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ABSTRACT 

Carbon isotopic fractionations associated with plant respiration have received increasing attention 

because of their possible influences on efforts to elucidate factors associated with ecosystem carbon 

balances via carbon isotope analysis (Ghashghaie et al., 2016). Generally, isotope fractionations 

occur against heavy carbon (13C) in C3 plants during photosynthetic CO2 uptake leading to 13C 

depletion in plant organic matter compared to air CO2. Thus leaves were found to be in general 13C 

depleted compared to all other organs (Badeck et al., 2005). One reasonable explanation of these 

between organ differences is the opposite respiratory isotope fractionations between leaves and 

roots: leaves release 13C enriched CO2 during respiration, leaving behind 13C depleted carbon to be 

incorporated into leaf biomass, while roots release 13C depleted CO2, leaving behind 13C enriched 

carbon (Bathellier et al., 2008).  

Anaplerotic carbon fixation via PEPc may affect respiratory fractionations. Carbon fixed via 

PEPc being 13C enriched, anaplerotic pathway could introduce 13C enriched organic acids (i.e. 

oxaloacetate and malate) into TCA, thus may lead to 13C enrichment of the respired CO2. It is well 

known that the activity of anaplerotic pathway is strongly linked with nitrogen assimilation. 

Different nitrogen sources (NH4
+ or NO3

–) are taken up into cytosol through different mechanisms 

and their assimilation takes place in different organs (leaf or root). NH4
+ assimilation dominantly 

occurs in roots, thus enhances the activity of anaplerotic pathway in these organs. Different to 

ammonium, NO3
– reduction takes place in both leaves and roots. In roots, it is considered that the 

plants fed with NO3
– have the same isotopic impact on anaplerotic pathway activity as in the plants 

fed with NH4
+. But in the case of illuminated leaves, organic acids (in particular, malate) is 

responsible for maintenance of the charge balance for neutralizing the excess OH– produced during 

NO3
– uptake. With increasing malate synthesis, higher activity of anaplerotic pathway in 

illuminated leaves fed with NO3
– is expected. Taken all together, we presumed more 13C enriched 

respiratory substrates and respired CO2 in roots under NH4
+ nutrition, and more 13C enriched in 

illuminated leaves fed with NO3
– than NH4

+. 

In order to better understand (i) in which extent the isotopic composition of putative respiratory 

substrates and respired CO2 is affected by N-type nutrition in plants, and (ii) in which extent the 

anaplerotic pathway (via PEPc) could explain C-isotope changes between heterotrophic and 

autotrophic organs under different N-type nutrition, two species, bean (Phaseolus vulgaris L.) and 
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spinach (Spinacia oleracea L.), were selected from a preliminary experiment and grown in sand 

with varying ratios of NH4
+:NO3

– in supplied N. C-isotope composition of leaf- and root-respired 

CO2 in the dark and that of putative respiratory substrates including soluble sugars and organic 

acids (malate and citrate), PEPc activity, as well as leaf gas exchanges were determined.  

The plants did not show any visual symptoms of NH4
+ toxicity or growth suppression, 

probably due to the low light intensity during culture period, which alleviated toxic effect of NH4
+. 

No particular trend across N-type gradient was observed for gas exchange parameters nor for 

biomass in none of the species studied. However, in agreement with our initial hypothesis, leaf-

respired CO2 was 13C enriched under NO3
– nutrition and became progressively 13C depleted with 

increasing amount of NH4
+ in supplied N, while C-isotope composition of root-respired CO2 

remained unchanged across N-type gradient. The changes in C-isotope composition of individual 

metabolites and their amounts as well as PEPc activity exhibited different patterns between the two 

species. We suggested that a higher amount of 13C enriched C-pools fixed by PEPc through 

anaplerotic pathway contributed to respired CO2 in leaves under NO3
– nutrition. However, a similar 

effect in roots expected under NH4
+ nutrition was masked because of a rather 13C depleted C source 

(i.e. respired CO2) refixation by PEPc. The isotopic gap between malate and citrate, different 

between the 2 species and changing differently through N-type gradient, confirmed a great 

plasticity of the TCA cycle in plants. According to our results, we suggested that in the case of 

bean malate and citrate having almost similar C-isotope signatures, malate but even citrate 

originated mainly from anaplerotically-fixed C pools, but that in the case of spinach malate being 

more 13C enriched than citrate, malate and citrate branches of TCA are less connected than in bean.  

Our results and discussion highlight the potential of the malate/citrate (or other relevant abundant 

organic acids) 13C-isotopic gap as a valuable proxy to screen for peculiar metabolic TCA 

organisations across species. Double labelling experiments (13C and 15N) are needed for better 

understanding the metabolic plasticity of TCA and its impact on isotopic gap between malate and 

citrate and on C-isotope composition of respired CO2 in different species. 
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RESUME 

La discrimination isotopique du carbone associée à la respiration des plantes a fait l'objet d'une 

attention croissante en raison de son influence possible sur les efforts visant à élucider les facteurs 

associés aux bilans carbonés des écosystèmes via l'analyse isotopique du carbone (Ghashghaie et 

al., 2016). En générale, une discrimination isotopique se produit contre le carbone lourd (13C) chez 

les plantes C3 lors de l'assimilation photosynthétique du CO2, ce qui entraîne un appauvrissement 

en 13C dans la matière organique des plantes par rapport au CO2 atmosphérique. Ainsi, on a constaté 

que les feuilles sont en général appauvries en 13C par rapport à tous les autres organes (Badeck et 

al., 2005). Les discriminations isotopiques respiratoires opposées entre feuilles et racines peuvent 

raisonnablement expliquer les différences isotopiques entre ces organes : les feuilles libèrent du 

CO2 enrichi en 13C pendant la respiration, ce qui laisse le carbone appauvri en 13C intégrer la 

biomasse foliaire, tandis que les racines libèrent du CO2 appauvri en 13C, laissant le carbone enrichi 

en 13C dans la matière organique (Bathellier et al., 2008). 

La fixation anaplérotique du carbone via la PEPc peut affecter les fractionnements isotopiques 

respiratoires. Le carbone fixé via la PEPc étant enrichi en 13C, la voie anaplérotique pourrait 

introduire des acides organiques enrichis en 13C (oxaloacétate et malate) dans le TCA, conduire 

ainsi à un enrichissement en 13C du CO2 respiré. Il est bien connu que l'activité de la voie 

anaplérotique est fortement liée à l'assimilation de l'azote. Différentes sources d'azote (NH4
+ ou 

NO3
–) sont absorbées dans le cytosol par différents mécanismes et leur assimilation a lieu dans 

différents organes (feuille ou racine). L'assimilation de NH4
+ se produit principalement dans les 

racines, ce qui améliore l'activité de la voie anaplérotique dans ces organes. Contrairement à 

l'ammonium, la réduction de NO3
– a lieu dans les feuilles et les racines. Au niveau des racines, on 

considère que les plantes nourries avec NO3
– ont le même impact isotopique sur l'activité de la voie 

anaplerotique que chez les plantes nourries avec NH4
+. Toutefois, dans le cas des feuilles illuminées, 

les acides organiques (en particulier le malate) sont responsables du maintien de l’équilibre des 

charges pour la neutralisation de l’excès d’OH– produit lors de l’absorption de NO3
–. Avec 

l'augmentation de la synthèse de malate, une activité plus intense de la voie anaplérotique est 

attendue dans les feuilles illuminées de plantes nourries avec NO3
–. Dans l'ensemble, nous avons 

présumé plus de substrats respiratoires et de CO2 respiré enrichis en 13C dans les racines de plantes 

nourries avec NH4
+, et dans les feuilles illuminées de plantes nourries avec NO3

–. 
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Afin de mieux comprendre (i) dans quelle mesure la composition isotopique du carbone de 

substrats respiratoires putatifs et de CO2 respiré est influencée par la forme d’azote fourni, et (ii) 

dans quelle mesure la voie anaplérotique (via PEPc) pourrait expliquer les différences isotopiques 

entre organes hétérotrophes et autotrophes sous différentes formes de nutrition azotée, deux 

espèces, le haricot (Phaseolus vulgaris L.) et l’épinard (Spinacia oleracea L.), ont été sélectionnées 

à partir d'une expérience préliminaire et ont été cultivées dans du sable avec divers rapports NH4
+: 

NO3
– dans l’azote fourni. La composition isotopique du C du CO2 respiré par les feuilles et les 

racines à l'obscurité et dans des substrats respiratoires putatifs, y compris les sucres solubles et les 

acides organiques (malate et citrate), l'activité de la PEPc ainsi que les échanges gazeux foliaires 

ont été déterminés. 

Les plantes ne présentaient aucun symptôme visuel de toxicité au NH4
+ ni de suppression de la 

croissance, probablement en raison de la faible intensité lumineuse au cours de la période de culture, 

ce qui a dû atténuer l'effet toxique du NH4
+. Aucune tendance particulière lelong du gradient NH4

+: 

NO3
– n'a été observée pour les paramètres d'échanges gazeux ni pour la biomasse chez aucune des 

espèces étudiées. Cependant, en accord avec notre hypothèse initiale, le CO2 respiré par les feuilles 

était enrichi en 13C sous nutrition avec NO3
– et devenait progressivement appauvri en 13C avec une 

quantité croissante de NH4
+ dans le N fourni, tandis que la composition isotopique du C du CO2 

respiré par les racines restait inchangée quel que soit le rapport NH4
+:NO3

– Dans la solution 

nutritive. Les changements isotopiques du C des métabolites individuels et leurs quantités, ainsi 

que l'activité de la PEPc, ont montré des profils différents entre les deux espèces. Nous avons 

suggéré qu'une plus grande quantité de pools de C enrichis en 13C fixés par la PEPc via la voie 

anaplérotique contribuait à la respiration dans les feuilles sous nutrition avec NO3
–. Cependant, un 

effet similaire dans les racines attendu sous NH4
+ était masqué en raison d’une refixation par la 

PEPc du CO2 respiré (source de C appauvri en 13C). L'écart isotopique entre le malate et le citrate, 

différent entre les 2 espèces et évoluant différemment selon le gradient de NH4
+:NO3

–, a confirmé 

la grande plasticité du cycle de TCA chez les plantes. Selon nos résultats, nous avons suggéré que, 

dans le cas du haricot le malate et le citrate ayant des signatures isotopiques presque similaires, le 

malate et même le citrate provenait principalement du pool de carbones fixés anaplérotiquement, 

mais que chez l'épinard le malate étant plus enrichi en 13C que le citrate, les branches du malate et 

du citrate dans le TCA sont moins connectées que chez le haricot. 
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Nos résultats et notre discussion mettent en évidence le potentiel de l’écart isotopique malate/citrate 

(ou d’autres acides organiques abondants et pertinents) en tant que proxy valable pour le dépistage 

d’organisations métaboliques particulières de TCA parmi différentes espèces. Des expériences de 

double marquage (13C et 15N) sont nécessaires pour mieux comprendre la plasticité métabolique du 

TCA et son impact sur l'écart isotopique entre le malate et le citrate et sur la composition isotopique 

du CO2 respiré chez différentes espèces. 
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CHAPTER 1 - General Introduction 

Photosynthetic assimilation of inorganic carbon (i.e. atmospheric CO2) provides the organic carbon 

source that plants depend on. The carbon fixed by the autotrophic organs (i.e. leaves) is partly used 

for synthesis of the structural materials for growth of both the autotrophic and heterotrophic organs, 

and partly for synthesis of different metabolic pools, which are then degraded by respiration during 

the day- and night-time releasing the energy needed for plant cell functions. Photosynthetic carbon, 

before being respired by plants, is directed towards the synthesis of carbohydrates, and other 

compounds and/or stored as reserves with different turnover rates in different cellular 

compartments, tissues or organs. Some compounds (or metabolic pools) are rapidly consumed by 

respiration (immediately or within few hours after assimilation), others more slowly (few days or 

even longer time after assimilation). Respiration, with its associated carbon metabolism, releases 

the energy stored in carbon compounds in a controlled manner for cellular use (Azcón-Bieto and 

Osmond, 1983). At the same time, it generates many carbon precursors for biosynthesis (organic 

and amino acids, fatty acids, secondary metabolites, etc.) (Noggle and Fritz, 1983). The carbon 

released by plant respiration is generally considered to come from the degradation of the recently 

formed photo-assimilates (i.e. carbohydrates). However, other reserves (i.e. organic acids, as well 

as lipids, and occasionally proteins) are also reported to be used as substrates for respiration (Nobel, 

1983; Lambers, 1985), with their relative contributions depending on the species, pool sizes as well 

as environmental conditions (Tcherkez et al., 2003; Nogués et al., 2006). In addition, carbon atoms 

assimilated at different times can be mixed in metabolic pools in plant cells (Nogués et al., 2004). 

Thus, the metabolic articulation between the assimilation of carbon and its use by respiration and 

the identification of the substrates or pools used for respiration are not easy to study.  

In addition, C and N metabolisms are tightly interconnected mainly through the use of some 

intermediates of respiratory processes and associated pathways for biosynthesis of amino acids. 

NO3
– is preferentially reduced and assimilated in leaves, while NH4

+ tends to be assimilated in 

roots as much as possible. However, this picture probably varies substantially across species, and 

depends on NO3
–/NH4

+ concentrations involved. Regardless of the N type and the site of 

assimilation, N fixation involves the tricarboxylic acid (TCA) cycle to fuel glutamate/glutamine 

synthesis through the GS/GOGAT pathway. This diversion of intermediates from the TCA cycle 
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to amino acid synthesis requires anaplerotic activity (PEPc mainly) to supply C-skeletons to the 

cycle.  

In this context, the analysis of C stable isotopes in individual metabolites (putative 

respiratory substrates) and in respired CO2 is a powerful tool to study the metabolic origin of the 

respired carbon and thus the activities of metabolic pathways associated with respiration under 

varying N-source conditions. The use of stable isotopes to study the respiratory metabolism has 

made important progress during the past 15 years, with both natural 13C abundance as well as 13C-

labelling experiments (e.g. labelling the photo-assimilates by feeding the leaves with 13C-labelled 

CO2, feeding leaves or roots with positionally labelled metabolites, etc.) as recently reviewed by 

Ghashghaie and Badeck (2014) and Bathellier et al. (2017). Huge variability in the C-isotope 

composition of both leaf- and root-respired CO2 (relative to corresponding organic material) has 

been reported, depending on the species and environmental conditions (e.g. drought, temperature, 

light, etc.). However, to our knowledge, the studies on the impact of N-type nutrition on C-isotope 

composition of respiratory substrates together with that of respired CO2 are scarce. Therefore, the 

present PhD work aimed at studying the impact of varying ratios of NH4
+:NO3

− in supplied N on 

the C-isotope composition of putative respiratory substrates as well as that of leaf- and root-respired 

CO2 in two C3 plant species, bean and spinach (as a NH4
+-tolerant and a NH4

+-sensitive species, 

respectively). 

 This Chapter describes (1) the main steps of plant respiration and associated pathways as 

well as their interconnections, (2) the basics of the use of stable isotopes as well as the C-isotope 

discrimination during both photosynthesis and respiration, and (3) the N-type assimilation (NH4
+ 

versus NO3
−) and its potential impact on C-isotope composition of respiratory substrates and of 

both leaf- and root-respired CO2. Finally, the main objectives of this PhD work are presented at the 

end of this Chapter.  

 

1.1 Major respiratory metabolism steps and associated pathways in plants 

The oxidation of glucose can be grouped into four major processes: glycolysis, tricarboxylic acid 

cycle (i.e. TCA cycle) or Krebs cycle, oxidative pentose phosphate pathway (PPP) and oxidative 

phosphorylation (Rees, 1980). These pathways are not isolated, they are interconnected and 

interacted by exchanging metabolic intermediates at several levels (Dennis and Blakeley, 2000). 
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Substrates of respiration enter the respiratory process at different points of these pathways (Linka 

and Weber, 2010), as summarized in Figure 1.1 (Bathellier et al., 2017). 

 

Figure 1.1. Simplified metabolic scheme of main respiratory pathways (pink boxes including glycolysis, 

translocation and decarboxylation of pyruvate and Krebs cycle) and associated pathways (grey boxes 

including pentose phosphate pathway, anaplerotic pathway, biosynthesis of lipids and secondary 

metabolites, and green box including glyoxylate pathway). Biosynthesis of proteins linked to the 

tricarboxylic acid (TCA) pathway are shown in light brown. Metabolites involved in processes occurring in 

the cytosol, mitochondrion, and glyoxysomes have their names in blue, red and green, respectively. 

Anabolic pathways are shown with solid-line arrows, while the catabolic ones with dashed-line arrows i.e. 

degradation of lipids, -oxidation of fatty acids, and gluconeogenesis [from the incorporation of succinate 

(Succ) coming from the glyoxylic cycle into TCA pathway, and transformation of resulting OAA to PEP 

and finally to sugars (dashed-line arrows in green)]. The degradation of proteins to amino acids is also 

indicated by dashed-line arrows. Evolved CO2 molecules are shown in ellipses. Pathways and enzymes are 

in bold letters: PPP (pentose phosphate pathway), PEPc (phosphoenolpyruvate carboxylase), PDH (pyruvate 

dehydrogenase), PEPck (phosphoenolpyruvate carboxykinase), MDH (malate dehydrogenase), ME (malic 

enzyme), CA (carbonic anhydrase). (Bathellier et al., 2017) 
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During glucose oxidation, large amounts of free energy are released step wisely by 

mitochondrial electron transport. Nicotinamide adenine dinucleotide (NAD+/NADH, mainly 

driving catabolism) and nicotinamide adenine dinucleotide phosphate (NADP+/NADPH, mainly 

driving anabolism) are the most important organic cofactors (coenzymes) which store electron 

redox energy (Taiz and Zeiger, 2006; Igamberdiev and Bykova, 2018). NAD+ and NADP+ are the 

oxidized forms, while NADH and NADPH are relatively strong reductants (i.e., electron donors). 

In addition to these redox pairs, organic acids play a crucial role in numerous metabolic processes 

accompanied by transfer of electrons and protons (Igamberdiev and Bykova, 2018). These will be 

discussed in the following sub-sections.  

 

1.1.1 Glycolysis 

Glycolysis occurs in all living organisms, and is the cornerstone for anabolism by oxidizing 

hexoses to generate ATP, reductant (NADH), and pyruvate. In many plant species, sucrose is the 

main translocated sugar from leaves to roots, and therefore the major form of organic carbon source 

of most non-photosynthetic tissues.  In the early steps of glycolysis, sucrose is split into glucose 

and fructose in the cytosol (Fig. 1.2). Subsequently, hexose is split into two triose phosphates, 

eventually forms phosphoenolpyruvate (PEP), which is catalysed by pyruvate kinase (PK) to yield 

ATP and pyruvate – the precursor of acetyl-CoA, which is the substrate for the TCA cycle (Fernie 

et al., 2004). 

To be noted that, PEP can be metabolized in an alternative pathway, then the end-product of 

plant glycolysis will be malic acid (malate). In this pathway, with HCO3
− fixation, PEP is 

carboxylated by the cytosolic enzyme PEP carboxylase (PEPc or PEPcase) to form oxaloacetate 

(OAA).  

PEP + HCO3
− → OAA  (Eq 1.1) 

The OAA is then reduced to malate by the action of the enzyme malate dehydrogenase (MDH), 

which uses NADH as the source of electrons. The resulting malate can be stored in the vacuole or 

transported to the mitochondrion, where it can enter the TCA cycle (Davies, 1979; Zoglowek et al., 

1988; Plaxton, 1996). 
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Figure 1.2 Plant glycolysis. The 

enzymes that catalyze the numbered 

reactions are as follows:  

1, hexokinase;  

3, phosphoglucomutase;  

4, phosphoglucose isomerase;  

5, PFK;  

6, ALD;  

7, triose phosphate isomerase;  

8, NAD-dependent GAPDH;  

9, 3-PGA kinase;  

10, phosphoglyceromutase;  

11, enolase;  

12, PK;  

13, invertase;  

14, sucrose synthase;  

19, NADP-dependent GAPDH;  

20, PEPase;  

21, PEPc;  

22, MDH;  

23, ME.  

Abbreviations are as in the text or as 

follows:  

Glu-1-P, glucose-1-phosphate;  

DHAP, dihydroxyacetone 

phosphate;  

G3P, glyceraldehyde-3-phosphate;  

1,3-DPGA, 1,3-diphosphoglycerate;  

2-PGA, 2-phosphoglycerate;  

OAA, oxaloacetate.  

Note that the number of substrate and 

product molecules in all reactions 

from G3P to pyruvate should be 

doubled because two molecules of 

G3P are formed from one molecule 

of hexose (Plaxton, 1996). 
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1.1.2 Pentose phosphate pathway  

In addition to the glycolysis pathway, 10-25% of glucose is oxidized by the oxidative pentose 

phosphate pathway (also known as the hexose monophosphate shunt) in plants (Dieuaide-

Noubhani et al., 1995; Wamelink et al., 2008). In plastids of non-photosynthetic cells and in 

chloroplasts functioning in the dark, the required NADPH is mainly provided by PPP: one glucose-

6-phosphate (G6P)  molecule, which is produced during glycolysis, is catalyzed by glucose-6-

phosphate dehydrogenase (G6PDH) and 6-phosphogluconate dehydrogenase (6PGDH) 

successively, and completely oxidized to 5 CO2 and 12 NADPH molecules (Fig. 1.3), which can 

supply reducing power for respiration, redox equilibration and biosynthetic reactions such as lipid 

biosynthesis and nitrite reduction during nitrate assimilation (Hoefnagel et al., 1998; Shetty, 2004).  

 

Figure 1.3 Conventional scheme of the operation of the pentose phosphate pathway. The numbers in the 

black circles correspond to the following enzymes: ① G6PDH, ② 6-Phophogluconolactonase, ③ 6PGDH, 

④ Ribose-5P isomerase, ⑤ Ribose-5P 3-epimerase, ⑥ Transketolase ⑦ Transaldolase, ⑧ G6-P 

isomerase. The numbers under each of the compounds describe the fate of each of the carbons from G6-P. 

The colors show carbons from ribose 5-P (blue) or xylulose 5-P (green) (Kruger and von Schaewen, 2003). 
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Since the activity of G6PDH is markedly inhibited by a high ratio of NADPH/NADP+, the 

PPP is regulated by cellular redox status. In the light, little operation of PPP is likely to occur in 

the chloroplast, because the G6PDH will be inhibited during photosynthesis by a high 

NADPH/NADP+ ratio, as well as by a reductive inactivation involving the ferredoxin-thioredoxin 

system (Buchanan, 1991; Kruger and von Schaewen, 2003). Generally, PPP predominates in 

plastids of non-photosynthetic tissues, where the G6PDH of PPP is not sensitive to the reduction 

inactivation induced by ferredoxin-thioredoxin or NADPH (Kruger and von Schaewen, 2003). 

 

1.1.3 Tricarboxylic acid cycle (TCA cycle)  

Figure 1.4. Reactions and enzymes of the plant TCA cycle. Pyruvate is completely oxidized to three 

molecules of CO2 (Taiz and Zeiger, 2006). 
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Krebs cycle is also known as tricarboxylic acid (TCA) cycle, because of the importance of the 

tricarboxylic acids i.e. citric acid (citrate) and isocitric acid (isocitrate) as early intermediates. TCA 

cycle takes place in the mitochondrial matrix, and its operation requires pyruvate generated in the 

cytosol during glycolysis (Fernie et al., 2004). 

Inside the mitochondrial matrix (Fig. 1.4), pyruvate is firstly decarboxylated in an oxidation 

reaction catalyzed by the enzyme pyruvate dehydrogenase (PDH) and releases one molecule of 

CO2. The product of PDH reaction, i.e. acetyl-CoA (2 C), combines with OAA molecule (4 C) 

forming citrate (6 C) that proceeds via a series of oxidative steps releasing two molecules of CO2 

(via oxidative decarboxylation of isocitrate and 2-oxoglutarate by enzymes isocitrate 

dehydrogenase (ICDH) and 2-oxoglutarate dehydrogenase (2-OGDH), respectively), and ends with 

the regeneration of OAA (Sweetlove et al., 2010). 

Generally, when TCA cycle operates in a cyclic mode, PDH, which inputs acetyl-CoA to 

TCA cycle, is thought to be a key regulatory point for fluxes into the cycle. This flux functions as 

the heart of mitochondrial respiratory metabolism, since the levels of all the intermediates involved 

in the cycle (citrate, isocitrate, 2-oxoglutarate, succinyl-CoA, succinate, fumarate, malate and OAA) 

have to be maintained constant for generating a large amount of free energy continuously.  

 

Figure 1.5 Operation of the TCA cycle as an open mode. Malate and citrate valves are the result of outflow 

of organic acids from the two branches. (Igamberdiev and Eprintsev, 2016). 
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However, it should be underlined that the TCA cycle is known to be especially plastic in 

plants, notably in leaves where its operating mode is now thought to vary together with day/night 

circadian cycles. In the light, leaf respiration (both glycolysis and TCA cycle) is highly reduced 

(for a review, see Atkin et al. (2000), because many enzymes involved (e.g. citrate synthase, CS; 

ICDH, 2-OGDH, succinate dehydrogenase, SDH; fumarase; ME and PK) are inhibited in the light 

(Hanning and Heldt, 1993; Tcherkez et al., 2005). Labelling experiments have demonstrated that 

TCA cycle does not operate in the cyclic mode in the light, but as a 2-branched pathway (Fig. 1.5). 

The C-skeletons for the left-side branch (malate valve) are supplied as OAA/malate by PEPc 

(activated in the light), and for the right-side branch (citrate valve), which driven by the increase 

of redox potential under light, provides 2-OG mainly by the remobilization of the night-

accumulated organic acids (Tcherkez et al., 2009; Gauthier et al., 2010); see also the review by 

Igamberdiev and Eprintsev (2016) and Igamberdiev and Bykova (2018).  

In summary, TCA cycle does not always operate as a complete cycle as described above but 

also as an incomplete cycle, through malate and/or citrate valve (Hanning and Heldt, 1993; 

Gardeström et al., 2002; Scheibe, 2004; Igamberdiev and Eprintsev, 2016). Indeed, not all the 

carbons that enter the respiratory pathway end up as CO2. Many respiratory intermediates are the 

starting points for pathways such as assimilating inorganic nitrogen into organic form (e.g. amino 

acids), or synthesizing nucleotides and lipids, etc. (Foyer et al., 2011).  

 

1.1.4 Oxidative phosphorylation and mitochondrial electron transport chain (ETC) 

ATP synthesis via oxidative phosphorylation is coupled to electron transport (see Fig. 1.6 a). 

During glycolysis and TCA cycle, NAD+ accepts the electrons released by the respiratory substrate, 

and the released free energy is temporarily conserved in the NADH molecule. NADP+/NADPH 

functions in redox reactions of PPP and mitochondrial metabolism. Eventually, electrons are 

transferred along the electron transport chain in mitochondrial internal membrane, consume O2, 

and release a large amount of free energy, which is then converted to ATP to perform cell functions 

(Siedow and Umbach, 1995; Fernie et al., 2004). When the respiratory pathway is considered as a 

whole, in addition to ATP synthesis, there are further functional processes of the respiratory 
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pathways which are integrated with ETC, such as the provision of carbon skeletons, regulation of 

cellular redox potential, etc. (Fig. 1.6 b, c).  

 
Figure 1.6 (a) ATP synthesis (i.e. oxidative phosphorylation). Pyruvate (Pyr) supplied by glycolysis is 

oxidized by the mitochondrial TCA cycle, and electrons from the resulting reductants (i.e. NADH and 

FADH2) are transferred through the electron transport chain with a chemiosmotically coupled synthesis of 

ATP. Complexes I–IV of the electron transport chain are shown. (b) Provision of carbon skeletons for 

biosynthesis. Withdrawal of TCA-cycle intermediates (the export of citrate to support nitrogen assimilation 

through 2-OG is illustrated) may necessitate a higher flux of portions of the TCA cycle and a higher rate of 

entry of electrons into the electron transport chain. These extra electrons may be accommodated by a non-

proton-pumping pathway that consists of the internal NADH dehydrogenase and AOX (alternative oxidase), 

such that electron flow is not restricted by the rate of ATP synthesis. (c) Regulation of cellular redox. 

Photosynthesis requires a precise balance between the generation of NADH and ATP. One way in which 

this may be achieved is to export excess NADH via metabolite shuttles. The ‘malate valve’ exports excess 

chloroplastic reductants as malate and imports it into the mitochondrion via oxaloacetate (OAA) exchange. 

Mitochondrial malate dehydrogenase releases the NADH. The extent to which this NADH supports ATP 

synthesis depends on the route of electrons through the electron transport chain (red arrows represent the 

phosphorylating pathway; green arrows represent the non-phosphorylating pathway). (Fernie et al., 2004). 

 

Organic acids play a major role in the transformation of redox energy. Because most 

membranes of organelles are impenetrable to NADH, malate and citrate serve as the main 

substances establishing the redox state in organelles (Igamberdiev and Bykova, 2018). The export 

of malate from chloroplasts generates the catabolic reducing power (NADH) and drives mostly 

oxidative processes in cell compartments, the citrate valve generates anabolic reducing power 

(NADPH) and drives biosynthesis. (Fig. 1.6 b, c) (Fernie et al., 2004). 
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1.1.5 Respiratory pathways are tightly coupled to other metabolic pathways 

Glycolysis, PPP and TCA cycle are linked to several other important metabolic pathways (Noggle 

and Fritz, 1983; Linka and Weber, 2010). In fact, much of the reduced carbon, which is metabolized 

by TCA cycle is diverted to biosynthetic purposes and not oxidized to CO2. Respiratory pathways 

supply carbon skeletons to the production of a wide variety of metabolites, including amino acids, 

lipids, and secondary metabolites (Fig. 1.7). The anaplerotic pathway refixes carbon for 

replenishing the TCA cycle. Acetyl-CoA, pyruvate and PEP represent the major control points of 

carbon flux through different pathways of primary- and/or secondary-metabolite synthesis. 

Figure 1.7 The TCA cycle is embedded in a larger metabolic network. Reactions are shown that consume 

or produce TCA cycle intermediates. For simplicity, co-enzymes are omitted from the TCA cycle. TCA 

cycle enzyme names are shown in blue. Abbreviations: ICDH, isocitrate dehydrogenase (NAD(P) 

dependent); MDH, malate dehydrogenase (NAD+ dependent); 2OGDH, 2-oxoglutarate dehydrogenase; 

PDH, pyruvate dehydrogenase; and SDH, succinate dehydrogenase. Metabolite abbreviations: AICAR, 

aminoimidazole carboxamide ribonucleotide; CoA, coenzyme A; Fd(ox), oxidised ferredoxin; Fd(red), 

reduced ferredoxin; 2-OG, 2-oxoglutarate; OAA, oxaloacetate; and Pi, inorganic phosphate. Numbered 

reactions are catalysed by the following enzymes: 1, ATP citrate lyase; 2, aspartate transaminase; 3, malate 

synthase; 4, arginosuccinate lyase; 5, adenylosuccinate lyase; 6, glutamate synthase (NADH); 7, glutamate 

synthase (ferredoxin); 8-18 are transaminases and aminotransferases (Sweetlove et al., 2010). 
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1.1.5.1 Anaplerotic C-(re)fixation pathway 

Synthesis of ATP is not the only function of the 

TCA cycle, since the cycle also provides carbon 

skeletons for biosynthetic processes. When the 

intermediates of the TCA cycle are used for 

biosynthesis, the anaplerotic pathways which 

can replenish intermediates in a metabolic cycle 

are believed to be of crucial importance to feed 

the TCA cycle (see Fig. 1.8) (Tcherkez et al., 

2012).  

For example, export of 2-oxoglutarate for 

nitrogen assimilation in the chloroplast will 

cause a shortage of malate needed in the citrate 

synthase reaction (Melzer and O'Leary, 1987). 

The malate produced via PEPc and MDH, can 

replenish the TCA cycle by supplying the C-

skeletons, which have been diverted for nitrogen 

assimilation (see Eq 1.1). Thus malate can enter 

the TCA cycle and supply the respiratory carbon 

skeletons without involving pyruvate delivered 

by glycolysis (Oliver, 1995). The C source for 

PEPc in the leaves during the day is mainly the 

atmospheric CO2 because of open stomata. In the 

dark, the cyclic nature of the TCA is restored. 

Indeed, contrary to the light, leaf respiration is 

higher in the dark and is associated with the 

consumption of pyruvate by the TCA cycle 

regenerating thus the OAA molecules through 

the cycle (Gibbs and Beevers, 1955). The C 

source for PEPc in the leaves in the night is 

Figure 1.8 Malic enzyme converts malate to 

pyruvate and makes it possible for plant 

mitochondria to oxidize both malate (A) and 

citrate (B) without involving pyruvate 

delivered by glycolysis. PEPc and PK can 

convert glycolytic PEP to malate, then form 2-

oxoglutarate, which is used for nitrogen 

assimilation (C). (Taiz and Zeiger, 2006). 
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mainly the leaf respired CO2 because of closed stomata. This is also the case in roots during both 

the day and the night. 

Pyruvate deficiency at the beginning of light-to-dark transition, can be replenished by 

malate, which generates pyruvate via mitochondrial NAD+ malic enzyme (NAD+-ME) and/or 

cytosolic NADP+ malic enzyme (NADP-ME) (Eq 1.2) (Artus and Edwards, 1985).  

Malate + NAD(P)+ → pyruvate + CO2 + NAD(P)H  (Eq 1.2) 

Furthermore, many plant tissues store significant amounts of malate or other organic acids 

(e.g. citrate) in their vacuoles (Scheible et al., 2000; Liu et al., 2015; Igamberdiev and Eprintsev, 

2016). The stored organic acid (e.g. citrate) can be remobilized for providing 2-OG for glutamate 

synthesis in illuminated leaves (Gauthier et al., 2010). 

 

1.1.5.2 Acetyl-CoA is a precursor to the biosynthesis of lipids 

Fatty acid biosynthesis involves acetyl-CoA as precursor, and consists of the condensation of the 

two-carbon units in the plastids (Ohlrogge and Browse, 1995; Sasaki et al., 1995). Only in specific 

situations, such as seed germination or starvation, storage lipids can be converted into 

carbohydrates (generally as glucose) for providing carbon sources and energy to root and shoot 

tissues (Poxleitner et al., 2006). This process involves the oxidation of the fatty acids to produce 

acetyl-CoA (via β-oxidation) in glyoxysomes (Ohlrogge and Browse, 1995). The function of 

glyoxylate cycle is to convert acetyl-CoA to succinate, then to malate in mitochondria. The malate 

can be transported into the cytosol for supporting respiration via anaplerotic pathway or producing 

glucose via the gluconeogenic pathway (see Figs. 1.1 and 1.7). 

 

1.1.5.3 Interrelationships between primary and secondary metabolism 

A group of plant compounds known as secondary metabolites (secondary products, or natural 

products) defend plants against a variety of herbivores and pathogenic microbes. They can be 

divided into three chemically distinct groups: terpenes, phenolics, and nitrogen-containing 

compounds. Acetyl-CoA and pyruvate are necessary for terpene biosynthesis via the mevalonic 

acid pathway and the methylerythritol phosphate (MEP) pathway, respectively (Rodrıguez-

Concepción and Boronat, 2002). PEP (derived from glycolysis) and erythrose-4-phosphate 
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(derived from PPP) provide carbohydrate precursors to the aromatic amino acids, finally yielding 

phenolics (lignin, flavonoids and tannins, etc.) in higher plants (Sasaki et al., 1995). 

 

1.1.6 Conclusion 

Taken all together, the carbon metabolism of plants is considerably complex and the metabolic 

interactions among pathways of carbon assimilation and/or respiration, and the identification of 

respiratory substrates used for respiration are remaining deficient. In the past decades, the natural 

abundance of stable isotopes of the elements in plants (C, H, O, N, and S) has been widely used as 

a tracer or physiological marker to examine biochemical and eco-physiological mechanisms from 

the cell to the ecosystem scales. Carbon stable isotopes have been proved to be a powerful tool to 

investigate carbon primary metabolism and respiratory flux patterns (see review by Ghashghaie 

and Tcherkez, 2013). Furthermore, IRMS and site-specific NMR technology of the natural 13C 

analysis are considerably developed, and used as a convenient tool to study carbon respiratory 

metabolism. Therefore, in the present work, we focused on using stable isotope techniques to study 

the effects of different carbon assimilation pathways on plant respiration and respiratory substrates. 

 

1.2 Carbon Isotope Fractionation in Plants 

Isotope fractionations during biophysical and biochemical processes are at the origin of natural 

differences in heavy-to-light isotope ratios (e.g. 13C/12C, 2H/1H, etc.) among biosphere components, 

metabolites and atomic positions within molecules (Ghashghaie and Tcherkez, 2013). Carbon 

isotope fractionation associated with plant respiration have received increasing attention because 

of their possible influences on efforts to elucidate factors associated with ecosystem carbon 

balances via carbon isotope analyses (Buchmann et al., 1996; Yakir and Sternberg, 2000; Badeck 

et al., 2005; Schmidt et al., 2007; Ghashghaie et al., 2016; Cornwell et al., 2018).  

Generally, isotope fractionation against heavy carbon (13C) in C3 plants occurs during 

photosynthetic CO2 uptake leading to 13C depletion in plant organic matter (OM) compared to air 

CO2. The fractionation occurs mainly during CO2 diffusion through stomata and during 

carboxylation by primary carboxylases, mainly ribulose-1,5-bisphosphate carboxylase/oxygenase 

(Rubisco, EC 4.1.1.39) in C3 plants. Leaves were found to be in general 13C depleted compared to 

all other organs (Badeck et al., 2005). However, during respiration it has been shown that the CO2 
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respired by leaves in the dark was 13C enriched (Ghashghaie et al., 2003; Tcherkez et al., 2003), 

while it was 13C depleted in the case of roots (Bathellier et al., 2008) relative to their respective 

organs and soluble substrates (Ghashghaie and Badeck, 2014).  

The following subsections will focus on the carbon isotope fractionation during 

photosynthesis and particularly respiratory processes, and the interactions in the carbon metabolic 

network. 

 

1.2.1 Basics in isotopes  

Elemental isotope composition is commonly expressed by the isotopic abundance. Isotopic 

abundance refers to the ratio of a particular isotope atom numbers to the total atom numbers in an 

isotope element mixture. Absolute abundance refers to the ratio of the existence of various elements 

or nuclei on the earth, also known as abundance of elements. Since the natural abundance of heavy 

isotopes is very low, their relative abundances are generally determined. The relative abundance 

of stable isotopes can be expressed as an isotope ratio (R), defined as the molar ratio of the heavy 

to light isotopes, e.g. for carbon, R = 13C/12C. In biological and ecological research, as R values of 

natural material are very small (approximately 0.0112, O'Leary, 1988), it is generally more 

practical to express them as a deviation relative to an international standard, the isotopic 

composition δ. For carbon: 

δ13C = (RS – RPDB) / RPDB = (RS / RPDB) – 1  (Eq 1.3) 

where, RS and RPDB are the isotope ratios of the sample and the PDB standard, respectively. PDB 

is a belemnite fossil coming from the geological formation Pee Dee in South Carolina, USA. Since 

the PDB is only slightly 13C enriched (RPDB = 0.0112372) compared to all organic and almost all 

inorganic materials, the δ13C of biological samples are generally very small (expressed in per 

mil, ‰) and have negative values.  

The differences in physical (e.g. coefficients for diffusion, dissolution, evaporation, etc.) and 

chemical properties (e.g. rate constants of a reaction) between the heavy and light isotopes in a 

given element are caused by the difference in their atomic masses. Most chemical and biochemical 

processes favour the initial incorporation of the lighter isotope in the product, leaving the substrate 

enriched in the heavy isotope (Hobbie and Werner, 2004). For a (bio)chemical reaction converting 

a substrate (S) into a product (P), the isotope effect can be expressed as: α =RS/RP. Isotope 
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fractionation or discrimination (Δ) is more frequently used in biological research instead of isotope 

effect. Δ is defined as: Δ = α – 1. Otherwise, the isotope fractionation can be conveniently 

rearranged using δ values: Δ = (δS – δP) / (1 + δP).  

There are 2 types of fractionation: thermodynamic equilibrium fractionation, and kinetic 

disequilibrium fractionation. When the system is in isotopic equilibrium state, the fractionation of 

the isotopes between the two phases is called equilibrium isotope fractionation. As the fractionation 

coefficient is related to temperature, it is also called thermodynamic isotope fractionation. Kinetic 

disequilibrium fractionation refers to time-dependent fractionation that deviates from isotopic 

equilibrium, thus fractionation of isotopes between phases is constantly changing over time and 

reaction progress. It commonly happens during the one-way chemical reactions.  

When dealing with in vivo isotopic fractionation (Δ) in a metabolic context (e.g. respiration), 

fractionating processes occur between different metabolites and also between the atoms within 

molecules. Kinetic isotope effects vary with the fraction of the substrate that is consumed by the 

reaction under different pathways. When the kinetic reaction is total, i.e. all the substrate is 

transformed to the product, there will be no fractionation and the product will have the same isotope 

composition as the substrate used. It is only when the substrate is partially consumed by the 

enzymatic reaction under consideration and/or another fraction of the substrate has an alternative 

fate (i.e. metabolic branching occurs) that the kinetic isotope effect will be expressed (Hayes, 2001; 

Bathellier et al., 2017). 

 

1.2.2 Carbon isotope fractionation during photosynthesis  

Plant photosynthesis is the most important process in the natural world to produce carbon isotope 

kinetic fractionation. Photosynthetic fractionation can be estimated using either the δ13C of bulk 

OM (integrated value during plant growth), δ13C of sugars (integrates about 2-3 days of 

photosynthetic fractionation) or measured on-line during leaf CO2 exchanges (instantaneous net 

photosynthetic fractionation under fixed conditions) (Brugnoli et al., 1988). However, the 

photosynthetic fractionation and thus the 13C content in photosynthetic products vary between plant 

species, plant developmental stages and environmental conditions.  

12CO2 in the air can be more rapidly involved in the above-mentioned one-way reaction than 

13CO2 by photosynthetic enzymes. In other words, plant photosynthetic fractionation against 13C 
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during fixation of CO2 leads to 13C depletion of both C3 and C4 plant organic matter (OM) compared 

to atmospheric CO2 (Farquhar and Sharkey, 1982; Farquhar et al., 1989). It is carried out in three 

steps: 

(1) Diffusion of CO2 from the atmosphere into the leaves through stomata. Carbon isotope 

fractionation during this diffusion process is as high as 4.4‰ against 13C, thus the δ13C value of 

intercellular CO2 is lower than that of the extra-leaf atmospheric CO2. 

(2) Dissolution and hydration of CO2 in leaf water. The CO2 absorbed by plants is first 

dissolved in the cytoplasm. A fractionation of about 1.1‰ occurs against 13C during dissolution. 

Then, the dissolved CO2 is hydrated by carbonic anhydrase and C-isotope exchange occurs between 

CO2 and water-soluble carbonate ions (HCO3
−). Due to equilibrium isotope fractionation, HCO3

− 

becomes 13C enriched, while CO2 becomes 13C depleted (by about 9‰ at 25°C, O'Leary, 1981). 

(3) Assimilation of CO2 by carboxylation enzymes. Different photosynthetic pathways (C3, 

C4 and CAM) have different fractionation levels against 13C, due to different fractionation 

mechanisms by different carboxylases (Rubisco and PEPc), and the temporal and spatial 

differences in carboxylation, resulting in distinctly different δ13C values within different 

photosynthetic pathways.  

The carbon isotope fractionation during photosynthesis in C3 plants (ΔC3) can usually be 

evaluated by the following model (Farquhar et al., 1982): 

ΔC3= a + (b – a) ∙ (Ci/Ca)  (Eq 1.4) 

where, a and b represent the isotope fractionation coefficients of the diffusion process (4.4 ‰) and 

of the Rubisco enzyme carboxylation process (29 ‰) (Roeske and O'Leary, 1984; Tcherkez, 2013), 

respectively, and Ci/Ca is the ratio of intercellular CO2 (Ci) to air CO2 (Ca) concentration. Since in 

C3 plants, a small fraction of CO2 is also fixed by PEPc, the “b” value is often taken around 27‰ 

(with about 5% CO2 fixed by PEPc and 95% by Rubisco) rather than 29‰ (CO2 fixed only by 

Rubisco) (Brugnoli et al., 1988). Since C3 can be approximated as the difference between the 

isotope compositions of the source carbon (δ13Cair) and that of the product (δ13CC3 plant), the equation 

can be written as follows: 

δ13CC3 plant = δ13Cair – a – (b – a) ∙ (Ci/Ca)  (Eq 1.5) 
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where, δ13CC3 plant and δ13Cair are the C-isotope composition of leaf OM (integrated value during 

plant growth) and the air outside the leaf, respectively. Ci/Ca value is an important eco-

physiological parameter, reflecting the relative size of net photo-assimilation rate (CO2 demand) 

and stomatal conductance (CO2 supply). It is controlled by leaf photosynthetic carboxylase activity, 

leaf stomata movement and environmental factors, which regulate carbon metabolism involved in 

physiological processes. Therefore, δ13C value of C3 leaves is not only related to plant 

photosynthesis pathway, but also to a long-term integration of Ci/Ca ratio. From another perspective, 

it can be used to estimate the long-term water use efficiency of plants (Farquhar and Richards, 

1984), and reflects the physiological and ecological characteristics of the plant throughout its 

growing season.  

C4 plants firstly fix CO2 through PEPc in mesophyll cells and then transport the resulting C4 

acid (i.e. malate) to vascular bundle sheaths where CO2 is released and assimilated by Rubisco. 

Therefore, the carbon isotope fractionation process during C4 photosynthesis is distinct from C3 

plants, and generally can be evaluated by the following model (Farquhar, 1983): 

δ13CC4 plant = δ13Cair – a – (b4 + b3∙Φ – s) . (Ci/Ca)  (Eq 1.6) 

where, b4 is the carbon isotope fractionation coefficient of carboxylation reaction process by PEPc 

(about –5.7‰), b3 is the fractionation by Rubisco (29‰), Φ is the rate of CO2 leakage from 

photosynthetic bundle sheath cells to mesophyll cells, usually as 0.20~0.37 depending on the 

tightness of the bundle-sheath cell walls and s is the fractionation during dissolution and diffusion 

of CO2 in the liquid phase in the cells (1.8‰). δ13COM of C4 leaves ranges from –9.2‰ to –19.3‰ 

(Hattersley, 1982), i.e. C4 plants are 13C enriched compared with C3 plants. Since the δ13C value of 

C4 OM mainly depends on the Φ value (it controls the extent to which Rubisco fractionation is 

expressed) and not on Ci/Ca, and the value of (b4 + b3∙Φ – a) is very close to 0, the formula can be 

simplified to: δ13CC4 plant = δ13Cair – a. Therefore, δ13C of C4 plant can be used to indirectly estimate 

the δ13C value of atmospheric CO2 (Hattersley, 1982; Ohsugi et al., 1988; Brugnoli and Farquhar, 

2000). 

CAM plants can fix CO2 through PEPc during the night with open stomata. CO2 is then 

released during the day with closed stomata or alternatively is taken up during day-time with open 

stomata. Thus their δ13C values are generally between –22‰ and –10‰. The formula for 

expression of the δ13C value of CAM combines fractionation during the C3 and C4 phases of carbon 
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fixation at day and night, respectively. A simplified model to describe it was first published by 

(Farquhar et al., 1989). The daytime fixation into carbohydrates of the nocturnally produced malic 

acid would not introduce any further 13C discrimination if all the malic acid was to be consumed 

and all the liberated CO2 refixed by Rubisco (see the review of Cernusak et al., 2013). 

In C3 plants, CO2 and O2 are both competitive substrates of Rubisco to be fixed on ribulose-

1,5-bisphosphate (RuBP), because carboxylation and oxygenation are both catalysed at the same 

active site.  

The inherent kinetic properties of Rubisco depend on plant species and temperature, but the 

relative concentration of CO2 and O2 is the main determinant of the rates of photosynthesis versus 

photorespiration. CO2 released by photorespiration is 12‰ 13C depleted compared to the net 

photosynthetic fixed carbon changing thus the on-line photosynthetic fractionation measurements 

(Lanigan et al., 2008). Additionally, net photosynthetic fractionation of 13C is also affected by the 

anaplerotic CO2 fixation pathway via PEPc (Tcherkez et al., 2012). So that the overall fractionation 

between CO2 and primary photosynthetic products is determined by all these concomitant 

processes together, thus varying between species and with environmental conditions. Equation 1.7 

shows a more complete model of Farquhar for C3 plants which includes the CO2 gradient between 

intercellular spaces (Ci) and carboxylation sites in the chloroplasts (Cc), the fractionation during 

dissolution and diffusion of CO2 in the chloroplast (s), as well as the carbon fluxes through 

photorespiration and day respiration and corresponding fractionations (included in term d): 

Δ = a (Ca–Ci)/Ca + s (Ci–Cc)/Ca + b (Cc/Ca) – d                (Eq 1.7) 

 

1.2.3 Post-photosynthetic carbon isotope fractionation  

Carbon isotope composition of plant OM is generally considered to properly reflect the carbon 

isotope fractionation of a given photosynthesizing system during photosynthetic CO2 assimilation. 

However, inter-organ isotopic differences have been repeatedly observed in plants, and leaves were 

shown to be generally more 13C depleted compared to all other organs, suggesting that fractionating 

mechanisms do occur after photosynthetic CO2 fixation in the leaves (Badeck et al., 2005; 

Cernusak et al., 2009; Ghashghaie and Badeck, 2014).  

The first step of post-photosynthetic fractionation starts from the synthesis of hexoses. It is 

thus also called “post-carboxylation” fractionation (Gessler et al., 2008). Triose phosphates, the 
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end-products of the Calvin cycle, are firstly used to form hexoses and synthesize the transitory 

starch during the daytime, the remaining triose-phosphates are transported to the cytoplasm to form 

sucrose. The first carbon isotope fractionation occurs by the enzyme aldolase during the synthesis 

of fructose-1,6-bisphosphate from trioses in the chloroplasts. During this equilibrium reaction 

catalysed by aldolase, the C-3 and C-4 atom positions of hexose molecules become 13C enriched, 

while the trioses left behind in the chloroplasts become 13C depleted. Indeed, intramolecular 

heterogeneity in 13C distribution within glucose molecules has been demonstrated with C-3 and C-

4 atom positions being 13C enriched, while C-1, C-2, C-5 and mainly C-6 positions being 13C 

depleted compared with the average 13C value of the molecule, in both C3 and C4 plants 

(Rossmann et al., 1991; Gleixner and Schmidt, 1997; Tcherkez et al., 2004; Gilbert et al., 2011; 

Gilbert et al., 2012). Importantly, the intramolecular 13C pattern of glucose can be modified 

downstream the Calvin cycle by starch and sucrose metabolism, which are variable both spatially 

(among the different tissues of the plant) and temporally (day/night cycle, and seasonal cycle) 

(Bathellier et al., 2017). Intramolecular isotopic heterogeneity has also been found in other primary 

and secondary metabolites, such as amino acids (Abelson and Hoering, 1961; Melzer and O'Leary, 

1987), lipids (Monson and Hayes, 1982), and alkaloids (Romek et al., 2015; Romek et al., 2016).  

Another consequence of post-photosynthetic fractionation is the differences in isotopic 

composition among metabolites, which is also the result of enzymatic fractionations (Brugnoli and 

Farquhar, 2000). The updated survey of available data shows that lipids, lignin and secondary 

metabolites (e.g. terpenes) are relatively 13C depleted, while sucrose, cellulose, starch, protein and 

organic acids are relatively 13C enriched compared to bulk OM (Bathellier et al., 2017). Acetyl-

CoA which is the substrate for synthesizing lipids is more 13C depleted due to fractionation by PDH 

against 13C, as a result, lipids have 5‰ depletion in 13C (DeNiro and Epstein, 1977; Melzer and 

Schmidt, 1987; Schmidt and Gleixner, 1998). Amino acids are also found to be substantially 13C 

depleted (by about 3.5‰), but this isotopic signature does not seem to be conserved in proteins 

(Bowling et al., 2008). To be noticed, the isotope composition in metabolites can vary temporally. 

For example, phloem sugars are 13C enriched during the night-time (because they come from 

transitory starch degradation), while day-time sugars originating from trioses are 13C depleted 

(because they come from trioses left behind after aldolase reaction). Such a diel change in the 13C 

content of phloem sugars modelled by Tcherkez et al. (2004) has been experimentally 

demonstrtaed by Gessler et al. (2008) in castor bean plants. 
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The above mentioned carbon isotope distribution within atom positions of the molecules 

and/or between the potential substrates of respiration, are basics for better understanding of overall 

plant respiratory fractionation processes and its interactions in the metabolic network.  

 

1.2.4 Variation of respiratory fractionation in different respiratory pathways 

Contrarily to photosynthetic discrimination, respiratory fractionation is more complex. Different 

respiratory pathways involve several enzymatic steps and reactions, which can change the 13C 

signature of respiratory CO2 depending on the relative commitment of the substrates at metabolic 

branching points. Moreover, the source carbon (i.e. respiratory substrate) used for the respiration 

changes with environmental conditions (e.g. drought, light or temperature, etc.), and its isotopic 

composition cannot be accurately determined. For all these reasons, the term ‘apparent’ respiratory 

fractionation (denoted ΔR) is generally used (Ghashghaie et al., 2003) to describe the overall 

discrimination during respiration by the isotopic difference between bulk OM taken as source 

carbon (or putative substrates mainly sugars) and the product (overall released CO2).  

It is now well known that the respiratory CO2 released by leaves in the dark is 13C enriched 

compared with the leaf bulk organic carbon, soluble sugars, starch or soluble proteins. This 

fractionation ranges between 2‰ and 6‰ on average (Ghashghaie et al., 2003; Tcherkez et al., 

2003; Hymus et al., 2005; Klumpp et al., 2005; Prater et al., 2006; Wingate et al., 2007). By 

contrast, root-respired CO2 was shown to be 13C depleted relative to root OM and its soluble 

substrates (Bathellier et al., 2008). Despite huge variability observed (more than 10‰) but in 

opposite direction in leaves versus roots, the same trend was found for all plant types (C3 and C4 

plants), except for woody species for which both leaf- and root-respired CO2 are 13C enriched 

compared with their respective OM (Ghashghaie and Badeck, 2014), with some exception in each 

case (Fig. 1.9). 

As mentioned above, not all the carbon that enters the respiratory pathway comes from the 

same source and ends-up as CO2, because carbon flows into different metabolic pathways under 

different internal and external conditions. Generally, the isotope composition of leaf-respired CO2 

varies depending on species and environmental conditions, e.g. drought (Duranceau et al., 1999; 

Ghashghaie et al., 2001; Ghashghaie et al., 2003), temperature (Tcherkez et al., 2003; Schnyder 

and Lattanzi, 2005; Lehmann et al., 2015), light intensity (Ocheltree and Marshall, 2004; Klumpp 
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et al., 2005), the nature of the substrate used (carbohydrates, lipids or proteins), pool seizes and the 

relative activity of metabolic pathways (Tcherkez et al., 2003), while isotopic signal of root-

respired CO2 was shown to remain unchanged whatever the carbohydrate pool size (Bathellier et 

al., 2009a).  
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Figure 1.9 Compilation of the individual data from literature (> 900 data for leaves and > 600 data for roots) 

on the C-isotope discrimination during dark respiration (ΔR) calculated as the difference between δ13C of 

plant material (bulk OM or carbohydrates) and δ13C of respired CO2 for leaves (A) and roots (B) of C3 herbs 

(green), C4 herbs (red) and C3 woody species (brown). Despite huge variability, in all plants, leaf-respired 

CO2 is 13C enriched, while root-respired CO2 is 13C depleted, except for woody species, for which root while 

root-respired CO2 is13C enriched. On the Y-axis, ΔR=0 corresponds to no fractionation (i.e. δ13COM= δ13CR). 

Some exceptions are observed for each case (updated and redrawn from Ghashghaie and Badeck, 2014). 

 

Researches took lots of effort for explaining the determination for those phenomena. 

Tcherkez et al. (2003) found that dark-respired CO2 of bean leaves became more and more 13C 

depleted with increasing temperature and with increasing the time in darkness, while the respiratory 
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quotient (RQ, the ratio of respiratory CO2 production to O2 consumption) decreased accordingly 

(Fig. 1.10). They suggested that the main respiratory substrate shifted from carbohydrates to lipids 

when plants were subjected to high temperature and/or prolonged darkness i.e. starved. Contrarily 

to leaves, root-respired CO2 was 13C depleted and remained almost unchanged (Fig. 1.10). 

In general, carbohydrates are the main carbon pool for respiration, but the water-soluble 

fraction (WSOM) which contains mostly the carbohydrates is usually taken as a reference for C-

isotope composition of respiratory substrate pool (Bathellier et al., 2017). However, WSOM is a 

mixture of carbohydrates and other compounds such as organic acids and amino acids which could 

influence its isotope composition.  
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Figure 1.10 Variations of carbon isotope composition of CO2 respired (δ13CR) by attached leaves (open 

symbols) and washed attached roots (closed symbols) of Phaseolus vulgaris as a function of respiratory 

quotient (RQ = CO2 evolved/O2 consumed). Regression lines are also presented. Data points correspond to 

individual measurements on different plants. Leaf data are from Tcherkez et al. (2003) and root data from 

Bathellier et al. (2009). Additional data extracted from literature for several other plant species (tomato, 

castor bean, peanut, pea and radish) are indicated by stars (James, 1953; Park and Epstein, 1961; Smith and 

Epstein, 1971). From Ghashghaie and Badeck, 2014). 
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1.2.4.1 Respiratory fractionation in TCA cycle 

There are 3 molecules of CO2 released from the oxidation of pyruvate. The first one is produced 

by the enzyme PDH decarboxylating the C-1 of pyruvate, which originating from positions C-3 

and C-4 of glucose is 13C enriched compared to the average isotopic composition of the molecule, 

releasing thus a 13C enriched CO2 in this process (see Fig. 1.11). The remaining 13C depleted carbon 

atoms (C-2 and C-3 of pyruvate, corresponding to C-2, C-5 and C-1, C-6 of glucose, respectively) 

are carried by acetyl-CoA into TCA cycle and released relatively 13C depleted CO2 via ICDH and 

2-OGDH (Tcherkez et al., 2003; Gilbert et al., 2011; Gilbert et al., 2012).  

 

Figure 1.11 Carbon metabolism in darkness in relation to δ13C of leaf-respired CO2. δ13C values of 

metabolites are those measured in French bean leaves. δ13C of CO2 in brackets are derived from positional 

δ13C values in natural glucose as given by Rossmann et al. (1991). PEPC, phosphoenolpyruvate carboxylase; 

PDH, pyruvate dehydrogenase; KC, Krebs cycle. The symbol “?” points out the uncertainty about the 

amplitude of the PEPC reaction in darkness (Tcherkez et al., 2003). 
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In the dark, the isotope composition of respiratory CO2 (δ
13CR) is suggested to be determined 

by the relative magnitude of PDH and TCA decarboxylation (Badeck et al., 2005; Cernusak et al., 

2009; Werner and Gessler, 2011; Ghashghaie and Badeck, 2014). In addition, most biosynthetic 

processes probably occur predominantly in the light (e.g. nitrogen assimilation), and consume 

carbon skeletons originating from TCA cycle, which functions in a non-cyclic mode. Thus the main 

substrate for leaf respiration can be influenced by the anaplerotic CO2 fixation via PEPc, which 

supplies 13C enriched malate into TCA cycle.  

Bathellier et al. (2017) calculated that glycolysis and TCA cycle can only account for 

apparent fractionations in between about 5‰ and –2‰. However, respiratory CO2 of leaves in the 

dark is 2-6‰ 13C enriched compared with leaf bulk organic carbon or leaf soluble sugars. They 

suggested that there must be other processes, which can release more 13C enriched CO2 during leaf 

dark respiration.  

As described above, organic acids accumulated in leaves in the light are the only obvious 13C 

enriched pools and play the role in the maintenance of redox balance, production and consumption 

of ATP, support of protonic gradients on membranes, etc. Citrate and malate can be accumulated 

in the vacuole (Cheung et al., 2014), then remobilized affecting the isotopic composition of the 

CO2 released during the night. But non-cyclic TCA is less likely to occur in the dark because of 

energy limitations.  

1.2.4.2 Respiratory fractionation in anaplerotic pathway 

As noted above, the organic acids accumulated in the light constitute a 13C enriched pool. On the 

other hand, organic acid synthesis is strongly supported by anaplerotic pathway. In this pathway, 

PEPc fixes 13C enriched HCO3
− in the cytoplasm for replenishing TCA cycle when the 

intermediates of this cycle are diverted for biosynthesis of amino acids (mainly 2-OG diverted for 

synthesizing glutamate/glutamine, and OAA for synthesizing aspartate/asparagine) (Marques et al., 

1983; Melzer and O'Leary, 1987; Salsac, 1987; Bittsanszky et al., 2015; Hachiya and Sakakibara, 

2016). As a result, OAA is 13C enriched (in positions C-4 and C-1), leading to more 13C enriched 

CO2 evolved in the TCA cycle. Indeed, accounting for the isotope effect of the equilibrium between 

CO2 and HCO3
−, carbon fixation by PEPc discriminates in favour of 13C by about 5.7‰ (Farquhar, 

1983). 



 

26 

 

In the leaves, because the stomata are open in the light, the C source for PEPc is mostly the 

HCO3
− originating from atmospheric CO2, thus strongly enriching OAA and its derivatives, e.g. 

malate, fumarate, and aspartate (Melzer and O'Leary, 1987; Tcherkez et al., 2011). Nevertheless, 

in the dark, when stomata are closed, PEPc likely refixes an important proportion of 13C depleted 

respired-CO2. No matter how large the flux is, its net isotope contribution will thus be small 

(Bathellier et al., 2017).  

In heterotrophic organs, the anaplerotic function of PEPc accounts for about 10% of 

respiratory efflux (Dieuaide-Noubhani et al., 1995; Bathellier et al., 2009a). However, HCO3
− in 

cells should be more influenced by CO2 pool in the soil (i.e. root- and soil-respired CO2) instead 

of atmospheric CO2. HCO3
− fixed by PEPc would be expected to be more 13C depleted compared 

to illuminated leaves with open stomata, although it will be dependent on their respiration rates 

(Ghashghaie et al., 2015) and physiological conditions such as nitrogen availability (Chia et al., 

2000; Pracharoenwattana et al., 2010). 

1.2.4.3 Respiratory fractionation in PPP 

During PPP, the key enzyme is G6PDH, which is regulated by the redox status of the cell. G6PDH 

fractionates by 16.5‰ against 13C in the C-1 atom position of glucose (Hermes and Cleland, 1984), 

which is subsequently decarboxylated by 6PGDH releasing the 13C depleted C-1 atom as CO2. To 

be pointed out, 6PGDH is expected to make little impact on the fractionation, since it is a reversible 

enzyme, which discriminates 9.6‰ against 13C in the direction of decarboxylation, but 4‰ in 

favour of 13C reversibly (Rendina et al., 1984; Bathellier et al., 2017). 

Root-respired CO2 is on average more 13C depleted and less variable than that of leaves in 

many species (Bathellier et al., 2009a; Ghashghaie and Badeck, 2014). Experiments using the 

positionally labelled substrates (i.e. glucose and pyruvate) have shown a high activity of PPP in 

roots (22%), which could partly explain the 13C depleted CO2 respired by roots (Bathellier et al., 

2009a). Further work is still needed for exploring the existence of other 13C depleted pools used 

for root respiration. 

 

 

 



 

27 

 

Figure 1.12 Overview of 13C allocation from position-specific 13C-labelled malate (13C-1, 13C-4) and 

pyruvate (13C-1, 13C-2) during light-to-dark transitions. Sun and half-moon symbols denote temporary 13C 

allocation during light or dark periods (LEDR), respectively. Solid arrows indicate 13C allocation of highest 

importance, while dashed arrows indicate reactions with intermediate steps. 13C-labelled malate substrates 

in brackets denote alternative respiratory pathways due to the influence of NAD-ME (decarboxylation of 

C-4 position of malate) and fumarase (randomization of C-1 and C-4 position of malate). The following 

abbreviations are used: cyIDH and mtIDH, NADP-cytosolic and NAD-mitochondrial isocitrate 

dehydrogenase; cyMDH and mtMDH, cytosolic and mitochondrial malate dehydrogenase; NAD-ME, 

NAD-malic enzyme; OAA, oxaloacetate; OGDH, 2-oxoglutarate dehydrogenase; cpPDH and mtPDH, 

chloroplast and mitochondrial pyruvate dehydrogenase; PEPC, phosphoenolpyruvate carboxylase; 

TCAcycle, tricarboxylic acid cycle (Lehmann et al., 2016). 

 

1.2.4.4 The special case of light-enhanced dark-respiration (LEDR) 

Light-enhanced dark-respiration (LEDR) occurs within 15-25 min of light-to-dark transition, 

accompanying a short peak of respiration rate with highly 13C enriched leaf-respiratory CO2 (in 

both C3 and C4 plants) compared with the values after longer periods of being in darkness (Barbour 

et al., 2007; Gessler et al., 2009; Priault et al., 2009; Lehmann et al., 2015; Ghashghaie et al., 

2016). For example, leaf-respired CO2 at the beginning of the dark has been shown to be 13C 

enriched more than 10‰ compared with leaf OM (i.e. δ13CR values around –15‰ in C3 leaves and 

around –4‰ in C4 leaves), while after 1-2 h of darkness the δ13CR values were around –21‰ or 
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more negative for C3 leaf-respired CO2 and around –13‰ for C4 maize leaf-respired CO2. LEDR 

has been attributed to a rapid consumption of 13C enriched malate pool accumulated in the light, 

and the time-frame changes based on the photoperiod and temperature (Igamberdiev et al., 1997; 

Atkin et al., 1998). Labelling experiments have demonstrated that the subcellular origin of the 

malate pool involved in LEDR is mitochondrial (via fumarase) by TCA reactions or by NAD-ME 

(Lehmann et al., 2016) (Fig. 1.12). 

 

1.3 Nitrogen Metabolism in Plants 

Most plant species can utilize inorganic nitrogen sources i.e. NH4
+ and NO3

− (Raven and Smith, 

1976; Yin and Raven, 1998; Lasa et al., 2002b). Nitrate is the major form of N in most aerated 

soils, whereas ammonium can be a dominant form in some acidic and/or anaerobic environments 

(Guo et al., 2007; Roosta et al., 2009; Masclaux-Daubresse et al., 2010; Hachiya and Sakakibara, 

2016; Sarasketa et al., 2016). 

Nitrate is reduced to ammonium by nitrate reductase (NR), and nitrite reductase (NiR) and 

its reduction requires eight moles of electrons per mole of nitrate. Thus, ammonium utilization 

greatly decreases the energy consumption required to synthesize organic N compounds (Salsac, 

1987; Pate and Layzell, 1990). Ammonium is thus a preferable N source for the plants. However, 

high levels of ammonium in living tissues is toxic to both plants and animals. Plants assimilate 

ammonium near the site of absorption or generation and rapidly store any excess in their vacuoles, 

thus avoiding toxic effects on membranes and the cytosol (Raven and Smith, 1976; Salsac, 1987; 

Britto and Kronzucker, 2002; Esteban et al., 2016). In contrast to ammonium, plants can store high 

levels of nitrate, or they can translocate it from tissue to tissue without deleterious effects (Raab 

and Terry, 1995).  

 

1.3.1 Nitrogen uptake 

Plant roots actively absorb both nitrate and ammonium via several high-affinity (HATS) and low-

affinity (LATS) ion-proton cotransporters. HATS function dominantly in low level, while LATS 

function in high level of nitrogen supply (Crawford and Forde, 2002; Miller et al., 2007; Masclaux-

Daubresse et al., 2010).   
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Since nitrate is negatively charged, the addition of 

negative electric charge into the cytosol imposes energy 

requirement for the transport of the nitrate ion at all 

concentrations. The energy is provided by a 

transmembrane pH and electrical potential gradients via 

2H+:1NO3
− symporter (Miller et al., 2007; Kraiser et al., 

2011) (see Fig. 1.13).  

The major HATS for ammonium uptake into 

plants is AMT1 family, which can carry ammonium via 

1H+:1NH4
+ symporter (Ludewig et al., 2007; Lanquar et 

al., 2009; Ortiz-Ramirez et al., 2011). LATS of 

ammonium is hypothesized to be identical or very 

similar to the K+ uptake transporter. Its activity is not 

downregulated even at high ammonium concentration 

(toxic level), so that it leads to K+ starvation and 

uncontrollable uptake of NH4
+. To be noted that, NH4

+ 

uptake is a passive process, while transport of NH4
+ 

from the cytosol to the external medium must be 

energetically active, which may lead to high ATP 

consumption and respiration rate, resulting in a decline 

of plant growth. 

 

1.3.2 Assimilation and translocation of different nitrogen sources 

In leaves, nitrogen is mainly assimilated in the light as a result of the requirement for ATP and 

reductants of involved enzymes. In roots, nitrogen is assimilated either in the dark or in the light.   

Plants eventually assimilate most of the absorbed nitrate into organic nitrogen compounds. 

The first step of this process is the reduction of nitrate to nitrite via the enzyme nitrate reductase 

(NR) in the cytosol (Mengel et al., 1983; Warner and Kleinhofs, 1992; Oaks, 1994). Nitrite is a 

highly reactive and potentially toxic ion, thus plant cells immediately transport the generated nitrite 

from cytosol into chloroplasts in leaves and plastids in roots. In these organelles, the enzyme nitrite 

Figure 1.13 The role of proton 

transport as charge-balancer in 

inorganic nitrogen transport. Transport 

of NO3
–
 and NH4

+ across the plasma 

membrane, rectified by proton pumping 

by membrane ATPase (redrawn from 

Britto and Kronzucker, 2005). 



 

30 

 

reductase (NiR) reduces nitrite to ammonium (Eqs 1.8 and 1.9). NiR requires six moles of electrons 

per mole of nitrite, which accounts for 75% of the electrons consumed during nitrate reduction. 

Energy for the reduction is derived from photosynthetic electron transport and from NADPH 

generated by the oxidative PPP in non-green tissues. 

NO3
− + NAD(P)H + H+ → NO2

− + NAD(P)+ + H2O  (Eq 1.8) 

NO2
− +6Fdred +8H+ → NH4

+ +6Fdox+ 2H2O   (Eq 1.9) 

Fd is ferredoxin, and the subscripts red and ox stand for reduced and oxidized, respectively.  

Nitrate transport is strongly regulated according to its availability. The enzymes required for 

NO3
− transport, as well as for its assimilation, are induced in the presence of NO3

− in the 

environment (Scheible et al., 1997), but repressed if NO3
− accumulates in the sink cells. Nitrate 

absorbed by roots can be stored or assimilated in the roots or transported to the shoot, where again 

it can be reduced or stored, such as in lettuce and spinach as reported, respectively, by Sindelar and 

Milkowski (2012) and Andrews et al. (2013). In many plants, when the roots receive small amounts 

of nitrate, it is reduced primarily in the roots. As the NO3
− supply increases, a greater proportion 

of the absorbed NO3
− is translocated to the shoots and assimilated there in herbaceous species 

(Marschner et al., 1996; Scheurwater, 2002; Hachiya and Sakakibara, 2016). But even under 

similar condition of NO3
− supply, the balance between root and shoot NO3

− assimilation varies 

from species to species. 

Figure 1.14 Key detoxification pathways of ammonium in plants. GS: glutamine synthetase; GOGAT: 

glutamate synthase (or glutamine 2-oxoglutarate aminotransferase); GDH: glutamate dehydrogenase 

(Bittsanszky et al., 2015).  
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Plant cells avoid NH4
+ toxicity by rapidly converting the NH4

+ generated from NO3
− 

assimilation or photorespiration into amino acids (Guo et al., 2007; Andrews et al., 2013). The 

primary pathway for this conversion is GS/GOGAT, which involves the sequential actions of 

glutamine synthetase (GS), and glutamate synthase (known as GOGAT or glutamine 2-

oxoglutarate aminotransferase) (See Fig. 1.14). 

Glutamate + NH4
+ + ATP → glutamine + ADP + Pi    (Eq 1.10) 

Glutamine + 2-oxoglutarate + NADH+ H+ → 2 glutamate +NAD+  (Eq 1.11) 

Glutamine + 2-oxoglutarate + Fdred → 2 glutamate + NAD + Fdox  (Eq 1.12) 

Plants contain two different classes of both GS and GOGAT, one in the cytosol and the other 

one in root plastids or in the chloroplasts (Lam et al., 1996; Vanoni, 2015). In the cytosol, the 

cytosolic GS forms (GS1) together with NADH-GOGAT assimilates NH4
+ absorbed from the 

rhizosphere, or of glutamine translocated from roots or senescing leaves to vascular bundles of 

developing leaves. In root plastids or in the chloroplasts, GS2 with Fd-dependent GOGAT 

generates amides for local consumption in roots, or functions for NH4
+ reassimilation during 

photorespiration in the chloroplast (Lam et al., 1996; Suzuki and Knaff, 2005; Forde and Lea, 2007; 

Bittsanszky et al., 2015). 

Glutamate dehydrogenase (GDH) provides an alternative pathway for synthesizing or 

deaminating glutamate (Masclaux-Daubresse et al., 2010). Its primary function is deaminating 

glutamate, which produces during the reallocation or under ammonium stress (Skopelitis et al., 

2006), thus GS-GOGAT pathway always plays the main N flux for ammonium assimilation.  

When ammonium is used directly as N source, a high proportion of its assimilation occurs in 

the roots (Salsac, 1987; Britto and Kronzucker, 2002; Esteban et al., 2016; Hachiya and Sakakibara, 

2016). Low concentrations (mM magnitude) of ammonium can be converted to amino acids in the 

roots then loaded into the xylem via specific transporters (Tegeder, 2014). But if GS capacity in 

roots is exceeded by a large amount of ammonium, NH4
+ may be directly loaded into the xylem 

and delivered to the shoots then stored out to the apoplast (Allen and Smith, 1986; Schjoerring et 

al., 2002).  
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1.3.3 Interactions between nitrate and ammonium in plants 

Many evidences have indicated that co-provision of nitrate and ammonium stimulates plant growth; 

NO3
− responses can be affected by the co-provision of NH4

+, and NH4
+ responses are altered by 

NO3
− (Cao and Tibbitts, 1993; Britto and Kronzucker, 2002; Siddiqi et al., 2002).  

During nutrient uptake, it was found that compared with NO3
− alone, net NO3

− uptake was 

significantly repressed by the co-provision of NH4
+ involved in a major HATS (AtNRT2.1) 

(Kronzucker et al., 1999a; Kronzucker et al., 1999b; Cerezo et al., 2001; Hachiya and Sakakibara, 

2016). On the other side, when NO3
− is present, net NH4

+ uptake becomes higher, but the reason 

remains uncertain (Kronzucker et al., 1999c; Hachiya and Sakakibara, 2016).  

As a signal, NO3
− stimulates gene expression, which is involved in glutamine loading in 

xylem. It was suggested that NO3
− enhances NH4

+ assimilation by accelerating amino acid 

biosynthesis (Ladwig et al., 2012). 

 

1.3.4 Metabolic regulations in response to different inorganic N sources  

1.3.4.1 N source determines apoplastic pH regulation 

Nitrogen source is known to be determinant for apoplastic pH. Nitrate and protons are co-

transported into the cytosol via NRTs, whereas NH4
+ uptake is accompanied by proton extrusion 

via the plasma membrane H+-ATPase to maintain the charge balance (Meharg and Blatt, 1995; 

Britto and Kronzucker, 2005). Thus, the extracellular environments are alkalinized and acidified 

following the application of NO3
− and NH4

+, respectively. 

For example, if the root medium is switched from NO3
− to NH4

+, there will be a rapid 

decrease in apoplastic pH (Schjoerring et al., 2002), because of an excess H+ generated during 

NH4
+ uptake and assimilation. Excess H+ must then be excreted or neutralized to maintain 

cytoplasmic pH. Otherwise, the disordered pH would be toxic for plant. H+ generated in the roots 

is excluded into the soil (Raven and Smith, 1976; Andrews et al., 2013). However, when GS 

capacity is overloaded by large amount of NH4
+ supply, extra free NH4

+ is distributed to the shoots, 

and visual symptoms would appear (e.g. necrotic lesions and very dark green leaves). 
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Figure 1.15 A simplified presentation of inorganic N absorption by the roots and its transport to the leaves 

and its assimilation into organic acids (NO3
− is presented at the right side and NH4

+ at the left-side.  

 

By contrast, NO3
− uptake results in a high consumption of H+ and thus high production of 

OH– (Raven, 1985). Similar to NH4
+, excess OH− can be excluded to the soil if it is generated in 

roots (Fig. 1.15). In the case of shoots, the classic biochemical pH-stat model presupposes that the 

excess OH− generated in shoots is neutralized by the synthesis of organic acids (in particular, 

malate, which can be retained in the shoots or co-transported with K+ from shoot to root), which is 

linked to OH− excretion from the root to the soil (Andrews et al., 2013) (Fig. 1.15). However, Britto 

and Kronzucker (2005) proposed another model, and they conceived that higher accumulation of 

malate in NO3
−-grown plants is for achieving electro-neutrality: the acidification by H+/NO3

− 

symporter of the cytosol results in a higher uptake of cations (especially K+ and Ca2+) in NO3
−-

grown plants, and malate is a good and strong anion to neutralize charge-balancing. 

1.3.4.2 Cellular redox status shifted by different N sources 

The NADPH produced by the PPP usually provides energy for reducing NO3
− to NH4

+ in non-

photosynthetic tissues (Esposito et al., 2005). However, when NH4
+ is supplied as N source alone, 
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there is no need for NO3
− reduction. Under the condition where NO3

− and NH4
+ coexist, NO3

− 

absorption is depressed by NH4
+, thus the demand for NADPH decreases either. Therefore, the 

ratio of NADPH/NADP+ increases with ammonium supplementation, then the flux of PPP 

accordingly decreases (Hachiya and Sakakibara, 2016). 

 

1.4 N-Assimilation Impact on Carbon Metabolism and Isotope Fractionation 

Because of the requirements of energy consumption, redox regulation and carbon skeleton for 

metabolite synthesis, respiration and nitrogen assimilation are intimately linked in plant cells. Plant 

growth and development depend on the metabolic pathways of carbon-nitrogen interactions 

(Lawlor, 2002; Foyer et al., 2011; Igamberdiev and Eprintsev, 2016). Amino acid synthesis and 

anaplerotic pathway are thought to be the interfaces between C and N metabolism. 

During generation of carbon skeletons for organic nitrogen compounds (e.g. amino acids), 

organic acids are synthesized through different pathways in response to different N types in 

different tissues (Raven and Farquhar, 1990). As respiratory substrates, organic acids play a key 

role to influence both the δ13COM and respiratory δ13CO2 in plants. Furthermore, the carbon sources 

for yielding organic acids (atmospheric CO2, dissolved CO2 or HCO3
–) are the most important 

factors, which determine the final isotope signature of organic acids in plants. The relation between 

nitrogen assimilation, carbon metabolism and isotope fractionation are detailed below. 

 

1.4.1 Amino acid biosynthesis links C and N metabolism 

Plants synthesize approximately 20 amino acids. All carbon skeletons for biosynthesis of amino 

acids are derived from intermediates of glycolysis, PPP, or TCA cycle (see Fig. 1.16). Nitrogen 

enters these pathways mainly through 2-oxoglutarate (by forming glutamate and glutamine via 

GS/GOGAT) or OAA (by forming aspartate and asparagine via aspartate aminotransferase, Asp-

AT and/or asparagine synthetase, AS) from TCA cycle. Once nitrogen is assimilated into glutamine 

and glutamate, it can then be incorporated into other amino acids via transamination reactions. 
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GS and AS consume energy generated 

during respiration. High-energy conditions (i.e., 

under light and high level of carbohydrates) 

stimulate GS and GOGAT, inhibit AS, and thus 

favour nitrogen assimilation into glutamine and 

glutamate for new plant material synthesis. In 

contrast, energy-limited conditions inhibit GS and 

GOGAT, stimulate AS, and thus favour nitrogen 

assimilation into asparagine for long-distance 

transport or long-term storage (Lam et al., 1996). 

In summary, during nitrogen assimilation, 

NR, NiR and GOGAT require reducing power as 

either Fd or NAD(P)H generated in PPP (Eq 3.1 to 

3.5). ATP is essential for GS and AS reactions and 

carbon skeletons for amino acid synthesis, 

especially 2-oxoglutarate and OAA, generated 

through TCA cycle. It is thus believed that amino 

acid biosynthesis links C and N metabolism. 

 

 

1.4.2 PEPc may be another interface linking C and N metabolism 

PEPc is widely distributed in all photosynthetic and nonphotosynthetic organisms (Masumoto et 

al., 2010). It is a multipurpose, highly regulated enzyme, subject to the pools of a wide range of 

metabolites (PEP, G6P, HCO3
−, citrate, malate, aspartate, asparagine, glutamate, and glutamine, 

Figure 1.16 Overview of amino acid biosynthesis. 

Precursors from glycolysis (red), the citric acid 

cycle (blue), and the pentose phosphate pathway 

(purple) are shaded, and the amino acids derived 

from them are boxed in the corresponding colours 

(Lehninger et al., 1993). 
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etc.) (Britto and Kronzucker, 2005). Latzko and Kelly (1983) described its 11 possible functions 

in C3 plants including replenishment of TCA intermediates and recapture of respired CO2. 

As described above, the carbon skeletons aminated to form amino acids are organic acids 

(more specifically 2-oxoglutarate and OAA), which also function as intermediates in the TCA cycle, 

and therefore their depletion must be counteracted. Hence, anaplerotic carbon (re)fixation is 

essential to be active (Britto and Kronzucker, 2005).  

 

Figure 1.17 A model outlining a revised role of PEPc in inorganic N assimilation. Key enzymes or enzyme 

groups are indicated in boxed numbers as follows: (1) PEPc; (2) MDH; (3) TCA cycle enzymes; (4) GS; (5) 

Asp-AT; (6) GOGAT. Note the legend: bicarbonate (HCO3
−) is produced by the activity of carbonic 

anhydrase. Dashed lines indicate feedback activities on PEP carboxylase by metabolic intermediates. 

Circled plus or minus signs indicate positive or negative feedback, respectively. Thickness of dashed lines 

indicates intensity of feedback, due to nitrogen source-dependent variations in pool sizes of feedback agents 

(Britto and Kronzucker, 2005). 

 

At the end of glycolysis, plants have alternative pathways for metabolizing PEP. The 

operation of PK and PEPc can produce alternative organic acids – pyruvate or malate – both can 

be transported to the mitochondrion and enter TCA cycle (Fig. 1.17). When TCA cycle 

intermediates are withdrawn for nitrogen assimilation, in most non-photosynthetic tissues, PEPc 
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can perform a bypass reaction for generating OAA instead of pyruvate. The resulting malate 

(derived from OAA) then enters the mitochondria for ensuring a continuous functioning of the 

TCA cycle (Huppe and Turpin, 1994; Berveiller et al., 2010).  It has been proved that PEPc activity 

is positively correlated with the activity of GS (Koga and Ikeda, 2000; Lasa et al., 2002b). 

Furthermore, the ratio of glutamine to glutamate can indicate anaplerotic efficiency. This ratio 

reflects the extent to which nitrogen has been incorporated into organic forms from organic acid 

pools (Britto and Kronzucker, 2005). At genome level, it was shown in maize leaves, that the 

exogenous nitrogen supply increased the expression of protein and mRNA for PEPc (Sugiharto 

and Sugiyama, 1992).  Therefore, PEPc may be considered as an important interface between 

carbon and nitrogen metabolism. 

In addition, NO3
– reduction is accompanied by excess OH− production. In the roots, OH– may 

be directly excreted into the soil, while in the leaves, OH– produced by NO3
– assimilation cannot 

be excreted to the environment (Raven and Smith, 1976; Salsac, 1987; Raven and Farquhar, 1990).  

As described above, based on the classic biochemical pH-stat model of cytosolic pH regulation in 

plant cells, to avoid excessive alkalinisation in leaf cytosol when NO3
– is reduced, the PEPc is 

activated resulting in the conversion of neutral sugars (G6P or F6P) to the relatively acidic malate, 

which thus counteracts the original pH increase (Latzko and Kelly, 1983; Salsac, 1987). However, 

this mode was challenged by its problem of calculation on proton transport accompanying the 

inorganic nitrogen transport (Britto and Kronzucker, 2005), as well as its low capacity and slow 

action rate for pH regulation (Gerendás and Ratcliffe, 2000). Britto and Kronzucker (2005) 

explained that the roots of NO3
–-grown plants tend to alkalinize the external medium, so that the 

uptake of nitrate is a cytosol-acidifying process. They listed the studies, which showed that NO3
– 

transport stimulates a transient lowering of pH in cytosol. The accumulation of organic acids in 

NO3
–-grown plants, particularly malate, should be better explaind by achieving electroneutrality in 

plants, because NO3
–-grown plants accumulate cations in their tissue compared to the plants grown 

under NH4
+. 

 

1.4.3 Different N-type assimilation impacts carbon metabolism 

Different N sources (NH4
+ or NO3

–) impact metabolic regulation associated with ATP consumption, 

pH regulation and redox control, which largely involve organic acid synthesis and circadian 
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dynamics, thus vary C-fixation pathways in generating the C skeletons during N assimilation 

(Raven and Farquhar, 1990; Sagi et al., 1998; Lasa et al., 2002b; Masclaux-Daubresse et al., 2010; 

Hachiya and Sakakibara, 2016).  

In illuminated leaves, nitrate 

reduces to nitrite and then to 

ammonium, requires ATP, 

reductants and carbon skeletons in 

the form of organic acids (mainly 

2-OG). The reducing power is 

provided by ferredoxin system in 

chloroplasts. As described above, 

the TCA cycle does not operate in 

the cyclic mode since some 

involved enzymes are inhibited by 

light. Thus the carbon sources 

used for 2-OG synthesis are 

probably from reserves of organic 

acids (e.g. citrate), and not from 

the recent photoassimilates 

(Gauthier et al., 2010). Two 

modes have been put forward in 

the literature concerning the 

involvement of citrate in N-

assimilation in illuminated leaves 

(See Fig. 1.18). The first mode 

proposes that the mitochondrial 

oxidation of malate produces 

mainly citrate, which is exported 

to the cytosol to yield 2-OG via 

cytosolic aconitase and NADP-ICDH (Hanning and Heldt, 1993). The second mode proposes that 

the decarboxylation rate by PDH being decreased by about 30% in the light, and that the TCA cycle 

Figure 1.18 Flux modes of carboxylic acid metabolism in 

illuminated leaves. (a) Flux mode in Spinacia oleracea leaves 

proposed by (Hanning and Heldt, 1993). (b) Non-cyclic flux 

mode in Xanthium strumarium leaves proposed by (Tcherkez 

et al., 2009). The mitochondrial limit is shown by brown lines. 

The figure is modified from (Sweetlove et al., 2010). 
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functions as a two-branched system during the daytime. Carbon skeletons used for amino acid 

synthesis are in this case strongly dependent on the remobilization of stored citrate synthesized 

during the dark period (Tcherkez et al., 2009; Gauthier et al., 2010). For both modes, the consumed 

mitochondrial malate is supplemented by PEPc through anaplerotic pathway. Leaf NO3
– reduction 

and assimilation mostly occurs in the light, a higher nitrate supply will thus lead to a higher C flux 

through anaplerotic pathway.   

In non-photosynthetic tissues and in darkened leaves, the necessary reducing power for N 

assimilation is supplied by PPP, thus NH4
+ nutrition leads to lower PPP flux since bypassing NO3

− 

reduction (see details in 1.3.4.2). In this case, the TCA cycle functions in the cyclic mode. During 

nitrogen assimilation (NH4
+ assimilation in roots and aspartate/asparagine synthesis, etc.), large 

amounts of organic acid precursers (e.g. 2-OG and OAA) are directly required from TCA cycle 

(Figure 1.15), then a substantial contribution of fixed C is required for filling TCA cycle (Marques 

et al., 1983; Salsac, 1987; Bittsanszky et al., 2015; Hachiya and Sakakibara, 2016). Anaplerotic 

pathway would thus have higher activity in non-photosynthetic tissues and in darkened leaves 

supplemented with NH4
+ than with NO3

− (Sugiharto and Sugiyama, 1992).   

In summary, primary NH4
+ assimilation takes place mostly in roots, most of NH4

+ 

accumulation occurs in roots, and ammonium application leads to low PPP activity by bypassing 

NO3
− reduction consumption of nitrogen assimilation. Therefore, it requires high levels of carbon 

skeletons thus increases the anaplerotic pathway via PEPc. Many researches have observed higher 

PEPc activity in roots of NH4
+-grown plants (Schweizer and Erismann, 1985; Arnozis et al., 1988; 

Lasa et al., 2002b; Setien et al., 2014; Sarasketa et al., 2016).  However, for the case of leaves, the 

associated anaplerotic requirement is more genetic-dependent, and it lies on the location of primary 

NO3
− assimilation. Nevertheless, with increasing of NO3

− assimilation, the PEPc activity increases 

at NO3
− primary location. To be noted that, because of the interaction between NH4

+ and NO3
− (see 

1.3.3), the net influence on carbon metabolism in the plants under different ratios of NH4
+ and 

NO3
− could not be simply estimated by their ratio. 

 

1.4.4 Different N-type assimilation impacts on respiratory carbon isotope fractionation 

Under extreme nitrogen source conditions (i.e. high nitrate or high ammonium supply), the 

variation of inorganic carbon source (atmospheric CO2, dissolved CO2 or HCO3
–) contributing to 
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non-photosynthetic carbon fixation cannot be ignored. Carbon fixation pathway varies in different 

organs under different N source conditions, some of them using dissolved CO2 (e.g. photosynthesis 

via Rubisco), while the others use HCO3
– (e.g. anaplerotic pathway via PEPc) (Arnozis et al., 1988; 

Raven and Farquhar, 1990; Vanlerberghe et al., 1990; Britto and Kronzucker, 2005). Since the 

hydration of CO2 by carbonic anhydrase discriminates in favour of 13C (HCO3
– is enriched in 13C 

by about 9‰ compared with CO2) and PEPc discriminates only by about 2.2‰ against 13C, organic 

carbon compounds originating from anaplerotic pathway (e.g. OAA and malate) in the light are 

naturally more 13C enriched than those originating from photosynthesis via Rubisco (Badeck et al., 

2005; Cernusak et al., 2009; Ghashghaie and Badeck, 2014). It has already been shown that in 

different C3 leaves, the higher the carbon fixation is in the dark (using 14C-labelled CO2), the more 

13C enriched is the leaf OM (Nalborczyk, 1978, Fig. 1.19). 
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As described above, because a high level of NH4
+ accumulation is toxic to plants, plants 

assimilate NH4
+ near the site of absorption or generation (roots) and rapidly convert it into amino 

acids or store any excess in their vacuoles, thus avoiding NH4
+ toxicity effects on membranes and 

the cytosol. The physiological concentrations of NH4
+ vary among species. For example, legumes 

are more tolerant to NH4
+, but spinach is more sensitive (Allen and Smith, 1986; Esteban et al., 

2016). The primary pathway for NH4
+ assimilation involves synthesizing glutamine from glutamate 

(GS-GOGAT pathway) or/and synthesizing asparagine from aspartate (Larsen et al., 1981; Lasa et 

Figure 1.19 Carbon isotope 

composition (13C) of leaf bulk 

organic matter as a function of 

carboxylation rate in the dark 

measured using 14C-labelled CO2 

on sunflower, tomato, rape, barley, 

rye, cucumber, wheat and lupine. 

13C was determined in ambient air 

before labelling on plants grown 

under low light (redrawn by 

Ghashghaie and Badeck, 2014, 

using data from Nalborczyk, 1978).  
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al., 2002b; Masclaux-Daubresse et al., 2010), so that large amounts of organic acid intermediates 

of TCA cycle (e.g. 2-OG and OAA) are diverted, then a substantial contribution of fixed C is 

required for replesnishing the TCA cycle (Marques et al., 1983; Salsac, 1987; Bittsanszky et al., 

2015; Hachiya and Sakakibara, 2016). Theoretically, since ammonium is predominantly 

assimilated in roots, NH4
+ nutrition should naturally enhance activity of anaplerotic pathway 

(carboxylation via PEPc), which incorporates more 13C (through OAA and malate) into TCA cycle 

as substrates for respiration (Raven and Farquhar, 1990; Sagi et al., 1998). Thus, in roots, more 13C 

enriched respired CO2 is expected under NH4
+ nutrition compared with NO3

– nutrition.  

Different to ammonium, nitrate reduction takes place in both roots and leaves. Nitrate is 

firstly reduced to nitrite and then to ammonium with ATP consumption, but its influence on carbon 

flux is spatially separated from the place where nitrite reduction occurs (Masclaux-Daubresse et 

al., 2010; Andrews et al., 2013; Hachiya and Sakakibara, 2016). In leaves, NO3
– reduction mianly 

occurs in the light, but because of the increase in redox level caused by photosynthesis and 

photorespiration, respiratory involved enzymes (e.g. ICDH, 2-OGDH, ME, etc.) in TCA cycle are 

inhibited, and thus TCA functions in a non-cyclic mode (Igamberdiev and Eprintsev, 2016; 

Igamberdiev and Bykova, 2018). Furthurmore, carbon fluxes manner in different ways in non-

cyclic mode (Sweetlove et al., 2010). If malate contributes to the synthesis of citrate (as was shown 

in Fig. 1.18a), which is exported to the cytosol to yield 2-OG as the precursor for GS-GOGAT 

pathway, citrate should also be 13C enriched (but less than malate because citrate contains 2 

additional C coming from acetyl-CoA). Accompanied with increased malate synthesis for ion 

charge and reduction equivalents balance under nitrate absorption (Britto and Kronzucker, 2002, 

2005), higher  levels of malate and citrate, higher carbon fluxes of anaplerotic pathway, more 13C 

enriched respiratory intermediates in TCA, and more 13C enriched dark respired CO2 in illuminated 

leaves fed with NO3
– than NH4

+ are expected. While if TCA functions as in Figure 1.18b, citrate, 

used for providing carbon skeleton of nitrogen assimilation, will originate from remobilized 

cytosolic citrate which is less 13C enriched (synthesized and stored during the night). Malate 

synthesis is still essential for maintenance of charge balance under NO3
– nutrition, but will be less 

affected by amino acid synthesis. 13C enriched OAA may synthesize and/or accumulate malate 

and/or fumarate, which are used for subsequent dark respiration. In this case, higher levels of 

malate and/or fumarate, higher carbon fluxes of anaplerotic pathway, more 13C enriched respiratory 

intermediates in TCA cycle, and more 13C enriched dark respired CO2 in illuminated leaves fed 
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with NO3
– than with NH4

+ are expected. When NO3
– reduction occurs in the roots, regardless of 

ATP consumption during nitrate reduction, it is considered to have the same impact on anaplerotic 

pathway activity as in plants fed with NH4
+. 

Taken all together, assimilation of different nitrogen sources changes anaplerotic carbon 

fixation flux in plants, and is thus expected to affect C-isotope composition of plants, especially 

respired CO2 and respiratory substrates. As described above, in leaves, more 13C enriched malate 

originating from anaplerotic pathway via PEPc will be synthesized for cellular homeostasis, when 

NO3
– is supplied (compared to NH4

+) as main N sources (Raven and Smith, 1976; Schweizer and 

Erismann, 1985; Lopes and Araus, 2006; Sarasketa et al., 2016). It may also introduce higher level 

of more 13C enriched citrate pool, which is for producing carbon skeleton for amino acid synthesis. 

Regardless of which carbon flux mode manners in the plants, more 13C enriched intermediates as 

respiratory substrate are introduced in NO3
–-fed plant, thus subsequently carbon decarboxylation 

in the dark by ICDH and 2-OGDH will finally release more 13C enriched CO2. In roots, 

predominant sites of ammonium assimilation, TCA functions in a cyclic mode, thus higher N 

assimilation leads to higher anaplerotic pathway via PEPc and naturally incorporates more 13C 

enriched organic acids as substrate for respiration. It is expected that NH4
+ nutrition (compared to 

NO3
–) enhances activity of anaplerotic pathway and enriches root-respired CO2 in 13C. However, 

PEPc-derived organic acids as well as respired CO2 are expected to be less 13C enriched in the roots 

than in the leaves, since the C source for PEPc in the roots mainly stems from respiratory CO2 

which is 13C depleted compared with atmospheric CO2. To be noted that, NO3
– reduction in the 

roots is considered to have the same isotopic impact on root organic matter than in plants fed with 

the same amount of NH4
+ (Raven and Farquhar, 1990). Theoretically, more 13C enriched respiratory 

CO2 and involved substrates are expected to be observed in roots of NH4
+-fed and in leaves of 

NO3
–-fed plants. 

 

1.5 Objectives and outline of this thesis 

Carbon isotope fractionations associated with plant respiration have received increasing attention 

as indicator of metabolic responses, which can be non-destructively monitored, making it possible 

to elucidate factors associated with ecosystem carbon balances via carbon isotopic analysis. It is 

important to study the response of C3 plants to ammonium and nitrate nutrition and its impact on 

C isotope composition of respired CO2 because this information is needed to optimise fertilisation 
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in agriculture maximising yield and product quality while minimising losses of N to water bodies 

and the atmosphere. In natural ecosystems it serves to understand the role of N in the 

biogeochemical cycles and for species competition and biodiversity.  

The general objective of this thesis is to study the responses of C3 plants to ammonium and 

nitrate nutrition and the subsequent impact on C-isotope composition of leaf- and root-respired 

CO2 and putative respiratory substrates. Nutrient solutions with different ratios of NH4
+:NO3

– were 

used for plant culture, to examine (i) in which extent the isotopic signature of putative respiratory 

substrates and respired CO2 is affected by N-type nutrition in plants, and (ii)  in which extent the 

anaplerotic pathway (via PEPc) is affected by N-type in leaves versus roots. This would allow a 

better understanding of the metabolic origin of the divergence in isotopic signature between 

heterotrophic and autotrophic organs.  

Chapter 2 describes the material and methods of the experiments as well as the statistial 

analysis applied in this study.  

Chapter 3 describes a pre-experiment on the amonium tolerance of 9 species in our specific 

culture conditions, which aimed in selection of suitable species for the subsequent more detailed 

experiments. Nutrient solutions with different ratios of NH4
+:NO3

–were used to examine which 

species can survive under extreme NH4+ in our culture conditions, which species are more tolerant, 

and which ones are more sensitive to NH4
+: NO3

– ratio gradient in terms of both plant growth, and 

δ13C in plant organic mass. 

Chapters 4 and 5, deal with our investigations on the two selected species, bean (more NH4
+ 

tolerant) and spinach (more NH4
+ sensitive), respectively. The changes in δ13C values of respired 

CO2 and of the main metabolic pools involved in respiration, as well as PEPc activity in both leaves 

and roots of plants fed with various NO3
–:NH4

+ ratios are presented. Gas exchanges and some other 

physiological traits were also investigated and discussed. The main objactives were to better 

understand (i) in which extent the isotopic composition of putative respiratory substrates and 

respired CO2 is affected by N-type nutrition in plants, and (ii) in which extent the anaplerotic 

pathway (via PEPc) could explain isotope changes under N-type nutrition in heterotrophic and 

autotrophic organs. We showed that the leaf dark respired CO2 was 13C enriched under NO3
– 

nutrition but became more and more 13C depleted with increasing NH4
+ amount in nutrient solution. 

However, in roots, nitrogen type did not significantly affect the isotope composition in root-
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respired CO2. The Chapter 4, is a paper manuscript on bean data, but the Chapter 5 on spinach data 

is not prepared as a paper mnuscript yet. 

Finally, chapter 6 discusses the main findings of this thesis, compares differences of isotopic 

responses to different nitrogen sources between species, and provides an outlook for future research 

that could further stregthen our knowledge on the contribution of the metabolic origin of the 

divergence in isotopic signature between heterotrophic and autotrophic organs. 
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CHAPTER 2 - Materials and Methods 

2.1 Plant species selection 

As preliminary experiment, we tested the tolerance to ammonium of eight C3 plant species (bean, 

soybean, pea, sunflower, tomato, castor bean, wheat and spinach) and one C4 plant (maize), under 

our experimental conditions (Fig. 2.1). Five proportions of NH4
+ as % of supplied N: 0%, 25%, 

50%, 75%, and 100% (i.e. 100%, 75%, 50%, 25% and 0% of NO3
–, respectively) were used for the 

preliminary experiment. The nutrient solutions (Tables 2.1 and 2.2) contained 6 mmol L-1 of N 

applied either as KNO3, Ca(NO3)2, NH4NO3 or (NH4)2SO4 at different ratios for different N-

treatments (adapted from Arnozis et al., 1988, by Ghiasi et al., unpublished). Additional 

components were: 1 mmol L-1 CaCl2, 0.25 mmol L-1 KH2PO4, 1 mmol L-1 MgSO4, and trace 

elements (2 μmol L-1 MnSO4, 2 μmol L-1 ZnSO4, 0.5 μmol L-1 CuSO4, 25 μmol L-1 B(OH)3, 0.5 

μmol L-1 Na2MoO4, 40 μmol L-1 Fe-EDTA). The pH of all the solutions was around 5.5. In addition, 

in 100% and 90% NH4 treatment, 1 mmol L–1 K2SO4 was added to keep the K concentration 

constant. 

 

 

Figure 2.1. Pots of 6 plant species from the first set of the preliminary experiment, for 5 N-type 

treatments (i.e. 5 different proportions of NH4
+ as N source). 

 



 

46 

 

The preliminary (species-selecting) experiment was carried in two sets. The first set started 

from 27/11/2015, including bean, soybean, pea, maize, sunflower, tomato and castor bean. Plant 

seeds experienced 6-7 days of germination in the dark, in a plate filled with vermiculite humidified 

with tap water. The germinated seedlings were then transplanted to the pots of 8.3 cm top diameter, 

5.5 cm bottom diameter and 11.0 cm of height, filled with vermiculite and watered with tap water 

under light for 7-18 days (depending on the species) until the cotyledons appeared out of the 

vermiculite. When cotyledons of dicotyledon plants or the first 2 leaves of monocotyledon plants 

emerged out of the vermiculite, different N-type treatments were applied for about 28-30 days. The 

second set started on 17/02/2016, including wheat and spinach. Plant seeds firstly experienced 5-7 

days of germination in vermiculite with tap water in the dark; 2-3 days to let the cotyledons come 

out; then 21 days of N-treatments with different NH4
+ proportions in nutrient solution. Daytime 

temperature was 25±3 °C (the night temperature was not recorded in the preliminary experiment) 

and the photoperiod was 10 h per day, for both sets. For preliminary experiment, 5 plants (n=5) for 

each species and each treatment were cultured and analysed. Pots with the same treatment were 

placed together in a plate. The positions of the plates in the culture room were random and changed 

every week.  

Table 2.1. Composition of the nutrient solutions with various NH4
+: NO3

– ratios. The second 

solution (90% NH4
+: 10% NO3

–) was not used in the preliminary experiment).  

NH4
+: NO3

–  

(% of total N) 

Compounds (mmol/L) 

Micronutrient CaCl2 MgSO4 KH2PO4 K2SO4 (NH4)2SO4  NH4NO3 Ca(NO3)2 KNO3 

100:0 1 1 1 0.25 1 3 - - - 

90:10 1 1 1 0.25 1 2.4 0.6 - - 

75:25 1 1 1 0.25 - 2 0.5 - 1 

50:50 1 1 1 0.25 - 0.5 2 - 1 

25:75 1 1 1 0.25 - - 1.5 1 1 

0:100 1 1 1 0.25 - - - 2 2 

 

Table 2.2. Composition of micronutrient stock solution. 

Micronutrient H3BO3 MnSO4 ZnSO4 CuSO4 Na2MoO4 FeNa-EDTA 

Concentration 

(μmol/L) 
25 2.2 2.2 0.5 0.5 

16.5 

(mg/L) 



 

47 

 

2.2 Plant material and culture conditions in main experiments 

Based on the results from the pre-experiment described in 2.1, French bean (Phaseolus vulgaris L.) 

cultivar Contender, and spinach (Spinacia oleracea L.) cultivar Géant d’Hiver (both species from 

Vilmorin, France) were selected for investigation in this study. French bean, as a legume (N2-

fixing), is more ammonium tolerant (Esteban et al., 2016) and well-studied by our group, while 

spinach is more ammonium sensitive and requires great amounts of nitrogen (Lasa et al., 2002b; 

Cruz et al., 2006). 

Seeds of both bean and spinach were first germinated in vermiculate with tap water in a 

dark room. Similar-height seedlings of 7-d old were transplanted to pots (one plant per pot) filled 

with sand of Loire (previously washed with tap water and sterilized in autoclave). Since some tests 

showed that vermiculite progressively released CO2, the plants were cultured in sand for the main 

experiments. The pots (the same as those used for preliminary experiment described above) were 

placed in the culture room in the greenhouse. The whole culture period was 33 d and 38 d for bean 

and spinach, respectively. Bean plants had one set of mature and one set of still-growing trifoliate 

leaves at the end of the culture period. Their cotyledonary leaves were mature but not senescent. 

Spinach had 3 pairs of euphylla.  

The bean culture was performed during January 2017 under natural light, with 

supplementary light supplied by lamps (Metal Halide Lamps, HSI-THX, 400W, Sylvania) for 10 

h per day, providing the maximum photosynthetic photon flux density (PPFD) of 140-160 μmol 

photons m–2 s–1 at plant height at midday (measured value). Air temperature was 23 ± 2 °C during 

the day and 17 ± 2 °C during the night. Humidity was 42 ± 8% during the day and 55 ± 15% during 

the night. Because of the technical problem in temperature controlling system of the culture room 

used for bean plants, spinach plants were cultured in another room, from July to August in 2017, 

with only artificial light source (Neon, Phillips Master 58W/965) of 200-210 μmol photons m–2 s–

1 at plant height 16h per day. Temperature and humidity were the same as for bean culture. Carbon 

isotope composition of the ambient CO2 in the culture rooms was not determined, but the C-isotope 

composition in leaf OM of maize plants (the 4th and 5th leaves) cultured in bean and spinach rooms 

was –11.74 ± 0.06‰ (n=6) and –16.43 ± 0.03‰ (n=5), respectively, i.e. air CO2 was 13C depleted 

in spinach culture room compared with bean culture room by about 4.6‰. 
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Plants were supplied with nutrient solutions with 6 different proportions of NH4
+ as % of 

supplied N: 0%, 25%, 50%, 75%, 90% and 100% (i.e. 100%, 75%, 50%, 25%, 10% and 0% of 

NO3
–, respectively, Table 2.1). One ppm of nitrification inhibitor (2-Chloro-6-

trichloromethylpyridine) was added to the nutrient solutions for spinach culture. Indeed, even the 

sand was sterilized, it is difficult to avoid the influence of nitrifying bacteria from environment. 

Pots with the same treatment were placed together in a plate, and their positions in the 

culture room were random and changed every week. Nutrient solutions were supplied for watering 

the plants only after the cotyledons came out of the sand and were not in touch with the top of the 

sand. We started with 750 mL solution plate-1 d-1 (with 8 pots in each plate), increasing the amount 

during the plant growth. The amount of the solution was so that the pots were completely filled, 

then allowed to drain to the plates. During the last week before the harvest, the amount of the 

solution was approximately 1500 mL plate-1 d-1. Three bean plants (n=3) and 5 spinach plants (n=5) 

for each treatment were cultured and analysed. 

 

2.3 Leaf Chlorophyll content and the nitrogen status 

Chlorophyll and flavonol content indexes were measured by DUALEX SCIENTIFIC+TM (ForceA, 

France) every 3 days. Nitrogen balance index (NBI), i.e. the ratio of chlorophyll to favonol contents, 

was regularly measured as an indicator to detect if the plants were going through N deficiency. All 

parameters were factory calibrated by DUALEX. For every measurement time and for each 

treatment, 5 leaves of 5 bean or 5 spinach plants were measured (one leaf from one plant for each 

case, n=5). 

The Dualex instrument measures a chlorophyll index based on measurements of light 

transmission through the leaf blades and a leaf flavonoid index based on measurements UV-

screening of chlorophyll fluorescence. The latter is performed by comparing UV-induced to red-

induced (reference wavelength) chlorophyll fluorescence. The units of chlorophyll and flavonoid 

indices were factory calibrated. Cerovic et al. (2012) and Cartelat et al. (2005) have shown that the 

chlorophyll and flavonoid index values are linearly correlated with the chlorophyll content and 

flavonoid content per leaf area, respectively. 
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2.4 Leaf gas exchange and chlorophyll fluorescence measurements 

One month after planting, gas exchange and chlorophyll fluorescence parameters of the leaves were 

measured using Licor 6400 with LCF chamber (LI-COR, Inc. USA) in the morning (9-12 am) 

during 3 successive days. One plant with mature euphylla was selected from each N-treatment for 

measurements on each day. Therefore, there were 3 replications and the measurement turns were 

random (for N-treatments) in different days. Three leaves from 3 independent bean or spinach 

plants (n=3) for each treatment were analysed. 

Before measurements, plants were dark-adapted for 30 min, the minimum and maximum 

fluorescence yields in the dark (F0 and Fm) were recorded, Fm was measured during a 1s saturating 

flash at 6000 mmol m–2 s–1. The maximum PSII efficiency was calculated as Fv/Fm, where Fv = Fm 

– F0. Then one mature euphylla was used for measurements (in the case of bean, only the middle 

trifoliate was used). During measurements, Licor conditions were set as follows: flow rate at 300 

μmol s–1, CO2 concentration at 390 μmol mol–1 and PPFD at 400 μmol m–2 s–1 (with 10% blue light) 

for both species (for spinach, two PPFD levels were used: 200 and 400 μmol m–2 s–1). Leaf 

temperature was fixed at 22 °C. Leaf net CO2 assimilation rate (An), stomatal conductance (gs) and 

the ratio of intercellular to ambient CO2 concentrations (Ci/Ca) were automatically recorded every 

3 min, reaching steady values after about 30 min. Three values at steady state were taken to get a 

mean value of these parameters for each plant. 

After steady state reached, the minimal and maximal fluorescence yields in the light (F0’ 

and Fm’); Fm’ were measured the same way as Fm. The relative quantum efficiency of photosystem 

II (PSII) electron transport (usually written as ΦPSII or ΔF/Fm’) estimated from (Fm’– Fs)/ Fm’, where 

Fs is the steady-state fluorescence (Genty et al., 1989). The efficiency of energy harvesting by 

oxidized (open) PSII reaction centres in the light was estimated from Fv’/Fm’, where Fv’= Fm’- F0’ 

(Andrews et al., 1993). Parameters of photochemical quenching (QP) and non-photochemical 

quenching (NPQ) were calculated according to Oxborough and Baker (1997). The actual flux of 

electrons (μmol m–2 s–1) originating from photosystem II can be inferred from chlorophyll 

fluorescence measurements. This is called electron transport rate (ETR), and is given by ΦPSII∙ f I 

αleaf, where f is the fraction of absorbed quanta that is used by PSII, and is typically assumed to be 

0.5 for C3 plants, and 0.4 for some C4 plants like maize (Earl and Tollenaar, 1998), I is incident 

photon flux density (μmol m–2 s–1), and αleaf is leaf absorbance. 
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2.5 Carbon isotope composition of respired CO2 

To ensure that plants had enough photo-assimilates as respiratory substrates, they were taken from 

the greenhouse after at least 4 h into the photoperiod. Then they were placed in the dark for 30 min 

to avoid the 13C enrichment peak in respired CO2 resulting from initial decarboxylation of malate, 

i.e. light-enhanced-dark-respiration (LEDR). For leaf-respired CO2, one intact mature euphylla was 

cut off and put into a flask (50 mL) completely covered by aluminium foil (Fig. 2.2). The flask was 

flushed by CO2-free air for 5 min (checked to be large enough to remove all CO2 from the flasks), 

then sealed by septum and left for accumulation of CO2 respired. CO2 concentration was analysed 

by micro-GC (490 Micro GC, Agilent Technologies, USA). The needle of Micro-GC was 

automatically introduced into the flask through the septum (injection volume was 5 μl every 3 min).  

When CO2 concentration was above 1000 ppm (approximately after 12 min), air samples were 

manually collected from the flask by syringes (0.5 to 1 ml depending on CO2 concentration) and 

then injected into a gas chromatograph (GC; HP 5890, Les Ulis, France) coupled to a stable isotope 

ratio mass spectrometer (Optima Isochrom-µG, Fisons Instruments, Manchester, UK), to measure 

C-isotope composition of respired CO2 (δ
13CR). The syringes were flushed with helium five times 

and then with sample air inside a given flask 10 times before each injection. Each flask was sampled 

and measured 3 times to make sure the values were stable. 

For root-respired CO2, roots were first washed with tap water and dried with absorbing 

paper before incubation in the flasks. Since the respiration rate of roots was higher than that of 

leaves, bigger flasks (120 mL) were used for roots. Generally, measurements started from 10:00 to 

16:00, on each day, and the turns of N-treatments were random.  

The C-isotope composition of respired CO2 was measured at the Écologie Fonctionnelle et 

Écotoxicologie des Agroécosystèmes (ÉcoSys), Laboratory of Claire Chenu (INRA Thiverval-

Grignon) with the technical assistance of Cyril Girardin, for all the samples of this PhD work. 

The leaves and roots used for respiration measurements were then plunged in liquid 

nitrogen and kept at –80 °C, then freeze-dried and finely ground for isotope analyses of bulk OM 

as well as water-soluble organic matter (WSOM) and individual metabolites. Three bean (n=3) and 

5 spinach plants (n=5) from each treatment were used for analysis. 
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Figure 2.2. Measuring leaf- and root-respired CO2 by GC-IRMS.
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2.6 Carbon isotope composition of organic material 

Carbon isotope composition of both bulk organic matter (δ13COM) and water-soluble organic matter 

(δ13CWSOM) was determined on freeze-dried material. Dried samples were finely ground by a Retsch 

MM200 ball mill (Bioblock Scientific, Illkirch, France). An aliquot of 600-800 μg per sample 

powder was weighed in tin capsules (Courtage Analyse Service, Mont Saint-Aignan, France). 

Samples of bean and spinach plants of both preliminary and main experiments were analysed 

at the Grassland Science Laboratory of Nina Buchmann (ETH, Zurich), with the technical 

assistance of Roland A. Werner and Annika Ackermann. An elemental analyser (Flash EA) 

coupled to a DeltaplusXP isotope ratio mass spectrometer (IRMS) via a 6-port valve (Brooks et al., 

2003), and a ConFlo III interface (Finnigan MAT, Bremen, Germany, (Werner et al., 1999), were 

used for these analyses. In order to avoid frequent exchange of the Mg(ClO4)2 of the conventional 

water trap, the Flash EA was additionally equipped with a custom-built NafionTM trap after the 

reduction tube. The positioning of samples, blanks and laboratory and quality control standards in 

a measurement sequence followed the scheme described in Werner and Brand (2001). Three leaves 

from 3 independent bean or spinach plants (n=3) from each treatment were used for analyses. 

δ13COM of maize, pea, castor bean, soybean, sunflower, tomato and wheat in preliminary 

experiment was analysed at the Plateforme Métabolisme-Métabolome, Institut des Sciences des 

Plantes, Université Paris-Sud, Université Paris-Saclay. An elemental analyser (Flash EA 1112 

series, Thermo Electron, USA) coupled to an isotope ratio mass spectrometer (Optima, Micromass, 

Villeurbanne, France) were used for these analyses. Two blanks were set in the beginning of each 

sequence, and then the quality control standards (L-glutamate, USGS40, and sucrose, IAEA-C6) 

were set after the blanks at the beginning, every 18 samples and at the end of the sequence. 

Laboratory glutamate standards were inserted every 6 samples. The scheme of EA-IRMS system 

is demonstrated in Fig. 2.3.  

C-isotope composition (δ13C) was calculated as deviation of the carbon isotope ratio (13C/12C, 

called R) from the international standard (Vienna Pee Dee Belemnite, V-PDB) according to 

(Farquhar et al., 1989): 

δ13C (‰) = [(Rsample – RV-PDB)/RV-PDB] * 1000   (Eq. 2.1) 

Rsample and RV-PDB are the C-isotope ratios of the sample and the V-PDB standard, 

respectively. 
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Figure 2.3. Scheme of the EA-IRMS used for analysing the isotope composition of organic matter. 

The tin cups containing the dry powder of organic material, falling individually from the auto-

sampler (Pa) are first burned in the oxidation column (Ox), the molten tin being recovered in the 

quartz extension (Al). The oxidation products and excess oxygen are then reduced in the reduction 

column (Réd), and the produced water (if any) is absorbed by a magnesium perchlorate (Pe) trap. 

The CO2 and N2 are separated by gas chromatography (GC), after which a detector is installed to 

identify their output concentration (TCD). The gas of interest is directed to the IRMS for isotopic 

analysis (i, ionizer; acc, accelerator), and the other gas to the leak (f). The 3 collectors receive the 

3 isotopologues for a given gas (44, 45 and 46 for CO2, and 28, 29, 30 for N2). The carrier gas is 

helium. 

 

2.7 Extraction and C-isotope analyses of water-soluble fraction 

The method of Tcherkez et al. (2003) was used for extraction of the water-soluble fraction from 

plant samples. Freeze-dried powder (50 mg) of a given sample was suspended in 1mL of cold 

distilled water in an Eppendorf vial and maintained on ice slurry for 60 min except when removed 

to agitate in a vortex mixer every 10 min. After centrifugation at 14,000 g at 5 °C for 15 min, the 

supernatant (containing soluble sugars, organic and amino acids and soluble proteins) was 

separated from the pellets. It was heated at 100 °C for 5 min (it should be boiled) and then kept on 

ice for 30 min to precipitate the heat-denatured proteins, which were then removed by 

centrifugation at 14,000 g for 15 min at 5 °C. The final supernatant, i.e. water-soluble fraction of 
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organic matter (WSOM), was conserved at –20 °C for isotopic analysis, but before any further use, 

it was centrifuged again to remove precipitations, which can be observed after freezing.  

Aliquots of 200 μl of protein-free WSOM were poured into tin cups and oven-dried at 50 °C 

for isotope analysis (δ13CWSOM) with EA-IRMS as explained in 2.5. Three leaves or roots of 3 

independent bean or spinach plants (n=3) from each treatment were used for analysis. 

 

2.8 Carbon isotope composition of individual metabolites 

Before separation of soluble sugars and organic acids from the water soluble extract, cation 

exchangers (Dionex OnGuard II H 1.0 cc Cartridges, Thermo Scientific, Sunnyvale, CA, USA) 

were conditioned with 10 ml distilled water, and anion exchangers (Dionex OnGuard II A 1.0 cc 

Cartridges, Thermo Scientific, Sunnyvale, CA, USA) were conditioned firstly with 10 ml 0.5 M 

HCl, then10 ml distilled water.  

The protein-less water-soluble fraction of organic matter (WSOM, described above) was 

diluted to 100 ng/μL (pH was adjusted to 7), then 4 mL of the diluted solution passed through 

cation and anion exchangers, to retain amino acids and organic acids, respectively, and thus to drain 

and collect the soluble sugars (Fig. 2.4). The first 2 mL were discarded, and the last 2 mL were 

collected in 2 amber silanized glass vials of 1.5 mL (Vial short tread, VWR International, USA) as 

purified soluble sugars. Organic acids were eluted from anion exchangers using 4 mL 0.5 M HCl. 

Again, the first 2 mL were discarded, and the last 2 mL were collected in 2 amber glass vials of 1.5 

mL (HPLC/GC Certified Kit, VWR International, USA). Collected bulk sugars and bulk organic 

acids were used for compound specific C-isotope analysis with HPLC coupled to IRMS, as follows. 

A ThermoFinnigan LC-IsoLink system (Ultimate 3000, Dionex, Part of Thermo Fisher 

Scientific, USA) coupled to a Delta V Advantage (Thermo Fisher Scientific, USA) was used for 

analysing carbon isotope composition of individual soluble sugars (sucrose, glucose and fructose) 

and organic acids (only malate and citrate were determined, the amounts of oxaloacetate and 

succinate were too small to be detected). Separation of sugars was in water as solvent, through the 

column NUCLEOGEL Sugar 810 Ca, length 300 mm, internal diameter 7.8 mm (MACHEREY-

NAGEL GmbH & Co. KG, Germany). Organic acids were separated by the column Prevail 

Organic Acid, 150 mm x 4.6 mm, 5µ (Grace Davison Discovery Sciences, USA) with 25 mM 

KH2PO4 (pH=2.5) as solvent. The system was controlled with Chromeleon 7.2 software (Thermo 
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Electron). These extractions and analayses were perforemd at the Max Planck Institute in the 

Biogeochemistry Laboratory of Gerd Gleixner (Jena, Germany), with the technical assistance of 

Steffen Ruehlow. 

 

 

Figure 2.4. Extraction system for seperation of bulk sugars, and bulk organic acid and bulk amino 

acids from water soluble fraction of plant samples. Bulk amino acids were not analysed yet. 

 

The amounts [C] and the δ13C values of the individual sugars were used to calculate the C-

isotope composition of the total soluble sugars (δ13CSug) using a simple mass balance:  

δ13CSug = (δ13CGlc . [C] Glc + δ13CSuc . [C] Suc + δ13CFru . [C] Fru)/ ([C] Glc + [C] Suc + [C] Fru)    (Eq. 2.2) 

Similarly, using the amounts and the δ13C values of individual sugars and organic acids, we 

calculated an estimated C-isotope composition of the total water soluble fraction (δ13CEst. WSOM) to 

compare with the measured values (δ13CWSOM). Three leaves or roots of 3 independent bean or 

spinach plants (n=3) from each treatment were used for analysis and calculation. 
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2.9 Biomass 

Plants used for measurements of δ13C of respired CO2 (δ13CR) were harvested for biomass 

determination of different organs of both species (i.e. bean and spinach). Whole plants were divided 

into leaves, stems and roots, plunged into liquid nitrogen for temporary conservation, and then 

moved to freezer-dryer before determination of dry weights. Three bean plants (n=3) and 5 spinach 

plants (n=5) from each treatment were used for analysis. 

 

2.10 PEP carboxylase (PEPc) activity determination 

Other plants, from the same culture set used for respiration analysis, were used for PEPc activity 

determination. Three leaves or roots of 3 bean or spinach plants (n=3) for each treatment were used 

for analysis. Samples used for PEPc activity measurements were harvested during the morning 

(from 10:00 am to 12:00 am) and conserved at –80 °C. 150 mg of each frozen root or leaf sample 

(without petioles and midribs) were completely ground in a mortar (on a plate containing liquid 

nitrogen to maintain the sample frozen) with 100 mg sand, then 1 ml extraction buffer was added 

(4 °C). The extraction buffer contained HEPES 50 mM; MgCl2 10 mM; EDTA 1 mM; EGTA 1 

mM; BSA 0.025% (w/v); glycerol 10% (w/v); DTT 5 mM; and protease inhibitor. Thereafter, the 

mix was agitated in a vortex for 2 seconds, defrosted completely on ice and agitated again in the 

vortex for 5 sec, and centrifuged at 10,000 rcf at 4 °C for 10 min.  

PEPc activity was measured by coupling the reaction to the NADH-oxidation mediated by 

malate dehydrogenase (MDH). The standard assay buffer contained: 100 mM Tricine (pH 8.0), 10 

mM NaHCO3, 20 mM MgCl2, and 0.05% Triton. 40 µl assay buffer, 20 µl 20 mM PEP, 20 µl 0.5 

mM NADH, 2 µl 1 u mL–1 MDH, 98 µl distilled water and 20 μL extract were added in a 96-well 

plate. Two technical replicates for each sample were set for the NR measurements. The 96-well 

plate was placed in a microplate spectrophotometer (PowerWave HT, BioTek, USA) to record the 

first 20 min oxidation of NADH at 340 nm. 

Even when no PEP had been added to the reaction mixture, NADH was oxidized at a rate 

corresponding to 1 to 30 % of its rate after PEP addition. Endogenous NADH oxidation rate 

remained stable for several hours. After addition of small amounts of PEP, the oxidation rate 

initially rose rapidly but returned quickly to the endogenous level after exhaustion of PEP (Arnozis 

file:///C:/Users/Jaleh/Franz/PEPc/Thèse%20PEPC_%20Racines/Yang%20Xia%202015/Xia%20et%20al.%20Bean%20Manuscript%20_%202018/Corrected%20files/Bean%20Draft%20Manuscript%20_16112018-1.doc%23_ENREF_2
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et al., 1988). Accordingly, PEP replaced by H2O was designed as control assay, and the PEPc 

activity has been calculated as the difference in NADH oxidation rate before and after the addition 

of PEP. 

 

2.11 Nitrate reductase (NR) activity determination  

Frozen leaf or root samples which were kept in –80℃ freezer (around 100 mg) were ground in 

liquid nitrogen and the resulting powder dissolved in 1 mL of 50 mM HEPES-NaOH buffer, pH 

7.6, containing 0.1% Triton X-100, 5 mM MgCl2, 10 μM leupeptin, 0.5 mM AEBSF [4-(2-

aminoethyl)-benzenesulfonyl fluoride], 3 mM DTT, 1% polyvinylpolypyrrolidone, 3% 

polyethylene glycol 4000, and 19.2 μM flavine adenine dinucleotide (FAD). The mix was 

centrifuged for 10 min at 13,000 g (Fresneau et al., 2007). NR activities were carried out on the 

supernatant in the presence of ethylenediaminetetraacetic acid (EDTA) as total NR activity (NR-

EDTA) and in the presence of Mg2+, as active (actual) NR activity (NR-Mg) following the method 

described by (Foyer et al., 1998). Briefly, the reaction mixture contained 250 μL of 50 mM HEPES-

NaOH buffer, pH 7.6, 50 μL of 100 mM KNO3, and 50 μL of 2 mM nicotinamide adenine 

dinucletide reduced form (NADH). The reaction was initiated by adding 50 μL of extract and 

incubated at 30 °C for 30 min. The reaction was stopped by adding 50 μL of 1 M ZnSO4, 7 H2O. 

The nitrite ions produced were assayed after diazotization with 500 μL of 1.5% (w/v) sulfanilamide 

and 500 μL of 0.02% (w/v) N-(1-Naphthyl) ethyl-Enediamine (NEDD). Then, the solution was 

again centrifuged at 8,000 g for 10 min and the absorbance of the supernatant was measured at 540 

nm. The activities of both NR-EDTA and NR-Mg were estimated as μmol NO2
– formation per mg 

fresh biomass and per hour. The percentage of activation of NR was determined by the ratio of 

NR-Mg to NR-EDTA and expressed in percent. Three leaves or roots of 3 bean plants (n=3) for 

each treatment were used for analysis. 

 

2.12 Statistical analyses 

Differences between NH4
+:NO3

- ratios of preliminary experiment were tested with one-way 

ANOVA and Tukeys HSD test with p < 0.05. Statistical analyses of correlation, and ANCOVA for 

main experiments on bean and spinach were performed using STATISTICA 8.0 (StaSoft Inc., 

file:///C:/Users/Jaleh/Franz/PEPc/Thèse%20PEPC_%20Racines/Yang%20Xia%202015/Xia%20et%20al.%20Bean%20Manuscript%20_%202018/Corrected%20files/Bean%20Draft%20Manuscript%20_16112018-1.doc%23_ENREF_2
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Tulsa, USA). Mean comparisons were performed with the ‘LSD’ test with p < 0.05. Linear 

regression were carried out with SigmaPlot 12.0 (Systat Software, Inc., San Jose, California,USA ). 

When representing three or more measurements, data are presented as mean values ± SE.  

Correlation and regression analyses as well as PCA were done with R (R core team, 2018). 

Regression of all traits on the fraction of NH4
+ in the nutrient solution was performed as linear 

regression and as regression with log-transformed fraction of NH4
+, emphasizing a more 

pronounced change at low fractions of NH4
+. Furthermore, regression on the log-transformed 

fraction of NO3
– (i.e., 100 – NH4

+), emphasizing a more pronounced change at high fractions of 

NH4
+ and the absolute difference of fractions of NH4

+ from 25, 50 and 75%, respectively were 

done. Between-trait correlations were calculated and ordered with hierarchical clustering.  
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CHAPTER 3 - Impact of varying NH4
+: NO3

– ratios in nutrient solution on 

biomass and C-isotope composition of leaf- and root-OM of several species. 

 

3.1  Introduction 

A preliminary experiment was performed to study the impact of varying NH4
+: NO3

– ratios in 

nutrient solution on carbon isotope composition of leaf- and root-organic matter. NH4
+ is generally 

considered to be toxic to plants, but contradictory results have been reported in the literature on the 

plant tolerance to ammonium, which varies among species and experimental conditions. Effects of 

NH4
+: NO3

– ratio gradients on growth were well studied for many years, while less is known about 

how NH4
+ to NO3

– ratio gradients may affect δ13C in plant organic matter. Raven and Farquhar 

postulated that the N metabolism may affect natural abundance of isotopes of carbon in plants 

(Raven and Farquhar, 1990). Some studies explored the influence of N deficiency stress on carbon 

isotopes composition (Condon et al., 1992; Livingston et al., 1999), some studies tested the isotopic 

effect by only supplying NH4
+ or NO3

– as sole N source (Guo et al., 2002; Lasa et al., 2002b), and 

only few studies added also NH4
+:NO3

–=1:1 treatment (Yin and Raven, 1998; Lopes and Araus, 

2006). However, to our knowledge, no reference is available in the literature on the effects of 

various NH4
+:NO3

– ratio gradients on carbon isotope fractionation during respiration. 

The aim of the preliminary experiment was to select suitable species for the subsequent, more 

detailed study. Nutrient solutions with different ratios of NH4
+:NO3

– were used in the preliminary 

experiment for 9 species (Fig. 3.1), to examine which species can survive under pure NH4
+ nutrition 

in our culture condition, which are more tolerant, and which are more sensitive to NH4
+: NO3

– ratio 

gradient in terms of both plant growth, and δ13C in plant organic mass. 

 

3.2  Material and Methods 

3.2.1 Plant material and culture conditions: See Chapter 2 (2.1) 

3.2.2 C- and N-isotope composition of organic material: See Chapter 2 (2.6) 
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3.3  Results  

3.3.1 Effect of N-type gradient supply on plant growth 

Biomass is the most comprehensive parameter used to evaluate plant performance in response to a 

long-term stressful situation. In this preliminary experiment, 9 species: French bean (Phaseolus 

vulgaris L.), soybean (Glycine max (L.) Merr.), pea (Pisum sativum L.), maize (Zea mays L.), 

sunflower (Helianthus annuus L.), tomato (Lycopersicon esculentum Mill.), castor bean (Ricinus 

communis L.), wheat (Triticum aestivum L.) and spinach (Spinacia oleracea L.) performed 

differently along the NH4
+ to NO3

– ratio gradient (Fig. 3.1). Interestingly, total plant dry mass (DM) 

of all 9 species did not significantly differ between the 100% NH4
+ and 0% NH4

+ (100% NO3
–) 

treatments, and no chlorosis of leaves (typical ammonium toxicity symptom) was observed in the 

plants under 100% NH4
+ treatment. Maximum total DM generally occurred at mixtures of NH4

+ 

and NO3
–: in 25% NH4

+ (bean, soybean, tomato and wheat), 50% NH4
+ treatment (maize, pea, 

Castor bean and spinach), or in 75% NH4
+ (sunflower). There were no significant differences in 

total DM along the NH4
+ to NO3

– ratio gradient in most species. A significant decrease (p < 0.05) 

under 100% NH4
+ treatment (minimum) compared to 50% NH4

+ treatment (maximum) in maize 

and a significant increase (p < 0.05) under 25% NH4
+ treatment (maximum) compared to 0, 75 and 

100% NH4
+ treatments in wheat were observed (Fig. 3.2). 

Shoot DM responded to the NH4
+:NO3

– ratio gradient in all 9 species in a similar manner as 

did total DM. One exception was observed in spinach shoots where DM in the 100% NH4
+ 

treatment (minimum) was significantly smaller than in the 25%, 50% and 75% NH4
+ treatments 

(Fig. 3.3). Root biomass accumulation was approximately 10 times smaller than shoot mass 

accumulation among all 9 species. However, root DM followed different patterns in response to 

the NH4
+ to NO3

– ratio gradient. There was no root DM reduction under 100% NH4
+ treatment 

compared to other treatments in spinach. Except 50% NH4
+ treatment in maize roots and 25% NH4

+ 

treatment in wheat roots, which presented a significant increase compared to maize roots at 100% 

NH4
+ treatment and wheat roots at 50%, 75% and 100% NH4

+ treatments (p < 0.05), respectively, 

no more significant differences were observed among root DM (Fig. 3.4). 
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Figure 3.1 Nine species (bean, soybean, pea, maize, sunflower, tomato, castor bean, wheat and spinach) 

cultured under different % of NH4
+ and NO3

– as N source in nutrient solutions. Each row of pots represents 

a given ratio of NH4
+: NO3

– corresponding from left to right to 100%, 90%, 75%, 50%, 25% and 0%. The 

first rows for pea, soybean, castor bean, sunflower, maize, tomato and bean were the usual nutrient solution 

provided by the greenhouse, which were set as control. Photos were made on the harvesting days.  

 

Plant root to shoot DM ratios of the 9 species were quite stable without significant differences 

along the NH4
+ to NO3

– ratio gradient in bean, pea, castor bean, sunflower and tomato. In spinach, 

root/shoot ratio positively correlated with NH4
+%, increasing from 0.21 at 0% NH4

+ to 0.42 at 100% 

NH4
+. The 100% NH4

+ treatment particularly showed a significant increase compared to other 

treatments. Contrarily, root/shoot ratio of wheat decreased from 0.46 at 0% NH4
+ to 0.37 at 100% 

NH4
+. The 100% NH4

+ treatment presented a significant decrease compared to the 0% NH4
+ and 

25% NH4
+ treatments (Fig. 3.5). The maximum value of root/shoot ratio in maize and soybean 

appeared in 25% NH4
+ and 75% NH4

+ treatments, respectively.  
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Figure 3.2 Total dry mass of bean, soybean, pea, maize, sunflower, tomato, castor bean, wheat and spinach 

cultured under different % of NH4
+ and NO3

– as N source in nutrient solutions used for watering the pots. 

On the X-axis, 0 and 100 correspond to 0% NH4
+ (i.e. 100% NO3

–) and 100% NH4
+ (i.e. 0% NO3

–) as % of 

supplied N in the nutrient solutions, respectively. Box and whisker plots show the distribution of the data 

where the line within the box stands for the median. Filled circles represent the mean (n=5). The box range 

includes the second and third quartile and the whiskers are located at the maximum and minimum values or 

at 1.5 times the interquartile range. If more extreme values are present, these are then shown with open 

circles. Same lowercase letters indicate results that are not significantly different at p < 0.05. 
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Figure 3.3 Shoot dry mass of bean, soybean, pea, maize, sunflower, tomato, castor bean, wheat and spinach 

cultured under different % of NH4
+ and NO3

– as N source in nutrient solutions used for watering the pots. 

On the X-axis, 0 and 100 correspond to 0% NH4
+ (i.e. 100% NO3

–) and 100% NH4
+ (i.e. 0% NO3

–) as % of 

supplied N in the nutrient solutions, respectively. Box and whisker plots show the distribution of the data 

where the line within the box stands for the median. Filled circles represent the mean (n=5). The box range 

includes the second and third quartile and the whiskers are located at the maximum and minimum values or 

at 1.5 times the interquartile range. If more extreme values are present, these are then shown with open 

circles. Same lowercase letters indicate results that are not significantly different at p < 0.05. 
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Figure 3.4 Root dry mass of bean, soybean, pea, maize, sunflower, tomato, castor bean, wheat and spinach 

cultured under different % of NH4
+ and NO3

– as N source in nutrient solutions used for watering the pots. 

On the X-axis, 0 and 100 correspond to 0% NH4
+ (i.e. 100% NO3

–) and 100% NH4
+ (i.e. 0% NO3

–) as % of 

supplied N in the nutrient solutions, respectively. Box and whisker plots show the distribution of the data 

where the line within the box stands for the median. Filled circles represent the mean (n=5). The box range 

includes the second and third quartile and the whiskers are located at the maximum and minimum values or 

at 1.5 times the interquartile range. If more extreme values are present, these are then shown with open 

circles. Same lowercase letters indicate results that are not significantly different at p < 0.05. 

  



 

 

65 

 

 

 
Figure 3.5 Root to shoot dry mass ratio of bean, soybean, pea, maize, sunflower, tomato, castor bean, wheat 

and spinach cultured under different % of NH4
+ and NO3

– as N source in nutrient solutions used for watering 

the pots. On the X-axis 0 and 100 correspond to 0% NH4
+ (i.e. 100% NO3

–) and 100% NH4
+ (i.e. 0% NO3

–) 

as % of supplied N in the nutrient solutions, respectively. Box and whisker plots show the distribution of 

the data where the line within the box stands for the median. Filled circles represent the mean (n=5). The 

box range includes the second and third quartile and the whiskers are located at the maximum and minimum 

values or at 1.5 times the interquartile range. If more extreme values are present, these are then shown with 

open circles. Same lowercase letters indicate results that are not significantly different at p < 0.05. 

 

In this experiment, the final plant biomass was positively related to the initial seed mass in 8 

species (bean, soybean, maize, sunflower, tomato, castor bean, wheat and spinach), but pea was an 

exception (Fig. 3.6). Seed mass represents the amount of reserves to start the first life stages. It is 

one of the most important traits influencing the early phases of the plant life cycle, including 

germination, growth rate and survival of seedlings. For example, larger seeds produce larger 

seedlings, which have larger shoots and more extensive roots to capture more light and water 
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(Green and Juniper, 2004; Quero et al., 2007). Here, the average seed mass of pea was larger than 

that of tomato, spinach, wheat and sunflower, its total dry mass was the smallest among all 9 species. 

Furthurmore, the ratio of initial seed mass to total dry mass in pea is the largest (29.0%). Other 

legumes showed also relatively larger ratios, 17.1% and 13.9% in soybean and bean, respectively. 

In castor bean seeds, which contain more reserves, it accounted for 25.3% of the total dry mass. 

Spinach, wheat and sunflower, which had smaller initial seed mass, showed also smaller ratios to 

total dry mass (1.3% 3.0% and 2.8%, respectively). The smallest initial seed mass to total dry mass 

ratio was found in tomato; only 0.1% of initial seed mass to total dry mass. 

 

 

Figure 3.6 Seed initial mass and plant biomass relationships for bean, soybean, pea, maize, sunflower, 

tomato, castor bean, wheat and spinach cultured under different % of NH4
+ and NO3

– as N source in nutrient 

solutions used for watering the pots. The initial seed mass was determined on seeds other than those used 

for the culture. For soybean, castor bean and bean, the dry mass was determined as the mean of 20 seeds, 

for pea, wheat, tomato, spinach and sunflower, it was the mean of 50 seeds, and for maize it was the mean 

of 30 seeds. X-axis is ordered by the initial seed dry mass and its label shows the species name and the 

initial seed dry mass. Box and whisker plots show the distribution of the data where the line within the box 

stands for the median. The box range includes the second and third quartile and the whiskers are located at 

the maximum and minimum values or at 1.5 times the interquartile range. When more extreme values are 

present, these are then shown with open circles. 
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3.3.2 Effect of N-type gradient supply on C-isotope composition of organic matter in plants 

Figure 3.7 shows leaf bulk carbon isotope composition in the 9 species (bean, soybean, pea, maize, 

sunflower, tomato, castor bean, wheat and spinach) grown along nitrogen type gradient as the N 

source. Obviously, δ13COM of C3 plant leaves (–28.3 to –33.9‰) were more 13C depleted than C4 

plant leaves (–11.1 to –12.6‰), and among C3 plants, leaves of soybean (–28.1 to –30.9‰) and 

castor bean (–27.8 to –31.1‰) were more 13C enriched than those of other species, while pea (–

31.8 to –33.6‰) and sunflower (–30.9 to –34.9‰) showed the most 13C depleted values. Along 

the NH4
+ to NO3

– ratio gradient, species responded differently. δ13COM of monocotyledonous plants 

(maize and wheat) increased from –11.9‰ (at 0% NH4
+) to –11.5‰ (at 75% NH4

+) and from –

31.6‰ (at 0% NH4
+) to –30.8‰ (at 100% NH4

+) in maize and wheat, respectively. However, the 

responses of castor bean and spinach leaves were inverse, δ13COM became more and more 13C 

depleted with increase of NH4
+ supply; it decreased from –28.3 (0% NH4

+) to –30.3‰ (75% NH4
+) 

and from –30.1 (0% NH4
+) to –31.9‰ (100% NH4

+), respectively. Interestingly, δ13COM in leaves 

under 100% NH4
+ did not follow the overall trend in maize and castor bean. A significant difference 

between 100% NH4
+ and 0% NH4

+ treatment was only observed in wheat and spinach. Leaf-δ13COM 

in bean, soybean, sunflower and tomato was stable along NH4
+ to NO3

– ratio gradient, δ13COM of 

50% NH4
+ and 75% NH4

+ treatment showed significant 13C depletion compared to 25% NH4
+ and 

100% NH4
+ treatments, but no trend was found. 

OM in C3 plant roots was 13C enriched compared to their corresponding leaves, but not for C4 

plants (Fig. 3.8). Similar to leaves, root-δ13COM of C4 plants (–11.2 to –12.4‰) was more 13C 

enriched than that of C3 plants (–27.0 to –33.0‰). Sunflower roots were the most 13C depleted (–

29.0 to –33.0‰) among the 8 C3 plant species, while soybean roots were the most 13C enriched in 

this experiment (–26.4 to –30.6‰). δ13COM in wheat and spinach roots responded to NH4
+ to NO3

– 

ratio gradient in the same manner as they did in leaves. Root-δ13COM of wheat became more and 

more 13C enriched when higher fractions of N were supplied as NH4
+. δ13COM under 100% NH4

+ 

treatment was significantly more 13C enriched compared to 0% NH4
+ treatment. On the contrary, 

root-δ13COM of spinach had a negative relationship with % of NH4
+ supply. Root-δ13COM under 100% 

NH4
+ was significantly more 13C depleted compared to 0% NH4

+ treatment. Root-δ13COM in castor 

bean and tomato also showed negative relationships with NH4
+% supply. There were no significant 

differences among treatments. In summary, apart from wheat and spinach, no significant 

differences of δ13COM between 100% NH4
+ and 0% NH4

+ treatment were observed in roots.  
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Figure 3.7 δ13C of leaf organic matter (δ13COM) of bean, soybean, pea, maize, sunflower, tomato, castor 

bean, wheat and spinach grown with nutrient solutions containing different % of NH4
+ and NO3

– as N source. 

On the X-axis, 0 and 100 correspond to 0% NH4
+ (i.e. 100% NO3

–) and 100% NH4
+ (i.e. 0% NO3

–) as % of 

total N in the nutrient solutions, respectively. Box and whisker plots show the distribution of the data where 

the line within the box stands for the median. Filled circles represent the mean (n=5). The box range includes 

the second and third quartile and the whiskers are located at the maximum and minimum values or at 1.5 

times the interquartile range. If more extreme values are present, these are then shown with open circles. 

The value for tomato 100% NH4
+ treatment was missing because the dry matter was too small to meet the 

isotope analysis requirement. Same lowercase letters indicate results that are not significantly different at p 

< 0.05. Notes of the missing point of δ13COM of tomato leaves in 100% NH4
+ treatment: the material was too 

less for isotopic analysis. 
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Differences between root-δ13COM and leaf-δ13COM were less affected by NH4
+ to NO3

– ratio 

gradient (Fig. 3.9). Maize, as a C4 plant, on average performed negative values and few changes (–

0.19‰ to –0.35‰) with no significant differences among treatments. Among C3 plants, pea had 

the largest δ13C differences between roots and leaves (2.17‰ to 3.23‰), while spinach had the 

smallest differences, from 0.00 to 0.12‰, castor bean performed slightly higher differences and 

stronger variation (0.38‰ to 1.68‰). The between-organ δ13COM differences in bean, soybean, 

sunflower, tomato and wheat ranged from 0.87‰ to 2.38‰. There were no significant differences 

of root-leaf δ13COM between 100% NH4
+ and 0% NH4

+ treatments in none of the 9 species.  

Figure 3.8 δ13C of root organic matter (δ13COM) of bean, soybean, pea, maize, sunflower, tomato, castor 

bean, wheat and spinach grown with nutrient solutions containing different % of NH4
+ and NO3

– as N source. 

On the X-axis, 0 and 100 correspond to 0% NH4
+ (i.e. 100% NO3

–) and 100% NH4
+ (i.e. 0% NO3

–) as % of 

total N in the nutrient solutions, respectively. Box and whisker plots show the distribution of the data where 

the line within the box stands for the median. Filled circles represent the mean (n=5). The box range includes 

the second and third quartile and the whiskers are located at the maximum and minimum values or at 1.5 

times the interquartile range. If more extreme values are present, these are then shown with open circles. 

Same lowercase letters indicate results that are not significantly different at p < 0.05. 
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Figure 3.9 Variations in δ13C difference between root and leaf of bean, soybean, pea, maize, sunflower, 

tomato, castor bean, wheat and spinach grown with nutrient solutions containing different % of NH4
+ and 

NO3
– as N source. On the X-axis, 0 and 100 correspond to 0% NH4

+ (i.e. 100% NO3
–) and 100% NH4

+ (i.e. 

0% NO3
–) as % of total N in the nutrient solutions, respectively. The value for tomato 100% NH4

+ treatment 

was missing because the dry matter was too small to meet the isotope analysis requirement. Box and whisker 

plots show the distribution of the data where the line within the box stands for the median. Filled circles 

represent the mean (n=5). The box range includes the second and third quartile and the whiskers are located 

at the maximum and minimum values or at 1.5 times the interquartile range. If more extreme values are 

present, these are then shown with open circles. Same lowercase letters indicate results that are not 

significantly different at p < 0.05. δ13COM values for castor bean and tomato leaves are missing under 100% 

NH4
+ treatment. 
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3.3.3 Correlation between C-isotope composition of organic matter and plant dry mass 

along NH4
+ to NO3

– ratio gradient 

Total plant dry mass was positively related to δ13C of whole plant (δ13Cplant) in all C3 species, but 

slightly negatively in maize (C4 plant). It was not correlated with the NH4
+ to NO3

– ratio gradient 

(Table 3.1, Fig. 3.10). δ13C of the whole plant was calculated by: δ13Cplant = ((δ13Croot ∙ root mass) 

+ (δ13Cleaf ∙ leaf mass)) / total plant mass. In bean and soybean, which yielded higher total plant 

biomass, the positive relation between plant dry mass and δ13Cplant was significant (pmass = 0.002, 

and pmass = 0.028, respectively). For sunflower and tomato, positive but non-significant relations 

were observed (pmass < 0.1). The NH4
+ to NO3

– ratio in the nutrient solution had no significant 

impact on δ13Cplant (Table 2.1). The relationship between individual leaf-δ13C and individual leaf 

biomass, and between individual root-δ13C and individual root biomass followed similar trends as 

the relationships between individual δ13C of whole plant and individual total plant biomass (Fig. 

3.10).  

 

Table 3.1 Multiple regression of δ13C of whole plant versus total plant biomass and different % of NH4
+ and 

NO3
– as N source. pmass stands for the p value of the factor plant dry mass; pNperc stands for the p value of the 

factor of NH4
+ to NO3

– ratio; pinteract stands for the interaction term of plant dry mass and NH4
+ to NO3

– ratio; 

p presents the p value for the full regression model which is associated with the R2. Slope denotes the slope 

of δ13C of whole plant versus biomass. 

 

Species Intercept Slope p mass p Nperc p interact R2 p 

Bean –33.2041 0.9434 0.0019 0.3120 0.2481 0.4481 0.0068 

Castor bean –30.9130 1.3290 0.1324 0.5695 0.2013 0.6514 0.1265 

Maize –11.4780 –0.1669 0.2377 0.2166 0.0881 0.1632 0.3020 

Pea –32.5398 0.6759 0.7992 0.5350 0.4734 0.1789 0.2574 

Soybean –32.6392 1.6702 0.0265 0.7675 0.7585 0.4561 0.0045 

Spinach –31.2344 1.2618 0.2802 0.5503 0.7328 0.6140 0.0001 

Sunflower –34.1747 1.4258 0.0592 0.6569 0.5581 0.4174 0.0089 

Tomato –32.2402 1.4709 0.0954 0.9187 0.7948 0.5767 0.1368 

Wheat –31.9288 0.5901 0.3680 0.1709 0.3978 0.4865 0.0025 
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Figure 3.10 Relationship between δ13C 

values and biomass of individual plants 

(A, whole plant, B, leaves and C, roots) 

of different 9 species (bean, soybean, 

pea, maize, sunflower, tomato, Castor 

bean, wheat and spinach) grown with 

nutrient solutions containing 

different % of NH4
+ and NO3

– as N 

source. In the legend box, different 

symbols correspond to different 

species, cross presents bean, asterisk 

presents castor bean, white circle 

presents maize, black square presents 

pea, inverted diamond with cross 

presents soybean, inverted triangle 

presents spinach, black circle presents 

sunflower, regular triangle presents 

tomato and white square present wheat. 

Each data point corresponds to 

individual measurement on 

independent plant. 
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3.4 Discussion 

3.4.1 Effect of N-type gradient supply on plant growth 

Our results did not show significant effect of NH4
+ to NO3

– ratio gradient on plant growth. The 

manner of different species varied slightly. Certain plant species (e.g. maize, castor bean, spinach 

and wheat) were relatively more sensitive to high NH4
+ concentrations, while legumes (e.g. bean, 

soybean and pea) were more tolerant to NH4
+. The other species were little affected by NH4

+ to 

NO3
– ratio gradient. Those results are simillar to former researches including tomato (Magalhaes 

and Huber, 1989; Feng and Barker, 1992; Cruz et al., 2006), castor bean (Allen and Smith, 1986), 

wheat (Cramer and Lewis, 1993a), maize (Cramer and Lewis, 1993b; Cramer et al., 1993), bean 

(Guo et al., 2002) and spinach (Elia et al., 1998; Lasa et al., 2002a, b; Cruz et al., 2006). However, 

in some experiments, legumes were more sensitive when NH4
+ was applied as sole N source, such 

as bean (Chaillou et al., 1986) and pea (Bligny et al., 1997). Such variations in NH4
+ tolerance can 

be caused by different experimental conditions, for example, NH4
+ concentrations, pH regimes, 

concentration of other supplied nutrients (calcium, phosphorus, potassium, etc.), light intensity, 

temperature, different developmental stages of plants (Gerendás et al., 1997; Britto and Kronzucker, 

2002), and also the duration of the NH4
+-treatment. In addition, the highest biomass always 

occurred in mixed NH4
+ and NO3

– and not under 100% NO3
– nor 100% NH4

+ condition. That is 

probably a consequence of the interactions between NO3
– and NH4

+ during nitrogen uptake, 

allocation or assimilation. Similar results were found by other researchers (Magalhaes and Huber, 

1991; Cao and Tibbitts, 1993). Little suppression of growth between 0% NH4
+ (100% NO3

–) and 

100% NH4
+ among the 9 species may be attributed to low light intensity during the culture period 

in the present experiment (Seel et al., 1993; Zhu et al., 2000). 

There was not a general response of root/shoot ratio along NH4
+ to NO3

– ratio gradient among 

species, with three types of trends: increasing in spinach, decreasing in wheat, and no changes in 

other species. Those results confirmed the findings in former researches (Chaillou et al., 1986; 

Magalhaes and Huber, 1991; Cramer and Lewis, 1993a; Cramer et al., 1993; Raab and Terry, 1994; 

Guo et al., 2002; Lasa et al., 2002a, b; Sarasketa et al., 2016). The symptoms of NH4
+ toxicity on 

spinach is mainly reflected in the reduction of leaf DM, but in root DM of wheat. Possible 

mechanisms of ammonium toxicity in plants have been explained including depletion of carbon 

supply, damaged chloroplast ultrastructure, deficiency of mineral cations, disruptions in hormonal 

homeostasis and in photosynthesis, energy-demanding, futile trans-membrane ammonium cycling, 
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increased proton efflux, inhibition of the enzyme GDP-mannose pyrophosphorylase, oxidative 

stress, shifting the cellular pH to intolerable levels,  uncoupling of photophosphorylation, and 

higher root carbon allocation to amino acid synthesis under NH4
+ nutrition, etc. (Britto and 

Kronzucker, 2002; Lasa et al., 2002a; Andrews et al., 2013; Bittsanszky et al., 2015). 

Unfortunately, we cannot determine the possible toxicity mechanism on spinach and wheat from 

the data obtained in this experiment. However, it is known that during plant growth, shoots provide 

carbon and roots provide nutrients and water. Plants with a higher proportion of roots can compete 

more effectively for nutrients, while those with a higher proportion of shoots can collect more light 

energy from photosynthesis (Agren and Ingestad, 1987). Our results support the hypothesis that 

high concentration of NH4
+ may inhibit carbon fixation of leaves in spinach and reduce nutrient 

absorption ability of the root system in wheat. Therefore, spinach leaves and wheat roots were more 

sensitive to, and legumes were more tolerence of NH4
+ in our experimental conditions. 

 

3.4.2 Effect of N-type gradient supply on C-isotope composition of organic matter in plants 

The δ13C values in our experiment confirmed two common findings: C4 plants (maize) were more 

13C enriched in both leaves and roots than C3 plants; leaves were more 13C depleted compared with 

roots. These δ13C values are consistent with already published data and theory. 

Phosphoenolpyruvate carboxylase (PEPc) in mesophyll cells of C4 plants captures more 13C 

enriched CO2 than Rubisco does in C3 plants, leading to a more 13C enriched values of organic 

matter in C4 plants than in C3 plants (Farquhar, 1983). The isotopic difference between autotrophic 

and heterotrophic organs has frequently been observed and hypotheses on potential causes were 

summarized by Badeck et al. (2005). Furthermore, isotopic composition of C3 plants varies largely 

among species, between –21‰ and –35‰ (Badeck et al., 2005). The results in our experiments are 

consistent with this. It is well known that the δ13C value of plant organic matter is highly related to 

the atmospheric δ13CO2, and culture condition such as light, humidity and temperature, which may 

affect stomatal conductance thus leading to differences in δ13COM values. Therefore, in the same 

species, different δ13COM values between our results and other experiments were observed: wheat 

was 1‰ 13C depleted relative to the results of Lopes and Araus (2006); spinach was 2‰ 13C 

depleted relative to the results of Lasa et al. (2002b); bean was 1.5‰, 2‰ and 3‰ 13C depleted 

relative to the results of Bathellier et al. (2008), Guo et al. (2002) and Tcherkez et al. (2003), 
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respectively; and maize was more 13C enriched compared with the results of Werth and Kuzyakov 

(2005). 

Turning now to the response of δ13COM values along the NH4
+ to NO3

– ratio gradient, our 

observation from 9 different species showed that δ13COM values of spinach and wheat were more 

strongly affected by the NH4
+ to NO3

– ratio gradient in both leaves and roots, while the other 

species were less sensitive to it. In both leaves and roots, wheat was more 13C depleted in the NO3
– 

than in the NH4
+ treatment, which is similar to the results of Lopes and Araus (2006), but different 

from the results of Yin and Raven (1998). As opposed to wheat, spinach was more 13C depleted in 

the NO3
– than in the NH4

+ treatment, in agreement with the data reported by Lasa et al. (2002b). 

The latter study also confirmed that pea, as a legume, was little affected by the N type source. 

Moreover, Guo et al. (2002) observed that bean roots were 1.05‰ 13C enriched but leaves were 

0.08‰ 13C depleted when NH4
+ was applied as sole N source compared to NO3

–. However, there 

are no data in the literature on the responses to NH4
+ to NO3

– ratio gradient of those species in 

terms of δ13COM. In addition, similar to the results on biomass, the most 13C enriched or 13C depleted 

values of δ13COM generally occurred in NH4
+ and NO3

– mixture treatment but not in 100% NO3
– or 

100% NH4
+ conditions. This implies that the interactions between NO3

– and NH4
+ may affect 

carbon isotope fractionation during nitrogen uptake, allocation or assimilation. 

 

3.4.3 Effect of plant growth on C-isotope composition of organic matter 

The relationship between δ13C of whole plant and total plant biomass was positive for all C3 species 

but little effect was found for C4 plants (Table 3.1 and Fig. 3.10) If higher biomass production were 

due to higher photosynthesis and higher Ci/Ca, δ
13Cplant would be negatively correlated with total 

plant biomass. The ratio of intercellular to ambient CO2 concentrations (Ci/Ca) generally 

determines biomass: when Ci/Ca is high, stomata are more open and photosynthetic activity is 

higher, finally plants yield more biomass. On the other hand, according to the model proposed by 

Farquhar et al. (1982), δ13Cplant of C3 plant is negatively correlated to Ci/Ca; higher Ci/Ca will lead 

to more negative values of δ13Cplant. However, interestingly, C3 plants in this experiment showed 

opposite trends. There are four potential explanations for this observation. 

The first possibility involves the activity of the anaplerotic pathway via PEPc. Higher PEPc 

activity brings more 13C enriched carbon to plant organic matter (see Figure 1.19 redrawn from 
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Nalborczyk, 1978) and the carbon fixed via anaplerotic pathway could also increase biomass. This 

is consistent with the results from this experiment, especially in roots. However, the capacity of 

carbon fixation via anaplerotic pathway is limited. More model calculations are necessary to see 

how much the impact of PEPc would account for the change of δ13Cplant. 

The second possibility relates to the heritage of seed traits among species. According to 

seedling effect, bigger initial seeds will yield larger biomass, even after longtime growth (Paz and 

MartÍnez-Ramos, 2003). Seed mass of pea accounted for 29% of total biomass (Fig 3.6), and 

δ13Cplant values were strongly affected by seed heritable carbon isotope composition but not the 

carbon fixed via photosynthesis. Generally, bigger seeds also bring more grain reserves to plants 

and thus contribute more on δ13Cplant, for example, bean and soybean seeds, which are bigger and 

contain more starch or proteins, bring more 13C enriched organic carbon to plants and lead to more 

13C enriched plant OM. However, it was not the case in castor bean, which had bigger seeds and 

with more lipids (13C depleted), but yielded more 13C enriched plants with larger biomass. Probably, 

the remobilization of the seed reserves varies among species. On the other hand, on the contrary, 

δ13Cplant of plants, which had smaller seeds was more affected by the isotope composition of 

photosynthetic carbon (e.g. tomato and sunflower). 

Furthurmore, Ci/Ca values may vary between different growth stages. If stomata opened more 

in early growth stages when plants were small for accelerating carbon fixation, δ13Cplant would be 

more 13C depleted. If, then, at advanced growth stages, stomata opened less, more 13C enriched 

organic carbon would be assimilated. Thus, bigger plants can be composed of a relatively higher 

share of 13C enriched organic carbon. Sampling across growth stages and plant sizes could thus 

result in a positive correlation between dry mass and δ13Cplant. 

Finally, δ13C is positively correlated with water use efficiency, WUE (Farquhar and Richards, 

1984). When the stomatal conductance and transpiration are low, WUE increases because the 

decrease in conductance does lead to a less than proportional decrease in net assimilation. Low 

WUE makes plants grow better. Plants may experience periods of intermittent drought. Then 

"water spenders" use up the water in the pot with high stomatal conductance and thus more negative 

δ13C than "water savers" that keep stomata a bit more closed even when there is ample water 

availability. When drought develops, the "water spenders" have to close stomates and produce less, 

while the "water savers” can go on assimilating with the water they had consumed less before. This 



 

 

77 

 

interpretation implies that the type of stomatal regulation is different between the plants that grew 

better and those that grew less well.  

For C4 plants, δ13Cplant has little relationship with total plant biomass. Because δ13Cplant is 

mainly determined by the leakage of CO2 from bundle sheath cells to mesophyll but not by the 

changes in stomatal conductance. Therefore, Ci/Ca values affect little the δ13Cplant. 

It should be noted that the present results do not reveal the mechanism of ammonium toxicity, 

and that we focus only on the survival of plants under extreme NH4
+ in our culture conditions and 

on the effect of NH4
+ to NO3

– ratio gradient on plant carbon isotope fractionation.  

 

3.5 Conclusion 

According to our results, varying responses to NH4
+:NO3

– ratio gradient in different species were 

observed, but some broad generalizations are possible: (i) there was no significant effect of 

NH4
+:NO3

– ratio gradient on plant growth among all species, (ii) δ13C of spinach leaves and wheat 

roots were more sensitive and legumes were more tolerent to NH4
+, and (iii) δ13C of whole plant 

was positively related to the total plant biomass in all C3 species but not in C4 maize plants. 

Biomass and ammonium sensitivity are the two factors for our final species selection. DM of 

wheat in our experimental conditions was too small to support subsequent biochemical or isotope 

analysis. Several researchers chose pea and spinach in their studies and indicated that these two 

species responded to ammonium with different metabolic strategies (Lasa et al., 2002b, a; Cruz et 

al., 2006). However, similar to wheat, the DM of pea was too small for furthur analysis. 

Alternatively, bean is another legume, which has been well studied in our group for its respiratory 

carbon isotope fractionation (Tcherkez et al., 2003; Nogués et al., 2004; Bathellier et al., 2008; 

Bathellier et al., 2009a; Bathellier et al., 2009b). In addition, the studies on the influence of NH4
+ 

versus NO3
– on carbon isotope fractionation are rare, particularly, there is no former study on the 

N-type effect on respiratory carbon isotope fractionation. Therefore, familiar species are preferable 

for our subsequent experiments.  

We finally chose bean and spinach for more in-depth analysis, exploring the impact of varying 

NH4
+:NO3

– ratios in nutrient solution on carbon isotope composition of leaf- and root-respired CO2 

and putative respiratory substrates. 
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Abstract 

C-isotope composition of leaf- and root-respired CO2 in the dark and that of putative respiratory 

substrates including soluble sugars and organic acids (malate and citrate), PEPc and NR activities, 

as well as leaf gas exchanges were investigated on bean plants grown in sand with varying ratios 

of NH4
+:NO3

– in supplied N. No particular trend was observed for gas exchange parameters, except 

a significant decrease in photosynthesis under pure NH4
+ nutrition. In agreement with our initial 

hypothesis, leaf-respired CO2 was 13C enriched under NO3
– nutrition and became progressively 13C 

depleted with increasing amount of NH4
+ in supplied N, while C-isotope composition of root-

respired CO2 remained unchanged across N-type gradient. Malate and citrate were highly 13C 

enriched compared to sugars in leaves. Although, no particular change in C-isotope composition 

of individual metabolites was observed across N-type gradient, isotope composition of respired 

CO2 was positively correlated with that of total water soluble organic matter in leaves. A higher 

contribution of anaplerotically 13C enriched C fixed by PEPc to the leaf-respired CO2 of plants 

under NO3
– nutrition was concluded. Indeed, both PEPc and NR activities were high in leaves 

under NO3
– and significantly decreased but were low in roots and slightly increased with increasing 

NH4
+ in nutrient solution. In roots, the expected 13C enrichment under NH4

+ nutrition was not 

observed probably because the C source for PEPc stems from root respiration and is thus 13C 

depleted. The isotopic gap between malate and citrate was low and changed only slightly across N-

type gradient in both organs, malate being slightly 13C enriched compared to citrate at high NO3
– 

and vice versa. Considering that only 4/6 C of citrate originate from malate, we suggested a higher 

contribution of anaplerotically fixed C to citrate pool in bean. Our results also confirmed a highly 

plastic TCA cycle. 

 

Keywords: inorganic N form, leaf gas exchange, 13C, respiratory metabolism, anaplerotic pathway, 

PEPc activity, malate, citrate. 
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1. Introduction 

Plants discriminate against the heavy isotope of carbon (13C) during photosynthetic CO2 

assimilation. Plant organic material (OM) becomes thus 13C depleted compared with source carbon 

(i.e. atmospheric CO2) by about 20‰ on average in C3 plants. This discrimination occurs mainly 

during CO2 diffusion from the ambient air into the leaf through stomata and during its fixation by 

primary carboxylases, mainly by ribulose-1,5-bisphosphate carboxylase/oxygenase, (Rubisco, EC 

4.1.1.39) in C3 plants. Therefore, the 13C content of C3-leaf organic material changes with plant 

species and with environmental conditions affecting stomatal conductance and/or photosynthetic 

capacity, e.g. water deficit, light intensity, and air humidity (reviewed by Brugnoli and Farquhar, 

2000). C-isotope composition (δ13C) of leaf bulk OM is thus often used as reference for 

photosynthetic discrimination in both plant and ecosystem level studies (Yakir and Sternberg, 2000; 

Bowling et al., 2008), and as a proxy for water use efficiency (WUE) of plant genotypes in breeding 

programs (Condon et al., 2004). 

However, it is now well known that fractionation during post-photosynthetic processes (e.g. 

respiratory and related pathways, mainly those fixing or releasing CO2) downstream the 

photosynthetic fixation of CO2 in the leaves occurs altering the δ13C of different metabolic pools 

and respired CO2. This arises due to the spatial and metabolic complexity in plants (i.e. combination 

of enzymatic discrimination with metabolic branching points and compartmentalization in plant 

cells). Respiration and the associated metabolic network being quite plastic in plants, 

environmental parameters substantially affect respiratory fractionation as has been shown in 

various conditions. 

Opposite respiratory fractionation has been reported in leaves versus roots, changing with 

plant developmental stages, and with factors affecting relative activity of metabolic pathways and 

metabolite pool sizes, e.g. temperature (reviewed by Ghashghaie and Badeck 2014; Bathellier et 

al., 2017). These reviews clearly showed that leaf-respired CO2 is in general 13C enriched compared 

with leaf OM in both C3 and C4 herbs and in woody species. By contrast, root-respired CO2 is often 

13C depleted compared with root OM in C3 and C4 herbs but not in woody plants. Opposite 

respiratory fractionation in leaves versus roots could be one of the causes of the between-organ 

isotopic differences observed in all plant types (reviewed by Badeck et al., 2005; Bowling et al., 

2008; Cernusak et al., 2009; Werner and Gessler, 2011; Ghashghaie and Badeck 2014; Bathellier 

et al., 2017).  
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Changes in δ13C of bulk OM and/or putative respiratory substrates and respired CO2 (in 

leaves and/or roots of different species) have already been investigated under different conditions. 

For instance, isotopic effects of drought (Duranceau et al., 1999; Ghashghaie et al., 2001, Lehmann 

et al., 2015), temperature (Tcherkez et al., 2003; Schnyder and Lattanzi, 2005; Lehmann et al., 

2015), light intensity (Ocheltree and Marshall, 2004; Klumpp et al., 2005), plant developmental 

stage (Bathellier et al., 2008), carbohydrate pool size (Tcherkez et al., 2003; Bathellier et al., 2009), 

temporal dynamics both at diurnal and seasonal scales (Werner et al., 2007, 2009; Gessler et al., 

2008; Wegener et al., 2010; Dubbert et al., 2012; see also the review by Werner and Gessler, 2011), 

have been demonstrated. Some data in the literature also reported the impact of N nutrition on δ13C 

of plant material (Raven et al., 1984; Yin and Raven 1998; Martinez-Carrasco et al., 1998; Lopes 

et al., 2004; Lu et al., 2005; Lopes and Araus 2006). In a review, Raven and Farquhar (1990) 

analysed the potential impact of NO3
– versus NH4

+ nutrition on δ13C of plant organic matter. They 

predicted that the flux through carboxylation reactions other than Rubisco and the plant organ in 

which the carboxylation occurs would leave an imprint on the isotopic composition of plant organic 

matter. Relative to an exclusive assimilation of CO2 through Rubisco, 13C of OM should then vary 

between about 0.25‰ enrichment in 13C for NH4
+ assimilation in roots and 2.48‰ enrichment for 

NO3
– reduction and assimilation plus retention of free organic acids in the plant in shoots. Raven 

and Farquhar (1990) also pointed to the potential effects of the type of N nutrition on stomatal 

conductance, photosynthetic capacity and thus on intercellular to ambient CO2 concentration ratio 

(Ci/Ca), which will lead to variations in carbon isotope discrimination. Both increased and 

decreased stomatal conductance and Ci/Ca under decreasing NO3
–:NH4

+ ratio have been 

documented in the literature. 

Yet, the impact of inorganic N-type nutrition (i.e. NO3
–: NH4

+ ratio) on δ13C of plant 

metabolites together with dark-respired CO2 in leaves versus roots, has not been investigated so far 

(Ghiasi et al., unpublished), although it is known that it has pervading effects on C and N 

metabolism as well as on the redox and pH homeostasis and turgor maintenance in cells. N-type 

nutrition influences (photo)respiration, anaplerotic C-fixation by phosphoenolpyruvate 

carboxylase (PEPc, EC 4.1.1.31), as well as organic and amino acid synthesis/consumption 

(Schweizer and Erismann, 1985; Masclaux-Daubresse et al., 2010; Bittsanszky et al., 2015; 

Sarasketa et al., 2016). Therefore, it could affect the δ13C of plant metabolites and that of respired 

CO2. The isotopic effect of N-type nutrition is expected to be different between organs, depending 
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on if the N assimilation takes place mainly in leaves or in roots, and depending on the isotopic 

composition of the source C used for anaplerotic pathway (i.e. CO2 coming from the atmosphere 

or from the respired CO2 or mix of them).  

NO3
– is preferentially reduced and assimilated in leaves, while NH4

+ tends to be assimilated 

mainly in roots. However, this picture probably varies substantially across species, and depending 

on NO3
–/NH4

+ concentrations involved. Regardless of the N type and site of assimilation, N 

fixation involves the tricarboxylic acid (TCA) cycle and requires anaplerotic activity (PEPc mainly) 

to fuel glutamate/glutamine synthesis through the GS/GOGAT pathway. 

Approximately 70% of all ions acquired by plants consist of N. Thus, the form of N supply 

(negatively charged NO3
– versus positively charged NH4

+) exerts a strong influence on the charge 

balance and therefore ion homeostasis (Gerendas et al., 1997). 

Once taken up by the roots, NO3
– can be assimilated in the roots but mainly transported to 

the leaves, where it is reduced to NH4
+ before its assimilation. The reduction takes place mainly in 

the light, with reducing power being supplied by photosynthesis. The N assimilation in the leaves 

is also linked to photorespiration. NO3
– is absorbed together with cations as counter-charge (mainly 

K+ and Ca2+), and since NO3
– reduction liberates OH–, NO3

– nutrition requires pH and charge 

balancing reactions, which are provided by organic acids (Raven and Smith, 1976). Indeed, the 

TCA cycle is involved in regulation of redox and energy balance in the cells and supplies C-

skeletons for amino acid synthesis through the malate and citrate valves.  

TCA cycle is known to be especially plastic in plants, notably in leaves where its operating 

mode is now thought to vary together with day/night circadian cycles. In the light, leaf respiration 

(both glycolysis and TCA cycle) is highly reduced (for a review, see Atkin et al., 2000), because 

many enzymes involved (e.g. CS, 2-OGDH, ME and PK) are inhibited under light (Hanning and 

Heldt, 1993; Tcherkez et al., 2005). In the light, the elevation of the redox potential during 

photosynthesis transforms the TCA cycle to an open structure (Igambardiev and Bykova, 2018). 

Labelling experiments have indeed demonstrated that the TCA cycle does not operate as a closed 

cycle in the light, but as a 2-branched pathway. The C skeletons for one branch are supplied as 

OAA/malate by PEPc (activated in the light) and for the other branch provided as 2-OG mainly by 

the remobilisation of the night-accumulated organic acids (Tcherkez et al., 2009; Gauthier et al., 

2010; see also the review by Igambardiev and Eprintsev, 2016).  
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In the dark, the cyclic nature of the TCA is restored. Indeed, contrary to the light, leaf 

respiration is higher in the dark and is associated with the consumption of pyruvate by the TCA 

cycle regenerating thus the OAA molecules through the cycle (Gibbs and Beevers, 1955).  

Since the C fixation by PEPc discriminates in favour of 13C by about 5.7‰ compared to the 

source C, the accumulated malate, fixed by PEPc in the light, is expected to be 13C enriched 

(compared to sugars coming from C-fixation by Rubisco). Moreover, the stomata being open in 

the light, the C source for PEPc is mainly the atmospheric CO2, which is 13C enriched compared to 

respired CO2 (i.e. C source in the dark because of closed stomata). The PEPc-derived 13C enriched 

malate could also enrich citrate and thus the released CO2 in the dark. This is thus expected in 

leaves of plants under NO3
– nutrition. The C-isotope signature of malate and citrate pools, which 

will be decarboxylated in the dark by the enzyme ME and the TCA cycle, respectively, will also 

depend on their synthesis pathways (Raven and Farquhar, 1990), which could vary depending on 

the species and environmental conditions. 

Contrarily to NO3
–, NH4

+ is preferentially assimilated in the roots, and then transported to 

the leaves as amino acids or amides, etc. The pathway of N assimilation is the same for NO3
– and 

NH4
+ as N source, except that in the case of NH4

+ no prior reduction is needed. NH4
+ is taken up 

together with anions as counter-charge, thus the uptake of cations (mainly K+ and Ca2+) is reduced 

under NH4
+ nutrition. However, this is not the case under NO3

–, which when arrived in the leaves 

is reduced and its counter-ion for the cations is replaced by organic acids. Contrarily to NO3
–, NH4

+ 

leads to the acidification of the cytosol, but the H+ resulting from NH4
+ assimilation can be excreted 

into the soil. Since, NH4
+ is mainly assimilated in the roots and probably only a small fraction of 

NH4
+ is directly transported to the leaves, a higher PEPc activity is expected in the roots but a lower 

activity in the leaves of plants fed with NH4
+ (Sagi et al., 1998). However, a lower 13C enrichment 

in PEPc-derived organic acids as well as in respired CO2 is expected in the roots of plants under 

NH4
+ nutrition, because the C source for PEPc in the roots mainly stems from root-respired CO2. 

Thus, because of the strong link between N assimilation and respiratory metabolism, 

notably the TCA cycle, inorganic N type is expected to affect respiratory fractionation, in particular 

through the strong 13C enriching potential of PEPc. Besides, as explained above, leaves and roots 

are expected to be differently affected. 

Therefore, we investigated the changes in the δ13C of respired CO2 and of the main 

metabolic pools involved in respiration in both leaves and roots of plants fed with various NO3
–: 
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NH4
+ ratios. We conducted the experiments on bean plants, because NH4

+ nutrition does not induce 

oxidative stress in legumes, thus they are known to be relatively tolerant to ammonium 

(Dominguez-Valdivia et al., 2008; Esteban et al., 2016) and because we have already studied the 

respiratory C-isotope fractionation on this plant species and demonstrated some metabolic origin 

of the opposite respiratory fractionation in leaves versus roots as well as of its variability (see the 

references cited above). The main objectives of the present work were to determine: (i) if the N-

type gradient in nutrient solution would change the δ13C of plant OM, as well as respired CO2 and 

its putative substrates, (ii) if its impact would be different in leaves and roots, and (iii) if the isotopic 

changes could be linked to PEPc activity.  

 

2. Material and methods 

2.1 Plant material and culture conditions 

French bean (Phaseolus vulgaris L.), cultivar Contender, seeds were germinated in vermiculate 

with tap water in a dark room. Seedlings of 7-d old were transplanted to pots (one plant per pot) 

filled with sand of Loire (previously washed with tap water and sterilised in autoclave). The pots 

had 8.3 cm of top diameter, 5.5 cm of bottom diameter and 11.0 cm of height and placed in the 

culture room in the greenhouse. The whole culture period was 33 d. In addition to cotyledonary 

leaves, the plants had one set of mature and one set of still growing 3 trifoliate at the end of the 

culture period. The cotyledonary leaves were mature but not senescent.  

The plant culture was performed during January 2017 under natural light, with 

supplementary light supplied by lamps (Metal Halide Lamps, HSI-THX, 400W, Sylvania) for 10 

h per day, providing a photosynthetic photon flux density (PPFD) of 140-160 μmol photons m–2 s–

1 at plant height (average value during daytime). Air temperature was 23 ± 2 °C during the day and 

17 ± 2 °C at night. Humidity was 42 ± 8% during the day and 55 ± 15% at night. Carbon isotope 

composition of the ambient CO2 in the culture room was not determined but the C-isotope 

composition in leaf OM of maize plants (the 4th and 5th leaves) cultured in the same room was –

11.74 ± 0.06‰ (n=6).  

Plants were supplied with nutrient solutions with 6 different proportions of NH4
+ as N 

source: 0%, 25%, 50%, 75%, 90% and 100% NH4
+ (i.e. 100%, 75%, 50%, 25%, 10% and 0% of 

NO3
–, respectively). In the Figures, the numbers for N-treatments correspond to the % of NH4

+ in 

the total N supplied. The nutrient solutions contained 6 mmol L-1 of N applied either as KNO3, 
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Ca(NO3)2, NH4NO3 or (NH4)2SO4 at different ratios for different N-treatments (adapted from 

Arnozis et al., 1988, by Ghiasi et al., unpublished). Additional components were: 1 mmol L-1 CaCl2, 

0.25 mmol L-1 KH2PO4, 1 mmol L-1 MgSO4, and trace elements (2 μmol L-1 MnSO4, 2 μmol L-1 

ZnSO4, 0.5 μmol L-1 CuSO4, 25 μmol L-1 B(OH)3, 0.5 μmol L-1 Na2MoO4, 40 μmol L-1 Fe-EDTA). 

The pH of all the solutions was around 5.5. In addition, in 100% and 90% NH4
+ treatments, 1 mmol 

L–1 K2SO4 was added to keep K concentration constant.  

Pots with the same N-treatment were placed together in a plate, and their position in the 

culture room were random and changed every week. Nutrient solutions were used for watering the 

plants only after the cotyledons came out of the sand and were no more in touch with it. The amount 

of the solution was so that the pots were completely filled, then allowed to drain to the plates. It 

was initially 750 mL plate-1 d-1 (with 8 pots in each plate), and then increased with plant growth 

reaching 1500 mL plate-1 d-1 during the last week before the harvest. Chlorophyll content and 

chlorophyll/flavonols ratio, i.e. nitrogen balance index (NBI) were measured every 3 days using a 

portable DUALEX SCIENTIFIC+TM (Force A, Orsay, France) to ensure that plants were not going 

through N deficiency. Three plants (n=3) for each treatment were cultured and analysed. 

 

2.2 Leaf gas exchange parameters 

One month after planting, the gas exchange and chlorophyll fluorescence were measured by Licor 

6400 with LCF chamber (LI-COR, Inc. USA) in the morning (9-12h) during 3 successive days. 

One plant with mature euphylla was selected from each treatment for measurements on each day. 

Therefore, there were 3 replications for gas exchange measurement, and the measurement turns 

were random (for N-treatments) in different days. Three leaves (one leaf from each plant, n=3) for 

each treatment were used for measurements. 

Before measurements, plants were dark-adapted for 30 min, then one mature euphylla (the 

middle one) was used for measurements. Minimum and maximum chlorophyll fluorescence values 

were first determined on dark-adapted leaves, and then the gas exchange and chlorophyll 

fluorescence parameters were measured under PPFD of 400 μmol m–2 s–1 (with 10% blue light). 

The flow rate was fixed at 300 μmol s–1, CO2 concentration at 390 μmol mol–1, and the leaf 

temperature at 22 °C. Leaf net CO2 assimilation rate (An), stomatal conductance for CO2 (gs) and 

the ratio of intercellular to ambient CO2 concentrations (Ci/Ca) data were automatically recorded 
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every 3 min, reaching steady values after about 30 min. Three values at steady state were taken to 

get a mean value for each plant. 

 

2.3 Carbon isotope composition of respired CO2 

To ensure that plants had enough photoassimilates as respiratory substrates, they were taken from 

the greenhouse after at least 4 h into the photoperiod for dark-respired CO2 measurements. Then 

they were placed in the dark for 30 min to avoid the light-enhanced-dark-respiration (LEDR) effect. 

One intact mature euphylla was cut off and put into a flask (50 mL) completely covered by 

aluminium foil. The flask was flushed with CO2-free air for 5 min, then sealed by septum and left 

for respired-CO2 accumulation in the dark. CO2 concentration was analysed by a Micro-GC (490 

Micro GC, Agilent Technologies, USA). The needle of Micro-GC was automatically introduced 

into the flask through the septum (injection volume was 5 μl every 3 min).  

When CO2 concentration was above 1000 ppm (approximately after 12 min incubation), air 

samples were manually collected from the flask by syringes (0.5 to 1 ml depending on CO2 

concentration), then injected into a gas chromatograph (GC; HP 5890, Les Ulis, France) coupled 

to a stable isotope ratio mass spectrometer, IRMS (Optima Isochrom-µG, Fisons Instruments, 

Manchester, UK), to measure the C-isotope composition of respired CO2 (δ
13CR). The syringes 

were flushed with helium five times and then with sample air inside a given flask 10 times before 

each injection (the needle of the syringe was kept inside the flask when flushing it with the sample 

air). Each flask was sampled and measured 3 times to make sure the values were stable. For root-

respired CO2, roots were first washed with tap water and then dried with absorbing paper before 

incubation in the flasks. Since the respiration rate of roots was higher than that of leaves, bigger 

flasks (120 mL) were used for roots. Generally, measurements started from 10:00 to 16:00, on each 

day, and the turn of N-treatments was random. 

The leaves and roots used for analysing respired CO2 were collected immediately after δ13CR 

analysis and conserved in –80 °C before freeze-drying. Dried samples were finely ground by a 

Retsch MM200 ball mill (Bioblock Scientific, Illkirch, France) and the dry powder was then used 

for C-isotope analyses of bulk organic matter, water-soluble fraction and individual compounds as 

described below. Three plants (n=3) for each treatment were used for analysis. 
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2.4 Extraction of water-soluble fraction of organic matter 

Water-soluble fraction of plant samples was extracted using the method described by Tcherkez et 

al. (2003). Freeze-dried powder (50 mg) of a given sample was suspended in 1mL of cold distilled 

water in an Eppendorf vial and maintained on ice slurry for 60 min except when removed to agitate 

in a vortex mixer every 10 min. After centrifugation at 14,000 g at 5 °C for 15 min, the supernatant 

(containing soluble sugars, organic and amino acids and soluble proteins) was separated from the 

pellets. It was heated at 100 °C for 5 min (it should be boiled) and then kept on ice for 30 min to 

precipitate the heat-denatured proteins, which were then removed by centrifugation at 14,000 g for 

15 min at 5 °C. The final supernatant, i.e. water-soluble fraction of organic matter (WSOM), was 

conserved at –20 °C for isotopic analysis, but before any further use, it was centrifuged again to 

remove precipitations, which can be observed after freezing. Three leaves or roots (one leaf and 

root from each plant, n=3) for each treatment were used for analyses. 

 

2.5 Carbon isotope composition of bulk organic matter and water-soluble fraction 

Carbon isotope composition of bulk organic matter (δ13COM) was determined on plant dry material. 

Aliquots of dry powder (600-800 μg per sample), weighed in stain capsules (Courtage Analyse 

Service, Mont Saint-Aignan, France), were analysed using an elemental analyser (Flash EA) 

coupled to a DeltaplusXP isotope ratio mass spectrometer via a 6-port valve (Brooks et al., 2003) 

and a ConFlo III interface (Finnigan MAT, Bremen, Germany) (see Werner et al., 1999). In order 

to avoid frequent exchange of the Mg(ClO4)2 of the conventional water trap, the Flash EA was 

additionally equipped with a custom-built NafionTM trap after the reduction tube. The positioning 

of samples, blanks and laboratory- and quality-control standards in a measurement sequence for all 

analyses followed the scheme described in Werner and Brand (2001). Carbon isotope composition 

(δ13C) was calculated according to Farquhar et al. (1982), as deviation of the carbon isotope ratio 

(13C/12C, called R) from the international standard (Vienna Pee Dee Belemnite):  

δ13C (‰) = [(Rsample – RV-PDB)/RV-PDB] * 1000 

Rsample and RV-PDB are the isotope ratios of the sample and the V-PDB standard, respectively.  

Aliquots of 200 μl of protein-free WSOM were poured into the tin cups and oven-dried at 

50 °C for isotope analysis (δ13CWSOM) similarly to bulk OM (δ13COM) as described above. Three 

leaves or roots (one leaf and root from each plant, n=3) for each treatment were used for analyses. 
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2.6 Biomass 

Plants used for measurements of δ13C of respired CO2 (δ13CR) were harvested for biomass 

determination of different organs. Whole plants were divided into leaves, stems and roots, plunged 

into liquid nitrogen for temporary conservation, and then moved to freeze-dryer before 

determination of the biomasses of organs of each plant. Three plants (n=3) for each treatment were 

used for analysis. 

 

2.7 Carbon isotope composition of individual metabolites 

The protein-free WSOM of the samples used for respiration measurements were used for 

compound specific C-isotope analyses. Before separation of soluble sugars and organic acids from 

WSOM, cation exchangers (DionexTM OnGuard II H 1.0 cc Cartridges, Thermo Scientific, 

Sunnyvale, CA, USA) were conditioned with 10 ml distilled water, and anion exchangers 

(DionexTM OnGuard II A 1.0 cc Cartridges, Thermo Scientific, Sunnyvale, CA, USA) were 

conditioned firstly with 10 ml 0.5 M HCl, then with 10 ml distilled water.  

The protein-free WSOM (described in 2.4) was diluted to 100 ng/μL (pH was adjusted to 

7), then 4 mL diluted solution passed through cation and anion exchangers to retain amino acids 

and organic acids, respectively, and thus to drain and collect the soluble sugars. The first 2 mL 

were discarded and the last 2 mL were collected in 2 amber silanised glass vials of 1.5 mL (Vial 

short tread, VWR International, USA) as purified soluble sugars. Organic acids were eluted from 

anion exchangers using 4 mL 0.5 M HCl. Again, the first 2 mL were discarded and the last 2 mL 

were collected in 2 amber glass vials of 1.5 mL (HPLC/GC Certified Kit, VWR International, 

USA). Collected bulk sugars and bulk organic acids were used for C-isotope analysis of individual 

compounds as follows. 

A ThermoFinnigan LC-IsoLink system (Ultimate 3000, Dionex, Part of Thermo Fisher 

Scientific, USA) coupled to a Delta V Advantage (Thermo Fisher Scientific, USA) was used for 

analysing C-isotope composition of individual soluble sugars (sucrose, glucose and fructose) and 

organic acids (only malate and citrate were determined, but OAA and succinate amounts were too 

low to be measured). Separation of sugars was in distilled water as solvent, through the column 

NUCLEOGEL Sugar 810 Ca, length 300 mm, and internal dimater 7.8 mm (MACHEREY-

NAGEL GmbH & Co. KG, Germany). Organic acids were separated by the column Prevail 

Organic Acid, 150 mm x 4.6 mm, 5µ (Grace Davison Discovery Sciences, USA) with 25 mM 
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KH2PO4 (pH 2.5) as solvent. The system was controlled with Chromeleon 7.2 software (Thermo 

Electron).  

The amounts, [C], and the δ13C values of individual sugars were used to calculate the C-

isotope composition of the total soluble sugars (δ13CSug) using a simple mass balance:  

 

δ13CSug (‰) = (δ13CGlc * [C] Glc + δ13CSuc * [C] Suc + δ13CFru * [C] Fru)/ ([C] Glc + [C] Suc + [C] Fru) 

 

Similarly, using the amounts and the δ13C values of individual sugars and organic acids, we 

calculated an estimated C-isotope composition of the total water-soluble fraction (δ13CEst. WSOM) to 

compare with the measured values (δ13C WSOM). Three leaves or roots (one leaf and root from each 

plant, n=3) for each treatment were used for analyses and calculations. 

 

2.8 Assessing PEP carboxylase activity 

Other plants, from the same culture set used for respiration analysis, were used for PEPc activity 

determination. The samples were harvested from plants in the greenhouse under light (in the 

morning (from 10:00 to 12:00) and conserved at –80 °C. 150 mg of frozen roots or leaves (without 

petioles and midribs) were completely ground in a mortar (on a plate containing liquid nitrogen to 

maintain the sample frozen) with 100 mg sand, then 1 ml extraction buffer was added (4 °C) to the 

freezed powder. The extraction buffer contained HEPES 50 mM, MgCl2 10 mM, EDTA 1 mM, 

EGTA 1 mM, BSA 0.025% (w/v), glycerol 10% (w/v), DTT 5 mM, and protease inhibitor. 

Thereafter, the mix was agitated in a vortex for 2 sec, defrosted completely on ice and agitated 

again in the vortex for 5 sec and centrifuged at 10,000 rcf at 4 °C for 10 min.  

PEPc activity was measured by coupling the reaction to the NADH-oxidation mediated by 

malate dehydrogenase (MDH). The standard assay buffer contained 100 mM Tricine (pH 8.0), 10 

mM NaHCO3, 20 mM MgCl2, and 0.05% Triton. 40 µl assay buffer, 20 µl 20 mM PEP, 20 µl 0.5 

mM NADH, 2 µl 1 u mL–1 MDH, 98 µl distilled water and 20 μL extract were added in a 96-well 

plate. Two technical replicates for each sample were set for the NR measurements. The 96-well 

plate was placed in a microplate spectrophotometer (PowerWave HT, BioTek, USA) to record the 

first 20 min oxidation of NADH at 340 nm. 

Even when no PEP had been added to the reaction mixture, NADH was oxidised at a rate 

corresponding to 1 to 30 % of its rate after PEP addition. Endogenous NADH oxidation rate 
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remained stable for several hours. After addition of small amounts of PEP, the oxidation rate 

initially rose rapidly but returned quickly to the endogenous level after exhaustion of PEP (Arnozis 

et al. 1988). Accordingly, PEP replaced by H2O as control assay, and the PEPc activity was 

calculated as the difference in NADH oxidation rate before and after addition of PEP. 

 

2.9 Assessing nitrate reductase (NR) activity 

The same samples used for PEPc assessment, were also used for NR activity measurement. Leaf 

samples (around 100 mg) were ground in liquid nitrogen and the resulting powder dissolved in 1 

ml of 50 mM HEPES-NaOH buffer (pH 7.6) containing 0.1% Triton X-100, 5 mM MgCl2, 10 μM 

leupeptin, 0.5 mM AEBSF [4-(2-aminoethyl)-benzenesulfonyl fluoride], 3 mM DTT, 1% 

polyvinylpolypyrrolidone, 3% polyethylene glycol 4000 and 19.2 μM flavine adenine dinucleotide 

(FAD). The mix was centrifuged for 10 min at 13,000 g (Fresneau et al., 2007). Measurements of 

total NR activity, in the presence of ethylenediaminetetraacetic acid, EDTA (NR-EDTA) and active 

or actual NR activity, in the presence of Mg2
+ (NR-Mg), were carried out on the supernatant 

following the method described by. Briefly, the reaction mixture contained 250 μl of 50 M HEPES-

NaOH buffer (pH 7.6), 50 μl of 100 mM KNO3, and 50 μl of 2 mM nicotinamide adenine 

dinucletide (NADH). The reaction was initiated by adding 50 μl of the extract, which was then 

incubated at 30 °C for 30 min. The reaction was stopped by adding 50 μl of 1 M ZnSO4 7 H2O. 

The nitrite ions were produced after we assayed diazotization with 500 μl of 1.5% (w/v) 

sulfanilamide and 500 μl of 0.02% (w/v) N-(1-Naphthyl) ethyl-Enediamine (NEDD). Then, the 

solution was again centrifuged at 8,000 g for 10 min and the absorbance of the supernatant was 

measured at 540 nm. The catalytic activity of both NR-EDTA and NR-Mg were estimated as μmol 

NO2
– formation per mg protein and per hour. The specific activity of NR was determined as the 

ratio of NR-Mg to NR-EDTA and expressed in percent. 

 

2.10 Statistical analyses 

Statistical analyses of ANCOVA were performed using STATISTICA 8.0 (StaSoft Inc., Tulsa, 

USA), mean comparisons were performed with the ‘LSD’ test with p < 0.05. When representing 

three or more measurements, data are presented as mean values ± SE.  

 Correlation and regression analyses as well as PCA were done with R (R core team, 2018). 

Regression of all traits on the fraction of NH4
+ in the nutrient solution was performed as linear 
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regression and as regression with log-transformed fraction of NH4
+, emphasizing a more 

pronounced change at low fractions of NH4
+. Furthermore, regression on the log-transformed 

fraction of NO3
– (i.e., 100 – NH4

+), emphasizing a more pronounced change at high fractions of 

NH4
+ and the absolute difference of fractions of NH4

+ from 25, 50 and 75%, respectively were 

done. Between-trait correlations were calculated and ordered with hierarchical clustering. 

 

3. Results 

No NH4
+ toxicity symptoms (e.g. extremely dark green leaves, necrotic spots, stunted roots, and 

stunted leaves) were observed in none of the N-type treatments in the present experiment. 

 

3.1 Effect of N-type supply on plant growth, C% and N% 

Only bean plants fed with 100% NO3
– (i.e. 0% NH4

+) showed significant (p < 0.05) increase in leaf 

biomass as well as in total biomass compared with plants fed with nutrient solutions containing >25% 

NH4
+ (Fig. S1). However, the root/shoot biomass ratio was stable, varying between 0.25 and 0.3, 

with no significant change across N-type gradient (Fig. S2). C and N contents were higher in leaves 

compared to roots (Fig. S3). Carbon content in leaves and N content in roots remained stable along 

the N-type gradient. The C content in roots increased with increasing fraction of NH4
+ in the 

nutrient solution (r = 0.94), while N% in leaves increased under 50% NH4
+ and significantly (p < 

0.05) decreased at high NH4
+.  

 

3.2 Effect of N-type supply on respiration and leaf gas-exchange parameters 

Root respiration rate was slightly but not significantly higher than leaf respiration. No significant 

change in respiration rate along the N-type gradient was observed for none of the organs (Fig. S4).  

Leaf net CO2 assimilation (An) values varied non-significantly between 13.6 and 15.1 µmol 

m–2 s–1 across N-type gradient except a significant (p < 0.05) decrease to 11.6 µmol m–2 s–1 at 100% 

NH4
+ (Fig. 1A). However, stomatal conductance (gs) did not follow the same trend; the lowest 

value was observed at 25% NH4
+ (Fig. 1B). Ci/Ca increased from 0.67 to 0.75 with increasing NH4

+ 

from 50% to 100% (Fig. 1C). However, no significant difference in Ci/Ca was observed between 

100% NH4
+ and 0% NH4

+ (i.e. 100% NO3
–) treatments. The ratio An/Ci remained almost stable 

around 0.06 along N-type gradient, except a significant decrease (p < 0.05) observed at 100% NH4
+ 

reaching almost 0.04 (Fig. S5). 
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3.3 Effect of N-type supply on C-isotope composition of OM, WSOM and respired CO2 

OM was 13C depleted in leaves compared to roots whatever the N-type nutrition (Fig. 2A), while 

WSOM was 13C enriched in leaves compared with roots under lower NH4
+ supply and 13C depleted 

under higher NH4
+ supply (Fig. 2B). δ13COM did not show any significant change along N-type 

gradient in none of the organs (Fig. 2A). OM was 13C depleted compared with WSOM in leaves, 

but not in roots (Fig. 2A, B). In leaves, δ13CWSOM was negatively correlated with NH4
+ fraction in 

supplied N (R2 = 0.97, p < 0.0001), while in roots, there was no significant relationship between 

δ13CWSOM and N-type gradient (Fig. 2B). The isotopic difference between WSOM and OM was 

close to zero in roots, increasing only slightly, but not significantly, from –0.10‰ to +0.15‰ with 

increasing NH4
+ fraction in supplied N from 0% to 100% (Fig. 3). Therefore, when δ13COM was 

plotted against δ13CWSOM, root data were on the 1:1 line (Fig. S6, B). Contrarily to roots, the isotopic 

Figure 1. Changes in leaf net CO2 

assimilation rate, An (A), stomatal 

conductance for CO2 diffusion, gs (B), 

and the ratio of intercellular to ambient 

CO2 concentrations, Ci/Ca (C) of bean 

plants cultured under different 

proportions of NH4
+ versus NO3

– as N 

sources in nutrient solutions used for 

watering the pots. On the X-axis (and in 

the legend box), 0% and 100% 

correspond to 0% NH4+ (i.e. 100% 

NO3
–, white squares) and 100% NH4+ 

(i.e. 0% NO3
–, black squares) as % of 

total N in the nutrient solutions, 

respectively. The other N-treatments are 

shown by circles, as a gradient of 

increasing NH4
+ in the solutions, from 

low NH4
+ (white) to medium NH4

+) 

(grey) and high NH4
+ (black). Values are 

means ± SE (n=3). Significant 

differences (p < 0.05) are shown by 

different lowercase letters.   
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difference between WSOM and OM in leaves was the highest (+1.8‰) under pure NO3
– nutrition, 

and significantly decreased with increasing NH4
+ fraction in supplied N (R2 = 0.97), reaching the 

lowest value (+0.3‰) under pure NH4
+ nutrition (Fig. 3). Accordingly, the δ13COM versus δ13CWSOM 

values were below the 1:1 line in leaves, with a clear change along N-type gradient (Fig. S6, A). 

Leaf-respired CO2 was 13C enriched compared to root-respired CO2, and negatively 

correlated with NH4
+ % in supplied N (Fig. 2C). Leaf-respired CO2 became more and more 13C 

depleted changing from –20.4‰ at 0% NH4
+ to –24.2‰ at 100% NH4

+ (Fig. 2C). Contrarily to 

leaves, root-δ13CR remained low (around –28‰) and unchanged along the N-type gradient. It 

slightly but not significantly increased with increasing NH4
+ supply reaching around –27‰ at 100% 

NH4
+ (Fig. 2C). 

 

 

 

 

 

 

 

Figure 2. δ13C of organic matter 

(δ13COM; A), water-soluble fraction 

(δ13CWSOM; B), and respired CO2 (δ13CR; 

C) in leaves (black symbols) and roots 

(white symbols) of bean plants grown 

with nutrient solutions containing 

different % of NH4
+ and NO3

– as N 

source. On the X-axis, 0 and 100 

correspond to 0% NH4
+ (i.e. 100% 

NO3
–) and 100% NH4

+ (i.e. 0% NO3
–) 

as % of total N in the nutrient solutions, 

respectively. Values are means ± SE 

(n=3). Only significant differences (p < 

0.05) are shown by different letters 

(leaves only). Note that the respired 

CO2 being 13C enriched compared to 

both OM and WSOM, the scale used for 

respired CO2 is different from that for 

WSOM and OM.  
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3.4 Effect of N-type supply on soluble-sugar contents and δ13C 

Sugars were 13C enriched in roots compared to leaves (Fig. 4), except for sucrose showing almost 

superimposed δ13CSuc values in leaves and roots (Fig. 4A). The isotopic difference between organs 

was the highest in glucose (Fig. 4B). In leaves, the δ13C values of all sugars were almost stable 

across N-treatments, but showed a slight decrease under 50% NH4
+. In roots, the individual sugars, 

and thus the total sugars, were 13C enriched at 100% NH4
+ compared with other N-treatments (Fig. 

4A-D). 
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Figure 3. Variation in δ13C difference between WSOM and OM (δ13CWSOM-OM) in leaves (black circles) and 

roots (white circles) of bean plants cultured under different % of NH4
+ and NO3

– as N source in nutrient 

solution used for watering the pots. On the X-axis, 0 and 100 correspond to 0% NH4
+ (i.e. 100% NO3

–) and 

100% NH4
+ (i.e. 0% NO3

–) in nutrient solution, respectively. Each data point corresponds to means ± SE 

(n=3). The dotted line corresponds to (δ13CWSOM = δ13COM). Significant differences (p < 0.05) are shown by 

different letters for leaves (there was no significant difference for roots).   

 

The sugar contents were higher in roots than in leaves, mainly sucrose and fructose in all N-

treatments (Fig. 4E, G), glucose in higher NH4
+ supply (Fig. 4F), and thus total sugars (Fig. 4H). 

Sugar contents increased in roots with increasing NH4
+ supply (Fig. 4E-H). High NH4

+ treatments 

(i.e. 90% and 100% NH4
+) showed significant (p < 0.05) increase in sugar contents compared to 

other treatments. Plants fed with 100% NH4
+ had the highest sugar contents compared to the plants 

fed with NO3
–; there was 150% increase in sucrose, 290% increase in glucose, 310% increase in 

fructose and finally 210% increase in total sugars at 100% NH4
+ compared with 100% NO3

– 

treatment (Fig. 4E-H). By contrast, no significant change was observed in leaves. 

 



 

 

96 

 

3.5 Effect of N-type supply on organic acid contents and δ13C 

Contrary to soluble sugars, the organic acids (malate and citrate) were 13C enriched in leaves 

compared to roots (Fig. 4I, J), but with no significant difference among N-treatments in none of 

the organs (except citrate, which was significantly 13C enriched in roots of plants fed with 100% 

NH4
+ compared with roots of plants fed with 100% NH4

+, Fig. 4J). Citrate became more 13C 

enriched (although not significantly) with increasing NH4
+ % (mainly at 100%) by about 1.02% 

and 1.04% in leaves and roots, respectively (Fig. 4I, J).  

 

 

In contrast to C-isotope 

composition, malate and citrate 

contents sharply and significantly 

decreased (p < 0.05) with 

increasing % of NH4
+ in supplied 

N, both in leaves and roots (Fig. 

4K, L). Malate decreased from 20 

Figure 4. δ13C of sucrose (δ13CSuc; 

A), glucose (δ13CGlc; B), fructose 

(δ13CFru; C), soluble sugars, i.e. 

sucrose, glucose and fructose 

(δ13CSug; D), malic acid (δ13CMal; I), 

citric acid (δ13CCit; J), and their 

amounts (E, F, G, H, K, L), in 

leaves (black symbols) and roots 

(white symbols) of bean plants 

grown with nutrient solutions 

containing different % of NH4
+ and 

NO3
– as N source. On the X-axis, 0 

and 100 correspond to 0% NH4
+ 

(i.e. 100% NO3
–) and 100% NH4

+ 

(i.e. 0% NO3
–) as % of total N in 

the nutrient solutions, respectively. 

Values are shown as means ± SE 

(n=3). Note that the scale for total 

sugar concentration is different. 

Significant differences (p < 0.05) 

are shown by different letters 

(lowercase letters for leaves and 

uppercase letters for roots). 
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to 6 mg g-1 DW in leaves and from 16 to 7 mg g-1 DW in roots (Fig. 4K). Similarly, citrate declined 

from 23 to 4 mg g-1 DW in leaves and from 24 to 5 mg g-1 DW in roots (Fig. 4L).  
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Figure 5. 13C-difference between malate (δ13CMal) and citrate (δ13CCit) in leaves (black symbols) and roots 

(white symbols) of bean plants grown with nutrient solutions containing different % of NH4
+ and NO3

– as N 

source. On the X-axis, 0 and 100 correspond to 0% NH4
+ (i.e. 100% NO3

–) and 100% NH4
+ (i.e. 0% NO3

–) 

as % of total N in the nutrient solutions, respectively. Values are shown as means ± SE (n=3). Significant 

differences (p < 0.05) are shown by different letters (lowercase letters for leaves and uppercase letters for 

roots). 

 

The isotopic difference between malate and citrate revealed 2 groups in both leaves and roots 

(Fig. 5). At lower NH4
+ supply, the δ13C difference was positive, while at higher NH4

+ supply, it 

was negative or near zero for both organs. In leaves, it varied between +0.46‰ and +0.74‰ at 

lower NH4
+ treatments (0-50% NH4

+) and between 0‰ and –0.75‰ at higher NH4
+ treatments 

(NH4
+ >75%), it was +0.29‰ at 75% NH4

+. Roots followed a similar trend but the values were 

always below those observed for leaves, being less positive (between +0.10 and +0.43‰) at N-

treatments <50% NH4
+, and more negative at higher NH4

+ treatments (–0.99‰ and –0.71‰ at 90% 

and 100% NH4
+, respectively). The more negative isotopic differences between malate and citrate 

were observed at 90% NH4
+ treatment in both organs (Fig. 5). 

 

3.6 Effect of N-type supply on apparent 13C fractionation 

The C-isotope differences between individual compounds and bulk OM (as apparent 13C 

fractionation in metabolites), as well as between respired CO2 and bulk OM (as apparent respiratory 
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fractionation) along the N-type gradient are compiled in Figure 6A and B, for leaves and roots, 

respectively. Both leaf- and root-respired CO2 were 13C enriched compared to OM and all 

individual metabolites in corresponding organs, but the enrichment was much higher in leaves than 

in roots. In leaves (Fig. 6A), glucose and fructose were 13C depleted compared to OM, but sucrose 

(except at 50% NH4
+ supply), WSOM and mainly organic acids were 13C enriched compared to 

leaf bulk OM. In roots (Fig. 6B), all soluble sugars (and WSOM) were 13C depleted compared to 

root OM (or had similar values), as well as organic acids, except slight 13C enrichment in citrate at 

higher NH4
+ supply. 
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Figure 6. Changes in δ13C of respired CO2 (white circles), water soluble organic matter (WSOM, black 

circles, from Figure 3), sucrose (black triangles), glucose (grey triangles), fructose (white triangles), malic 

acid (grey squares) and citric acid (white squares), in leaves (A) and roots (B) relative to the δ13C of 

respective organs (i.e. δ13C of metabolites – δ13C of OM) of bean plants grown with nutrient solutions 

containing different % of NH4
+ and NO3

– as N source. The grey dashed lines correspond to the reference 

value (i.e. isotopic difference with OM = 0) On the X-axis, 0 and 100 correspond to 0% NH4
+ (i.e. 100% 

NO3
–) and 100% NH4

+ (i.e. 0% NO3
–) as % of total N in the nutrient solutions, respectively. Values are 

means ± SE (n=3).  
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Sucrose was the most 13C enriched sugar mainly in leaves. The 13C difference between 

sucrose and OM oscillated between +1‰ and –1.5‰ in leaves and roots, respectively. Glucose 

was the most 13C depleted compound analysed, with more negative values in leaves compared with 

roots. Fructose was 13C depleted compared to OM in both organs, with the 13C difference ranging 

between –0.1‰ and –1‰ along N-type gradient, in both leaves and roots. Contrarily to soluble 

sugars, the 13C differences between organic acids and bulk OM were always highly positive in 

leaves remaining almost stable, but slightly below or above zero in roots across the N-type gradient. 

 

3.7 Effect of N-type supply on NR and PEPc activities 

Leaves of plants fed with low amounts of NH4
+ (< 50% NH4

+) had higher NR and PEPc activities 

(Fig. 7) compared with those fed with high NH4
+ amounts in supplied N (> 50% NH4

+). In roots, 

NR and PEPc activities were stable except in 100% NH4
+-fed plants, with on average 200% higher 

activities than in other treatments. In addition, a high linear relationship between NR and PEPc 

activities was observed in bean leaves (R2 = 0.73) but not in roots (not shown). 

 

Figure 7. Changes in leaf (black symbols) 

and root (white symbols) enzyme 

activities, PEPc (A) and NR (B), of bean 

plants cultured under different % of NH4
+ 

and NO3
– as N source in nutrient solution 

used for watering the pots. On the X-axis, 

0 and 100 correspond to 0% NH4
+ (i.e. 

100% NO3
–) and 100% NH4

+ (i.e. 0% 

NO3
–) as % of total N in the nutrient 

solutions, respectively. Values are shown 

as means ± SE (n=3). Significant 

differences (p < 0.05) are shown by 

different letters (lowercase letters for 

leaves and uppercase letters for roots). The 

calculation of the enzyme activities is 

based on fresh weight of organic material.  
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3.8 Change of traits across the N-gradient and between-trait correlations 

Figure 8. Matrix of between trait correlation coefficients. In general correlations with |r| > 0.8 are significant, 

i.e. the ones represented by dark coloured big circles. The matrix was ordered with hierarchical clustering.  

 

PCA axis 1 and 2 explained 41.04 and 25.66 % of the variation in the full set of measured traits. 

PCA1 separated treatments with ≤ 50% NH4
+ from those with > 50% NH4

+. PCA2 separated 

treatments with 25 and 100 % NH4+ from the remaining treatments. Table S1 for every trait reports 

the PCA axis on which the trait loaded most. Several traits that loaded most strongly on PCA1 were 

significantly correlated with the N-type nutrition gradient (see Table S1): δ13C of leaf respired CO2, 
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δ13C of leaf WSOM, leaf malate concentration, leaf dry mass and root citrate concentration were 

all negatively related to the N-type gradient. They also had elevated correlation coefficients for 

between trait correlations (Fig. 8). As opposed to this, the root sugars and root C content were 

positively related with the N gradient and positively correlated between each other. 

 

4. Discussion 

The main objective of the present work was to examine the impact of varying ratios of NH4
+:NO3

– 

in supplied N on the C-isotope composition of leaf- and root-respired CO2 as well as in putative 

respiratory substrates in bean plants. We expected a higher anaplerotic activity of PEPc in leaves 

under high NO3
– nutrition and in roots under high NH4

+ nutrition. Accordingly, we expected more 

13C enriched respiratory substrates and thus respired CO2 in leaves of NO3
–-fed plants and more 

13C depleted in leaves of NH4
+-fed plants. Eventual interactions with effects of N nutrition on 

stomatal conductance, Ci/Ca, and growth needed to be scrutinized. 

 

4.1 No major change in biomass production across N-type nutrition gradient 

No major change in biomass production and no significant change in root/shoot ratio was observed 

across the N-type nutrition gradient in the present work. This result putatively is due to the specific 

growth conditions applied in the current experiment, especially low light (average PPFD of about 

150 µmol m–2 s–1), medium N concentrations and non-excessively acid pH of the growth medium. 

A minor contradiction to this hypothesis is the fact that pure NO3
– grown plants produced more 

than the other treatments. Note that most of the literature reporting the negative impact of NH4
+ 

nutrition on plant growth mainly compared the plants fed with pure NO3
– to those fed with pure 

NH4
+. In the present work, when only pure NO3

– was compared to pure NH4
+ the conclusion was 

a reduction in plant growth due to NH4
+ by about 28%.  

In previous experiments conducted on bean plants cultured under higher light levels, 

reductions in growth under NH4
+ relative to NO3

– nutrition of 52% (Chaillou et al., 1986), 23% 

(Volk et al., 1992), 30% (Zhu et al., 2000) and 18% (Guo et al., 2002) were reported. Enhanced 

growth by 21% and 7% relative to NO3
– nutrition was obtained with NH4

+:NO3
– ratios of 1:2 and 

2:1, respectively. Under low light (150 µmol m–2 s–1 PPFD, similar to PPFD level in the present 

work), a slight non-significant reduction of 5% compared with high light conditions (550 µmol m–
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2 s–1 PPFD) was found by Zhu et al. (2000), with root/shoot ratio unchanged, while it significantly 

decreased under high light.  

Furthermore, in experiments with other crops, all kinds of growth responses were observed, 

passing from enhanced growth under NH4
+ nutrition in sugar beet (Harada et al., 1968), wheat 

(Cox and Reisenauer, 1973), rice (Magalhaes and Huber, 1991) and tomato (Horshani et al., 2010) 

through no change in grasses (Høgh-Jensen and Schjoerring, 1997), corn (Magalhaes and Huber, 

1991) and pea and barley (Kandlbinder et al. 1997), to decreased growth in wheat (Cox and 

Reisenauer, 1973), tomato (Clark, 1936; Magalhaes and Huber, 1991), spinach (Lasa et al., 2001; 

Xing et al., 2015), barley (Lopes et al., 2004), bean (Brück and Guo, 2006) and tobacco (Ghiasi et 

al., unpublished). Harada et al. (1968) in tomato observed a cross-over in the growth response to 

different N forms with higher and lower growth under NH4
+ nutrition at low and high nutrient 

concentrations, respectively. Tsabarducas et al. (2017) also found a lowered biomass (both in 

leaves and roots) of young olive plants of 1-year old under NH4
+ compared with NO3

– but the 

highest biomass was under mixed nutrition. 

 Accordingly, contradictory results were also reported on the root/shoot biomass ratio. 

Horshani et al. (2010) observed a significantly higher root/shoot ratio in tomato plants fed with 

NH4
+ compared with those fed with NO3

–. They suggested that the higher photosynthetic activity 

of NH4
+-fed plants not only covered the need for C-skeletons required for NH4

+ assimilation but 

also the carbohydrates for root growth. This is not the case in the present work. Tsabarducas et al. 

(2017) found a lower root/shoot ratio in young olive plants fed with NH4
+ compared with those fed 

with NO3
–. 

In a preliminary experiment under similar conditions, NO3
– and NH4

+ grown plants (9 

species including bean) did not differ but a rather common growth enhancement under mixed N-

type nutrition was observed (data not shown). Only the substrate was different; vermiculite in the 

preliminary experiment versus sand in the present work. A higher growth in mixed N-types in 

nutrient solution compared with pure NO3
– or pure NH4

+ was also reported in the literature 

(Hogeman, 1984; Lopes et al., 2004). We did not follow the pH in the pots after watering with 

nutrient solutions. In addition to light level, the impact of pH in the soil as well as the concentrations 

of nutrients have been reported to affect the N-responses of plants (Cox and Reisenauer, 1973; 

Fenn et al., 1987). Thus, there is no a priori expected growth response to N-type nutrition, changing 
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with experimental conditions and genetic material (Cruz et al., 2003). Rather, it needs to be defined 

within a spectrum of multidimensional environmental conditions (Britto and Kronzucker, 2013).  

 

4.2 Photosynthesis decreased only at pure NH4
+ and respiration rate did not significantly change 

along N-type gradient  

Slight changes in leaf photosynthetic activity as well as in carboxylation efficiency (An/Ci) 

observed across the N-type gradient are in agreement with biomass data. Except that biomass 

increase was significant only at pure NO3
–, while the decrease in photosynthesis and An/Ci was 

significant only at pure NH4
+ compared to other treatments. The respiration rate did not 

significantly change along the N-type gradient. Enhancement in respiratory CO2 flux has been 

reported to be a typical response to high NH4
+ supply (Britto and Kronzucker, 2002). Respiration 

of primary leaves was higher in NH4
+ grown (affected by premature senescence) than in NO3

– 

grown P. vulgaris (Marques et al., 1983). Hachiya et al. (2010) found that the NH4
+ levels in A. 

thaliana shoots were positively correlated with the rates of respiratory O2 uptake under varying 

ratios of NO3
–: NH4

+. Hachiya and Sakakibara (2016) suggested that the NH4
+-dependent increase 

in respiration rate might be related to the energetic demand of intracellular pH regulation, because 

the futile cycling of NH4
+ across the plasma membrane requires a large amount of ATP. Our 

respiration rate data do not match the above reports, but are in agreement with our biomass data. 

Since NO3
– is absorbed together with K+ as counter-charge, the lack of K+ in plants fed with 

NH4
+ could affect both stomatal conductance and photosynthesis. Indeed, Lips et al. (1990) have 

observed that biomass production and transpiration of wheat and tomato plants grown under NH4
+ 

increased with increased concentration of K+ in nutrient solution. In addition, since NO3
– nutrition 

increases inorganic phosphate concentration in cytosol, and simultaneously decreases the 

accumulation of phosphate in vacuole, the decrease in photosynthesis of 100% NH4
+-fed plants 

could be related to the lack of inorganic phosphate in the cytosol. This causes inhibition of triose-

phosphates removal from chloroplasts, breaking the balance between source and sinks of 

photosynthesis, thus perturbing photosynthetic processes in 100% NH4
+-fed plants (Salsac 1987). 

Xing et al. (2015) observed significant decrease in both photosynthesis and stomatal conductance 

of spinach leaves with increasing NH4
+:NO3

– ratio in nutrient solution. In the present work, the 

negative impact of NH4
+ on photosynthesis is obvious only under pure NH4

+ nutrition, suggesting 

that even a small amount of NO3
– could be enough to maintain the phosphate balance for 
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photosynthetic activity. Our results on photosynthetic activity are in agreement with this 

observation. Similar trends were observed in previous studies on spinach and durum wheat (Lasa 

et al. 2002; Lopes and Araus 2006). Lopes et al. (2004) found the lowest photosynthesis and 

stomatal conductance under NH4
+ and the highest under mixed NO3

–: NH4
+ nutrition in barley, and 

Tsabarducas et al. (2017) in young olive plants. However, Zhu et al. (2000) observed no N-type 

effect on stomatal conductance, photosynthesis (measured as oxygen evolved), neither on the 

maximum photosystem II efficiency in bean plants. Similarly, the electron transport and 

carboxylation capacity of barley leaves were less affected under NH4
+ nutrition (Lopes et al., 2004), 

suggesting that the lowered stomatal conductance was the main cause of the decrease in 

photosynthesis. Brück and Guo (2006) observed that the light-saturated rates of CO2 assimilation 

(Amax) per unit leaf area of bean plants were higher under NH4
+ compared to NO3

– supply while 

they found no significant effects of N-type nutrition on quantum yield and Amax per unit leaf weight 

and chlorophyll. Horshani et al. (2010) reported rather a higher photosynthesis in tomato plants fed 

with NH4
+ compared with those fed with NO3

–. As for biomass, the N-type impact on 

photosynthesis and stomatal conductance seems to change from experiment to experiment. In the 

current study, An was only weakly positively correlated with gs (r = 0.33, p = 0.52) across the N-

nutrition gradient. Thus, net photosynthesis varied mainly in response to factors other than the 

change in stomatal conductance. One of these factors is indicated by the drop in An, F/Fm, An/Ci 

by about 20% under 100% NH4
+ relative to 90% NH4

+ accompanied by only a small change in gs 

(Table S1, regression results for ETR and An/Ci). These observations indicate a reduction of 

photosynthetic capacity at 100 % NH4
+ as the most likely candidate for the drop in assimilation 

rate. 

Ci/Ca changed slightly but not significantly with N-type gradient. The δ13C values of 

photosynthetic products were estimated by using Ci/Ca values in Farquhar’s simple model. The 

estimated δ13C values roughly represent the carbon isotope composition of photoassimilates 

produced from photosynthetic fractionation affected by stomatal conductance. In this experiment, 

the estimated values were higher compared to those measured on individual sugars and even 

compared with δ13C of WSOM (see Fig. S9). Note that we used the leaf-δ13COM of maize plants 

grown in the same culture room, to estimate the δ13C of air CO2 assuming a photosynthetic 

discrimination of 3-4‰ for maize leaves (which gives a δ13C value for CO2 in the culture room of 

about –8‰ on average). Only when a lower discrimination for maize leaves around 2‰ (i.e. 
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estimated δ13C of the air of –10‰) was assumed that the estimated δ13C values were closer to the 

measured δ13CWSOM, but still higher than those of all individual sugars (Fig. S9). Since the Ci/Ca is 

probably not constant and changes during plant growth, while it was determined instantaneously 

only at the end of the culture period in the present work, it cannot reflect the integrated Ci/Ca during 

the whole plant growth. In addition, not only Ci/Ca influences the fractionation by Rubisco against 

13C thus adding 13C depleted C to OM, but also the anaplerotic carboxylation (e.g. by PEPc) 

introduces 13C enriched carbon to OM (Raven and Farquhar, 1990). We did not observe any 

significant change in 13COM across N-gradient. The effects of Ci/Ca and carboxylation by PEPc 

could have cancelled each other leaving no detectable impact on bulk OM. On the other hand, the 

C fixed by PEPc (C-4 of malate), which should be highly 13C enriched, can be either decarboxylated 

by ME enriching in 13C the respired CO2 or stored in the vacuole enriching the reserves in 13C, 

which could be respired later.  

We did not determine leaf internal (mesophyll) conductance in our plants. However, any 

impact of N-type nutrition on mesophyll conductance lowering CO2 concentration in the 

chloroplasts relative to Ci should have decreased the photosynthetic isotope discrimination leading 

to even more 13C enriched expected values compared with those estimated using Ci.    

Opposed to expectations based on the simple model for discrimination during 

photosynthesis, Ci/Ca was positively but not significantly correlated with δ13C of leaf and root 

sugars (Fig. 8). Instead, Ci/Ca was negatively correlated with PEPc-activity in leaves, i.e. high PEPc 

activity was associated with low Ci/Ca and thus 13C depleted CO2 left behind by PEPc in the leaf 

internal CO2 pool should have had a dampening effect on δ13C of the leaf internal CO2 pool, the 

substrate for carboxylation by Rubisco. When PEPc activity was low, i.e. at N nutrient mixtures 

dominated by NH4
+ the δ13C of the leaf internal CO2 pool mainly depended on Rubisco activity.  

 

4.3 No significant change across the N-type gradient in δ13C of leaf and root OM 

The observed 13C enrichment in root OM compared with leaf OM by about 1 to 1.5‰ is in 

agreement with the general pattern reported in the literature (see the review by Badeck et al., 2005). 

However, the N-type gradient in nutrient solution did not significantly change the δ13COM of bean 

in none of the organs. As for biomass, contradictory data are also reported in the literature on the 

N-type nutrition impact on δ13C values of plant OM. Guo et al. (2002) observed a more 13C depleted 

leaf OM in bean plants grown under NH4
+ compared with those grown under NO3

– nutrition. They 



 

 

106 

 

suggested that a higher stomatal conductance (i.e. higher photosynthetic discrimination) under 

NH4
+ nutrition was the main reason of the observed 13C depletion in leaves in this treatment in 

accordance with higher Ci measured in the NH4
+ grown plants. Similarly, Raven et al. (1984) 

concluded a higher Ci/Ca to explain the lower WUE and the 13C depletion of 2.1‰ observed in 

leaves of NH4
+-grown Ricinus communis plants compared to NO3

– ones. The findings of Høgh-

Jensen and Schjoerring (1997) and Brück and Guo (2006) are in agreement with the observation 

of Guo et al. (2002) and Raven et al. (1984), but those of Yin and Raven (1998) are opposite. In 

the latter case, the δ13COM values of leaves, stubble and roots were always higher in NH4
+-grown 

wheat and maize plants compared to those grown under NO3
–, or mixed N nutrition. Martinez-

Carrasco et al. (1998) also reported more than 2‰ higher δ13COM values for leaves of young trees 

(< 1-year old) of Casuarina equisetifolia under NH4
+ compared to NO3

– nutrition. Because of a 

higher water use efficiency (WUE) observed under NH4
+ nutrition, they suggested decreased 

stomatal to carboxylation conductance in this condition. In addition, ontogeny-dependant changes 

in photosynthetic discrimination has been reported in well-watered Trifolium repens (Høgh-Jensen 

and Schjoerring, 1997). These authors observed a higher discrimination (i.e. more negative δ13COM) 

in plants grown under NH4
+ compared with those grown under NO3

– nutrition at 54 DAS, but 

opposite trend at 96 DAS. In the present work, the δ13COM was determined only at the end of the 

culture period (on 1-month old plants), but it was not followed during the 3-week N-treatments. 

The changes in δ13COM during ontogeny under NH4
+ or NO3

– nutrition reported in the literature 

could be due to physiological changes (e.g. stomatal conductance, photosynthetic capacity, etc.) 

during ontogeny under different N-treatments and/or due to the duration of the N-treatment.  

 

4.4 δ13C of leaf-respired CO2 changed across N-type gradient but not that of root-respired CO2 

Leaf-respired CO2 was 13C enriched compared with leaf OM and all compounds analysed, whatever 

the N-type treatment was. This is in agreement with our earlier data and those of literature. However, 

it was more negative in plants grown under NH4
+ compared with those fed with NO3

–. This is in 

agreement with the initial hypothesis developed in the introduction that a higher anaplerotic activity 

in leaves of plants fed with NO3
– should enrich in 13C the respiratory substrates and thus the leaf-

respired CO2, compared with plants fed with NH4
+, because NO3

– assimilation takes place mainly 

in the leaves. 
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Although the root-respired CO2 was 13C depleted compared with leaf-respired CO2, it was 

surprisingly 13C enriched compared with root OM, WSOM and all compounds analysed, and 

remained stable across N-type gradient. This is opposed to the general pattern reported in the 

literature (see Reviews by Ghashghaie and Badeck, 2014 and Bathellier et al., 2017) on herbaceous 

roots, including the earlier results of Bathellier et al. (2008) who observed a 13C depleted root-

respired CO2 compared with root OM in bean plants. These authors suggested the prevalence of 

the pathways releasing 13C depleted CO2 in roots, e.g. the pentose phosphate pathway (PPP), known 

to be more active in roots (Dieuaide-Noubhani et al., 1995) compared with leaves. Since the 

decarboxylating enzyme involved in PPP highly discriminates against 13C, this pathway contributes 

to further 13C depletion in root-respired CO2 (Bathellier et al., 2009).  

In the present work, the 13C enrichment in root-respired CO2 is surprising. However, in 

agreement with the present data, 13C enriched values of root-respired CO2 have also been reported 

for different wheat genotypes including hydrides (Aranjuelo et al., 2009, 2013; Aljazairi et al., 

2014). Further studies are needed to determine its metabolic origin. 

 

4.5 Change in δ13C of respired CO2 is not correlated with changes in δ13C of respiratory 

substrates across N-type gradient 

Since the changes in δ13C of individual compounds analysed did not parallel those of leaf-respired 

CO2, only weak correlations were observed between these parameters across the N-type gradient 

in both organs (data not shown). The R2 values were however higher between leaf-δ13CR and δ13C 

of individual sugars (R2 = 0.47, 0.52, 0.33 for Suc, Glc and Fru, respectively), and much lower 

between leaf-δ13CR and δ13C of organic acids (R2 = 0.37 for Mal and 0.11 for Cit). Our results are 

in contrast with those reported by Lehmann et al. (2015; 2016) who observed a high correlation 

between leaf-δ13CR and δ13C of malate pool under high/low temperature and drought/wet 

conditions. They suggested that malate was the main substrate for respiration in their experiments. 

Similarly, Ghiasi et al. (unpublished) found a strong relationship between changes in leaf-δ13CR 

and leaf-δ13C of organic acids (mainly citrate) in tobacco plants grown under varying NH4
+:NO3

– 

nutrition conditions, but not with δ13C of leaf sugars. The N-treatment duration was 45 days in their 

experiment and only 21 days in the present work, which could have impacted the δ13C values.  

We rather observed a strong correlation between changes in leaf-δ13CR and in concentration 

of organic acids, but less so in carbohydrates (Covariance set 1, Table 1). In addition, the best 
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correlation was found between changes in leaf-δ13CR and changes in leaf-δ13CWSOM (R2 = 0.79, p = 

0.05) as well as with δ13C(WSOM-OM) (R2 = 0.82, p = 0.05, Fig. S7). The calculated values of 

δ13CWSOM (using a mass balance) were also lower than the measured ones in both organs (Fig. S8), 

and since WSOM represents a mix of all soluble compounds (even those not analysed in the present 

work), therefore, the change in δ13C of leaf-respired CO2 across N-type gradient probably was 

caused by a change in the mix of substrates used for respiration. 

 

4.6 Malate and citrate storage 

High concentrations of organic acids indicate storage in vacuoles in both organs. Storage in 

vacuoles needs to be invoked to explain the observed malate and citrate contents in leaves and in 

roots under higher NO3
– nutrition. Their contents decreased across the N-type gradient with 

increasing fraction of NH4
+. Clark (1936) reported leaf, stem and root malate and citrate contents 

that were an order of magnitude lower in NH4
+ as compared to NO3

–-grown plants. Ben-Zioni et 

al. (1970) showed that under NO3
– nutrition malate accumulated in leaves of corn, barley and 

tobacco. A greater stability of labelled (14C) malate under NO3
– nutrition, while its amount 

decreased with time in plants under NH4
+ nutrition, suggested the accumulation of malate in 

vacuole under NO3
– (Ben-Zioni et al., 1970). This trend is in accordance with the role of organic 

acids in counterbalancing excess inorganic cations under nitrate nutrition (see also the review by 

Britto and Kronzucker, 2005). Pierce and Appleman (1943) showed that organic acids content and 

excess inorganic cations were positively correlated across 11 species with 2.5 mM NO3
– nutrition. 

These results are consistent with the ca. 6-fold higher incorporation of 14C into malate of NO3
–-

grown compared to NH4
+-grown P. vulgaris after a short labelling pulse of 60 s (Marques et al., 

1983). 

Indeed, as mentioned in the introduction, approximately 70% of all ions acquired by plants 

consist of N. Thus, the form of N supply (negatively charged NO3
– versus positively charged NH4

+) 

exerts a strong influence on the charge balance and therefore ion homeostasis (Gerendas et al., 

1997). In the case of NH4
+, its uptake decreases the absorption of other cations especially K+ and 

Ca2+ compared to nutrition with NO3
–. In the case of NO3

– this problem does not exist, however 

arrived in the leaves, NO3
– is reduced to NH4

+ but its role as cation counter-ion is replaced by 

organic acids. 
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4.7 What is the relation between the δ13C of OA and respired CO2 across the N-gradient in 

leaves? 

Malate and citrate, derived from anaplerotic replenishment, were 13C enriched relative to total 

soluble sugars. This 13C enrichment was higher in leaves (ca. 3‰) than in roots (less than 1‰), 

which is expected based on a much higher contribution of atmospheric CO2 to the C source mixture 

for PEPc in leaves than in roots. Organic acids have multiple roles in metabolism. In our case, 

malate and citrate were the organic acids found with major concentrations. They are employed in 

providing C-skeletons for NH4
+ assimilation in GS/GOGAT, but also in osmoregulation, acid/base 

and ion balances and transport of reduction power between organelles. In addition, it is known that 

they occur in different ratios in different plant species and their concentrations vary in different 

manners at diurnal time scales. δ13C of anaplerotically introduced C should differ between day and 

night-time in leaves, because of higher contribution of atmospheric CO2 to C source during the day 

(open stomata) and of respired CO2 during the night (closed stomata). 

From a metabolic point of view, the way organic acids contribute to CO2 efflux in darkened 

leaves is still largely unclear. In recent years, labelling and modelling approaches have shown that 

the TCA in illuminated leaves generally does not keep its cyclic nature (see Tcherkez et al., 2009 

for a review). The current hypothesis is that it operates in flux modes where glutamate synthesis 

for N assimilation is essentially decoupled from OAA and malate synthesis. The latter is thus 

mainly fueled by PEPc activity, which probably supports fluxes larger than commonly thought (up 

to 10% of net photosynthesis, Abadie and Tcherkez, 2019). As mitochondrial CS is strongly 

inhibited in the light, the supply of carbon to the “citrate branch” towards glutamate has been shown 

to come mostly from remobilized pools (notably stored citrate in Xanthium, Tcherkez et al., 2009), 

although the origin of remobilized metabolites remains partly unclear, and probably varies across 

species (Abadie et al., 2017). 

In any case, under this scenario PEPc mainly fuels OAA and malate (and potentially 

fumarate) synthesis in the light, so that a stronger 13C enrichment is expected in these metabolites 

compared to other organic acids, especially citrate. Consistently, a significant malate/citrate 

isotopic gap was reported in leaves for various species (cotton, Whelan et al., 1970; potato, 

Gleixner et al., 1998). However, this is probably not a general rule, as contrasted data have been 

reported for tobacco (Ghashghaie et al., 2001, Lehmann et al., 2019), and a recent study on conifers 

shows that the isotopic gap between malate and citrate can vary with species, but also seasonally 
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(Churakova et al., 2019). In fact, in the present study, the 13C enrichment relative to soluble sugars 

for malate and citrate in leaves was very similar (ca. 3‰; Fig. 6), regardless of the N forms supplied. 

This suggests that PEPc contribution to citrate accumulation in the light was similar (if not higher, 

as citrate has 2 more carbon atoms than malate) to that towards malate, which is incompatible with 

a TCA flux mode in the light where malate and citrate branches are fully independent, and stored 

citrate is remobilized to fuel glutamate synthesis. 

In fact, it is highly likely that other flux modes exist (see Sweetlove et al., 2010 for a review). 

In sunflower, a species that exhibits a low citrate content and accumulates fumarate, glutamate 

synthesis has been shown to derive largely from OAA and Acetyl-CoA, and not from citrate 

remobilization, thus involving some CS activity (Abadie et al., 2017). The origin of Acetyl-CoA 

in this case is still unclear, but could involve the conversion of malate and/or OAA into pyruvate 

by NAD-ME in the mitochondria, according to the flux mode proposed by Hanning and Heldt 

(1993). In this framework, PEPc contribution to citrate synthesis (and potentially accumulation) in 

the light could well be higher than that towards malate, thus lowering the isotopic gap between the 

two OA, as is observed in this study. Clearly then, it appears that disentangling the precise 

contribution of citrate and/or malate to the observed 13C enrichment in respired CO2 is not a 

straightforward issue, and cannot be easily tackled without undertaking studies throughout the 

diurnal cycle. 

 

4.8 δ13C of individual sugars differed systematically  

Sugar concentrations followed an inverse pattern relative to organic acids across the N-type 

gradient with increasing concentration of NH4
+ in supplied N. The increase was slight in leaves 

and marked in roots. Such an increase in sugar concentrations with NH4
+ nutrition was not always 

found in previous experiments. Britto and Kronzucker (2002) cited several experiments in which 

sugar concentrations declined in parallel to organic acid concentrations. 

While sugar contents increased with increasing NH4
+ fraction in the nutrient solution, the 

C-isotope signature of leaf soluble sugars remained almost stable, except a slight decrease at 50% 

NH4
+. Leaf sucrose was less 13C depleted than glucose and fructose. Similar results were found by 

Ghashghaie et al. (2001) for leaves of well-watered tobacco and sunflower plants. As in the current 

experiment the sampling for sugar extraction was done concomitantly with measurements of dark 

respiration. In potato leaves, Gleixner et al. (1998) found the opposite pattern with sucrose more 
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13C depleted than glucose and fructose as well as starch. In their experiment, samples were taken 

on a bright July day at 10 am, i.e. several hours into the daylight period. We hypothesize that these 

results can be explained by the fractionation between assimilates directed to starch storage within 

the chloroplast and those exported to the cytosol as triose phosphates as already suggested by 

Gleixner et al. (1998) in combination with storage of glucose and fructose in the vacuole. When 

leaves are photosynthetically active, relatively 13C depleted sucrose is synthesized and used for 

export from the leaves. Sucrose is also transported to the vacuole where it is hydrolysed to glucose 

and fructose. Acid invertase discriminates against 13C, leading to enriched sucrose and depleted 

hexoses (Mauve et al., 2009). Thus, hexose storage within vacuoles can result in hexoses depleted 

in 13C relative to sucrose. The overall ratio of δ13C in hexoses versus sucrose will finally depend 

on the relative fluxes to export from leaves, starch and sugar storage. The results reported by 

Lehmann et al. (2015) are consistent with these considerations. Sucrose concentration increased 

during day-time and sucrose was more 13C depleted. At night sucrose concentration decreased and 

it became slightly more 13C enriched than the hexoses. Thus, while the day-time measurements of 

sugar δ13C reported by Gleixner et al. (1998) are putatively a result of sucrose export from the leaf 

and residual hexose storage from night-time starch mobilisation, in the case of the current 

experiment the night-time measurements (after 30 min in the dark) putatively reflect sucrose export 

from starch mobilisation while glucose and fructose may still mainly reflect day-time storage in 

the vacuoles. Further experiments, tracing the changes in concentrations and isotopic composition 

as well as labelling studies to trace the fluxes are required to confirm or reject these hypotheses. 

While the sugar concentrations were relatively constant across the N-type gradient in leaves, 

they increased with increasing NH4
+ fraction in roots. This results in replacement of the 

contribution of decreasing organic acid levels to the root osmotic potential by increasing sugar 

levels.  

 

4.9 N-type nutrition effect on plant δ13C could be related to anaplerotic activity of PEPc 

PEPc activity was higher in leaves compared with roots at lower NH4
+ nutrition, and the tendency 

reversed at higher NH4
+ nutrition. These data are in agreement with the initial hypothesis that the 

PEPc activity is in general induced in roots under high NH4
+ nutrition, while in leaves, higher PEPc 

activity is expected when NO3
– is the main N-source (see introduction). The observed 13C enriched 

leaf-respired CO2 could mainly reflect the use of 13C enriched PEPc-derived substrates under 



 

 

112 

 

higher NO3
– nutrition, decreasing with increasing NH4

+ fraction in nutrient solution. This effect is 

masked in roots because of the 13C depleted C source (respired CO2) fixed by PEPc in roots. 

Similarly, Ghiasi et al. (unpublished) observed a clear decrease in enzyme activities (PEPC, NR 

and ME) with increasing NH4
+/NO3

– ratio in supplied N on tobacco leaves.  

A higher NR activity under NO3
– nutrition compared with NH4

+ nutrition has been reported 

on tomato plants (Horshani et al., 2010). This is in agreement with other data confirming that NR 

activity is positively regulated by NO3
– concentration (Stitt, 1999). Plant response to NH4

+ also 

depends on the tissue NH4
+ concentration, but we did not measure the NH4

+ concentration in our 

plants. NH4
+ tolerance may also be related to the efficiency of species to sequestrate NH4

+ in 

vacuoles mainly in root cells (Cruz et al., 2006). This could prevent the transport of NH4
+ to the 

shoots which are more sensitive (Schjoerring et al., 2002). 

 

5. Conclusions  

C-isotope composition of plant organic material is in general considered to be a result of 

photosynthetic C-isotope discrimination, changing with species, as well as with environmental 

conditions affecting stomatal conductance and/or photosynthetic capacity, e.g. water availability 

in the soil, air humidity, light intensity, temperature, and N availability. However, post-

photosynthetic C-isotope discriminations have also been shown to change the C-isotope 

composition of plant organic material, mainly during dark respiration. Our results as well as 

analysis of literature data show that the N source (i.e. NO3
– versus NH4

+) should also be added to 

the environmental factors affecting plant C-isotope composition, as well as that of leaf-respired 

CO2.  

The initial hypothesis of the present work was to examine the impact of varying ratios of 

NO3
–:NH4

+ in supplied N on C-isotope composition of leaf- and root-respiratory substrates as well 

as in respired CO2 in bean plants. Although no major effect of N-type nutrition was observed on 

leaf gas exchange parameters neither on the C-isotope composition of plant organic compounds in 

none of the organs, leaf-respired CO2 was more 13C enriched under NO3
– than under NH4

+ nutrition. 

The linear relationship between C-isotope composition of leaf-respired CO2 and that of WSOM 

suggested the use of a mix of substrates for respiration, with a higher contribution of anaplerotically 

fixed 13C enriched C to leaf respiration in NO3
–-fed compared with NH4

+-fed plants, in agreement 

with the observed higher PEPc and NR activities in leaves of the former plants. 
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Accordingly, we expected more 13C enriched malate in leaves of NO3
–-fed compared with 

leaves of NH4
+-fed plants, but the values remained unchanged across N-type nutrition. Interestingly, 

the isotopic gap between malate and citrate was low, malate being slightly 13C enriched compared 

to citrate at high NO3
– and slightly 13C depleted at high NH4

+ nutrition. This suggested a higher 

contribution of anaplerotically fixed 13C enriched C to citrate pool. These data unambiguously 

illustrate the metabolic plasticity around the TCA in plants that has recently emerged (i.e. open 

versus closed mode functioning of TCA, and connection between malate and citrate valves), 

although it still remains poorly understood, notably regarding the central role played by organic 

acids (see Tcherkez, 2017 for a discussion). This warrants further work to explore the physiotype 

landscape of organic acid metabolism in plants. Interestingly, the above discussion highlights the 

potential of the malate/citrate (or other relevant abundant organic acids) 13C-isotopic gap as a 

valuable proxy to screen for peculiar metabolic TCA organisations across species.  
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Supplementary materials for Chapter 4 
 
Table S1. Results of regression of traits on the fraction of NH4

+ in supplied nitrogen (% of supplied N). 

Regression type: If linearly correlated with NH4
+ (% of supplied N), – for negatively and + for positively 

correlated, log for regression on log transformed NH4
+ (% of supplied N), log inv for regression on log 

transformed NO3
– (i.e. 100 – NH4

+) % of supplied N. For regressions on abs (NH4
+ (% of supplied N)-

extremum) with extremum at 25 (50, 75) %, min 25 (50, 75) % for minimum and max 25 (50, 75) % for 

maximum. 

Trait Regression type R2 Significance Loading most on 

PCA axis 

δ13C of leaf respiration – 0.8 p < 0.017 PCA1 

 log 0.97  p < 0.001  

δ13C of leaf WSOM – 0.96 p < 0.001) PCA1 

[leaf malate] – 0.9 p < 0.005 PCA1 

[root sucrose] +  0.68 p < 0.044 PCA1 

 log inv 0.77 p < 0.021  

[root glucose] + 0.74 p < 0.028 PCA1 

 log inv 0.99 p < 0.001  

[root fructose] + 0.78 p < 0.021 PCA1 

 log inv 0.99 p < 0.001  

[root citrate] – 0.95 p < 0.001 PCA1 

root C% + 0.89 p < 0.005 PCA1 

leaf dry mass – 0.76 p < 0.025 PCA2 

 log 0.93 p < 0.003  

[leaf sucrose] min 25% 0.84 p < 0.011 PCA1 

δ18O of leaf respiration log inv 0.71 p < 0.035 PCA1 

root PEPc activity log inv 0.81 p < 0.016 PCA1  

δ13C of root citrate min 25% 0.89 p < 0.006 PCA1 

Ci/Ca min 25% 0.82 p < 0.014 PCA1 

WUEintr max 25% 0.79 p < 0.019 PCA1 

WUEinst max 25% 0.69 p < 0.040 PCA1 

Chl 19.01 min 25% 0.75 p < 0.025 PCA1 

Chl 22.01 min 25% 0.77 p < 0.023 PCA1 

NBI 27.01 max 25% 0.71 p < 0.035 PCA1 

δ13C of leaf sucrose min 50% 0.92 p < 0.003 PCA2 

δ13C of leaf glucose min 50% 0.72 p < 0.032 PCA2 
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leaf N% max 50% 0.72 p < 0.034 PCA2 

Fv/Fm min 50% 0.66 p < 0.051 PCA6 

NBI 19.01 max 50% 0.65 p < 0.053 PCA2 

Flav 22.01 min 50% 0.67 p < 0.047 PCA2 

[leaf citrate] min 75% 0.918 p < 0.003 PCA2  

δ15N of leaf OM max 75% 0.864 p < 0.008 PCA2 

  log 0.9 p < 0.004  

[root malate] min 75% 0.864 p < 0.008 PCA2 

 log 0.92 p < 0.003   

root N% max 75% 0.818 p < 0.014 PCA2 

δ15N of root OM max 75% 0.849 p < 0.009 PCA2  

 log 0.95 p < 0.001  

root DM max 75% 0.734 p < 0.030 PCA2 

 log 0.95 p < 0.002  

δ13C of root glucose log inv 0.71 p < 0.037 PCA3 

stem DM log 0.71 p < 0.037 PCA2 

Carboxylation efficiency log inv 0.66 p < 0.050 PCA3 

Electron transport rate log inv 0.69 p < 0.040 PCA3 

 

Not significantly correlated with NH4
+ (% of supplied N): δ13C of leaf citrate, Leaf respiration rate, 

leaf PEPc activity, leaf NR activity, δ13C of leaf OM, δ13C of leaf fructose, δ13C of leaf malate, 

[leaf glucose], [leaf fructose], leaf C content, root respiration rate, root NR activity, δ13C of root 

respiration, δ13C of root OM, δ13C of root WSOM, δ13C of root sucrose, δ13C of root fructose, δ13C 

of root malate, δ18O of root respiration, [leaf citrate], Net photosynthesis, photosynthetic NUE, leaf 

transpiration rate, stomatal conductance, DF/Fm, ETR, Flav 19.01., NBI 22.01, Chl 27.01, Flav 

27.01. 
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Supplementary Figures for Chapter 4 

 

 

 
 
Figure S1. Biomass of different organs (leaves, stem and roots) of bean plants cultured under different % 

of NH4
+ and NO3

– as N source in nutrient solutions used for watering the pots. On the X-axis, 0 and 100 

correspond to 0% NH4
+ (i.e. 100% NO3

–) and 100% NH4
+ (i.e. 0% NO3

–) as % of supplied N in the nutrient 

solutions, respectively. Values are means ± SE (n=3). Different letters (lowercase letters for leaves and 

capital letters for total biomass) indicate significant differences (p < 0.05). 
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Figure S2. Root to shoot biomass ratio of bean plants cultured under different % of NH4
+ and NO3

– as N 

source in nutrient solutions used for watering the pots. On the X-axis (and in the legend box), 0% and 100% 

correspond to 0% NH4+ (i.e. 100% NO3
–, white squares) and 100% NH4+ (i.e. 0% NO3

–, black squares) as % 

of total N in the nutrient solutions, respectively. The other N-treatments are shown by circles, as a gradient 

of increasing NH4
+ fraction in supplied N, from low NH4

+ (white) to medium NH4
+ (grey) and high NH4

+ 

(black). Values are means ± SE (n=3). N-type gradient had no significant effect on the root/shoot biomass 

ratio. 
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Figure S3. Percentages of carbon (A) and nitrogen (B) and the ratio C/N (C) in bulk OM of leaves (black 

symbols) and roots (white symbols) of bean plants grown with nutrient solutions containing different ratios 

of NH4
+ and NO3

– as N source. On the X-axis, 0 and 100 correspond to 0% NH4
+ (i.e. 100% NO3

–) and 100% 

NH4
+ (i.e. 0% NO3

–) as % of total N in the nutrient solutions, respectively. Values are shown as means ± SE 

(n=3). Only significant differences (p < 0.05) are shown by different letters for leaf N% (because there was 

no significant difference for roots).   
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Figure S4. Respiration rates of leaves (black circles) and roots (white circles) of bean plants grown with 

nutrient solutions containing different ratios of NH4
+ and NO3

– as N source. On the X-axis, 0 and 100 

correspond to 0% NH4
+ (i.e. 100% NO3

–) and 100% NH4
+ (i.e. 0% NO3

–) as % of total N in the nutrient 

solutions, respectively. The respiration rates were measured during CO2 collection on samples in the 

darkened flasks before respired CO2 isotopic analyses. Values are shown as means ± SE (n=3). No 

significant change in respiration rate along the N-type gradient was observed for none of the organs. 
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Figure S5. Changes in the carboxylation efficiency, calculated as the ratio of net CO2 assimilation (An) to 

the intercellular CO2 concentration (Ci), of bean plants cultured under different proportions of NH4
+ versus 

NO3
– as N sources in nutrient solutions used for watering the pots. Data are taken from Figure 1. On the X-

axis (and in the legend box), 0% and 100% correspond to 0% NH4+ (i.e. 100% NO3
–, white squares) and 

100% NH4+ (i.e. 0% NO3
–, black squares) as % of total N in the nutrient solutions, respectively. The other 

N-treatments are shown by circles, as a gradient of increasing NH4
+ in the solutions, from low NH4

+ (white) 

to medium NH4
+) (grey) and high NH4

+ (black). Means values ± SE (n=3) are presented. Significant 

differences (p < 0.05) are shown by different letters.   
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Figure S6. Relationship between δ13C of bulk OM (δ13COM) and that of WSOM (δ13CWSOM) in leaves (A) 

and roots (B) of bean plants cultured under different % of NH4
+ and NO3

– as N source in nutrient solution 

used for watering the pots. The white squares correspond to 0% NH4
+ (i.e. 100% NO3

–) and black squares 

to 100% NH4
+ (i.e. 0% NO3

–) in nutrient solutions. The other N-treatments are shown by circles, as a gradient 

of increasing NH4
+ in the solutions from white (low NH4

+) to grey (medium NH4
+) and black (high NH4

+) 

circles. The 1:1 relationship (Y=X) are also presented by dashed lines. Each data point corresponds to 

individual measurement on independent plant (three replicates for each N-treatment). 
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Figure S7. Variation in δ13C of respired CO2 as a function of 13C-difference between WSOM and OM 

(δ13CWSOM-OM) in leaves of bean plants cultured under different % of NH4
+ and NO3

– as N source in nutrient 

solution used for watering the pots. In the legend box, 0% and 100% correspond to 0% NH4+ (i.e. 100% 

NO3
–, white squares) and 100% NH4+ (i.e. 0% NO3

–, black squares) as % of total N in the nutrient solutions, 

respectively. The other N-treatments are shown by circles, as a gradient of increasing NH4
+ fraction in 

supplied N, from low NH4
+ (white) to medium NH4

+ (grey) and high NH4
+ (black). Values are means ± SE 

(n=3). 
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Figure S8:  Expected values of 13CWSOM, calculated using the amounts and 13C values of individual 

compounds analysed in this study (sugars and organic acids) versus the measured 13CWSOM values in leaves 

(A, C) and roots (B, D) of bean plants cultured under different % of NH4
+ and NO3

– as N source in nutrient 

solutions used for watering the pots. In the legend box, 0% and 100% correspond to 0% NH4+ (i.e. 100% 

NO3
–, white squares) and 100% NH4+ (i.e. 0% NO3

–, black squares) as % of total N in the nutrient solutions, 

respectively. The other N-treatments are shown by circles, as a gradient of increasing NH4
+ in the solutions, 

from low NH4
+ (white) to medium NH4

+) (grey) and high NH4
+ (black). Individual data are presented in A 

and B and mean ± SE (n=3) values in C and D.  
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Figure S9. Estimated 13C values (black and withe symbols) of the photosynthetic products compared with 

measured values (grey symbols) of leaf-13CWSOM (dark-grey circles), leaf-13CSuc (light-grey diamonds), 

leaf-13CGlc (light-grey triangles), and leaf-13CFru (light-grey squares), as a function of N-treatment in bean 

plants. On the X-axis, 0 and 100 correspond to 0% NH4
+ (i.e. 100% NO3

–) and 100% NH4
+ (i.e. 0% NO3

–) 

in nutrient solutions, respectively. Estimated 13C values are calculated using the Ci/Ca values from Figure 

1C and the simple C3 model of Farquhar et al. (1982) with a = 4.4‰ and b=27‰. Means ±SE are presented 

(n=3). 13C of ambient CO2 in the culture room was estimated to be around –8‰, using the leaf-δ13COM of 

maize plants cultured in the same room, assuming a photosynthetic discrimination of 4‰ for maize leaves 

(black circles). When maize discrimination is taken around 2‰, thus air CO2 ca. –10‰ that the estimated 

values (white circles) were close to measured 13CWSOM values, but did not match the values of none of the 

sugars. 
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CHAPTER 5 - Impact of varying NH4
+:NO3

– ratios in supplied N on C-isotope 

respiratory fractionation in Spinacia oleracea L. 

 

5.1 Introduction 

In previous experiment described in Chapter 4, we investigated the changes in the δ13C of respired 

CO2 and of the main metabolic pools involved in respiration in both leaves and roots of French 

bean plants fed with various NO3
–:NH4

+ ratios. We observed that leaf-respired CO2 was highly 13C 

enriched under NO3
– nutrition and became progressively 13C depleted with increasing amount of 

NH4
+ in supplied N, while C-isotope composition of root-respired CO2 remained unchanged across 

N-type gradient. In both organs, respired CO2 remained 13C enriched compared with plant organic 

material and all metabolites analysed across N-type nutrition gradient. The linear relationship 

between C-isotope composition of leaf-respired CO2 and that of WSOM partially reflected a higher 

flux through the anaplerotic pathway (which fixes 13C enriched carbon) of NO3
–-fed compared to 

NH4
+-fed plants in leaves, but not in roots. More malate in leaves of NO3

–-fed compared with leaves 

of NH4
+-fed plants was observed, but with no significant carbon isotopic differences among N-type 

nutrition. Furthermore, intrestingly, unexpected organic acid 13C-isotopic gaps (malate/citrate) 

which involes two weakly connected branches operating in opposite directions in non-cyclic TCA 

were observed in leaves. The plasticity of TCA flux in the light is indeed expected to affect the 

concentration and δ13C values of organic acids, which are key C sources of leaf dark-respired CO2. 

To our knowledge, no literature is available on how the N type can affect isotopic signature of 

putative respiratory substrates (mainly carbohydrates and organic acids) and that of respired CO2. 

Further works are necessary to explore the potential role of organic acid metabolism on 13C-isotopic 

fractionation in other species. 

According to our preliminary experiment described in Chapter 3, we selected bean and 

spinach for in-depth studies. In the present chapter, the response of plants to ammonium and nitrate 

nutrition and the subsequent impact on C-isotope composition of leaf- and root-respired CO2 and 

putative respiratory substrates was investigated in spinach, which is a more ammonium-sensitive 

plant species than bean (Britto and Kronzucker, 2002; Lasa et al., 2002a, b; Esteban et al., 2016). 

Plants were grown under varying ratios of NH4
+:NO3

– in supplied N (the same used for bean 

culture), to examine in which extent the isotopic signature of putative respiratory substrates and 
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respired CO2 is affected by N-type nutrition in this plant species, and in which extent the anaplerotic 

C-(re)fixation pathway (via PEPc) is affected by N-type in roots versus leaves. This would allow 

a better understanding of the metabolic origin of the divergence in isotopic signature between 

heterotrophic and autotrophic organs. 

 

5.2 Material and Methods 

Plant material studied in this experiment was Spinacia oleracea L. Most of the methods and 

experimental protocols in this experiment are the same as those used for bean (see details in Chapter 

2 and in bean manuscript Chapter 4). 

To be recalled that, the differences between spinach and bean experimental conditions were: 

(i) light intensity was slightly higher for spinach with only artificial light source with 200-210 μmol 

photons m–2 s–1 at plant height (while for bean there was also natural light in the culture room); (ii) 

the photoperiod was longer (16 h per day) than for bean (10 h per day); (iii) because of a lower 

growth rate, the culture period was longer for spinach (36 d) than for bean (28 d) as well as the N-

treatment duration (29 d and 21 d, respectvely), (iv) 1 ppm nitrification inhibitor (2-Chloro-6-

trichloromethylpyridine) was added to the nutrient solutions in spinach but not in bean culture; (v) 

two PPFD levels were used for gas exchange measurements (200 and 400 μmol m–2 s–1) for spinach 

(only 400 μmol m–2 s–1 for bean). 

 

5.3. Results and Discussion 

5.3.1 Effect of N-type supply on plant growth 

As in the experiment on bean, chlorosis was not observed on spinach leaves during the whole 

culture period. Similar to the results from the preliminary experiment (Chapter 3), there were no 

significant differences (p < 0.05) along the N-type gradient in total plant biomass neither in biomass 

of individual organs (Fig. 5.1). Intrestingly, the lowest biomass values for all the organs were 

observed in 75% NH4
+ treatment but not in 100% NH4

+. The root/shoot biomass ratio was stable 

with mean values around 0.4 along N-type gradient and decreased only, but not significantly, at 

100% NH4
+ reaching values below 0.3 (Fig. 5.2). This ratio was lower in bean (≤ 0.3) but did not 

significantly change across N-type nutrition gradient.  
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Chlorosis of leaves, overall suppression of growth and root/shoot ratio decrease are the 

general visual symptoms of NH4
+ toxicity (Britto and Kronzucker, 2002; Bittsanszky et al., 2015; 

Esteban et al., 2016). However, in the present work, there was no significant decrease in biomss or 

in root/shoot ratio with increasing NH4
+ fraction in supplied N. As we discussed in Chapters 3 and 

4, the tolerance for NH4
+ varies with multiple experimental conditions such as NH4

+ concentrations, 

pH, concentration of other supplied nutrients (calcium, phosphorus, potassium, etc.), light intensity, 

Figure 5.1 Biomass of different organs 

(leaves, stem and roots) of spinach 

plants cultured under different % of 

NH4
+ and NO3

– as N source in nutrient 

solutions. On the X-axis, 0 and 100 

correspond to 0% NH4
+ (i.e. 100% 

NO3
–) and 100% NH4

+ (i.e. 0% NO3
–) 

as % of supplied N in the nutrient 

solutions, respectively. Values are 

means ± SE (n = 5). Different letters on 

the top of the bar charts indicate 

significant differences (p = 0.05). 

Figure 5.2 Root to shoot biomass ratio of 

spinach plants cultured under different % 

of NH4
+ and NO3

– as N source in nutrient 

solutions used for watering the pots. On 

the X-axis (and in the legend box), 0% 

and 100% correspond to 0% NH4+ (i.e. 

100% NO3
–, white squares) and 100% 

NH4+ (i.e. 0% NO3
–, black squares) as % 

of total N in the nutrient solutions, 

respectively. The other N-treatments are 

shown by circles, as a gradient of 

increasing NH4
+ in the solutions, from 

low NH4
+ (white) to medium NH4

+) 

(grey) and high NH4
+ (black). Values are 

means ± SE (n=5).  
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temperature, etc. (Gerendás et al., 1997; Britto and Kronzucker, 2002). In our study, the alleviation 

of NH4
+ toxicity effect should be due to low light intensity (Gerendás et al., 1997; Zhu et al., 2000; 

Britto and Kronzucker, 2002; Guo et al., 2007; Bittsanszky et al., 2015; Esteban et al., 2016) during 

plant culture (140-160 and 200-210 μmol photons m–2 s–1 in bean and spinach, respectively). The 

high variability in plant biomass and root/shoot ratio among species and experiments reported in 

the literature are also visible when comparying our data of the pre-experiment and the main 

experiments (see Appendix 1 and 2 , respectively). 
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C and N contents were higher in leaves compared to roots, but C/N ratio was different (Fig. 

5.3). Spinach fed with 0% NH4
+ had the lowest C and N contents but the highest C/N ratio in leaves. 

In roots, nitrogen content of 0% NH4
+ was significantly (p < 0.05) lower than that of 100% NH4

+, 

while there was no significant difference in C/N ratio between 0% and 100% NH4
+ treatments. 

Figure 5.3 Percentages of carbon (A) 

and nitrogen (B) and the ratio C/N (C) 

in bulk OM of leaves (black symbols) 

and roots (white symbols) of spinach 

plants grown with nutrient solutions 

containing different ratios of NH4
+ and 

NO3
– as N source. On the X-axis, 0 and 

100 correspond to 0% NH4
+ (i.e. 100% 

NO3
–) and 100% NH4

+ (i.e. 0% NO3
–) 

as % of total N in the nutrient solutions, 

respectively. Values are shown as 

means ± SE (n=3). Significant 

differences (p < 0.05) are shown by 

different letters (lowercase letters for 

leaves, uppercase letters for roots). 
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5.3.2 Effect of N-type supply on respiration and leaf gas exchange parameters 

Root respiration rate was about 3 times higher than leaf respiration (Fig. 5.4). No significant 

changes in respiration rate along the N-type gradient was observed in roots, but respiration rate of 

leaves in 0% NH4
+ (100% NO3

–) was significantly smaller than in 100% NH4
+ (Fig. 5.4). High 

respiratory rates were commonly, but not always, observed with NH4
+ nutrition compared with 

NO3
– nutrition in many plants (see the review of Britto and Kronzucker, 2002; Hachiya and 

Sakakibara, 2016). The plausible explanation was thought to be the energy-demanding active efflux 

of cytosolic NH4
+ during membrane trasportation of NH4

+ from the cytosol to the external medium 

(detoxification stragety). 
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Figure 5.4 Respiration rates of leaves (black circles) and roots (white circles) of spinach plants grown with 

nutrient solutions containing different ratios of NH4
+ and NO3

– as N source. On the X-axis, 0 and 100 

correspond to 0% NH4
+ (i.e. 100% NO3

–) and 100% NH4
+ (i.e. 0% NO3

–) as % of total N in the nutrient 

solutions, respectively. The respiration rates were measured during CO2 collection on samples in the 

darkened flasks before respired CO2 isotopic analyses. Values are shown as means ± SE (n=5). Significant 

differences (p < 0.05) are shown by different lowercase letters for leaves. There is no significant difference 

for root data. 
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Figure 5.5 Changes in leaf net CO2 assimilation rate, An (A, D), stomatal conductance for CO2 diffusion, gs 

(C, E), and the ratio of intercellular to ambient CO2 concentrations, Ci/Ca (C, F) of spinach plants cultured 

under different proportions of NH4
+ versus NO3

– as N sources in nutrient solutions used for watering the 

pots. On the X-axis (and in the legend box), 0% and 100% correspond to 0% NH4+ (i.e. 100% NO3
–, white 

squares) and 100% NH4+ (i.e. 0% NO3
–, black squares) as % of total N in the nutrient solutions, respectively. 

The other N-treatments are shown by circles, as a gradient of increasing NH4
+ in the solutions, from low 

NH4
+ (white) to medium NH4

+) (grey) and high NH4
+ (black). The measurements were conducted under 

PPFD of 200 (left side panels) and 400 µmol m-2 s-1 (right side panels). Values are means ± SE (n=3). Only 

significant differences (p < 0.05) are shown by lowercase letters. 

 

Different to bean, we used two levels of PPFD for gas exchange measurements in spianch, 

the low level (200 μmol photons m–2 s–1) aimed to mimic the light intensity during spinach growth, 

and the higher level (400 μmol photons m–2 s–1) was set to be similar to that used for gas exchange 

experiment on bean plants. Leaf net CO2 assimilation (An) values measured at low PPFD were 
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lower (varying between 9 and 10.5 µmol m–2 s–1) than at high PPFD (varying between 14 and 17 

µmol m–2 s–1) but with no significant changes across N-type gradient (Fig. 5.5A, D ). The ranges 

of stomatal conductance (gs) were simillar between the two PPFD levels (Fig. 5.5B, E), 100% NH4
+ 

treatment exhibiting the smallest values among all N-treatments, with significant (p < 0.05) 

decrease compared to 75% NH4
+ treatment, but only at high PPFD. Ci/Ca values at 400 PPFD were 

lower than those at 200 PPFD (Fig. 5.5C, F), 100% NH4
+ treatment showing a significant (p < 0.05) 

decrease as compared with 75% NH4
+ and 0% NH4

+ (100% NO3
–) treatments but only at 200 PPFD. 

In the case of bean, the N-type gradient had no significant impact on gs and Ci/Ca (see Fig. 1 in 

Chapter 4). 
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In addition, the carboxylation efficiency (An/Ci) remained stable in both PPFD levels 

(around 0.03 and 0.05 mol m–2 s–1, respectively) along N-type gradient, with no significant changes 

(Fig. 5.6). 

 

Figure 5.6 Changes in the carboxylation 

efficiency, calculated as the ratio of net CO2 

assimilation (An) to the intercellular CO2 

concentration (Ci) of plants cultured under 

different proportions of NH4
+ versus NO3

– as 

N sources in nutrient solutions. On the X-axis 

(and in the legend box), 0% and 100% 

correspond to 0% NH4+ (i.e. 100% NO3
–, 

white squares) and 100% NH4+ (i.e. 0% 

NO3
–, black squares) as % of total N in the 

nutrient solutions, respectively. The other N-

treatments are shown by circles, as a gradient 

of increasing NH4
+ in the solutions, from low 

NH4
+ (white) to medium NH4

+) (grey) and 

high NH4
+ (black). The measurements were 

conducted under PPFD of 200 (upside 

panels) and 400 µmol m-2 s-1 (bottom side 

panels). Means values ± SE (n=3) are 

presented.  
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Similar to bean, the stable values of An and An/Ci observed across the N-type gradient in 

spinach are in agreement with biomass data. In Chapter 4, we discussed in detail the contrasting 

responses to N-type of different species under different culture conditions found in the literature. 

Our results of An and gs in spinach are consistent with those in wheat (Cramer and Lewis, 1993b; 

Figure 5.7 Measured values (black 

symbols) and estimated values 

according to Farquhar model (grey 

and white symbols at PPFD=200 and 

400, respectively) of leaf-13CWSOM 

(A), leaf-13Csug (B), leaf-13CSuc (C), 

leaf-13CGlc (D), and leaf-13CFru (E), 

as a function of N-treatment in bean 

plants. On the X-axis, 0 and 100 

correspond to 0% NH4
+ (i.e. 100% 

NO3
–) and 100% NH4

+ (i.e. 0% NO3
–) 

in nutrient solutions, respectively. 

Estimated values of 13C are 

calculated using simple model of 

Farquhar et al. (1982) using the Ci/Ca 

values, and taking a=4.4‰ and 

b=27‰. Means ±SE are presented 

(n=3). 13C value of the ambient CO2 

in the culture room (–12.33‰) was 

estimated using the leaf-13COM of 

maize plants grown in the same room 

together with spinach plants, and 

assuming a photosynthetic 

discrimination by maize leaves of 4‰ 

against 13C.  
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Lopes and Araus, 2006), strawberry and raspberry (Claussen and Lenz, 1999), and spinach (Xing 

et al., 2015), but different from those in blueberry (Claussen and Lenz, 1999), bean (Guo et al., 

2002) and even from those of bean in our previous experiment (Chapter 4). Different from bean, 

An was more stable in spinach, while gs decreased at higher NH4
+ nutrition and under both PPFD 

levels (in 100% NH4
+ at PPFD=200, and in 100% and 90% NH4

+ at PPFD=400). In spinach, the 

negative impacts of NH4
+ on photosynthesis were low at low PPFD compared with high PPFD. 

These results support our conclusion that low light can alleviate NH4
+ toxicity, and also corroborate 

our hypothesis that a small amount of NO3
– could be enough to maintain the phosphate balance for 

photosynthetic activity.  

As for bean, only slight changes in gas exchange and fluorescence parameters in response 

to varying NH4
+ to NO3

– ratios were observed (see Appendix 3 and 4 for fluorescence and Dualex 

data of both species). Ci/Ca decreased under both PPFD levels, exhibiting more sensitive response 

to NH4
+ in spinach (Fig. 5.5C, F) than in bean, in agreement with the results of Lopes and Araus 

(2006) and Cramer and Lewis (1993b) in wheat. By using Ci/Ca values in Farquhar’s simple model, 

we estimated the δ13C values of photoassimilates which mainly affected by photosynthetic 

fractionation. The δ13C value of the air CO2 in spinach culture room was estimated using the leaf-

δ13COM of maize plants grown in the same culture room together with spinach and assuming a 

photosynthetic discrimination of 4‰ against 13C for maize leaves (see Fig. 5.7). Whatever the 

PPFD level used for gas exchange measurements, and similar to bean, the estimated δ13C values of 

photosynthetic products were higher compared to those measured on individual sugars and even 

compared with δ13CWSOM, except for sucrose at lower NH4
+ conditions. Only if a lower 

discrimination value for maize leaves is assumed (about 2‰, rather than 4‰) that the estimated 

δ13C values of photosynthetic products will match the measured values on sugars, mainly at low 

PPFD (not shown). In bean, all sugars were more 13C depleted than the estimated values even with 

assuming a lower photosynthetic discrimination for maize leaves (see Fig. S9 in Chapter 4). 

 

5.3.3 Effect of N-type supply on C-isotope composition of OM, WSOM and respired CO2 

Similar to bean, leaf-δ13CR was 13C enriched compared to root-δ13CR, and negatively correlated 

with NH4
+% in supplied N in spinach plants (Fig. 5.8C). In leaves, δ13CR became more and more 

13C depleted with increasing NH4
+% in nutrient solution, from –23.2‰ at 0% NH4

+ to –27.7‰ at 

100% NH4
+ (3‰ 13C depleted compared with bean, because of the more 13C depleted air CO2 in 
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spinach culture room compared with bean culture room). The results verified our initial hypothesis 

once again, namely that a higher amount of more 13C enriched carbon pools are introduced via 

anaplerotic pathway during NO3
– assimilation in leaves of NO3

–-fed compared to NH4
+-fed spinach 

plants and then used as respiratory substrates. Root-δ13CR showed the same pattern as in bean, 

remaining unchanged between –28 and –30‰ (1-2‰ more depleted than in bean roots) along the 

N-type gradient (Fig. 5.8C).  
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Again, as in bean, root-respired CO2 was 13C enriched compared with root OM (by about 

7‰), WOSM and all potential respiratory substrats analysed in spianch. As we discussed in 

Chapter 4, although some similar results have been reported in wheat (Aranjuelo et al., 2009; 

Figure 5.8 δ13C of organic matter 

(δ13COM; A), water soluble fraction 

(δ13CWSOM; B), and respired CO2 (δ13CR; 

C) of leaves (black symbols) and roots 

(white symbols) of spinach plants 

grown with nutrient solutions 

containing different % of NH4
+ and 

NO3
– as N source. On the X-axis, 0 and 

100 correspond to 0% NH4
+ (i.e. 100% 

NO3
–) and 100% NH4

+ (i.e. 0% NO3
–) 

as % of total N in the nutrient solutions, 

respectively. Values are means ± SE 

(n=5 for respired CO2 and n=3 for OM 

and WSOM). Only significant 

differences (p < 0.05) for leaves are 

shown by different lowercase letters 

(there is no significant difference for 

root data). Note that the respired CO2 

being 13C enriched compared to both 

OM and WSOM, the scale used for 

respired CO2 is different from that for 

WSOM and OM.  
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Aranjuelo et al., 2013), for the moment, the mechanisms responsible for this 13C enrichment in 

root-respired CO2 are not elucidated yet.  

Similar to bean, OM of spinach was 13C depleted in leaves compared to roots (by about 0.5 

to 1‰) in most of the N-type nutrition except in 0% NH4
+, where similar values were observed in 

leaves and roots (Fig. 5.8A). δ13CWSOM exhibited similar trend as δ13COM; WSOM being 13C 

depleted in leaves compared with roots, while at 0% NH4
+ and 100% NH4

+, δ13C values of leaves 

and roots were similar (Fig. 5.8B). Furthermore, there was no significant differences in 13COM of 

leaves or roots along N-type gradient, but δ13CWSOM of leaves at 100% NH4
+ was significantly more 

13C enriched compared to 50% NH4
+ treatment (Fig. 5.8B). Neither δ13COM nor 13CWSOM showed 

significant changes along N-type gradient in roots (Fig. 5.8A). 
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The relatively negative δ13C values of OM, WSOM and respired CO2 are presumably a result 

of growth in a 13C depleted CO2 environment (–12.33‰, calculated based on leaf-δ13COM of maize 

plants grown together with spinach). However, the δ13C of source CO2 was the same for all plants 

grown with different N sources, so the discussion can still be carried out to determine the effect of 

N-type gradient on C-isotope composition of OM, WSOM, respired CO2 and putative substracts 

which will be discussed below. 

As discussed in Chapter 4, differences in δ13C values of OM under NH4
+ or NO3

– nutrition 

were generally observed (Yin and Raven, 1998; Guo et al., 2002; Lasa et al., 2002b; Lopes and 

Figure 5.9 Variation in δ13C difference 

between WSOM and OM (δ13CWSOM-OM) in 

leaves (black circles) and roots (white 

circles) of spinach plants cultured under 

different % of NH4
+ and NO3

– as N source in 

nutrient solution used for watering the pots. 

On the X-axis, 0 and 100 correspond to 0% 

NH4
+ (i.e. 100% NO3

–) and 100% NH4
+ (i.e. 

0% NO3
–) in nutrient solution, respectively. 

Each data point corresponds to means ± SE 

(n=3). The dotted line corresponds to 

(δ13CWSOM = δ13COM). Only significant 

differences (p < 0.05) for leaves are shown 

by different lowercase letters (no significant 

difference for root data). 
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Araus, 2006), and stomatal conductance, Ci/Ca, ontogeny, and genetic materials were considered 

to determine the temporal value of δ13COM in plants.  

In roots, the isotopic differences between OM and WSOM (δ13C(WSOM-OM)) were stable across 

all N-treatments as in bean, but the values were above zero in spinach (between 0.3‰ and 0.6‰, 

Fig. 5.9) while they were around zero in bean. For leaves, the trend in spinach was quite different 

from that in bean, with changes in opposite direction compared with bean. Contrary to bean, the 

δ13C(WSOM-OM) values revealed 2 groups in spianch leaves (Fig. 5.9): at lower NH4
+ supply (≤ 50% 

NH4
+), δ13C(WSOM-OM) values were lower than in roots, but at higher NH4

+ supply (> 50% NH4
+), 

they were higher. The highest isotopic differences were observed at 90% NH4+ and 100% NH4
+ 

treatments (up to 1.2‰ and 1.0‰, respectively) and significantly (p < 0.05) higher than at 25% 

and 50% NH4
+ treatments. Therefore, contrarily to bean leaves for which a strong significant 

relationship was found between δ13CR and δ13C(WSOM-OM) (Fig. 3, Chapter 4), suggesting the use of 

mixed substrates for respiration, no such a relationship was observed in spinach leaves. In spinach 

roots, both δ13CR and δ13C(WSOM-OM) remained unchanged across N-type gradient. 

 

5.3.4 Effect of N-type supply on PEPc activities 

Leaf tissues had much higher PEPc activity compared with roots (more than 4 times), but no 

significant changes along NH4
+ gradient were observed in none of the organs (Fig. 5.10). PEPc 

activity was only slightly (1.02- and 1.58-fold) higher in NO3
–-fed plants compared to plants fed 

with 100% NH4
+, in leaves and in roots, respectively, but this was not significant. 
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Figure 5.10 Changes PEPc activity in 

leaf (black symbols) and root (white 

symbols) of spinach plants cultured 

under different % of NH4
+ and NO3

– as 

N source in nutrient solution used for 

watering the pots. On the X-axis, 0 and 

100 correspond to 0% NH4
+ (i.e. 100% 

NO3
–) and 100% NH4

+ (i.e. 0% NO3
–) 

as % of total N in the nutrient solutions, 

respectively. Values are shown as 

means ± SE (n=3).  
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It has been found that PEPc activity can be induced by NH4
+ in both leaves and roots 

(Lepiniec et al., 2003). Since the shoot is considered to be more sensitive to ammonium than the 

root, spinach, which is highly sensitive to ammonium nutrition, assimilates NH4
+ preferentially in 

the shoots (Lasa et al., 2002b), so that the large differences of PEPc activities between leaves and 

roots were observed. Our data are in agreement with the previous studies on ammonium sensitive 

species, such as spinach (Lasa et al., 2002b) and wheat (Arnozis et al., 1988). Lasa et al. (2002b) 

even observed a higher PEPc activity in spinach leaves grown under NH4
+ compared with those 

grown under NO3
– nutrition. 

However, the responses of PEPc activity along NH4
+ gradient in both organs were not as 

expected by our initial hypothesis, especially in roots. In fact, Lasa et al. (2002b) found 10-fold 

higher PK (pyruvate kinase) activity in spinach roots under NH4
+ nutrition compared to legumes, 

and they believed that the carbon skeletons required for ammonium assimilation in spinach was 

mainly provided via PK instead of PEPc in roots. But their hypothesis is controversial, because the 

pyruvate produced via PK can sustainably feed the TCA only if TCA is functioning in the closed 

mode, without extraction of substrates as 2-oxoglutarate. 

In summary, a larger decrease in Ci/Ca and a higher PEPc activity observed in leaves under 

high NH4
+ nutrition indicated more NH4

+ sensitivity of spinach compared to bean. PEPc activity 

was stimulated by ammonium in both leaves and roots in spinach, and their stable values can 

explain the stable δ13C values of OM and WSOM in both organs. But unfortunately, it could not 

be responsible for the observed shift of δ13CR along NH4
+ gradient in leaves. The possible reason 

maybe that PK plays a major role for providing carbon skeletons to TCA via pyruvate instead of 

PEPc, thus the 13C enrichment driven by PEPc in spinach roots could not be observed. 

 

5.3.5 Effect of N-type supply on soluble sugar contents and δ13C 

The amounts of glucose, fructose and total sugars were higher in roots than in leaves (Fig. 5.11F-

H), as was the case in bean. Sucrose was not detected in spinach roots. In addition, under 75% 

NH4
+ treatment, fructose content was significantly (p < 0.05) higher than under 25% NH4

+, but no 

significant change was observed in none of the organs (Fig. 5.11E-H). 

In their review, Britto and Kronzucker (2002) showed that sugar and starch contents of plants 

generally decrease in NH4
+ compared with NO3

– nutrition condition. However, Xu et al. (1994) 

observed the accumulation of starch, fructose and glucose, but no change in sucrose content of 



 

 

138 

 

soybean leaves supplied with nitrate compared to those fed with ammonium. They concluded that 

these changes were mainly caused by the decrease in net photosynthesis rate (per leaf area) by 

inhibition of Rubisco activity under NO3
– nutrition. In spinach, our results were closer to what we 

observed in bean (see Chapter 4), but the increased amounts of sugars under NH4
+ nutrition were 

not significant in spinach. As the samples for sugar extraction were collected after measurements 

of dark respiration, we hypothesize that a too low sucrose content in roots (below detection limit) 

can be the result of depletion of the sucrose which had been stored during photosynthesis, while 

the starch-degraded sucrose has not reached the roots yet. 

Glucose and fructose were more 13C enriched in roots compared to leaves (by about 1.4‰ 

and 1.8‰, respectively) (Fig. 5.11A-C). The isotopic difference in δ13CSuc values between organs 

was low (Fig. 5.11D). In leaves, sucrose was more 13C enriched than glucose and fructose, as it 

was the case in bean. Sucrose and total sugars were more 13C enriched at lower NH4
+ supply, and 

at 25% NH4
+ they were significantly (p < 0.05) 13C enriched compared with 75% NH4

+ treatment. 

While the δ13C values of glucose and fructose were stable, as in bean. In roots, similar to bean, the 

δ13C values of glucose, fructose and total sugars showed no significant differences across N-

treatments (Fig. 5.11A-D), but the between-organ isotopic differences for total sugars in spinach 

were very small. Howerver, highly 13C depleted values of glucose in bean were not observed in 

spinach. 

These results confirmed our hypotheses postulated in Chapter 4, that after 30 min in the 

dark, the leaf sucrose putatively started to be a mix of both day-time storage and that exported from 

starch degradation, especially at lower NH4
+ supply (0%, 25% and 50% NH4

+), which exhibited 

more 13C enriched values. Glucose and fructose may still mainly reflect day-time photosynthetic 

storage in the vacuole. 

 

5.3.6 Effect of N-type supply on organic acid contents and δ13C 

The organic acids, malate and citrate, were 13C enriched in leaves compared to roots (Fig. 5.11I, J), 

δ13CMal being 2 to 5‰ higher than δ13CCit. In leaves, the most 13C enriched values (but not 

significantly) of both malate and citrate were observed at 75% NH4
+ treatment (–28.36‰ and –

33.19‰, respectively). In roots, citrate showed signifcant 13C enrichment at 90% NH4
+ compared 

to the low NH4
+ supply (0%, 25%, 50% and 75%). 
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In leaves, the malate content was much lower (varying between ca. 0.4 and 3 mg g DW–1) 

compared with citrate (varying between ca. 2 and 15 mg g DW–1) and about 10-fold lower 

compared with malate in bean leaves (Fig. 5.11K, L). Citrate content was also lower in spinach 

than in bean (about 2-fold lower). Contrarily to bean, malate content did not change with N-type 

gradient in none of the organs in spinach, but citrate content decreased across the N-type gradient 

and the lowest values were observed at 75% NH4
+ in both organs (significantly (p < 0.05) in leaves, 

but not significantly in roots), and increased again at higher NH4
+ (Fig. 5.11K, L). In bean both 

malate and citrate contents were very high at NO3
– and decreased progressively and significantly 

with increasing NH4
+ (Fig. 4 in Chapter 4). 

As discussed in Chapter 4, organic acids play a variety of physiological roles in plants, 

including their role as respiratory substrates, provision of carbon skeletons for ammonium ion 

assimilation and a role in the maintenance of charge balance. Malate and citrate were considered 

to be more 13C enriched compared with soluble sugars (especially in leaves), because they are 

mainly derived from anaplerotic pathway via PEPc for providing carbon skeleton for biosynthesis 

(e.g. for N assimilation in this case). In spinach, large isotopic difference between malate and 

soluble sugars (5.5 to 10.3‰) in leaves should mainly be due to a high PEPc activity (Fig. 5.9). 

Although the PEPc activity in spinach roots was lower than in leaves, the isotopic difference 

between malate and soluble sugars (ca. 2.5‰) was higher in spinach than in bean roots (ca. 1‰). 

Citrate was less enriched than malate, but followed the same trend. These verify again the 

correlation between PEPc activity and δ13CMal and δ13CCit, however, not consistent with its 

correlation with malate and citrate accumulation. 
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Figure 5.11 δ13C of sucrose (δ13CSuc; A), glucose (δ13CGlc; B), fructose (δ13CFru; C), soluble sugars, i.e. 

sucrose, glucose and fructose (δ13CSug; D), malic acid (δ13CMal; I), citric acid (δ13CCit; J), and their amounts 

(E, F, G, H, K, L), in leaves (black symbols) and roots (white symbols) of spinach plants grown with 

nutrient solutions containing different % of NH4
+ and NO3

– as N source. On the X-axis, 0 and 100 correspond 

to 0% NH4
+ (i.e. 100% NO3

–) and 100% NH4
+ (i.e. 0% NO3

–) as % of total N in the nutrient solutions, 

respectively. Values are shown as means ± SE (n=3). Significant differences (p < 0.05) are shown by 

different letters (lowercase letters for leaves, uppercase letters for roots). Note that the scale for total sugar 

content is different. In roots, the sucrose amount was too low to be detected. 
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Malate concentration was quite low in both leaves and roots of spinach plants across N-type 

gradient (Fig. 5.11K). Generally, organic acids accumulate in cells of many plant species under 

nitrate nutrition for counterbalancing excess inorganic cations, and organic acid content is 

positively correlated with excess NO3
– supply (see reviews by Gerendás et al., 1997; Britto and 

Kronzucker, 2002; Bittsanszky et al., 2015 and Esteban et al., 2016), which is different from our 

results. However, we have measured only malate and citrate contents and not all the organic acids. 

It is known that, spinach accumulates large amount of oxalate in plant tissues (Chang and Beevers, 

1968; Elia et al., 1998; Kumar et al., 2019), and the accumulation of oxalate with higher NO3
– 

supply were observed in both field and hydroponic culture in laboratory experiments (Elia et al., 

1998; Liu et al., 2015), oxalate increasing with higher NO3
– supply. During our analysis of organic 

acids, very high signals of oxalate were also observed. However, since its concentration was too 

high (beyond the detection limit of our analysis standards), which seriously affected the calculation 

of concentrations and isotope values for other organic acids, we had to skip the peak of oxalate 

during measurements thus no data concerning oxalate can be shown here. Therefore, we 

hypothesize that ultra-high content of oxalate had fulfilled the function of ion counterbalance in 

response to NO3
– addition in nutrient solution, thus malate and citrate contents were lower than in 

bean (consistent with data shown by Lasa et al. (2002a). 

Furthermore, malate is considered to be the main contributor to the highly 13C enriched 

respired CO2 under light-enhanced dark-respiration (LEDR), but its contribution to dark respired-

CO2 is still largely unclear. By using multiple linear regression analysis, Lehmann et al. (2015) 

found that δ13CR values changed with δ13C values of malate and concluded that malate was the 

main respiratory substrate which played a key role in determining δ13CR of darkened leaves in 

potato plants. However, it is not in line with our present results. According to the discussion in 

Chapter 4, TCA functions in different modes in illuminated leaves (Tcherkez et al., 2009; 

Sweetlove et al., 2010; Tcherkez et al., 2012; Abadie et al., 2017). This plasticity of TCA gives 

various possibilities to changes in the δ13C values of stored organic acids involved in TCA cycle, 

which are supposed to be substrates for dark respiration. Hanning and Heldt (1993) analysed the 

products of malate oxidation under steady-state photosynthesis in illuminated spinach leaves, and 

concluded that the mitochondrial oxidation of malate produced mainly citrate, which was used for 

nitrogen assimilation via GS/GOGAT. In the present work, spinach roots performed similar trend 

as bean roots: no isotopic-gap was observed between malate and citrate, but in spinach leaves, 
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different to bean, malate was more 13C enriched than citrate (by about 3‰). That is, in spinach, 

leaves exhibited larger 13C fractionation between malate and citrate than roots (Fig. 5.12). 

Fractionation in leaves was positive (between +2.2‰ and +4.8‰), while for roots, the δ13C 

difference was low and close to zero (between –0.7‰ and +1.4‰). These results were in agreement 

with those of Hanning and Heldt (1993). Malate (4-carbon molecule), especially the C-4 

originating from OAA via PEPc, was converted mainly to citrate (6-carbon molecule). Therefore, 

δ13CCit followed the same trend as δ13CMal along the N-type gradient, accompanied with a 

reasonable and stable isotopic gap between the two organic acids. Furthermore, in recent studies, 

it was found that fumarate can be accumulated throught malate (Arias et al., 2013), so very low 

content of malate may also be due to fueling fumarate pool as well (not measured in the present 

work). 
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Additionally, although OAA (precursor for malate) is also considered to be one of the 

presursors for oxalate, no further related studies were published on this pathway in spinach since 

the early findings of Chang and Beevers (1968). For the moment, most scientists believe that 

glyoxylate/glycolate and L-ascorbic acid are the main precursors for oxalate synthesis (Kumar et 

al., 2019). Hence, we infered that the low content of malate was not caused by the consumption of 

OAA due to large amounts oxalate synthesis. 

 

Figure 5.12 13C-difference between 

malate (δ13CMal) and citrate (δ13CCit) 

in leaves (black symbols) and roots 

(white symbols) of spinach plants 

grown with nutrient solutions 

containing different % of NH4
+ and 

NO3
– as N source. On the X-axis, 0 

and 100 correspond to 0% NH4
+ (i.e. 

100% NO3
–) and 100% NH4

+ (i.e. 0% 

NO3
–) as % of total N in the nutrient 

solutions, respectively. Values are 

shown as means ± SE (n=3). 
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5.3.7 Changes in δ13C of respired CO2 with changes in δ13C of respiratory substrates across 

N-type gradient 

The C-isotope differences between individual compounds and bulk OM (as apparent 13C 

fractionation in metabolites), as well as between respired CO2 and bulk OM (as apparent respiratory 

fractionation) along the N-type gradient are compiled in Fig. 5.13 for leaves and roots. Both leaf- 

and root-respired CO2 were 13C enriched compared to OM, WSOM and all individual metabolites 

in corresponding organs. For most of the metabolites this enrichment was much higher in leaves 

than in roots, but the isotopic differences between respired CO2 and malate were very close in 

leaves and roots. In leaves (Fig. 5.13A), glucose and fructose were 13C depleted compared to OM, 

but sucrose, WSOM and organic acids (malate and citrate) were 13C enriched compared to leaf bulk 

OM. In roots (Fig. 5.13B), except fructose, all the other metabolites (and WSOM) were 13C 

enriched compared to root bulk OM (or were very close to OM). 

Sucrose was the most 13C enriched sugar in leaves, the mean values of 13C difference 

between sucrose and leaf OM ranged between +0.7‰ and +4.7‰. Fructose was the most 13C 

depleted compound analysed, with more negative values in leaves compared to roots, with the 13C 

difference ranging between –0.75‰ and –1.67‰ in leaves, and between –0.13‰ and +0.32‰ in 

roots along N-type gradient. The 13C differences between organic acids and bulk OM were always 

highly positive in both leaves and roots along the N-type gradient. 

Similar to bean, no correlation was found between the δ13C values of respired CO2 and those 

of any individual compound analysed in none of the organs (data not shown). The R2 values were 

≤ 0.07, so even smaller than in bean. As listed in Chapter 4, our results are in contrast with those 

reported by Lehmann et al. (2015) and Ghiasi et al. (unpublished) who observed that malate was 

the main contributor for determining δ13C of respired CO2 in their experiments. In addition, The 

R2 values between leaf-δ13CR and Ci/Ca were near zero (0.07 and 0.06 for PPFD=200 or 400, 

respectively). 
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Figure 5.13 Changes in δ13C of respired CO2 (white circles), water soluble organic matter (WSOM, black 

circles), sucrose (black triangles), glucose (grey triangles), fructose (white triangles), malic acid (grey 

squares) and citric acid (white squares), in leaves (A) and roots (B) relative to the δ13C of respective organs 

(i.e. δ13C of metabolites – δ13C of OM) of spinach plants grown with nutrient solutions containing different % 

of NH4
+ and NO3

– as N source. The grey dashed lines correspond to the reference value (i.e. isotopic 

difference with OM = 0) On the X-axis, 0 and 100 correspond to 0% NH4
+ (i.e. 100% NO3

–) and 100% NH4
+ 

(i.e. 0% NO3
–) as % of total N in the nutrient solutions, respectively. Values are means ± SE (n=5 for respired 

CO2 and n=3 for metabolites).  

 

Similar to bean, the best correlation was found between changes in leaf-δ13CR and in leaf-

δ13C(WSOM-OM) across N-type gradient, but the R2 value was very low (R2 = 0.13). No correlation 

was observed between changes in leaf-δ13CR and in concentration of organic acids, even less so in 

carbohydrates. These results did not confirm the hypothesis we postulated in Chapter 4, that the 

changes in δ13C of leaf-respired CO2 across N-type gradient was caused by the changes in the mix 

of substrates used for respiration. This is probably due to the lack of data for all relevant metabolites, 

as the lack of correlation with single metabolite δ13C values also in this case points to a change in 

the substrate mixture use as cause of the change in δ13C of respired CO2. 
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5.3.8 Changes in δ13C of respired CO2 with changes in δ13C of respiratory substrates across 

N-type gradient 

 

 
Figure 5.14 Matrix of between-trait correlation coefficients. In general correlations with |r| > 0.8 are 

significant, i.e. the ones represented by dark coloured big circles. The matrix was ordered with hierarchical 

clustering. 
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PCA axis 1 and 2 explained 35.37 and 28.78 of the variation in the full set of measured traits. PCA1 

separated treatments with 100% NH4
+, 90% NH4

+ and 0% NH4
+ from the remaining treatments. 

PCA2 separated treatments with NH4
+ <= 50% from those with NH4

+ > 50%. Table S5.1 for every 

trait reports the PCA axis on which it loaded most. δ13C of leaf respired CO2 loaded strongly on 

PCA2 was significantly negatively correlated with the N-type nutrition gradient (see Table S5.1). 

In addition, δ13C of leaf respired CO2 had negative correlation with leaf fructose content, and 

positive correlation with the maximum PSII efficiency (Fig. 5.14). No other traits were 

significantly correlated with N-type gradient.  

 

5.4 Conclusions 

C-isotope composition of plant metabolites is a result of a combination of photosynthetic and post-

photosynthetic fractionations, and the C-isotope composition of respiratory CO2 results from the 

relative contribution of the substrates originating from these pathways. Different N source types 

(i.e. NO3
– versus NH4

+) impact both photosynthesis and respiratory processes during their uptake, 

assimilation and accumulation in plant tissues. In the present work, we examined the effect of N-

type gradient on isotopic signature of putative respiratory substrates and that of respired CO2 in 

roots versus leaves of spinach. 

We observed the same results as for bean, with no major changes in gas exchange parameters. 

Similarly to bean, leaf-respired CO2 was 13C enriched in spinach under NO3
– nutrition and became 

progressively 13C depleted with increasing amount of NH4
+ in supplied N, while C-isotope 

composition of glucose, fructose and organic acids (malate and citrate) in both leaves and root, and 

root-respired CO2 remained unchanged across N-type gradient. However, the changes in PEPc 

activity and C-isotope composition of sucrose were very different compared with those found in 

bean. 

PEPc activity in spinach was unexpectedly stable along N-type gradient in both leaves and 

roots. In roots, the impact of PEPc activity on root-δ13CR could be masked by the refixation of more 

13C depleted carbon, i.e. root respired CO2. However, leaf-respired CO2 was more and more 13C 

depleted with increasing amount of NH4
+, suggesting that PEPc activity was probably not the most 

important factor for determining final δ13CR in leaves. Raven and Farquhar (1990) estimated a δ13C 

change of only 0.11‰ in OM due to anaplerotic input in plants grown under NO3
– or NH4

+ as sole 
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N sources. They suggested that the isotopic differences in plant organic matter between NO3
– and 

NH4
+ nutrition were mostly affected by the factors impacting organic acid synthesis. Moreover, 

organic acids are considered as important respiratory substrates, which can strongly affect 13C 

values of respired CO2. 

However, we have not observed significant isotopic changes in organic acids along N-type 

gradient in none of the organs. In addition, due to the plasticity of TCA across species, we observed 

a completely different pattern of 13C-isotopic gap of the malate/citrate and their contents between 

spinach and bean, suggesting that anaplerotically fixed carbon fluxes through malate- and citrate-

valves varied depending on the species. But, those differeces did not affect the trend of leaf-δ13CR 

along N-type gradient. 

In general, the 13C enriched carbon fixed via PEPc is firstly incorparated into OAA then to 

malate in cytosol. Subsequently, the 13C enriched malate will undergo one of three fates: it can be 

remained in the cytosol, transported to the vacuole then accumulated there, or transported to the 

mitochondria. Only the 13C enriched malate transported to the mitochondria may have an effect on 

δ13CR. Plants accumulate more organic ions under NO3
–, enlarging consistently the pool sizes of 

malate and/or citrate in mitochondria under NO3
– compared with NH4

+ nutrition, leading to a higher 

13C enriched carbon flux to leaf-respired CO2. Therefore, the C-isotope composition of organic 

acids and correspongding amounts in different cellular compartments need to be investigated. 

In summary, cellular compartmental C-isotope composition of organic acids (particularly 

malate and citrate) may play a key role in determining δ13CR in spinach leaves along N-type 

gradient, but not PEPc activity. Additionally, C-isotope composition of root-respired CO2 remained 

unchanged across N-type gradient, probably because PEPc effect on 13C enrichment was blurred 

by 13C depleted carbon source (root respired CO2), as observed in bean.  
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Supplementary material for Chapter 5 

Table S5.1 Results of regression of traits on the fraction of NH4
+ in supplied nitrogen (% of supplied N). 

Regression type: if linearly correlated with NH4
+ (% of supplied N), – for negatively and + for positively 

correlated, log for regression on log transformed NH4
+ (% of supplied N), log inv for regression on log 

transformed NO3
– (i.e. 100 – NH4

+) % of supplied N. For regressions on abs (NH4
+ (% of supplied N)-

extremum) with extremum at 25 (50, 75) %, min 25 (50, 75) % for minimum and max 25 (50, 75) % for 

maximum. 

Trait Regression type R2 Significance Loading most on PCA axis 

δ13C of leaf respiration – 0.89 p < 0.006 PCA2 

δ13C of leaf OM min 75% 0.72 p < 0.034 PCA3 

δ13C of leaf WSOM min 50% 0.65 p < 0.052 PCA4 

δ13C of leaf citrate max 75% 0.75 p < 0.026 PCA5 

[leaf sucrose] min 50% 0.66 p < 0.050 PCA1 

[leaf glucose] min 25% 0.64 p < 0.057 PCA3 

[leaf fructose] min 25% 0.86 p < 0.008 PCA3 

[leaf citrate] min 75% 0.95 p < 0.001 PCA3 

[root citrate] min 50% 0.655 p < 0.052 PCA4 

δ18O of leaf respiration log inv 0.730 p < 0.030 PCA1 

δ13C of root malate max 75% 0.869 p < 0.007 PCA2 

 log 0.818 p < 0.014  

stomatal conductance log inv 0.661 p < 0.050 PCA2 

Ci log inv 0.793 p < 0.014 PCA2 

Chl log inv 0.681 p < 0.044 PCA5 

Flav max 50% 0.655 p < 0.051 PCA5 

NBI min 50% 0.701 p < 0.038 PCA5 

leaf N% log 0.787 p < 0.019 PCA2 

 max 75% 0.754 p < 0.025  

Fv/Fm log inv 0.916 p < 0.003 PCA6 

δ15N of leaf OM max 75% 0.750 p < 0.026 PCA5 

  log 0.675 p < 0.045  

δ15N of root OM max 75% 0.680 p < 0.044 PCA5 

 log 0.661 p < 0.050  

δ13C of root glucose min 75% 0.915 p < 0.003 PCA3 
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Not significantly correlated with NH4
+ (% of supplied N): δ13C of leaf citrate, Leaf respiration rate, 

leaf PEPc activity, leaf NR activity, δ13C of leaf sucrose, δ13C of leaf glucose, δ13C of leaf fructose, 

δ13C of leaf malate, [leaf malate], leaf C content, root respiration rate, root PEPc activity, root NR 

activity, δ13C of root respiration, δ13C of root OM, δ13C of root WSOM, δ13C of root sucrose, δ13C 

of root fructose, δ13C of root citrate, [root glucose], [root fructose], [root malate], δ18O of root 

respiration, root C%, root N%, leaf dry mass, root dry mass, stem dry mass, total plant dry mass, 

root/shoot ratio, Net photosynthesis, photosynthetic NUE, leaf transpiration rate, stomatal 

conductance, Ci/Ca, WUEintr, WUEinst, Carboxylation efficiency, F/Fm, ETR. 
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CHAPTER 6 - General Discussion, Conclusions and Perspectives 

6.1  General discussion and conclusions 

Carbon isotopic fractionations associated with plant respiration have received increasing attention 

because of their possible influences on efforts to elucidate factors associated with ecosystem carbon 

balances via carbon isotope analyses. Different N-source types (i.e. NO3
– versus NH4

+) impact both 

photosynthesis and respiratory processes, which are the most important key carbon isotope 

fractionation processes for determining the δ13C of respiratory substrates, thus affecting the C-

isotope composition of respiratory CO2. However, there is a lack of knowledge how inorganic N 

nutrition type changes affect C and N metabolism interactions and alter respiratory carbon isotopic 

fractionations. In this thesis, we investigated the changes in the δ13C of respired CO2 and of the 

main metabolic putative pools involved in respiration in both leaves and roots of C3 plants fed with 

various NH4
+:NO3

– ratios. The main objectives were to examine in which extent the isotopic 

signature of putative respiratory substrates and respired CO2 is affected by NH4
+:NO3

– ratio 

gradient in C3 plants, and in which extent the anaplerotic C-(re)fixation pathway (via PEPc) is 

affected by N-type gradient in roots versus leaves. 

A preliminary experiment (Chapter 3) was designed on 9 plant species for selecting one 

NH4
+-tolerant and one NH4

+-sensitive. Based on our results on plant growth and carbon isotope 

composition of organic matter, as well as former studies reported in the literature, bean and spinach 

were finally selected for the subsequent in-depth research. However, in the experiments on bean 

and spinach in this thesis (Chapters 4 & 5, respectively), the plants did not show any visual 

symptoms of NH4
+ toxicity or growth suppression, probably due to the low light intensity during 

culture period which alleviated toxic effect of NH4
+. 

We evaluated the effects of varying NH4
+:NO3

– ratios on photosynthetic fractionation by 

measuring the gas exchanges and estimating the δ13C values of photosynthetic products by using 

Ci/Ca values in Farquhar’s simple model. In both species, only slight changes in gas exchange and 

fluorescence parameters (see Appendix 3) in response to varying NH4
+ to NO3

– ratios were 

observed, except some decrease (but not always) at 100% NH4
+. Accordingly, we did not observe 

any significant change in the estimated values of δ13C in plant organic material across N-type 

gradient. Therefore, photosynthetic fractionation was little affected by N-type gradient in the 

present experiments. However, the estimated δ13C values of photosynthetic products (from 
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Farquhar’s model) were all higher (i.e. 13C enriched) compared with measured δ13C values of 

individual sugars and even those of WSOM in both species, indicating that other factors or 

processes had affected the δ13C values. The estimated δ13C values were rather close to the measured 

δ13C values of organic acids in bean and even lower in spinach plants mainly at 75% NH4
+. 

Leaf net photosynthetic activity was lower only at 100% NH4
+ in both species. In spinach, 

this was mainly due to a reduction in stomatal conductance, while in bean the assimilation capacity 

was reduced (conclusion based on measurements of An, gs, Ci/Ca, and carboxylation efficiency). 

The mechanisms of sensitivity or tolerance to NH4
+ thus probably vary between species. The 

respiration rate was much lower in spinach leaves as compared to the roots, but it was more or less 

equal in bean leaves and roots and did not significantly change across N-type gradient in none of 

the species (see Appendix 6 for comparison). 

Our results highlighted the effect of N-type gradient on post-photosynthetic fractionation, 

mainly through the anaplerotic pathway, and confirmed our initial hypothesis for C3 plants: leaf-

respired CO2 was 13C enriched under NO3
– nutrition and became progressively 13C depleted with 

increasing amount of NH4
+ in supplied N. However, the C-isotope composition of root-respired 

CO2 remained unchanged across N-type gradient in both species, probably because of the 

difference in C-source for PEPc (i.e. 13C enriched air CO2 for leaves and 13C depleted respired CO2 

for roots). Unexpectedly, depending on the species, C-isotope composition of individual 

metabolites and PEPc activity showed different behaviours in both organs. The PEPc activity was 

higher in spinach leaves as compared to the roots, but it was more or less equal in bean leaves and 

roots, demonstrating the different behaviour of N assimilation among species: spinach 

preferentially assimilates N in the shoots, however bean tends to assimilate it in both leaves and 

roots (see 5.4 for detailed discussion).  

The δ13CR value is a comprehensive result of multiple metabolic pathways during post-

photosynthetic processes, including glycolysis, PPP, TCA (both cyclic and non-cyclic modes) and 

anaplerotic pathway, etc. When varying NH4
+:NO3

– ratios were supplied in nutrient solutions to C3 

plants, it mainly affected the activity of anaplerotic pathway via PEPc activity during N uptake and 

assimilation. As underlined before (Chapter 5, section 5.4), the 13C enriched carbon fixed via PEPc 

is firstly incorporated into OAA in the cytosol then to malate, which can be retained there or 

accumulated in the vacuole or transported to mitochondria, where it can be used in TCA pathway. 
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In the present work, the role of PEPc is beyond doubt. In leaves, PEPc incorporated more 13C 

enriched carbon (because fixed C orininated from air CO2 mainly) into organic acids, consequently 

raising the differences between δ13C values of organic acids and sugars, but this was not the case 

in roots (because fixed C originated from root-respiration mainly) (see Appendix 7). In bean leaves, 

a higher PEPc activity was expected to explain more 13C enriched leaf-respired CO2 under NO3
– 

nutrition. However, according to the similar changes observed in leaf-δ13CR across N-type gradient 

in both species but different changes in PEPc activity in spinach compared with bean, PEPc activity 

could not be the sole factor determining the leaf-δ13CR.  

The subsequent fate and allocation of the anaplerotically fixed 13C enriched carbon in leaves 

is strongly regulated by the plasticity of TCA, which behaves differently among species. According 

to our results, the great plasticity of the TCA resulted in different C-isotopic gaps within the 2 

species, not only between malate and citrate (representing anaplerotically-fixed C pools), but also 

between WSOM (respresenting mixed substrate for respiration) and bulk OM, and caused different 

organic acid pool sizes along the N-type gradient. To be more specific, in spinach, leaves exhibited 

larger isotopic gaps between malate and citrate than roots, while the isotopic gaps were similar 

between organs in bean. The citrate and mainly malate amount was lower in spinach as compared 

to bean, and the changes in citrate amount was also different. The synthesis, storage and use of 

these organic acids and the TCA functioning mode were thus different between the 2 species and 

organs. The difference between δ13CWSOM and δ13COM in spinach roots was in the range between 

0.3‰ and 0.6‰, while it was close to zero in bean roots. The isotopic difference between WSOM 

and bulk OM was high in bean leaves under pure NO3
– nutrition and decreased progressively with 

increasing NH4
+, while it changed in opposite direction in spinach (see Appendix 8). The bean 

results showed that it was the change in the concentrations of organic acids and sugars that related 

to δ13C of WSOM, not changes in δ13C of the single substrates. In spinach the substrate 

concentrations did not markedly change. In addition the concentrations of citrate and mainly malate 

were low and there are indications that another organic acid (i.e. oxalate) was present in high 

concentration. As we do not know the fluxes it is not possible to conclude about the substrate used 

for respiration in spinach. More cautiously it can be stated only that δ13C of WSOM was correlated 

with δ13C of respiration in bean but not so in spinach. 

In fact, the 13C differences between cell compartments have to be taken into consideration. 

If only the 13C enriched malate originated from anaplerotic pathway is transported to the 
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mitochondria, it can directly affect δ13CR. We suggested that NO3
– assimilation in leaves may lead 

to increased pool sizes and more 13C enriched values of mitochondrial malate and/or citrate, which 

were the most reasonable possibility to explain more 13C enriched leaf-respired CO2 under NO3
– 

compared with NH4
+ nutrition. However, samplings at different times during the diurnal cycle are 

required to capture storage and changes in the pool sizes. 

Taken all together, N-type gradient made little effect on photosynthetic fractionation. For 

post-photosynthetic fractionation, the anaplerotic pathway and the non-cyclic TCA function 

together could have determined the leaf-δ13CR values along N-type gradient. We suggested that 

changes in the mitochondrial malate and/or citrate pool sizes and their C-isotope composition under 

different N source types (i.e. NO3
– versus NH4

+) could be the main reason of leaf-δ13CR changes 

along N-type gradient. However, in roots, the effect of expected PEPc activity under NH4
+ nutrition 

was masked by a rather 13C depleted carbon source (i.e. respired CO2). The results of this thesis 

just open new insights to be explored on the N-type impact on carbon isotopic respiratory 

fractionations. In addition, as mentioned in Chapter 4, our results and discussion highlight the 

potential of the malate/citrate (or other relevant abundant organic acids) C-isotopic gap as a 

valuable proxy to screen for peculiar metabolic TCA organisations across species. 

6.2  Perspectives 

Therefore, the diel changes of the measured parameters, as well as double labelling (13C and 15N) 

experiments together with the use of positionally labelled metabolites followed by NMR analyses 

should be applied in future works to better track the metabolic pathways involved under each N-

type treatment (Plain et al., 2009; Gauthier et al., 2010; Abadie and Tcherkez, 2019). It will make 

possible to trace the carbon and nitrogen during physiological processes, including carbon uptake 

and carbon allocation, in order to improve the existing knowledge on the extent of the anaplerotic 

pathway 13C input in different pools and in respiratory CO2, and the metabolic plasticity of TCA 

on respiratory carbon isotopic fractionations among species. 

Furthermore, since PEPc is a multipurpose and highly regulated enzyme, it is difficult to 

conceive how its action could be subordinated to several modulators in the cytosol, and it is difficult 

to measure its instantaneous activity. Mutants with inhibited PEPc gene expression should be 

powerful tools for elucidating the contribution of anaplerotic pathway via PEPc on isotopic 

composition of metabolites and respired CO2. 
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Appendix 1. Relative biomass (as % of maximum biomass within the N-type treatment) for bean 

(left side) and spinach (right side) plants of the main experiment (black) and pre-experiment (grey) 

cultured under different % of NH4
+ and NO3

– as N source in nutrient solutions used for watering 

the pots. On the X-axis, 0 and 100 correspond to 0% NH4
+ (i.e. 100% NO3

–) and 100% NH4
+ (i.e. 

0% NO3
–) as % of supplied N in the nutrient solutions, respectively. Values are means ± SE (n=3 

for bean and n=5 for spinach in the main experiment, and n=5 in pre-experiment for both species). 

Different letters on the top of the bar charts indicate significant differences (p =0.05). 
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Appendix 2. Root to shoot biomass ratio of bean (A, B) and spinach , (C, D) plants from pre-

experiment (upper panels) and the main experiment (bottom panels) cultured under different % of 

NH4
+ and NO3

– as N source in nutrient solutions used for watering the pots. On the X-axis (and in 

the legend box), 0% and 100% correspond to 0% NH4+ (i.e. 100% NO3
–, white squares) and 100% 

NH4+ (i.e. 0% NO3
–, black squares) as % of total N in the nutrient solutions, respectively. The other 

N-treatments are shown by circles, as a gradient of increasing NH4
+ in the solutions, from low 

NH4
+ (white) to medium NH4

+) (grey) and high NH4
+ (black). Values are means ± SE (n=3 for 

bean and n=5 for spinach in the main experiment and n=5 for both species in the pre-experiment). 
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Appendix 3. Fluorescence parameters measured at PPFD = 400 µmol photons m–2 s–1, on dark 

adapted (30 min) leaves of bean (left side panel) and spinach (right side panel) plants grown with 

nutrient solutions containing different ratios of NH4
+ and NO3

– as N source. In A, the maximum 

PSII efficiency after dark adaptation and in the light (Fv/Fm and Fv’/Fm’, respectively), in B, the 

photochemical (PQ) and non-photochemical (NPQ) quenching, and the relative quantum efficiency 

of photosystem II (F/Fm), and in C, the electron transport rate (ETR) are presented. On the X-

axis, 0 and 100 correspond to 0% NH4
+ (i.e. 100% NO3

–) and 100% NH4
+ (i.e. 0% NO3

–) as % of 

total N in the nutrient solutions, respectively. Data points are means values (±SE) of 3 

measurements on independent plants. Significant differences (p = 0.05) are shown by different 

letters for each parameter. Note that the scales are different for bean and spinach in B and C.   

 



 

 

172 

 

A

C
h

lo
ro

p
h

y
ll
 (

D
u

al
ex

 u
n

it
)

28

30

32

34

36

38

40

42

B

F
la

v
o
n

o
id

s 
(D

u
al

ex
 u

n
it

)

0.5

1.0

1.5

2.0

C

NH
4

+
 (% of supplied N)

0 20 40 60 80 100

N
B

I

20

40

60

80

100

ab b b a a a

ab c cd b a b

cd ab a abc d bcd

A'

C
h

lo
ro

p
h

y
ll
 (

D
u

al
ex

 u
n

it
)

28

30

32

34

36

38

40

42

Chl

B'

F
la

v
o
n

o
id

s 
(D

u
al

ex
 u

n
it

)

0.5

1.0

1.5

2.0

Flav

C'

0 20 40 60 80 100

N
B

I

20

40

60

80

100

NBI

d a ab ab bc cd

ab c bc bc abc a

Bean Spinach

 

Appendix 4. Chlorophyll (A) and flavonoid (B) contents and nitrogen balance index (NBI) 

calculated as the ratio of the 2 parameters (C) measured with Dualex on leaves of bean (left side 

panel) and spinach (right side panel) plants grown with nutrient solutions containing different ratios 

of NH4
+ and NO3

– as N source. On the X-axis, 0 and 100 correspond to 0% NH4
+ (i.e. 100% NO3

–) 

and 100% NH4
+ (i.e. 0% NO3

–) as % of total N in the nutrient solutions, respectively. Data points 

are means values (±SE) of 3 measurements for bean and 5 for spinach on independent plants. 

Significant differences (p = 0.05) are shown by different letters for each parameter. Note that the 

scales are different for bean and spinach in B and C.   
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Appendix 5. Measured (grey symbols) and estimated (black symbols) values of leaf-13CWSOM 

(A), leaf-13Csug (B), leaf-13CSuc (C), leaf-13CGlc (D), and leaf-13CFru (E), as a function of N-

treatment in bean plants. On the X-axis, 0 and 100 correspond to 0% NH4
+ (i.e. 100% NO3

–) and 

100% NH4
+ (i.e. 0% NO3

–) in nutrient solutions, respectively. Estimated 13C values are calculated 

using simple model of Farquhar et al. (1982) using the Ci/Ca values at PPFD=400 µmol m–2 s–1, 

and taking a = 4.4‰ and b=27‰. Means ±SE are presented (n=3). 13C of ambient CO2 in the 

culture room was estimated to be around –8‰ for bean and around –12 for spinach. Data are from 

Fig. S9 (Chapter 4) for bean and from Fig. 5.6 for spinach. 
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Appendix 6. Respiration rates of leaves (black circles) and roots (white circles) of bean (left side 

panel) and spinach (right side panel) plants grown with nutrient solutions containing different ratios 

of NH4
+ and NO3

– as N source. On the X-axis, 0 and 100 correspond to 0% NH4
+ (i.e. 100% NO3

–) 

and 100% NH4
+ (i.e. 0% NO3

–) as % of total N in the nutrient solutions, respectively. The 

respiration rates were measured during CO2 collection on samples in the darkened flasks before 

respired CO2 isotopic analyses. Values are shown as means ± SE (n=3 and n=5, for bean and 

spinach, respectively). Significant differences (p < 0.05) are shown by different lowercase letters 

for spinach leaves. There is no significant difference for bean and for spinach roots. 
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Appendix 7. PEPc activity versus the differences between δ13C of organic acids (δ13COA and that 

of total sugars (δ13CSug) in leaves (black symbols) and roots (white symbols) of bean (circles) and 

spinach (triangles) plants cultured under different % of NH4
+ and NO3

– as N source in nutrient 

solutions used for watering the pots. Mean values ± SE are presented (n=3 for both species).  
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Appendix 8. Variation in δ13C of respired CO2 as a function of 13C-difference between WSOM 

and OM (δ13CWSOM-OM) in leaves of bean (left side panel) and spinach (right side panel) plants 

cultured under different % of NH4
+ and NO3

– as N source in nutrient solution used for watering the 

pots. In the legend box, 0% and 100% correspond to 0% NH4+ (i.e. 100% NO3
–, white squares) 

and 100% NH4+ (i.e. 0% NO3
–, black squares) as % of total N in the nutrient solutions, respectively. 

The other N-treatments are shown by circles, as a gradient of increasing NH4
+ fraction in supplied 

N, from low NH4
+ (white) to medium NH4

+ (grey) and high NH4
+ (black). Values are means ± SE 

(n=3 for both species, except n=5 for spinach respired CO2). When individual data (instead of 

means) were used for regression, the R2 values were much lower (0.42 and 0.13, for bean and 

spinach, respectively). 
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Appendix 9.  
Namelist of abbreviations for Figure 8 (in Chapter 4) and Figure 5.13 (in Chapter 5). 
 

Abbreviation Variable 

An net assimilation rate 

An_Ci carboxylation efficiency 

Chl_1901 chlorophyll index, January 19th 

Chl_2201 chlorophyll index, January 22nd 

Chl_2701 chlorophyll index, January 27th 

CiCa Ci/Ca 

DeltaFFm DF/Fm 

ETR electron transport rate 

Flav_1901 flavonoid index, January 19th 

Flav_2201 flavonoid index, January 22nd 

Flav_2701 flavonoid index, January 27th 

FvFm Fv/Fm 

gsCO2 stomatal conductance for CO2 

gsW stomatal conductance for water vapour 

L15N leaf δ15 N 

L18O δ18O of leaf respired CO2 

LC leaf citrate content 

LCcon leaf carbon content, C% 

Ld13CC leaf citrate δ13C  

Ld13CF leaf fructose δ13C  

Ld13CG leaf glucose δ13C  

Ld13CM leaf malate δ13C  

Ld13COM leaf organic mass δ13C  

Ld13CR leaf respiratory δ13C  

Ld13CS leaf sucrose δ13C  

Ld13CWSOM leaf water soluble organic matter δ13C  

LeafDM leaf dry mass 

LF leaf fructose content 

LG leaf glucose content 

LM leaf malate content 

LNcon leaf nitrogen content, N% 

LNR leaf nitrate reductase activity 

LPEPc leaf PEPc activity 

LR leaf dark respiration rate 

LS leaf sucrose content 

NBI_1901 nitrogen balance index, January 19th 

NBI_2201 nitrogen balance index, January 22nd 

NBI_2701 nitrogen balance index, January 27th 

NUEPS photosynthetic nitrogen use efficiency 

R15N root δ15 N 

R18O δ18O of root respired CO2 
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RC root citrate content 

RCcon root carbon content, C% 

Rd13CC root citrate δ13C  

Rd13CF root fructose δ13C  

Rd13CG root glucose δ13C  

Rd13CM root malate δ13C  

Rd13COM root organic mass δ13C  

Rd13CR root respiratory δ13C  

Rd13CS root sucrose δ13C  

Rd13CWSOM root water soluble organic matter δ13C  

RF root fructose content 

RG root glucose content 

RM root malate content 

RNcon root nitrogen content, N% 

RNR root nitrate reductase activity 

RootDM root dry mass 

RPEPc root PEPc activity 

RR root dark respiration rate 

RS root sucrose content 

StemDM stem dry mass 

Tr leaf transpiration rate 

WUEinst instantaneous water use efficiency 

WUEintr intrinsic water use efficiency 
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Titre : Impact de divers rapports NH4
+: NO3

– dans une solution nutritive sur la composition en isotopique 

(13C/12C) du CO2 respiré par les feuilles et les racines et les substrats respiratoires putatifs chez les plantes 

C3 

Mots clés : Différent NH4
+: NO3

– ; métabolisme respiratoire; isotopes stables du C; voie anaplérotique 

Résumé : L’origine métabolique de la composition 

isotopique (13C/12C) du CO2 respiré par les feuilles 

et les racines des plantes ont fait l’objet d’une 

attention croissante. Cependant, l’impact de la 

fixation anaplérotique du C via la PEPc, 

étroitement liée à la nutrition azotée, sur le 

fractionnement isotopique respiratoire n’a pas 

encore été élucidé. Afin de mieux comprendre (i) 

dans quelle mesure la composition isotopique des 

substrats respiratoires présumés et du CO2 respiré 

est affectée par la forme d’azote fourni et (ii) dans 

quelle mesure la voie anaplerotique pourrait 

expliquer les modifications isotopiques entre 

organes hétérotrophes et autotrophes liées au type 

d’azote fourni, les plants du haricot (Phaseolus 

vulgaris L.) et de l’épinard (Spinacia oleracea L.) 

ont été cultivés dans du sable avec différents 

rapports NH4
+: NO3

– dans N fourni. Les résultats 

ont montré que le CO2 respiré par les feuilles était 

enrichi en 13C sous NO3
– s’appauvrissant avec 

l’augmentation du % NH4
+ fourni, tandis que la co- 

-mposition isotopique du CO2 issu de la respiration 

des racines restait inchangée quel que soit le 

rapport NH4
+:NO3

–. Nous avons suggéré qu'une 

plus grande quantité de pools enrichis en 13C fixés 

par la PEPc via la voie anaplérotique contribuait à 

la respiration foliaire sous NO3
–. Cependant, un 

effet similaire dans les racines attendu sous NH4
+ a 

été masqué en raison d'une refixation (par la PEPc) 

du CO2 respiré (appauvrie en 13C). De manière 

inattendue, les modifications de la composition 

isotopique du C des métabolites individuels, leurs 

quantités, ainsi que l'activité de l’enzyme PEPc, 

présentaient des profils différents entre les deux 

espèces étudiées. Des expériences de double 

marquage (13C et 15N) sont nécessaires pour mieux 

comprendre l’impact de la plasticité métabolique 

du TCA sur l’écart isotopique entre le malate et le 

citrate et sur la composition isotopique du CO2 

respiré chez différentes espèces sous différentes 

formes d’azote. 

 

 

Title: Impact of varying NH4
+: NO3

– ratios in nutrient solution on C-isotope composition of leaf- and root-

respired CO2 and putative respiratory substrates in C3 plants 

Keywords : Various NH4
+: NO3

–; respiratory metabolism; carbon stable isotopes; anaplerotic pathway 

Abstract: Metabolic origin of the C-isotope 

composition of plant respired CO2 has received 

increasing interest in the past years. However, the 

impact of anaplerotic C-fixation via PEPc 

(strongly linked with N assimilation) on 

respiratory fractionation is not elucidated yet. In 

order to better understand in which extent (i) the 

isotopic composition of putative respiratory 

substrates and respired CO2 is affected by N-type 

nutrition in plants, and (ii) the anaplerotic pathway 

could explain isotope changes in leaves and roots 

under different N-type nutrition, bean (Phaseolus 

vulgaris L.) and spinach (Spinacia oleracea L.) 

plants were grown with varying NH4
+:NO3

– ratios 

in supplied N. The results showed that leaf-

respired CO2 was 13C enriched under NO3
– and 

became 13C depleted with increasing amount of 

NH4
+ in supplied N, while C-isotope composition  

of root-respired CO2 remained unchanged across 

N-type gradient. We suggested that a higher 

amount of 13C enriched C-pools fixed by PEPc 

through anaplerotic pathway contributed to 

respired CO2 in leaves under NO3
– nutrition. 

However, a similar effect in roots expected under 

NH4
+ nutrition was masked because of a rather 13C 

depleted C source (i.e. respired CO2) refixation by 

PEPc. Unexpectedly, the changes in C-isotope 

composition of individual metabolites and their 

amounts as well as PEPc activity exhibited 

different patterns between the two species. Double 

labelling experiments (13C and 15N) are needed for 

better understanding the impact of metabolic 

plasticity of TCA on isotopic gap between malate 

and citrate and on C-isotope composition of 

respired CO2 in different species under varying N-

type nutrition. 
 

 


