamic

equilibrium. The initial parameterization of the models

(model 1) left one parameter free in the equations, i.e. the

transmembrane electrical potential across the tonoplast

(ΔΨ). It was optimized to satisfy the electroneutrality of

both vacuole and cytoplasm (see Experimental proce-

dures). In the case of models 2 and 3, ΔΨ and ionic com-

plex abundances were optimized by least-squares

minimization of both the charge imbalance within each

compartment and the solubility product of the free ionic

concentrations (see equation in Table S4 and Experimental

procedures). The formation of ionic complexes signifi-

cantly improved the goodness of fit compared with the

parameterization without complexes, even though it was

almost the same regardless of the localization of com-

plexes (Figure 4a). Indeed, the addition of complex forma-

tion in our model led to a reduction in the subcellular

concentrations of (Figures S7, S8 and 5c, referring to mod-

els 1 to 3, respectively). Therefore, the estimated leaf

osmolality (equations in Table S4) was closer to the osmo-

lality measured experimentally with an osmometer (Fig-

ure 4b). This was particularly evident when NO3
− was the

nitrogen source. In these plants, the soluble concentration

of Ca2+, and to a lesser extent that of HPO4
2−, decreased

strongly in both compartments because of complex forma-

tion (Figures 5c, S7 and S8).

To validate our model, the predicted subcellular con-

centrations were compared with the values obtained with

NAF at 21, 31 and 41 days (Table S1). Considering plants

grown with ammonium, the three models simulated cyto-

plasmic and vacuolar concentrations in the range of experi-

mentally determined concentrations, with the exception of

Cl− and sucrose, the cytoplasmic concentrations of which

were underestimated (Figures S9, S10 and S11). In con-

trast, in plants grown under nitrate nutrition, the cytoplas-

mic concentrations of Mg2+, Ca2+, SO4
2− and malate were

all overestimated in model 1 (Figure S9), but also in

model 2 (Figure S10), despite that it improved the good-

ness of fit through a better estimation of cell osmolarity

(Figure 4a). In general, simulations were greatly improved

with model 3 for both types of nitrogen nutrition, with bet-

ter linear correlation between predicted and experimentally

determined results (Figure 4c), in terms of R2 (0.87), slope

(0.90) and intercept (3.24). With model 3, total vacuolar and

cytosolic concentrations were remarkably close to those

determined experimentally (Figure S11), except for magne-

sium. This was further illustrated by the χ2 score, the dis-

crepancy between the NAF-derived and modeled

concentrations being lower when complex formation

occurred only in the vacuole (χ2 score of 772 with model 3

vs 7373 with model 2). Interestingly, the modification of

model 3 by replacing the transport mechanism for several

ions (Cl−, NO3
−, organic acids or K+) did not improve the

model (Table S7). Therefore, the initially defined model 3

(Figure 5a), which best fits the experimental data, was

retained to predict subcellular metabolite concentrations

during leaf development as a function of the nitrogen

source supplied.

Lower vacuolar flux of solutes under ammonium nutrition

but with higher energy cost

Given the great predictability of model 3 (Figure 5a),

involving complex formation in the vacuole only, we ana-

lyzed the model output for subcellular concentrations of

� 2022 The Authors.
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,

The Plant Journal, (2022), 112, 1014–1028
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each compound at seven developmental stages. Accord-

ingly, the coefficient of variation over the 200 best-scoring

optimizations showed that subcellular concentrations of

most compounds were statistically reliable, especially for

vacuolar concentrations, where the coefficient of variation

was always lower than 23% (Figure S12). The results (Fig-

ure 5c) showed that inorganic ions and organic species

were mostly located within the vacuole, with concentra-

tions always higher than in the cytosol. As expected, inor-

ganic N was mostly accumulated in the vacuole. The

maximal concentrations for NH4
+ were estimated to be

3.3 � 0.2 mM in the cytoplasm and 58 � 3 mM in the

vacuole at day 21 under ammonium nutrition. These

results are consistent with the direct measurement of NH4
+

with a microelectrode in C. corallina, which reached

30.8 mM in the vacuole and 7.3 mM in the cytosol after

2 days of incubation with 1 mM NH4
+ (Wells & Miller, 2000).

Interestingly, in the early stages of leaf development,

the model showed that malate was present mainly in sol-

uble form and that it contributed significantly to osmolal-

ity. In contrast, in older leaves, it was complexed with

Ca2+, up to 73%. Consequently, in 31- and 41-day-old

leaves, the contribution of malate to osmolality was lower

than 12% (Figure 5b) under nitrate-based nutrition. Access
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Figure 4. Comparison of the fits and validation, over the three stages (21J, 31J and 41J), of the vacuolar ion complex parameterization (model 3) as the best fit.

Three models were used to fit our data: model 1 (yellow), model 2 (gray) and model 3 (blue). (a) Mean value of goodness of fit, expressed as the relative root

mean squared error (RRMSE) of various parameterizations related to electroneutrality, complex formation and osmolality (as described in Experimental proce-

dures). (b) Comparison between simulated and experimentally measured osmolality in leaves of Solanum lycopersicum (tomato) plants grown for 21, 31 and

41 days with ammonium or nitrate as the nitrogen source. The continuous green line represents whole-tissue osmolality measured with an osmometer (n = 3).

The dashed lines represent tissue osmolality predicted as the sum of means (n = 200) of inorganic ions and organic metabolites accumulated in the vacuole and

cytoplasm under soluble form (c). Comparison between experimentally determined concentrations of compounds measured by non-aqueous fractionation

(NAF) and predicted data from the parameterizations of the three models.
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Figure 5. Predicted ΔΨ and subcellular concentration of organic and inorganic compounds throughout leaf development in Solanum lycopersicum (tomato)

plants grown with nitrate or ammonium as the nitrogen source. (a) Schematic network of subcellular compartmentation and ionic complexation of solutes in a

tomato leaf cell (model 3). The subcellular distribution of 14 inorganic and organic soluble compounds is dependent on their respective transporters. Channel

transporters (black circles) are energized by ΔΨ whereas H+-antiport transporters are energized by ΔpH (white circles) or ΔΨ and ΔpH (black-and-white circle).

The ↔ arrows indicate the thermodynamic equilibrium for each chemical species across the tonoplast and under complex form (symbolized by crystal struc-

tures) into the vacuole. (b) Predicted relative contribution of individual solutes to total osmolality, considering tissue density as 1 g FW mL−1. (c) Predicted ΔΨ
across tonoplast and vacuolar (triangle) and cytoplasmic (circle) concentration of soluble organic and inorganic compounds in leaf development in plants grown

with ammonium (red) or nitrate (blue) as the nitrogen source. Gray line represents experimentally determined content in bulk tissue multiplied by the tissue

density (n = 3). In panels (b) and (c), values represent means � SDs of the 200 best-scoring combinations of parameters obtained by least-square minimization

using a genetic algorithm with randomized initial conditions, as described in the Experimental procedures.

� 2022 The Authors.
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,
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to the subcellular concentrations at every developmental

stage allowed us to calculate the net uptake of solutes into

the vacuole, considering: (i) the evolution of vacuolar vol-

ume, i.e. the expansion rate (Figure S13); (ii) the variation

in concentration in the vacuole, i.e. the accumulation rate

(Figure S13), calculating the derivative of the curve fit of

total concentrations (Figure S14); and (iii) the diffusion flux

across the tonoplast (Figure S13) (for details, see

Appendix S1). Under both nutrition types, the individual

net solute fluxes were higher (Figures 6a and S13) when

the vacuolar relative growth rate was maximal (between 7

and 21 days; Figure 1c), and then sharply decreased until

the end of leaf development. The most striking difference

between treatments was the higher net flux of Ca2+ and

malate under nitrate nutrition (Figure 6a). Accordingly, in

agreement with lower vacuole expansion under ammo-

nium nutrition (Figure 1c), the cumulated net flux of

solutes into the vacuole was always lower (27%–62%)

under ammonium nutrition than under nitrate nutrition

(Figure 6b).

Finally, we estimated the energy cost of vacuole

expansion under both nutrition regimes by calculating the

cost of solute fluxes in terms of ATP (Figure 6c) (for

details, see Appendix S1 and Figure S15). Despite the

lower net solute flux (Figure 6b), the higher tonoplast

ΔpH and ΔΨ of NH4
+-fed plants implied that solute trans-

port was energetically more expensive than in NO3
−-fed

plant cells (Figure 6c). Indeed, the ATP needed to sustain

the vacuolar fluxes under ammonium treatment was

approximately twice as high between days 7 and 21 com-

pared with nitrate treatment. Finally, upon leaf growth

arrest, the energy cost of vacuolar fluxes was low and

similar for both nutrition regimes. It is worth noting that

changing the parameterization of individual transport

mechanisms (as mentioned in Table S7) did not have a

significant impact on the energy cost of vacuolar fluxes.

Accordingly, the ATP cost always remained higher under

ammonium nutrition when compared with nitrate nutri-

tion (Figure S16).

DISCUSSION

Providing NO3
− or NH4

+ to a plant induces drastic changes

in solute accumulation as a result of profound metabolic

adaptation and altered ionic balances (Britto & Kron-

zucker, 2002). In addition, there is a growing body of

evidence linking the nitrogen source to differential cell

Figure 6. Reduced vacuolar expansion under ammonium nutrition associated with lower solute vacuolar flux at higher energy cost. (a) Radar representation of

simulated individual solute vacuolar net fluxes (expressed as μmol g−1 FW day−1) at three representative leaf developmental stages in plants grown with ammo-

nium (red) or nitrate (blue) as the nitrogen source. (b) Modeled evolution of the net flux of vacuolar solutes. (c) Modeled energy cost of solute net transport and

leakage when plants are grown with ammonium or nitrate as the unique nitrogen source (expressed in μmol ATP equivalent to g FW−1 day−1). Vacuolar solute

flux and associated energy cost were calculated as detailed in Appendix S1, with the model allowing ion complexation exclusively in vacuole.

� 2022 The Authors.
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growth (Liu et al., 2013; Ötvös et al., 2021; Podgórska

et al., 2017; Robert, Yagyu, Lascano, et al., 2021; Walch-Liu

et al., 2000). However, the reasons behind this phe-

nomenon remain unclear. Vacuole expansion is essential

to cell growth and is critical for NH4
+ sequestration inside

the vacuole to promote ammonium tolerance in plant (Bai

et al., 2014; Loqué et al., 2005). In this context, cytological

monitoring of tomato leaf development suggests that the

perturbation of vacuole expansion might play a major role

in the reduction of cell growth (Figure 1).

Mathematical modeling to predict solute distribution

across the tonoplast

The transport of solutes across the tonoplast and their

vacuolar concentration depends on the type of vacuolar

transport, the total solute tissue content, the ΔpH across

the tonoplast, the membrane potential (ΔΨ) and the

abundance of ionic complexes. Optimization of the latter

two parameters helped match the predicted subcellular

concentrations with the data obtained experimentally, i.e.

tissue osmolality and subcellular concentrations obtained

via NAF for leaves on days 21, 31 and 41 after appear-

ance. The formation of ionic complexes, which is com-

monly associated with the maintenance of ion

homeostasis in plants (Volk et al., 2002), significantly

improved the quality of model predictions, especially

when constraining it to the vacuole. In agreement with

this model, it has been shown that calcium oxalate crys-

tals accumulate specifically in the vacuole (Nakata, 2012).

The most significant discrepancies found between pre-

dicted and experimental data concerned Cl− and sucrose

(Figure S11). Regarding sucrose, the model overestimated

its concentration in the vacuole independently of the

nitrogen source (Figure S11). An essential metabolic

activity inside the vacuole is sucrose hydrolysis by acid

invertase, which was higher under ammonium nutrition

(Figure S6), as also reported in Beta vulgaris (Raab &

Terry, 1995). This activity may affect the sucrose gradient

and its transport across the tonoplast (Beauvoit

et al., 2014). Importantly, such activity conflicted with the

present model parameterized at equilibrium, resulting in

the inaccurate prediction for sucrose location but not for

the other sugars tested.

Overall, our model fitted the experimental data very

well at three developmental stages of the leaf, from 21 to

41 days (R2 = 0.87, slope = 0.90; Figure 4) and proved to be

an outstanding tool to predict the subcellular distribution

of solutes. Providing estimates for 14 major solutes in the

early stages was particularly interesting, as experimental

data could not be obtained for these stages. Importantly,

this made it possible to calculate the total net flux of vac-

uolar solutes required for cell expansion as well as the

associated energy cost (Figure 6).

Vacuole acidification: an essential but costly strategy for

maintaining cytosolic pH homeostasis under ammonium

nutrition

One of the well-known effects of ammonium nutrition is

the acidification of the external cell medium to ensure

cytosolic pH homeostasis (Hachiya et al., 2012; Meier

et al., 2020). Together with a more acidic apoplast, we

found significant acidification of the vacuole under long-

term ammonium nutrition. This result is not in agreement

with the increase in vacuolar pH reported for cells tran-

siently exposed to high external NH4
+ concentrations

(Gerendás & Ratcliffe, 2000; Roberts et al., 1982; Roberts &

Pang, 1992). In short transient experiments, rapid alkalin-

ization corroborates the mechanism of NH4
+ vacuolar

transport, which is based on ‘ion trapping’ (Britto

et al., 2001). Here, during prolonged exposure to high

levels of NH4
+, the pH variations observed within leaves

reflect the integrative cell metabolic response to cope with

acidity over long periods. It is generally assumed that

NH4
+ assimilation produces protons within the cytosol,

whereas NO3
− assimilation consumes protons (Britto &

Kronzucker, 2005; Hachiya et al., 2021).

The maintenance of cytosolic pH under ammonium

nutrition is possible thanks to the joint functioning of the

biochemical and biophysical pH-stat mechanisms. In line

with the hypothesis of a biochemical mechanism to scav-

enge H+ in the cytosol, and as previously reported (Poucet

et al., 2021), we also observed lower phosphoenolpyruvate

carboxylase (PEPC) enzyme activity together with higher

malic enzyme (ME) activity under ammonium nutrition

(Figure S6). The co-regulated activity of both enzymes is

consistent with the low levels of malate commonly

observed in leaves under ammonium nutrition (Hachiya

et al., 2012; Kirkby & Mengel, 1967; Poucet et al., 2021;

Vega-Mas et al., 2019), including in the present work.

Vacuolar and apoplastic acidification may participate in the

biophysical pH-stat mechanism via the regulation of the

net translocation of H+ out of the cytosol, suggesting the

activation of proton pumps to ensure vacuolar H+ uptake.

The long-term ammonium nutrition effect on vacuolar pH

was previously investigated by 14N nuclear magnetic reso-

nance (NMR) spectroscopy in the Norway spruce (Picea

abies; Aarnes et al., 2007), a conifer well adapted to high

NH4
+ content in the soil (Aarnes et al., 2007; Kronzucker

et al., 1997). However, no significant difference was found

between seedlings growing on NH4
+ and NO3

− as the nitro-

gen source (Aarnes et al., 2007). The vacuole acidification

observed in our work is probably helping to preserve cyto-

sol integrity in tomato, which, unlike Norway spruce, is an

ammonium-sensitive plant (Kirkby & Mengel, 1967; Poucet

et al., 2021; Vega-Mas et al., 2017).

In our model, after constraint-based optimization, the

higher ΔpH in NH4
+-fed plants ended up in a higher

� 2022 The Authors.
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,
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transmembrane potential (ΔΨv-c) across the tonoplast

compared with NO3
−-fed plants. ΔpH energizes H+-antiport

transporters, which mainly translocate positively charged

compounds such as K+ or Ca2+. A higher ΔΨ is thus neces-

sary to improve the transport of counter ions in order to

preserve electroneutrality. The model proposed by Lobit

et al. (2006), to explain malate accumulation in fruit, indi-

cates that the electromotive force would decrease as the

vacuolar pH decreases. This discrepancy with our results

comes from the constraints that they imposed, i.e. the

pumps as well as the transporters operate at equilibrium,

whereas only the transporters are constrained to equilib-

rium in our model. The higher ΔpH and ΔΨ in NH4
+-fed

plants elicit important consequences for vacuolar perfor-

mance. First, it increases the sequestration capacity of the

vacuole for different solutes, thereby augmenting the

intensity of leaks through the tonoplast. Second, it

increases the energy cost of solute transport into the vac-

uole. A study in protoplasts of bean (Vicia faba) leaf meso-

phyll based on similar calculations also evidenced that the

energy cost of H+ influx increased when ΔpH across the

plasma membrane was higher (Wegner & Shabala, 2019).

Therefore, decreasing the vacuolar pH appears to be an

efficient strategy to preserve cytoplasm homeostasis under

ammonium nutrition. However, it involves an energy

trade-off as it dramatically increases the energy cost of

solute fluxes during vacuole expansion (Figure 6c), poten-

tially impacting leaf growth and biomass accumulation.

Depletion of organic acids under ammonium nutrition, as

a consequence of the decreased use of sugars, impacts

vacuole growth

The dramatic depletion of leaf organic acid (malate and

citrate) content under ammonium nutrition is well known.

This decrease has been associated with the requirement of

carbon skeletons to sustain high NH4
+ assimilation rates

and with the regulation of cytosolic pH through the bio-

chemical pH-stat mechanism (de la Peña et al., 2019;

Hachiya et al., 2012; Kirkby & Mengel, 1967; Pasqualini

et al., 2001; Poucet et al., 2021; Van Beusichem

et al., 1988). Our model revealed a critical aspect of organic

acid depletion: its contribution to vacuole expansion.

Indeed, although cell osmolality did not differ between

NO3
−- and NH4

+-fed plants (Figure 4b), the model showed

much higher net fluxes of solutes across the tonoplast

under nitrate nutrition, in particular for malate and citrate

(Figure 6a), major vacuolar osmolytes that promoted vac-

uole expansion under nitrate nutrition.

Interestingly, the K+ concentration was very low in the

cytosol of plants grown under ammonium nutrition

(Figure 5), suggesting an early limitation in the activity of

pyruvate kinase (PK). In fact, the measured and estimated
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Figure 7. Reduction of cell growth in tomato leaf in response to ammonium feeding: a proposed model of the regulation of metabolism. Providing ammonium

as the exclusive source of nitrogen provoked the acidification of the vacuole that together with proton extrusion to the apoplast and the biochemical pH-stat

mechanism cooperate to maintain cytosolic pH. Vacuole acidification entailed a higher ΔΨ that, coupled with the depletion of organic acids, provoked a reduc-

tion in import fluxes into the vacuole and an increase in the energy cost of solute transport across the tonoplast under ammonium nutrition. Moreover, we also

propose a mechanism for the observed accumulation of sugars under ammonium nutrition associated with the decrease in pyruvate kinase activity, owing to

the decrease in cytosolic potassium concentration.
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K+ concentrations (from 3.9 to 10.8 mM) were in the

Michaelis constant (KM) range of this enzyme (Baysdorfer

& Bassham, 1984). On the contrary, under nitrate nutrition,

K+ concentrations, although decreasing from 58 mM in the

very young leaf to 35 mM in the mature leaf, were still satu-

rating, thus promoting glycolytic flux. Consistently, we

also found a significant although limited decrease in PK

activity under ammonium nutrition (Figure S6). Both the

PK inhibition and down-modulation might limit the glycol-

ysis and downstream pathways, and therefore reduce

energy production. This hypothesis of a bottleneck induced

by ammonium in organic acid metabolism is reinforced by

the fact that PEPC activity was reduced and ME increased.

Moreover, partial PK inhibition may also explain the accu-

mulation of soluble sugars often observed in leaves under

ammonium nutrition (Poucet et al., 2021; Setién et al.,

2013; Vega-Mas et al., 2017; Walch-Liu et al., 2000) (Fig-

ure S6). Altogether, ammonium nutrition leads to a para-

dox, in which the use of photosynthesis products for leaf

growth is limited whereas the energy costs of growth

increase, especially those associated with vacuole expan-

sion (Figure 6c).

CONCLUSION

The understanding of the role of the vacuole in response to

ammonium nutrition is generally limited because of a lack of

knowledge about subcellular concentrations of metabolites.

In this work, we combined in vivo pH measurement, NAF

and mathematical modeling to estimate the subcellular con-

centrations of ions and organic acids during the develop-

ment of the tomato leaf according to the nitrogen source

provided: nitrate or ammonium. As summarized in Figure 7,

vacuole acidification is an essential mechanism that cooper-

ates with proton extrusion and biochemical pH-stat to main-

tain cytosolic pH under ammonium nutrition. Together with

the depletion of organic acids, vacuole acidification entailed

a reduction of import fluxes into the vacuole and an increase

in the energy cost of solute transport across the tonoplast

under ammonium nutrition. Additionally, estimates for cyto-

plasmic K+ concentration pointed to a possible, although

partial, decrease in the activity of pyruvate kinase that could

contribute to limit the use of sugars via glycolysis. Alto-

gether, our work provides an explanation for cell growth

reduction in tomato leaf under ammonium nutrition. It paves

the way to further investigate the molecular actors involved

in this mechanism that may be useful to improve plant

ammonium tolerance, which in turn is pivotal to reduce the

impact of nitrogen fertilization on the environment.

EXPERIMENTAL PROCEDURES

Growth conditions and experimental design

The germination of tomato (S. lycopersicum, cv. M82) seeds was
conducted in trays with perlite:vermiculite 1:2 (v:v) inert substrate

mixture and watered with deionized water. The trays spent
14 days in a growth chamber with the following environmental
conditions: light intensity of 350 μmol m−2 sec−1 with a 14-h light/
10-h dark photoperiod, 60%/70% relative humidity and 23°C day/
18°C night conditions. Six hundred homogeneous seedlings were
transferred to 500-ml pots (with one seedling per pot) with perlite:
vermiculite 1:2 (v:v) and set up in a glasshouse (Greenhouse Ser-
vice, SGIker, UPV/EHU). After 35 days, plants were transferred to
2.8-L pots. The glasshouse conditions had a 14-h day/12-h night
photoperiod, with the support of additional light sources ensuring
a minimum light intensity of 200 μmol m−2 sec−1. Temperature
and relative humidity were 25°C/18°C and 50%/60%, respectively,
during the day/night. Plants were irrigated three times a week with
a nutrient solution adjusted to pH 6 that contained macronutrients
(1.15 mM K2HPO4, 0.85 mM MgSO4, 0.7 mM CaSO4, 2.68 mM KCl,
0.5 mM CaCO3, 0.07 mM NaFeEDTA) and micronutrients (16.5 μM
Na2MoO4, 3.5 μM ZnSO4, 3.7 μM FeCl3, 0.47 μM MnSO4, 0.12 μM
CuSO4, 16.2 μM H3BO3, 0.21 μM AlCl3, 0.126 μM NiCl2 and 0.06 μM
KI). Nitrogen was applied at a final concentration of 15 mM in two
different forms that corresponded to 100% ammonium, applied as
7.5 mM (NH4)2SO4, and 100% nitrate, applied as 7.5 mM Ca(NO3)2.
To compare both nutrient regimes, in the main experiment, nitrate
nutrition was supplemented with 7.5 mM CaSO4 to equilibrate the
sulfate supplied in the ammonium treatment. Overall, 300 plants
were grown for each treatment.

Plants were monitored daily to register and tag the appear-
ance of the fourth leaf on every plant. Overall, we estimated that
when the terminal leaflet of the leaf was 3.5 cm long it corre-
sponded to a 7-day-old leaf, which in turn corresponded to a 30-
to 35-day-old plant. With this criterion, and to monitor leaf devel-
opment according to the nitrogen source provided, we harvested
the fourth leaf at seven time points corresponding to 7-, 10-, 13-,
16-, 21-, 31- and 41-day-old leaves. Three or four plants per treat-
ment and time point were harvested to determine biomass param-
eters (fresh and dry weight) and conduct a cytological analysis.
Dry weight was determined after drying the plant material in an
oven at 80°C for 72 h.

Sampling and determination of metabolites

For metabolic analyses, three biological replicates were collected
per time point, each replicate consisting of a pool of the fourth
leaf of 10 plants. To do so, the central vein of the leaves was
rapidly removed with a scalpel and the remaining lamina was
immediately frozen in liquid nitrogen and stored at −80°C for fur-
ther analysis. Leaf pools were ground to powder in a tissue lyser
(MM 400; Retsch, https://www.retsch.com) at cryogenic tempera-
ture. Leaves were harvested between 10 a.m. and 1 p.m.

Metabolites were extracted as described by Luna et al. (2020)
from 20-mg aliquots of frozen leaf powder. Total chlorophylls, sol-
uble sugars, malate, citrate, proteins and starch were quantified
as described by Poucet et al. (2021). Amino acids were quantified
by HPLC fluorometry (Biais et al., 2014).

Extraction, determination and quantification of soluble

ions

Aliquots of fresh frozen leaf powder (20 mg) were homogenized
with 1 ml of ultrapure water and incubated at 85°C for 10 min.
After 10 min of centrifugation at 15 000 g, supernatants were
removed and filtered through 0.22 μm × 13 mm PVDF filters. Sol-
uble cations and anions were measured by ion chromatography
(DIONEX ICS-5000; ThermoFisher Scientific, https://www.
thermofisher.com) at the Servicio Fitotrón e Invernadero SGIKer,
UPV/EHU.
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Enzyme activity

Enzymes were extracted as described in Gibon et al. (2004). Activi-
ties of malate dehydrogenase (MDH), phosphoenol pyruvate car-
boxylase (PEPC), pyruvate kinase (PK), acid invertase (AI),
fructokinase (FK) and glucokinase (GK) were determined by spec-
trophotometry using 96-well microplate spectrophotometers, as
described by Gibon et al. (2004). Acid invertase was performed
after desalting (PD Multitrap G-25; GE Healthcare, http://www.
gehealthcare.com). The protocol for measuring NADP-dependent
malic enzyme (ME) activity was adapted from Holtum & Win-
ter (1982).

Total carbon and nitrogen

Nitrogen and carbon contents were quantified by the combustion
of dry plant material with elemental analyzer Flash EA1112 (Ther-
moFisher Scientific).

Cytological study

Leaf blade fragments (1–2 mm thick) were placed in 2.5% glutaralde-
hyde (v/v) in 0.1 M sodium phosphate buffer, pH 7.2, kept at 4°C on
ice. During the first hour of fixation, an increasing vacuum (from 800
to 200 mbar) was applied and interrupted every 15 min. Samples
were rinsed three times in cold phosphate buffer and treated with
1% tannic acid for 30 min under agitation. After three water rinses,
samples were dehydrated by an acetone series. For embedding,
samples were placed for 1 h in an acetone:Epon 812 mixture (50:50,
v/v; EMBed-812 embedding kit; EMS, https://www.emsdiasum.com)
under agitation. After the acetone had evaporated, samples were
transferred to 100% Epon 812 mixture and incubated overnight at
room temperature. Fixed fragments were placed into silicon molds
with fresh Epon solution and polymerization was performed at 70°C
for 16 h. Fixed sections were sliced (1 μm) with glass knives and
stained with 0.04% (w/v) toluidine blue.

Sections were photographed using a Zeiss Axiophot micro-
scope (https://www.zeiss.com) coupled with a Spot RTKE digital
camera. To calculate cell and subcellular volumes, cell, vacuole,
cytoplasm, chloroplast and cell wall areas were measured with IM-

AGEJ (https://imagej.nih.gov/ij/) by manual drawing. The ellipse that
corresponded best to the measured areas was computed to pro-
vide ellipsis parameters (Figure S3): with a being the semi-major
axis and b being the semi-minor axis. Volumes were calculated
assuming that the cell and vacuole were prolate spheroids of
radius a, b and c (with a > b = c) (Beauvoit et al., 2014). We
assumed that the cell wall was homogenously distributed around
the plasma membrane. For chloroplast volumes, we assumed that
they were homogeneously distributed within the cytoplasm.
Finally, the cytoplasmic space was determined by calculating the
difference between total cell volume and the above calculated vol-
umes for the vacuole, chloroplasts and cell wall. For each biologi-
cal replicate, subcellular volumes were determined and averaged
from six parenchyma cells.

pH measurements

Vacuolar and cytoplasmic pH was determined using the ratiomet-
ric fluorescent cell-permeant BCECF-AM dye (CAS117464-70-7;
Santa Cruz Biotechnology, https://www.scbt.com) (Martinière
et al., 2013). Transversal tomato leaf sections (90 μm thick) were
obtained using a vibratome (Microm HM650V, Thermo Scientific).
Loading of the dye was performed by incubating the leaf sections
for 20 min in dye-loading medium (50 mM 2-(N-morpholine)-
ethanesulphonic acid (MES)-TRIS, adjusted to pH 6.5, 135 mM KCl,

100 μM CaCl2, 5 μM BCECF-AM, 0.02% of pluronic acid) at room
temperature, in the dark, followed by a 10 min incubation in dye-
loading medium without BCECF-AM and pluronic acid. BCECF-AM
fluorescence was detected with a ×20 PL-APO objective on a Leica
LCS SP2 AOBS confocal microscope (Leica, https://www.leica-
microsystems.com) with sequential excitation at 488 nm and
454 nm, and emission was recorded in the 525–550 nm band.
Auto-fluorescence of chloroplasts at 600 nm was used to define
compartments. As expected, dye was mainly loaded in the vac-
uole but was also detectable in the cytosol (Giglioli-Guivarc’h
et al., 1996). Images were analyzed with FIJI (IMAGEJ). Fluorescence
488/454 ratios were converted into pH values based on the calibra-
tion curve made in the occlusive cells of the stomata following the
nigericin method (Brauer et al., 1995). To avoid any interference of
nutrition type with the dye sensitivity, calibration curves were per-
formed in leaf sections coming from plants grown under ammo-
nium or nitrate conditions, with no difference reported between
curves (Figure S17).

Apoplastic fluids were extracted by gentle centrifugation and
the apoplast dilution factor was calculated using infiltration with
indigo carmine following the method described by O’Leary
et al. (2014). Finally, pH was determined with a microelectrode.

Osmolality and osmolarity

Aliquots of 20 mg of frozen leaf powder were homogenized by
vigorous shaking with 150 μl of deionized water. Homogenates
were centrifuged at 15 000 g for 10 min and osmolality
(mOsmol kg−1 H2O) was measured in the supernatants with a
Micro-Osmometer Type 13/13DR (Roebling). The osmolarity val-
ues were converted to osmolarity (mOsmol L−1) assuming the
equivalence between 1 L and 1 kg of water.

Non-aqueous subcellular fractionation (NAF)

The NAF protocol was adapted from Fürtauer et al. (2016), with
slight modifications. Frozen leaf powder was freeze-dried for
7 days. A 50-mg portion of powder was suspended in 7 ml of pre-
chilled heptane/tetrachloroethylene mixture (ρ = 1.3 g cm−3). After
sonication, the suspension was filtered through a nylon mesh
(with a pore size of 22–25 μm). The remaining suspension was
adjusted to 25 ml with pure heptane and centrifuged at 4800 g for
10 min at 4°C. The pellet was resuspended in 1 ml of pure tetra-
chloroethylene (ρ = 1.3 g cm−3) and centrifuged at 24 000 g for
10 min at 4°C. The pellet was retained and the supernatant was
transferred into a new reaction tube. Densities of the heptane/te-
trachloroethylene mixtures for the three following fractions were
1.48, 1.42 and 1.36 g.m−3, respectively. The supernatant of the last
fraction was adjusted to 7 ml with pure heptane and centrifuged
at 4800 g for 10 min at 4°C. All pellets were resuspended in a
heptane/tetra-chloroethylene mixture according to the density of
the corresponding fraction, and aliquoted into four subfractions.
These subfractions were precipitated by adding pure heptane
(ρ = 0.68 g cm−3) followed by centrifugation at 13 100 g for 3 min
at 4°C. Samples were dried in a vacuum concentrator (LaboGene,
https://www.labogene.com). Aliquots were stored at −20°C to fur-
ther perform ethanolic extractions for metabolite determination
and enzyme extractions (as previously described). Chlorogenic
acid, determined by liquid chromatography–mass spectrometry
(LC–MS), and mannosidase activity were used as vacuolar mark-
ers (Beshir et al., 2019; Sazzad Hossain et al., 2017). Chlorophyll
and NADP-glyceraldehyde-3-phosphate dehydrogenase activity
were used as chloroplastic markers (Krueger et al., 2011) and
phosphoenolpyruvate carboxylase activity was used as a cytosolic
marker (Stitt et al., 1989). The cytoplasm concentrations shown in
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Table S1 correspond to the merged cytosol and chloroplast con-
centrations.

Mathematical modeling and model parameter

optimization

The summary of transporter characteristics used for model param-
eterization I presented in Table S2. The set of equations describing
the final model are listed in Tables S3 and S4 and was solved by
COPASI 4.7 (Hoops et al., 2006) using the constants defined in
Table S5. For each optimization set-up, 14 COPASI files correspond-
ing to the seven developmental stages of NH4

+- and NO3
−-fed

plants were generated. Parameter optimization was performed
using the genetic algorithm and by minimizing an objective score,
the equation for which is given in Table S4. Two physicochemical
constraints were applied to the model, i.e. solution electroneutral-
ity and ion solubility. To ensure electroneutrality, the error was
defined by the sum of the squared positive and negative charges
in the cytoplasm and the vacuole relative to the total quantity of
charges in the respective compartments (Table S4). The solubility
product constant (Ksp), which is the result of the multiplication of
the free ion concentrations according to their stoichiometry in the
complex, must be smaller or equal to the Ksp of the given com-
plex. The whole iterative process was then repeated by means of
parallel computing, using the Curta cluster housed by the
Mesocentre de Calcul Intensif Aquitain (MCIA). The 200 best-
scoring parameter sets were kept for further analysis.

To evaluate the goodness of fit of the model, the relative root
mean squared error (RRMSE) was calculated for each variable,
giving the same weight for solution electroneutrality, ion com-
plexation and tissue osmolality, according to the following equa-
tion (Wallach et al., 2014):

where the subscript k stands for the subcellular compartment
(vacuole or cytoplasm) in which the complexes and free ions are
located, c stands for the seven ionic complexes, and calc and exp
stand for modeled and experimental values, respectively. Note
that the Kexp

sp,c was not used as a constraint per se (i.e.
Kcalc

sp,c ≤ Kexp
sp,c ) during the optimization process, as the Kexp

sp,c values
were found to vary considerably in the literature (sometime with
one order of magnitude) as a function of the temperature, ionic
strength and viscosity of the bulk phase. Moreover, Kexp

sp,c was
assumed to be the same in both the vacuole and the cytoplasm
(Table S5 and references hereafter).

Statistical analysis

Statistical analyses were carried out using R (R Core Team, Vienna,
Austria, 2018). Normality and homogeneity of variance were ana-
lyzed by Levene tests. Comparisons of results from different con-
ditions (treatment, age or both) were assessed using independent-
samples Student’s t-test, a one-way analysis of variance (ANOVA)
followed by Duncan’s test, or a two-way ANOVA, as described in
the figure legends. Heat-map representations were obtained using
the PHEATMAP package in R 1.0.12 after unidimensional hierarchical
clustering by Pearson’s correlation of mean-centered values of
metabolites for different ages and treatments. To fit experimental
data, parameters of non-linear regressions (logistic) were obtained
using the non-linear least square function combined with Self-

Starting Nls Logistic Model (SSlogis) function, both from R-
STAT 3.6.2. The coefficient of variation of simulated values was cal-
culated as percentage between SD and mean values. To deter-
mine the accumulation rate, the derivatives of the time course of
vacuolar ion concentrations were calculated from the cubic poly-
nomial curve fit of the log-transformed data.
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Figure S3. Cytological analysis for volume determination.

Figure S4. Time course of main individual amino acids throughout
the development of the fourth leaf.

Figure S5. Time course of main inorganic ions, organic acids and
free sugars throughout the development of tomato leaf.
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1026 Théo Poucet et al.

 1365313x, 2022, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/tpj.15991 by C

ochrane France, W
iley O

nline L
ibrary on [27/12/2022]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://doi.org/10.15454/BL3GYM


Figure S6. Time course of enzyme activities throughout the devel-
opment of the fourth leaf of tomato.

Figure S7. Modeled vacuolar and cytoplasmic concentration of
solutes throughout the development of the fourth leaf in tomato
plants, without consideration of ion complexes within the vacuole
and the cytoplasm.

Figure S8. Modeled vacuolar and cytoplasmic concentration of
soluble solutes throughout the development of the fourth leaf in
tomato plants, with consideration of ion complexes within the
vacuole and the cytoplasm.

Figure S9. Comparison of subcellular concentrations of metabo-
lites and ions estimated by model 1 with experimentally measured
concentrations with NAF.

Figure S10. Comparison of subcellular concentrations of metabo-
lites and ions estimated by model 2 with experimentally measured
concentrations with NAF.

Figure S11. Comparison of subcellular concentrations of metabo-
lites and ions estimated by model 3 with experimentally measured
concentrations with NAF.

Figure S12. Coefficient of variation of simulated total concentra-
tions and ΔΨ as a function of leaf developmental stage.

Figure S13. Time course of vacuole expansion, accumulation and
diffusion fluxes of individual solutes across tonoplast throughout
the development of the fourth leaf of tomato plants.

Figure S14. Time course and curve fit of total vacuolar concentra-
tions of ions and metabolites.

Figure S15. Time course of energy cost of solute transport and dif-
fusion of individual solutes across the tonoplast throughout the
development of the fourth leaf of tomato plants.

Figure S16. Impact of changing transporter mechanisms on mod-
eled energy cost of vacuolar fluxes.

Figure S17. In vivo intracellular pH measurement in tomato leaf
grown with ammonium and nitrate as the nitrogen source.

Table S1. Vacuolar and cytoplasmic proportion and concentration
of main soluble metabolites and inorganic ions in 21-, 31- and 41-
day-old leaves, determined by non-aqueous fractionation.

Table S2. Summary of transport mechanisms used for model
parameterization.

Table S3. Parameterization of transport equations.

Table S4. Calculation of solution electroneutrality, osmolarity and
objective score during parameter optimization.

Table S5. Constants used.

Table S6. Solubility product constants and permeability coeffi-
cients.

Table S7. Impact of changing transporter mechanism on good-
ness of fit.

Appendix S1. Modeling subcellular concentrations and calculation
of ion transport rates across the tonoplast.

Appendix S2. Justification of the near-equilibrium hypothesis.
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Fürtauer, L., Weckwerth, W. & Nägele, T. (2016) A benchtop fractionation

procedure for subcellular analysis of the plant metabolome. Frontiers in

Plant Science, 7, 1–14.
Gerendás, J. & Ratcliffe, R.G. (2000) Intracellular pH regulation in maize root

tips exposed to ammonium at high external pH. Journal of Experimental

Botany, 51, 207–219.
Gibon, Y., Blaesing, O.E., Hannemann, J., Carillo, P., Ho, M., Palacios, N.

et al.. (2004) A Robot-based platform to measure multiple enzyme activi-

ties in Arabidopsis using a set of cycling assays: comparison of changes

of enzyme activities and transcript levels during diurnal cycles and in

prolonged darkness. Plant Cell, 16, 3304–3325.
Giglioli-Guivarc’h, N., Pierre, J.N., Vidal, J. & Brown, S. (1996) Flow cyto-

metric analysis of cytosolic pH of mesophyll cell protoplasts from the

crabgrass Digitaria sanguinalis. Cytometry, 23, 241–249.
Hachiya, T., Inaba, J., Wakazaki, M., Sato, M., Toyooka, K., Miyagi, A. et al..

(2021) Glutamine synthetase causes ammonium toxicity in Arabidopsis

thaliana. Nature Communications, 12, 4944. Available at:. https://doi.org/

10.1038/s41467-021-25238-7

Hachiya, T., Watanabe, C.K., Fujimoto, M., Ishikawa, T., Takahara, K.,

Kawai-Yamada, M. et al.. (2012) Nitrate addition alleviates ammonium

toxicity without lessening ammonium accumulation, organic acid deple-

tion and inorganic cation depletion in Arabidopsis thaliana shoots. Plant

& Cell Physiology, 53, 577–591.
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Podgórska, A., Burian, M., Gieczewska, K., Ostaszewska-Bugajska, M., Zeb-

rowski, J., Solecka, D. et al.. (2017) Altered cell wall plasticity can restrict

plant growth under ammonium nutrition. Frontiers in Plant Science, 8,

1–19.
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