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“One of the penalties of an ecological education is that one lives alone in a world of wounds. 
Much of the damage inflicted on land is quite invisible to laymen. An ecologist must either 
harden his shell and make believe that the consequences of science are none of his business, or 
he must be the doctor who sees the marks of death in a community that believes itself well and 
does not want to be told otherwise.” 
 

- Aldo Leopold, A sand County Almanac 
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Summary 

Despite a large unexplained variability in the values, the analysis of the hydrogen (H) 

isotope composition (δ2H) of plant organic compounds is confidently applied to assess 

ecohydrological processes in the environment. This is possible because most studies that use 

the stable H isotopes from plant-derived biomarkers consider the H isotope fractionation that 

occurs during the biosynthesis of any given compound (2H-εbio) to be constant within a 

species. Consequently, δ2H values in plant organic compounds are assumed to be mainly 

driven by the plant’s source water δ2H values and the leaf water evaporative 2H-enrichment. 

There are, however, several indications that 2H-εbio of plant organic compounds can vary and 

that the δ2H values are also related to the plant’s metabolism. In this thesis, the elucidate the 

puzzling variability in the δ2H values of plant organic compounds, the influence of the plant’s 

metabolism on the variability of 2H-εbio is specifically explored with regards to the possible 

biochemical mechanisms underlying this variability. 

In a first study, based on empirical data produced in two separate experiments, it is 

shown that the 2H-εbio of different compounds in plants is tightly coupled to a plant’s carbon 

and energy metabolism. Based on these data, we develop a conceptual biochemical model 

that explains how and where 2H-fractionation occurs in the biosynthesis of major plant 

organic compound classes such as carbohydrates and lipids and what the isotope fractionation 

processes are that introduce a metabolic signal in δ2H values to these compounds.  

In a second study, with δ2H analyses from heterotrophic plants, it is shown that the 

hydrogen isotope fractionation occurring during the biosynthesis of different organic 

compounds in plants can explain part of the variability observed in δ2H values across species. 

Metabolic effects on δ2H values between heterotrophic plants and their autotrophic host 

plants differed for different compound classes. The remarkable consistency of the compound 
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specific isotope effects between autotrophic host or reference plants and the heterotrophic 

parasitic or mycoheterotrophic plants points towards a general physiological mechanism that 

determines these effects and support the model developed in the first study. 

Finally, with this model, it is mechanistically illustrated that information recorded in 

the δ2H values of plant organic compounds goes beyond hydrological signals, but also 

contains important information on the carbon and energy metabolism of a plant. As such we 

provide the mechanistic basis to introduce hydrogen isotopes in plant organic compounds as 

new metabolic proxy for the carbon and energy metabolism of plants. Such a new metabolic 

proxy has the potential to be applied in a broad range of disciplines, including plant and 

ecosystem physiology, plant breeding, biogeochemistry, paleoecology and Earth system 

sciences. 
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Résumé 

Malgré une grande variabilité inexpliquée dans leurs valeurs, l'analyse de la 

composition isotopique de l'hydrogène (δ2H) dans les composés organiques végétaux est 

appliquée avec crédibilité pour évaluer les processus (éco-)hydrologiques dans 

l'environnement. Ceci est possible car la plupart des études qui utilisent les isotopes stables 

de l’hydrogène dans les biomarqueurs dérivés des plantes considèrent le fractionnement des 

isotopes de l’hydrogène qui se produit pendant la biosynthèse d'un composé donné (2H-εbio) 

comme étant constant  pour une espèce de plante donnée. Par conséquent, les valeurs de 

deutérium (2H) dans les composés organiques végétaux sont supposées être principalement 

influencées par les valeurs de l'eau de source de la plante et par l'enrichissement en 2H par 

évaporation dans les feuilles. Cependant, ils existent plusieurs indications selon lesquelles le 

2H-εbio dans les composés organiques végétaux peut varier et que les valeurs de δ2H sont 

également liées au métabolisme de la plante. Dans cette thèse, l'influence du métabolisme de 

la plante sur la variabilité du 2H-εbio est spécifiquement explorée en rapport aux mécanismes 

biochimiques possibles sous-jacents à cette variabilité. 

Dans une première étude, basée sur des données empiriques produites dans deux 

expériences distinctes, il est démontré que le 2H-εbio de différents composés dans les plantes 

est étroitement couplé à son métabolisme du carbone et de l'énergie. Sur la base de ces 

données, un modèle biochimique conceptuel est développé expliquant comment et où le 

fractionnement du 2H se produit dans la biosynthèse des principales classes de composés 

organiques végétaux. Les processus biochimiques de fractionnement isotopique qui 

introduisent un signal métabolique dans les valeurs de δ2H sont également décrits dans le 

modèle. 
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Dans une deuxième étude, à partir de l’analyses du δ2H de plantes hétérotrophes, il est 

constaté que le fractionnement des isotopes de l’hydrogène qui se produit pendant la 

biosynthèse de différents composés organiques dans les plantes peut expliquer une partie de 

la variabilité observée dans les valeurs de δ2H entre différent espèces. Les effets 

métaboliques sur les valeurs de 2H entre les plantes hétérotrophes et leurs plantes de 

références autotrophes diffèrent pour différentes classes composées. La consistance 

remarquable des effets isotopiques sur composé spécifique entre les plantes d'origines 

autotrophe, hétérotrophes parasitaires ou mycohétérotrophes pointe vers un mécanisme 

physiologique général qui détermine ces effets et appuie le modèle développé dans la 

première étude. 

Dans une troisième étude, le modèle a été testé sur une archive biologique provenant 

de Rothamsted pour étudier si les changements métaboliques des plantes peuvent être 

mesurés dans des plantes en conditions naturelles subissant des conditions de pCO2 

croissantes, donnant ainsi un nouvel outil pour étudier la réponse des plantes des changement 

de CO2 atmosphérique à long terme. Les résultats suggèrent que les plantes de Rothamsted 

ont connu des changements métaboliques importants induits par des changements 

environnementaux et que ces changements métaboliques sont enregistrés par composition 

isotopique des composés organiques.  

Dans l'ensemble, avec ce modèle, il est illustré mécaniquement que l'information 

enregistrée dans la composition isotopique des composés organiques végétaux va au-delà des 

signaux hydrologiques, et contient également des informations importantes sur le 

métabolisme du carbone et de l'énergie de la plante. Conséquemment, cette thèse fournie la 

base mécanistique pour introduire les isotopes de l’hydrogène dans les composés organiques 

végétaux en tant que nouveau traceur métabolique pour le métabolisme du carbone et de 
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l'énergie des plantes. Une tel outil pourra être appliquée dans un large éventail de disciplines, 

tel que la physiologie des plantes et des écosystèmes, la biogéochimie, la paléoécologie et les 

sciences de la Terre. 
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Chapter 1. General Introduction 

Understanding the physiological response of plants and terrestrial ecosystems to 

global environmental change is essential to predict the impacts of the anthropogenic climate 

change on ecosystem functioning and to define vegetation feedback on the coupled carbon-

climate system. Beside weathering (Berner, 2006), terrestrial ecosystems are responsible for a 

significant part of the CO2 flux between the atmosphere and the geosphere (Keenan et al., 

2012). How plants respond to these environmental changes is still not clear and it is crucial to 

better understand it to improve carbon cycle and climate models as well as agricultural 

production estimates. While a high number of studies show an increase of water use 

efficiency due to a tighter control of the stomatal conductance at higher CO2 concentrations 

(i.e. pCO2), if this physiological changes are transferred at the metabolic level, influencing 

the carbon balance of plants remains unclear (Foster et al., 2010). The lack of constraining 

data and a complete comprehensive overview of the processes involved in the plant responses 

to long–term elevated pCO2 jeopardize the efforts to produce suitable carbon cycle models 

and provide policy-actionable predictions of future carbon cycle responses to the global 

environmental change (Keenan et al., 2012). 

Enormous research efforts have been undertaken to understand how plants will 

respond to the pCO2 rising and the changes in the hydrological conditions (Ainsworth and 

Long, 2005). While the direct responses of plants to increasing atmospheric CO2 

concentration, including reduction of stomatal conductance and transpiration, improved water 

use efficiency, reduction of photorespiration, higher rates of photosynthesis, and increased 

light-use efficiency, have been largely documented (Drake et al., 1997), more recent large-

scale free air CO2 enrichment (i.e. FACE) experiments show contrasting results where the 
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effect appears to be much smaller than expected from the primary plant responses (Ainsworth 

and Long, 2005). In fact, the larger experiments show that the size effect on plants of higher 

atmospheric CO2 concentration seems generally to fade with larger temporal and spatial scale 

(Leuzinger et al., 2011). This phenomenon is thought to be due to several reasons: a 

decreasing nutrient availability associated with a greater plant biomass at the ecosystem level 

(Luo et al., 2004), some feedback controls involving the regulation of some photosynthetic 

genes (Sheen, 1994), some quick genetic adaptation (Jump et al., 2006), and shifts in species 

composition (Langley and Megonigal, 2010). The exact mechanisms driving these 

differences are however still an important topic of debate (Leuzinger et al., 2011). This 

highlights the need to develop new tools to investigate, at different spatial and temporal 

scales, the plants’ metabolic responses to environmental changes. 

1.1. Stable isotopes as indicators of ecological changes 

The analysis of naturally occurring stable isotope ratios in biological material has 

proven to be an indispensable approach for assessing ecological, biogeochemical and 

paleoclimatological processes and for constraining biogeochemical global models. While 

stable isotope ratios of carbon (C), oxygen (O) and nitrogen (N) are commonly used as 

proxies for various processes in ecological, environmental and paleoclimatological research 

(Peterson and Fry, 1987; T. E. Dawson et al., 2002), examples where compound-specific 

hydrogen (H) isotope ratios in organic compounds remain relatively uncommon and under-

explored. This is partly because of the large unexplained (Fig. 1) variability in H isotope 

ratios typically observed in organic material produced by bacteria, phytoplankton and plants.  
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Figure 1. Overview of the processes affecting the hydrogen isotopic composition of lipid biomarkers from 
phototrophic organisms. This figure from Sachse et al. (2012) resumes how poorly understood is the impact of 
the metabolism on δ2H values in biomarkers. Abbreviations: NADPH, nicotinamide adenine dinucleotide 
phosphate (reduced); rH, relative humidity; T, temperature.  
 

The other primary reason for the infrequent application of H isotopes from organic 

material is that heteroatoms (i.e. N, O, S) bonded H atoms in organic compounds easily 

exchange H atoms with the surrounding water (Estep and Hoering, 1979; Schimmelmann et 

al., 1993). This alters the original H isotope signal introduced to the compound in 

biosynthesis and can overwrite the physiological or environmental information recorded 

therein (Epstein et al., 1976). Improvements in isotope-ratio mass spectrometry for 

compound-specific analyses e.g. of leaf wax lipids (Tobias and Brenna, 1997; Burgoyne and 

Hayes, 1998; Hilkert et al., 1999) and new automated equilibration methods that account for 

high level of exchangeable H e.g. for α-cellulose (Filot et al., 2006; Sauer et al., 2009), have 

allowed to overcome these analytical problems in the last years.  

In fact, hydrogen isotope analyses of lipids from plant waxes for paleohydrological 

applications have dramatically increased over the past decade and have highlighted, despite 

the unexplained variability, the tremendous potential of hydrogen isotope ratios in plant-
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derived compounds for ecological, environmental and paleoclimatological research (Eglinton 

and Eglinton, 2008; Castañeda and Schouten, 2011; Sachse et al., 2012).  

1.2. Processes influencing hydrogen isotope fractionation in organic compounds 

Since elements have more than one stable isotope, which differ in their number of 

neutrons, isotope fractionation occurs in the environment because physico-chemical reactions 

favor the use of one isotope over the other when it is energetically convenient. Stable isotope 

ratios are generally expressed in the delta (δ) notation and shown in per mil (‰) units as the 

deviation of the ratio of a lighter isotope over an heavier isotope from the ratio of an 

international standard. This is done according to the following equation where E is the 

studied element and X is the mass of the heavy isotope: 

!!! = !!"#$%&
!!"#$%#&%

− 1 ,‰ 

Because of the ‘‘Rayleigh distillation” of atmospheric water vapor (Fig 2a), which 

lead to a strong correlation between air temperature and δ2H precipitation values, δ2H values 

measured in ice cores or tree rings were initially used as temperature proxy (Fig. 2b). 
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Figure 2. Hydrogen isotope composition as a temperature proxy. a. Evolution of the isotopic composition 
of cloud water vapor and precipitation as the air mass cool down (modified from Sessions, 2016). b. A 
comparison between a δ18O ice record from the Devon Island ice cap in Arctic Canada and a δ2H record from 
bristlecone pine trees cellulose nitrate obtained in the white mountains, California, interpreted as a cooling of 
the temperature since 6800 B.P.  (modified from Feng and Epstein, 1994). 
 

Three main drivers have now been identified to determine the H isotope composition 

of organic compounds produced by plants (Figure 3a): (i) The hydrogen isotope composition 

of the water source (Chikaraishi and Naraoka, 2003); (ii) leaf water evaporative 2H-

enrichment (Kahmen, Hoffmann, et al., 2013; Kahmen, Schefuß, et al., 2013) and (iii) 

biosynthetic 2H-fractionation (2H-εbio). The latter includes several biochemical processes and 

corresponds to the apparent 2H-fractionation between the biosynthetic water pool and the 

organic compounds being synthesised (Sternberg et al., 1984; Luo et al., 1991; Zhang and 

Sachs, 2007). Most studies that have applied the measurement of δ2H in plant biomarkers in 

paleo-studies have considered 2H-εbio to be constant within a species (Sachse et al., 2006) 

easing the use of biomarker δ2H values as a (paleo-) hydrological proxy (Rach et al., 2014). 

However, different physical and chemical parameters are also well known to influence 2H-

εbio. For instance, salinity, light intensity and growth rate have also all been shown to 
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influence hydrogen isotopic fractionation during lipid biosynthesis in algae and bacteria. 

Indeed, it is because of the influence of salinity on 2H-εbio that such an approach has been 

used to derive paleo-salinities in different aquatic basins (Kasper et al., 2014). 

Figure 3. Simple model determining δ2H values of organic compounds produced by plants and 
application a. δ2H values of leaf wax n-alkanes are driven by the δ2H values of the biosynthetic water pool and 
2H-εbio. The δ2H value of biosynthetic water is influenced by the δ2H values of the plant’s source water and leaf 
water evaporative 2H enrichment (Δ2H).2H-εbio is the difference between the δ2H value of the biosynthetic water 
pool and leaf wax n-alkane δ2H values. εapp is the observed apparent isotope fractionation between the δ2H 
values of leaf wax n-alkanes and the δ2H value of the plant’s source water. Since 2H-εbio is generally assumed to 
be species-specific constant, variations in εapp should reflect variations in the δ2H of the biosynthetic water pool 
and thus plants’ responses to changes in hydrological conditions (modified from Kahmen, Schefuß, et al., 
2013). b. Palaeoclimate proxy data from the Younger Dryas depicting marine δ2H values (blue line) and 
terrestrial δ2H values (green line) of n-alkanes and exploiting the fact that marine producers do not experience 
water evaporative 2H-enrichment, being completely submerged in water, to infers hydrological conditions. 
(Modified from Rach et al., 2014). 

Despite indications that 2H-εbio of organic molecules is not stable and is related to the 

carbon and energy metabolism of the organisms producing them (Yakir and DeNiro, 1990; 

Luo and Sternberg, 1992; Zhang et al., 2009; Dawson et al., 2015), most models and 

applications of δ2H values in organic compounds aim at removing this metabolic variability 

to exploit a specific environmental parameter (e.g. paleo-salinity from alkenones and (paleo-

)hydrological conditions from n-alkanes). For instance, in plants, it has been suggested that 

photosynthetic and post-photosynthetic 2H-fractionation processes determine 2H-εbio and that 

it is the balance between these processes that imprints a metabolic signal in the 2H values of 

organic plant compounds. This ingenious concept, proposed by Roden et al., (2000) is very 
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useful to interpret hydrological condition from cellulose in tree-rings, but does not, however, 

allow for possible important variations in the balance of these processes due to environmental 

changes, and has not, as yet, been extended to compounds other than cellulose or organisms 

other than higher plants. 

Figure 4. Overview showing the influence of central metabolic pathways on lipid δ2H values produced by 
bacteria. At the top: NADPH is the primary immediate biosynthetic precursor of hydrogen for lipids and is 
generated by diverse mechanisms associated with different central metabolic pathways as indicated. In the 
middle: δ2H content of lipids is set by the balance of hydrogen precursors, namely water, NADPH, and organic 
material. The approximate percentage contribution of each source is indicated. Each reaction is accompanied by 
a specific isotope fractionation, designated by α. At the bottom: The 2H content of lipid biomarkers is displayed, 
all originating from waters with similar 2H content. At left are the fatty acids from the cultivation studies of 
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Zhang et al. (2009) distinguished by substrates that feed into the identified metabolic pathways. On the right 
side a histogram is shown summarizing the distribution of 2H content for samples extracted from marine 
sediments of the Santa Barbara Basin. Included in the histogram are several classes of compounds (Modified 
from Valentine, 2009). 

1.3. Scope and objectives of the thesis 

This doctoral thesis takes a different approach and focuses on investigating the 

variability of 2H-εbio for different organic compounds. By doing so, the sensitivity of 2H-εbio 

and its link to the carbon and energy metabolism is tested in order to develop a conceptual 

biochemical model adapted to higher plants. This model aims at setting the foundation to 

exploit the links between the plant’s metabolism and 2H-εbio and to use δ2H values of specific 

lipids to investigate the plants’ metabolic response to global environmental changes.  

Specifically, the following points are addressed: 

. The influence of the plant’s metabolism on the variability of 2H-εbio within and across 

plant species, 

. The biochemical mechanisms underlying the variability in 2H-εbio within and across 

plant species, 

. 2H-εbio associated with the production of different organic compounds. 

1.4. Outline 

These points are investigated in 4 different studies, which are further explained in the 

chapter 2, 3 and 4 of this thesis. 

  In chapter 2, the links between the plant’s carbon and energy metabolism and 

the 2H-εbio for different plant compounds are exposed. Based on empirical data produced in 

two experiments, a conceptual biochemical model that explains how and where 2H-

fractionation occurs in the biosynthesis of major plant organic compound classes such as 
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carbohydrates and lipids is described. This model expresses what the isotope fractionation 

processes are that introduce a metabolic signal in δ2H values to these compounds. With this 

model, it is mechanistically illustrated that information recorded in the δ2H values of plant 

organic compounds goes beyond hydrological signals, but also contains important 

information on the carbon and energy metabolism of a plant.  

 In chapter 3, the model developed in chapter 2 is tested on δ2H analyses from 

heterotrophic plants and their host plants. The data support the model and suggest that the 

plant’s metabolism can explain part of the variability observed in δ2H values across species. 

These data also support the idea that δ2H values can also be used to infer information about 

the carbon and energy metabolism of a plant. 

In chapter 4, the new findings from chapter 1 and 2 are tested on a biological archive 

to observe if such metabolic changes occurred (and can be traced back via the δ2H values) in 

natural plants that experienced the long-term anthropogenic increasing pCO2 conditions and 

changes in nutrient status (i.e. nitrogen (N) availability). These data give thus new insights 

about the long-term plant metabolic responses to increasing pCO2 and nitrogen depositions. 

 Finally, in chapter 5, the main findings of this thesis are presented. They are 

discussed in the context of plant physiological and carbon cycle research. A final outlook is 

given for the future studies in the area. 
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Abstract 
 

• δ2H analyses of plant organic compounds have been applied to assess 

ecohydrological processes in the environment despite a large part of the δ2H 

variability observed in plant compounds not being fully elucidated. 

 

• We present a new conceptual biochemical model based on empirical H isotope 

data that we generated in two complementary experiments that explains where 2H-

fractionations occur in the biosynthesis of plant organic compounds and how these 

2H-fractionations are tightly coupled to a plant’s carbon and energy metabolism. 

 

• With this work, we demonstrate that information recorded in the δ2H values of 

plant organic compounds goes beyond hydrological signals and can also contain 

important information on the carbon and energy metabolism of plants. As such we 

provide a mechanistic basis to introduce hydrogen isotopes in plant organic 

compounds as new metabolic proxy for the carbon and energy metabolism of 

plants and ecosystems. Such a new metabolic proxy has the potential to be applied 

in a broad range of disciplines, including plant and ecosystem physiology, 

biogeochemistry and paleoecology. 
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2.1. Introduction 

The analyses of stable isotope ratios in plant material have proven to be an 

indispensable tool for ecological, biogeochemical and (paleo-) climatological research 

(Dawson et al., 2002). Of the four most common biogenic elements, only carbon (C), oxygen 

(O), and nitrogen (N) isotope ratios of plant compounds are fully established as proxies for 

different ecological, environmental and paleoclimatological processes. In contrast, hydrogen 

(H) isotope ratios in plant compounds are less commonly applied. New developments in 

isotope-ratio mass spectrometry for compound-specific analyses (Burgoyne & Hayes, 1998), 

e.g. of leaf wax lipids, and new equilibration methods (Filot et al., 2006) have, however, 

promoted the use of H isotopes in recent years. In particular, H isotope analyses of 

biomarkers such as leaf waxes have been successfully applied in paleohydrological research 

over the past decade and have highlighted the tremendous potential of hydrogen isotope 

ratios in plant-derived compounds for ecological, environmental and paleoclimatological 

research (Sachse et al., 2012).  

Three main drivers that have been identified to determine the H isotope composition 

(δ2H) in plant organic compounds are: (i) δ2H of the plant’s water source (Chikaraishi & 

Naraoka, 2003; Sachse et al., 2006; Hou et al., 2008), (ii) leaf water evaporative 2H-

enrichment, which is largely driven by the evaporative environment of the plant (Smith & 

Freeman, 2006; Feakins & Sessions, 2010a; Kahmen et al., 2013a,b), and (iii) biosynthetic 

2H-fractionation (2H-εbio), which includes several different biochemical processes and 

corresponds to the 2H-fractionation between the biosynthetic cellular water pool and the 

organic compounds (Ziegler et al., 1976; Sternberg et al., 1984b; Ziegler, 1989; Yakir & 

DeNiro, 1990; Luo & Sternberg, 1992; Yakir, 1992; Schmidt et al., 2003). 
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Most biogeochemical and paleohydrological studies that have applied stable H 

isotopes in plant-derived biomarkers have considered 2H-εbio for any given compound to be 

constant within a species (e.g. Sachse et al., 2004; 2006). As such, δ2H values in plant 

organic compounds are assumed to be mainly influenced by the plant’s source water δ2H 

values and the evaporative 2H-enrichment of leaf water (i.e. Rach et al., 2014). The δ2H 

values of e.g. leaf wax n-alkanes are thus increasingly applied as proxy for (paleo-) 

hydrological processes (Sachse et al., 2012). However, there are indications that 2H-εbio can 

vary for a given compound within a species and that this variability is related to the C 

metabolism of the plant (Ziegler et al., 1976; Estep & Hoering, 1980; Yakir & DeNiro, 1990; 

Luo & Sternberg, 1992; Schmidt et al., 2003; Liu & Huang, 2008; Pedentchouk et al., 2008). 

It has been suggested that photosynthetic H isotope fractionation processes during the 

reduction of NADPH in the light reaction of photosynthesis and the primary assimilation of  

triose phosphates, and particularly post-photosynthetic 2H-fractionation processes, which 

correspond to all other reactions following this primary assimilation, determine 2H-εbio in 

plants (Roden et al., 2000). A comprehensive understanding of how variations in 

photosynthetic and post-photosynthetic biochemical processes determine 2H-fractionation 

during compound biosynthesis in plants does, however, not exist.  

Here, we present new empirical data and a conceptual biochemical model that 

highlights how and where 2H-fractionation occurs during photosynthetic and post-

photosynthetic processes in plants. The conceptual model is designed to mechanistically 

understand different magnitudes in 2H-εbio in different plant-derived organic compound 

classes and to link the variability of 2H-εbio within a given compound to metabolic processes 

in plants. As such, our model will provide new opportunities for the interpretation of δ2H 

values in plant-derived organic compounds and will in particular facilitate the use of δ2H 
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values in plant-derived compounds to assess processes related to the carbon metabolism of 

plants.  

We build our model on empirical H isotope data that we generated in two 

complementary experiments. In both experiments we tested the effects of the plants carbon 

metabolism on the hydrogen isotope composition of plant-derived carbohydrates and lipids 

by experimentally manipulating the photosynthetic carbohydrate supply to the plant. In the 

first experiment, we manipulated the photosynthetic carbohydrate supply to plants by limiting 

the CO2 that is available for the dark reaction of photosynthesis. Specifically, we grew six 

different vascular plant species under four different atmospheric CO2 concentrations (pCO2) 

stretching from estimated glacial maximum conditions (Tripati et al., 2009) and above the 

photosynthetic CO2 compensation point (Krenzer & Moss, 1969; Kestler et al., 1975; Gerhart 

& Ward, 2010) to the averaged 2100 forecasts (Stocker et al., 2013) (i.e. 150, 280, 400 and 

800 ppm). In the second experiment, we manipulated the photosynthetic carbohydrate supply 

to plants by limiting the light reaction of photosynthesis and forced the plants to meet their 

carbohydrate demands from reserves such as starch. For this purpose, we grew six different 

vascular plant species, which exhibit an autotrophic carbon metabolism when grown under 

natural environmental conditions, from bulbs, large seeds or tubers, that contain large 

carbohydrate reserves for 12 weeks under four different light treatments (0, 8, 115 and 355 

µmol photons m-2 s-1). 

While all H atoms in plant-derived organic compounds originate from water, 

photosynthetic and post-photosynthetic H isotope fractionation in plants strongly depend on 

the biochemical origin of H atoms during biosynthesis (Fig. 1). Three biochemical origins of 

H in plants are important in this respect: (i) The organic precursor molecules in a biosynthetic 

pathway, e.g. the H atoms of ribulose-1,5-bisphosphate that are transferred to the 2 triose 
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phosphates (TP) synthesized in the Calvin cycle or the acetyl-CoA hydrogens in the fatty acid 

biosynthetic pathway (Sachse et al., 2012). (ii) Redox cofactors, e.g. the biological reducing 

agent nicotinamide adenine dinucleotide phosphate (NADPH), that provide an important part 

of the H atoms in organic compounds (Kazuki et al., 1980). (iii) The cellular water, which is 

incorporated into organic molecules either by H addition to sp2 hybrized-C atoms (i.e. C=C), 

for example by the fumarase reaction in the TCA cycle (Blanchard & Cleland, 1980), or by 

(partial) exchange of C-bound H atoms in CH2-groups adjacent to CO-groups e.g. by the 

triosephosphate isomerase via an enolic structure in the glycolysis (Maister et al., 1976). 

To identify for our model how changes in the plant’s carbon metabolism affect the 

biochemical origin of H in photosynthetic and post-photosynthetic biochemical processes, we 

analysed in our experiments the δ2H values of two different compound classes that differ in 

their biochemical pathways and thus in the contribution of H from different biochemical 

origins in their biosynthesis. These compound classes are carbohydrates (i.e. α-cellulose) and 

lipids (i.e. n-alkanes). 
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Fig. 1. Different biochemical origins of H atoms in the biosynthesis of plant organic compounds. We 
illustrate the different origins for the biosynthesis of glucose but similar processes occur in all biochemical 
pathways. Black H are coming from the precursor ribulose-1,5-bisphosphate, blue H come from the surrounding 
water, green H are originating from NADPH. * means that half of H atoms at this position are coming from the 
cellular water, the rest are from the precursor molecule. Waves represent H atoms that partially exchange with 
surrounding water through H addition to sp2 hybridized-C atoms (i.e. C=C) or by (partial) exchange of C-bound 
H atoms in CH2-groups adjacent to CO-groups. Key enzymes and molecules are indicated by their following 
abbreviations: 3-PGA, 3-phosphoglycerate; ALD, aldolase; DHAP, dihydroxyacetone phosphate; FBPase, 
fructose-1,6-bisphosphatase; FBP, fructose-1,6-bisphosphate; F6P, fructose-6-phosphate; GAP, glyceraldehyde-
3-phosphate; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; NADP+, nicotinamide adenine dinucleotide 
phosphate; PGI, phosphoglucose isomerase; PGK, phosphoglycerate kinase; PRP, photorespiratory pathway; 
RuBisCO, ribulose-1,5-bisphosphate carboxylase/oxygenase; TPI, triosephosphate isomerase. The red H 
represent the 2H-depleted atoms that can come from 3-phosphoglycerate produced upon the photosynthetic C 
oxidation during photorespiration (Rieder & Rose, 1959; Knowles & Albery, 1977; Schleucher et al., 1999; 
Augusti et al., 2006; Buchanan et al., 2015). 

 

2.2. Materials & methods 

CO2 experiment: In four climate controlled greenhouses, we grew six different C3 plant 

species from seeds (i.e. two grasses: Arrhenatherum elatius and Festuca rubra; two legumes: 

Trifolium pratense and Lathyrus pratensis; two forbs: Centaurea jacea and Plantago 
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lanceolate) under four atmospheric CO2 concentrations (150, 280, 400 and 800 ppm). All the 

other parameters have been kept constant during the experiment (T = 20°C during day and 

10°C during night, rH = 60%, LD 14:10 cycle). Plants were grown in 3 replicates. After 12 

weeks, the plants were harvested and oven-dried at 50°C. Leaves were sampled at five 

different days during the growing experiments for leaf water extractions and conserved 

frozen in Exetainer vials (gas tight).  

Light experiment: In four climate controlled growth chambers, four different light 

treatments (0, 8, 115 and 355 µmol photons m-2 s-1) were constantly applied on six different 

plant species (i.e. C3 species: Solanum tuberosum, Ipomoea sp., Helianthus tuberosus, 

Zingiber officinale, Allium cepa, and finally Zea mays subsp. Mays, a C4 plant), while the 

other parameters were kept constant (T = 25°C, rH = 60%).  Plants were grown in four 

replicates mostly from large storage organs (i.e. tubers for Solanum tuberosum, Ipomoea sp., 

and Helianthus tuberosus, roots for Zingiber officinale, bulb for Allium cepa, and seeds for 

Zea mays subsp. mays) in the dark and low light treatments. After 12 weeks of growing, the 

plants were harvested and oven-dried at 50°C. Leaves were sampled at 11 different days 

during the growing experiments for leaf water extractions and conserved frozen in Exetainer 

vials. The environmental variables for the light and the CO2 experiments are summarized in 

the tables S3 and S4. 

Chemical purifications: For all specimens, leaf wax n-alkanes and α-cellulose were 

extracted and purified from the dried plant material. The lipids (including n-alkanes) were 

extracted in combusted glass vials from 1 g of dry leaves using 30 mL of a dichloromethane 

(DCM) : methanol mixture (9:1) under an ultrasonic bath during 15 min. Hydrocarbons 

(including n-alkanes) were subsequently isolated for isotope analysis from other lipids by 

column chromatography by eluting 10 mL hexane in 6 mL combusted glass silica-gel 
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columns. The columns were pre-prepared by filling about three quarters (i.e. 2 g) of the 

column volume with silica-gel (0.040-0.063 mm, 99.5% pure). The columns were rinsed with 

10 mL acetone, 10 mL DCM and 10 mL hexane and finally chemically activated in a 

desiccation oven at 60°C over-night. The other lipids, including sterols and fatty acids, were 

eluted after the n-alkanes with a DCM : methanol mixture (9:1) and preserved for future 

analyses. For more details on the method see Peters et al. (2005).  

For H isotope analyses on α-cellulose, the cellulose was purified according to the 

method presented by Gaudinski et al. (2005). Briefly, about 150 mg of dry leaves was 

washed off from all lipids in Ankom bags by reflux in a Soxhlet apparatus with a toluene: 

ethanol (95%) mixture (2:1) for about 24 hrs under high heat, and then under ethanol only, 

until the solvent in the Soxhlet chamber was clear. Following this lipid removal, lignin was 

oxidised and washed away from the samples with a bleaching solution of sodium chloride 

and acetic acid (pH 4) under ultrasonic bath at 70°C for about 24 hrs. Finally, the α-cellulose 

was purified from holocellulose with a 15% NaOH cold solution also under ultrasonic bath. 

All plant-extractable leaf water was quantitatively extracted on a cryogenic water 

extraction line as described in West et al. (2006) and analyzed for its δ2H values (see tables 

S1 and S2). The frequent leaf water monitoring throughout both experiments allowed us to 

deduce an accurate 2H-εbio for n-alkanes and α-cellulose excluding the effect of leaf water 

evaporative 2H-enrichment as: 

Eq. 1. ! −.! !!!" = (1000 ∙ (!"#$%&' !"#$"%&' !!! + 1000 ) !"#$ !"#$% !!! + 1000 − 1)) 

Even though heterogeneity in leaf water δ2H exists (Cernusak et al., 2016), we used 

the mean bulk leaf δ2H water to calculate 2H-εbio since sub-cellular leaf water δ2H values 

cannot be measured and we did not want to add additional uncertainties into our empirical 
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data by modelling them. We decided – as typically done in the literature – to calculate the 2H-

εbio as the difference between mean bulk foliar water (measured several times during the 

experiment) and the organic δ2H values (measured at the end of the experiment).  

While homologous n-alkanes δ2H values can vary, even within a single plant (e.g. 

Chikaraishi & Naraoka, 2003; Magill et al., 2013), we measured δ2H values of the C29 n-

alkane as it was the only compound abundant enough for GC-IRMS measurements that 

occurred in all species. To allow the comparison of treatment effects on 2H-εbio across all six 

species, we standardized the 2H-εbio response of a species to its overall mean 2H-εbio in both 

experiments (i.e. Δ2H-εbio). 

Isotope analyses: The water δ2H values have been measured on a DeltaPlus XP isotope ratio 

mass spectrometer (IRMS) coupled to a  high temperature conversion elemental analyzer 

(TC/EA) via a conFloIII (Gehre et al., 2004). Following the method described by Sessions 

(2006), δ2H values on n-alkanes have been measured on a second Delta V plus stable isotope 

ratio mass spectrometer (IRMS) coupled to a Trace GC Ultra and a GC Isolink via a 

ConFlow IV. The cellulose δ2H values of the non-exchangeable H atoms were measured 

following an equilibration of the exchangeable H atoms as described by Schimmelmann 

(1991), Filot et al. (2006) and Sauer et al. (2009) using a TC/EA coupled to a Delta 

Advantage IRMS. 

Data analyses: We fitted hyperbolic functions (expressing the balance between 

photosynthetic and post-photosynthetic effects on Δ2H-εbio) enhanced with linear functions 

(expressing the possible influence of photorespiration (Ehlers et al., 2015)) into the 

relationships between the independent variables we manipulated in the two experiments and 

Δ2H-εbio: ! ! ! = ! + ! ! + ! ∙ ! ∙ ! ! ∙ ! + ! , were x is either the light intensity or the 
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pCO2 values and a to d represent model-calculated parameters. At the positive end, the 

photosynthetic processes dominate and the inputs of new assimilates and light derived 

NADPH are at a maximum value and drive Δ2H-εbio towards negative values. At the negative 

end, the pool of photosynthetic carbohydrate supply is low, due to little amount of, or no, 

new assimilates, resulting in an infinite cycling of individual compounds in this pool and 

driving toward positive values of Δ2H-εbio.  

2.3. Results and discussion 

Both, the CO2 and light limitation experiments revealed that 2H-εbio varied 

systematically in different compound classes in response to the photosynthetic carbohydrate 

supply. This indicates that changes in plant C metabolism have strong effects on 2H-

fractionation during the biosynthesis of organic compounds in plants (Figs. 2 and 3). 

In the first experiment, we found strong effects of pCO2 on leaf water evaporative 2H-

enrichment in all six CO2 treated plants (Fig. 2a). The effects of pCO2 on leaf water δ2H 

values can be explained by the CO2 sensitivity of stomatal conductance and resulting effects 

on the evaporative 2H-enrichment of leaf water. In the Péclet-modified Craig-Gordon model, 

transpiration has been shown to reduce 2H-enrichment of leaf water due to the dilution of leaf 

water with unenriched source water (Cernusak et al., 2016). The increase in leaf water δ2H 

values at higher pCO2 that we observed in our experiment can therefore be explained by 

reduced stomatal conductance and transpiration, resulting in a decreased Péclet effect. δ2H 

values differed strongly between α-cellulose and n-alkanes and showed no unidirectional 

relationship with pCO2 (Fig. 2b, d). Importantly, when the effects of leaf water evaporative 

2H-enrichment on δ2H values of α-cellulose and n-alkanes were accounted for by subtracting 

leaf water δ2H values from δ2H values of organic compounds (and calculating as such 2H-εbio 
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for a given compound class and species using Eq. 1), we observed that the 2H-εbio for α-

cellulose and n-alkanes was strongly affected by pCO2 in all six species (Fig. S1). When the 

inherent species specific variability in 2H-εbio was accounted for by standardizing the 

treatment response of 2H-εbio for a given compound around the overall mean 2H-εbio of a 

species (i.e. calculating Δ2H-εbio), it became evident that the pCO2 effects on 2H-εbio were 

consistent in trend and magnitude across all species and for both compound classes (Fig. 2c, 

e). Effects were strongest at the lowest pCO2 level, where we assume that the plant’s carbon 

metabolism became limited by photosynthetic carbohydrate supply (Drake et al., 1997). For 

both α-cellulose and n-alkanes, 2H-εbio at 150 ppm was 20 ‰ and 16 ‰ more positive (at 

probability p<0.05 and p<0.001, respectively, using F-values from two-way ANOVA) than at 

pre-industrial pCO2 (i.e. 280 ppm). However, 2H-εbio did not become increasingly negative 

beyond 400 ppm pCO2. 
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In the second experiment, we found strong effects of the available photosynthetically 

active radiation (PhAR) on leaf water evaporative 2H-enrichment in all six plant species (Fig. 

3a). The effects of light intensity on leaf water δ2H values can be explained by the light 

sensitivity of stomatal conductance and resulting effects on the evaporative 2H-enrichment of 

the leaf water (Cernusak et al., 2016). δ2H values differed strongly between α-cellulose and 

n-alkanes and δ2H values of both compounds showed a negative relationship with increasing 

PhAR (Fig. 3b, d). When the effects of leaf water evaporative 2H-enrichment were accounted 

for by subtracting leaf water δ2H values from δ2H values of organic compounds, we found 

that εbio for α-cellulose and n-alkanes was strongly affected by light intensity in all six species 

(Fig. S2). The effect was greatest under fully dark conditions, when plants were completely 

limited in their photosynthetic carbohydrate supply and were forced to meet 100 % of their 

Fig. 2. Leaf water, α-cellulose, n-
alkane δ2H values and Δ2H-εbio for 
α-cellulose and n-alkanes under 
different pCO2 averaged across all 
six species. The magnitude of 2H-
εbio can differ largely across 
different species. To allow the 
comparison of treatment effects on 
2H-εbio across all six species we 
standardized the 2H-εbio response of 
a species to the pCO2 treatment 
around its overall mean 2H-εbio in 
the experiment (i.e. Δ2H-εbio). Each 
point corresponds to the averaged 
values 6 different species (n=6) 
grown in 3 replicates from seeds 
under the different pCO2. The 2H-
εbio curves for individual species are 
available of Fig. S1. 
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carbon and energy demands from carbohydrate reserves or other organic molecules (i.e. 

sugars, proteins, lipids). When 2H-εbio responses were standardized (i.e. Δ2H-εbio) across 

species to allow comparison of the treatment effects across species, we detected that the 

treatment responses in Δ2H-εbio were remarkably consistent in direction and magnitude across 

species but differed in magnitude between the two compound classes (Fig 3c, e). In full dark, 

Δ2H-εbio for α-cellulose and n-alkanes was more positive than Δ 2H-εbio of plants that grew 

under light (Fig. 3c, e). For α-cellulose and n-alkanes, Δ 2H-εbio at 0 PhAR was 22‰ and 

43‰ more positive (p<0.05 and p<0.001, respectively) than at higher PhAR (i.e. 354 µmol 

m-2 s-1). However, 2H-εbio did not become increasingly negative beyond 115 µmol m-2 s-1 in 

either compound class.  

 

Fig. 3. Leaf water, α-cellulose, n-
alkane δ2H values and the 
corresponding relative 2H-εbio for 
α-cellulose and n-alkanes under 
different light intensities 
(photosynthetic active radiation, 
PhAR) averaged across all six 
species. The magnitude of 2H-εbio 
can differ largely across different 
species. To allow the comparison 
of treatment effects on 2H-εbio 
across all six species we 
standardized the 2H-εbio response 
of a species to the light treatment 
around its overall mean 2H-εbio in 
the experiment (i.e. Δ2H-εbio). 
Each point corresponds to the 
averaged values 6 different 
species (n=6) grown in 3 
replicates from the tuber or roots 
under the different light intensity. 
The 2H-εbio curves for individual 
species are available of Fig. S2.  
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Yakir & DeNiro (1990) and later Luo & Sternberg (1992) have previously shown that 

cellulose δ2H values increase when a plant’s carbon metabolism was forced into a state of 

low photosynthetic carbohydrate supply. We show here, that these effects are relevant not 

only for cellulose but also for other compound classes such as lipids but that the magnitude 

by which the plant’s carbon metabolism affects 2H-εbio differed for compound classes and 

was dependent on the treatment (Figs. 2 and 3). This indicates that different biochemical 2H-

fractionation processes determine not only 2H-εbio in different compound classes but that 

these different biochemical 2H-fractionation processes are differently affected by changes in 

the plant’s carbon metabolism. This in turn provides us with the opportunity to establish - 

based on the known biochemical pathways - a conceptual biochemical model that identifies 

how and where H isotope fractionations occur during the biosynthesis of different plant 

compounds and to conceptualize how changes in a plant’s carbon metabolism affect the 2H-

fractionations for a given compound (Fig. 4). 

 

Fig. 4. Schematic view of H flow during processes leading to n-alkanes and α-cellulose 2H-εbio. The key 
enzymes and pathways responsible for H flow are indicated by their following abbreviations and are based on 
known biochemical pathways (Rose & Rieder, 1958; Rieder & Rose, 1959; Knowles & Albery, 1977; 
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Cheesbrough & Kolattukudy, 1984; Schleucher et al., 1999; Heldt et al., 2005; Augusti et al., 2006; Zhang et 
al., 2009; Schirmer et al., 2010; Voet & Voet, 2011; Buchanan et al., 2015; Ehlers et al., 2015). The Roman 
numerals indicate the two main post-photosynthetic biochemical processes that we suggest to be responsible for 
the general 2H-enrichment of plant metabolites under low photosynthetic carbohydrate supply. Abbreviation 
used: 2-OGDH, 2-oxoglutarate dehydrogenase; 6PGD, 6-phosphogluconate dehydrogenase; ACP, acyl-carrier-
protein; ALD, aldolase; ENO, enolase; Fd-GOGAT, ferredoxin glutamine:oxoglutarate aminotransferase; FNR, 
ferredoxin-NADP+ reductase; G6PDH, glucose-6-phosphate dehydrogenase; GAP, glyceraldehyde 3-phosphate; 
GAPDH, glyceraldehyde 3-phosphate dehydrogenase; IDH, isocitrate dehydrogenase; KA, ketoacyl; ME, malic 
enzyme; NADP, nicotinamide adenine dinucleotide; NADPH, nicotinamide adenine dinucleotide phosphate; 
ME, malate dehydrogenase; PDH, pyruvate dehydrogenase; PEP, phosphoenolpyruvate; PGI, phosphoglucose 
isomerase; PK, pyruvate kinase; oxPPP, oxidative pentose phosphate pathway; TPI, triosephosphate isomerase; 
TE, trans-enoyl; TPT, triose phosphate translocator; R, reductase; RuBisCO, ribulose-1,5-bisphosphate 
carboxylase/oxygenase. Succinate dehydrogenase also produced FADH2 in the TCA cycle, but is not 
represented on the scheme. 

Photosynthetic 2H-fractionation: Photosynthetic 2H-fractionation occurs in the chloroplast 

during the light reaction of photosynthesis where ferredoxin-NADP+ reductase produces 

NADPH with reduced H that is strongly 2H-depleted compared to leaf water (Luo et al., 

1991). This 2H-depleted H pool in NADPH is subsequently introduced into organic 

compounds in the Calvin cycle to form a glyceraldehyde-3-phosphate (GAP) that will be 2H-

depleted compared to leaf water and form a major constituent of the triosephosphate (TP) 

pool (Fig. 4). To our knowledge, the only attempt to estimate the magnitude of 

photosynthetic 2H-fractionation was by Yakir & DeNiro (1990), who calculated a value of -

171‰ for cellulose in the aquatic plant Lemna gibba. While our experiments were not 

designed to isolate the magnitude of the photosynthetic component of 2H-εbio, we found that 

variations in PhAR above 115 µmol m-2 s-1 did not affect 2H-εbio of α-cellulose and n-alkanes 

in any of the six species that we investigated. This is the case even though net photosynthetic 

rates increased with increasing light intensity in all species (Fig S3). We thus conclude that 

photosynthetic 2H-fractionation is, for the light spectrum tested, independent of the rate of 

photosynthesis within a species and possibly stable for any given species. This finding is 

important as it suggests that variations in 2H-εbio in response to plant metabolic changes 

observed in this study are mainly the result of variations in post-photosynthetic H isotope 

fractionation. 
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Effects of post-photosynthetic 2H-fractionation on δ2H values of different compound 

classes: Irrespective of the treatment, we found α-cellulose in both experiments to be less 2H-

depleted compared to leaf water than lipids (Figs. 2 and 3). This was for all species when 

these were grown at sufficient photosynthetic carbohydrate supply rates, i.e. at pCO2 ≥ 280 

ppm or a light intensity of ≥ 8 µmol photon m-2 s-1. This is consistent with previous studies 

that have reported similar patterns for cellulose or starch (Epstein et al., 1976; Sternberg et 

al., 1984a). Given the strong 2H-depletion during photosynthetic H isotopes fractionation 

processes (Yakir & DeNiro, 1990), these values suggest that post-photosynthetic 2H-

fractionations have a strong effect on the observed δ2H values of carbohydrates in plants. 

Post-photosynthetic 2H-enrichment commences in the TP pool that is in rapid 

reciprocal exchange with the hexosephosphate (HP) pool  in a futile cycle from which 

carbohydrates are synthesized (Buchanan et al., 2015) (Fig. 4). Several processes can lead to 

the post-photosynthetic 2H-enrichment of the TP and HP pools as outlined in our conceptual 

model (Fig. 1 and 4): (i) The synthesis of GAP in the Calvin cycle allows (partial) exchange 

of C-bound H atoms with the surrounding (2H-enriched) cellular water in CH2-groups 

adjacent to CO-groups via an enolic structure (Rieder & Rose, 1959; Maister et al., 1976; 

Knowles & Albery, 1977), leading to an 2H-enrichment of the GAP pool. Wang et al. (2009) 

have calculated a theoretical equilibrium fractionation of organic H for H-C-OH positions up 

to 96‰, illustrating that C-bound H exchange with water can drive GAP and consequently 

carbohydrates towards positive δ2H values. (ii) In new photosynthetically derived GAP, only 

one out of four C-bound H atoms is derived from 2H-depleted NADPH from the light 

reaction of photosynthesis. The other C-bound H atoms are coming from the precursor 

molecule 3-phosphoglyceraldehyde (3-PGA) that is 2H-enriched compared to NADPH 

because of previous H exchanges with cellular water as described above. (iii) During the 
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production of HP, where two trioses are bound to form fructose 1,6-bisphosphate, one out of 

four C-bound H atoms is lost to the surrounding water (Rose & Rieder, 1958; Hall et al., 

1999). As light isotopologues will react faster in this reaction, this process leads to a 2H-

enrichment of the GAP pool (Schmidt et al., 2015). (iv) The enzyme phosphoglucose 

isomerase used to interconvert glucose 6-phosphate and fructose 6-phosphate might 2H-

enrich the HP pool even further during that step by allowing partial exchange of specific H 

atoms (Fig. 1) with the surrounding cellular water (Schleucher et al., 1999). 

As a consequence of the different post-photosynthetic 2H-fractionation processes that 

lead to a 2H-enrichment of the TP and the HP pool, carbohydrates typically do not deviate as 

strongly in their δ2H values from leaf water as we would expect from the primary 2H-

depletion of the NADPH pool that is generated in the light reaction of photosynthesis. While 

the above-described mechanisms are relevant for all carbohydrates,  δ2H values can vary 

among different carbohydrates. Previous studies have for example shown that starch is 2H-

depleted compared to cellulose (Smith & Epstein, 1970; Luo & Sternberg, 1991) and 

compared to leaf soluble sugars (Schleucher et al., 1999). This has been attributed to a 2H-

depletion at position C2 caused by the pronounced disequilibrium of phosphoglucose 

isomerase (Schleucher et al., 1999). Analogous 3H-depletion at the same position was found 

by Dorrer et al. (1966).  

n-Alkanes and lipids in general had more negative 2H-εbio than α-cellulose in our and 

in previous studies (Smith & Epstein, 1970; White, 1989; Schmidt et al., 2003). This is 

despite the fact that the precursor molecule in lipid biosynthesis, phosphoenolpyruvate (PEP) 

and eventually acetyl-CoA, are originating from the same 2H-enriched TP pools, as the 

precursor molecules of carbohydrates (Buchanan et al., 2015). In addition, the metabolic 

conversion of GAP to organic acids (i.e. PEP, pyruvate and malate) and from organic acids to 
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acetyl-CoA involves the loss of 2H-depleted H to nicotinamide adenine dinucleotide (NADH) 

and NADPH during glycolysis and loss of 2H-depleted hydrogen in form of NADH, flavin 

adenine dinucleotide (FADH2), and in some cases NADPH, that occurs in the tricarboxylic 

acid (TCA) cycle (Rambeck & Bassham, 1973; Møller & Rasmusson, 1998; Igamberdiev & 

Gardeström, 2003; White et al., 2012). Also, during the conversion of organic acids to acetyl-

CoA and in the TCA cycle exchange of C-bound H atoms with surrounding 2H-enriched 

water occurs (Rambeck & Bassham, 1973; Silverman, 2002; Allen et al., 2015). Organic 

acids as the precursor molecules of lipids should thus be more 2H-enriched than molecules in 

the TP pool. This is, however, not reflected in lipids because 2H-depleted NADPH is a 

critical source of H in their biosynthesis. In carbohydrates, approximately 15% of C-bound H 

atoms originate from 2H-depleted NADPH that is produced during the light reaction of 

photosynthesis in the chloroplast and by the oxPPP in the cytosol (Fig. 1). In contrast, about 

half of the C-bound H atoms originate from 2H-depleted NADPH in the autotrophic fatty acid 

and n-alkane biosynthesis (Kazuki et al., 1980; Baillif et al., 2009) (Fig. 5). As such, lipids in 

general and n-alkanes in particular are strongly 2H-depleted compared to carbohydrates in 

autotrophically growing plants. 
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Fig. 5. Simplified view of the biochemical origins of H atoms in n-alkane biosynthesis. Black H represent H 
atoms from the precursor acetyl-CoA. Green H originate from NADPH reduced by the light reaction of 
photosynthesis in the chloroplast and or by oxPPP and other reactions in the endoplasmic reticulum. Blue H are 
from H atoms in equilibrium with surrounding water. The fatty acids are generally elongated until 16 or 18 Cs 
long in the chloroplast and until 32 Cs long in the endoplasmic reticulum; this might also imply different H 
sourcing (Cheesbrough & Kolattukudy, 1984; Zhang et al., 2009; Schirmer et al., 2010; Buchanan et al., 2015). 
The red H represent the 2H-depleted atoms that can come from the 3-phosphoglycerate produced upon the 
photosynthetic C oxidation. In a C29-alkane, of 60 H atoms, 28 comes from NADPH, 14 from water, 17 from 
manolyl-ACP (which ultimately derives from acetyl-CoA and pyruvate). 

Metabolic effects on post-photosynthetic 2H-fractionation: Our experiments revealed that 

plants that were forced into a state of low photosynthetic carbohydrate supply, whether by 

light or by CO2 limitation, have 2H-εbio values for α-cellulose and n-alkanes that are 

significantly less negative than those of plants growing under higher photosynthetic 

carbohydrate supply. The general trend of this effect was consistent in the two experiments 

and suggests that the post-photosynthetic 2H-fractionation processes described in detail below 

lead to more positive δ2H values when plants operate in a state of low photosynthetic 

carbohydrate supply (Luo & Sternberg, 1992; Yakir, 1992). 
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We identified two important post-photosynthetic biochemical processes that are 

responsible for the general 2H-enrichment of plant metabolites under low photosynthetic 

carbohydrate supply (see Fig. 4). 

(I) We assume that a substrate-limited Calvin cycle as induced by our two 

experiments results in smaller TP and HP pools and consequently a higher turnover of the 

individual molecules in a pool at a given metabolic rate. We suggest that higher turnover 

rates of individual molecules in the TP and HP pools lead to increasing 2H-enrichment 

because the likelihood of equilibrium exchange of C-bound H in the TP and HP molecules 

with 2H-enriched cellular water increases (Luo & Sternberg, 1992; Augusti et al., 2006). 

Similar processes have been suggested for the exchange of O atoms during the biosynthesis 

of cellulose (Yakir & DeNiro, 1990; Hill et al., 1995; Sternberg et al., 2003; Barbour, 2007). 

While two out of six C-bound H atoms on a glucose-6-phosphate (i.e. C2 & C3) are always 

exchanged with the surrounding cellular water during the biosynthesis from ribusole-1,5-

bisphosphate, the two C-bound H atoms on position C4 and C5 are only partially exchanged 

with the surrounding water (Rose & Rieder, 1958; Rieder & Rose, 1959; Fiedler et al., 1967; 

Maister et al., 1976; Knowles & Albery, 1977) (Fig. 1). A higher cycling rate of these 

molecules increases thus the chance for equilibration to happen on positions C4 and C5 with 

the surrounding 2H-enriched cellular water. This in turn will lead to a 2H-enrichment of the 

molecules in the TP and HP pool when photosynthetic carbohydrate supply is low. 

(II) Sharkey & Weise (2015) postulate that at low photosynthetic carbohydrate 

supplies, the Calvin cycle is stabilized by means of the oxPPP replenishing the Calvin cycle 

intermediates with starch-derived pentose phosphates. Although starch is 2H-depleted, the 

first enzyme of the oxPPP (glucose-6-phosphate dehydrogenase) has been shown to strongly 

2H-enriche glucose-6-phosphate at C1 (Hermes et al., 1982). This will lead to 2H-enrichment 
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in glucose-6-phosphate and derivatives synthesized thereof when the oxPPP is upregulated 

(Wieloch et al. unpublished). Rearrangement of the photosynthetic carbohydrate metabolism 

in response to low photosynthetic carbohydrate supply might also induce a shift of stromal 

phosphoglucose isomerase towards equilibrium (Schleucher et al., 1999). This would result 

in the biosynthesis of 2H-enriched transitory starch with downstream carbohydrates produced 

from the degradation of this starch also being 2H-enriched (Wieloch et al. unpublished). 

In essence it is a combination of different biochemical processes that act in concert 

and lead to plant organic compounds becoming 2H-enriched when photosynthetic 

carbohydrate supply to a plant’s metabolism is low.  

Interestingly, metabolic effects on 2H-εbio values for α-cellulose were identical in both 

experiments. In contrast, effects on 2H-εbio values for n-alkanes were much stronger when 

photosynthetic carbohydrate supply was reduced via the light reaction and plants were forced 

to utilize reserve carbohydrates as compared to photosynthetic carbohydrate supply being 

reduced via low pCO2 and a limitation of the dark reaction of photosynthesis (Figs. 2 and 3). 

These observations are in line with the conceptual biochemical model for metabolic effects 

on the hydrogen isotope composition of plant organic compounds that we outlined above and 

can thus be used to validate our above considerations. Under low pCO2 and under low light 

the biochemical source of H in the biosynthesis of carbohydrates is identical and comes from 

precursor molecules such as transitory or reserve starch that is converted to TP and HP that 

become 2H-enriched under low photosynthetic carbohydrate supply (Fig. 1, 4). In contrast, 

the main source of H in lipids comes directly from NADPH (Fig. 1, 5). As the supplies of 

NADPH and the hydrogen isotope composition of NADPH from the light reaction of 

photosynthesis should not have been affected by our low pCO2 treatment, the main H-source 

of lipids was consequently also unaffected by the CO2 treatments. This explains why effects 
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of low photosynthetic carbohydrate supplies triggered by low pCO2 were comparatively 

small for 2H-εbio of n-alkanes (Fig. 3c, e). In contrast, the metabolic effects on 2H-εbio were 

stronger for n-alkanes when photosynthetic carbohydrate supplies were manipulated by low 

light and plants depended entirely on reserve metabolites for the biosynthesis of new organic 

compounds. The reason for this is that the biosynthesis of lipids from reserve carbohydrates 

via organic acids and acetyl-CoA requires additional NADPH-derived H (Figs. 4 and 5). In 

the absence of light this H cannot come from NADPH produced in the light reaction of 

photosynthesis but needs to be derived from NADPH that is generated heterotrophically, 

mainly in the oxPPP, and that has been shown to be 2H-enriched compared to autotrophically 

reduced NADPH (Sessions et al., 1999; Zhang et al., 2009; Schmidt et al., 2015). This 

suggests that in addition to the 2H-enrichment of the biochemical precursor pools driven by 

the biochemical processes outlined above, the incorporation of additional and 

heterotrophically produced 2H-enriched NADPH, leads to larger metabolic effects on 2H-εbio 

of lipids when photosynthetic carbohydrate supplies are limited by the light reaction of 

photosynthesis. 

We found no effects of increasing pCO2 ≥ 280 ppm on 2H-εbio in either compound 

class. We suggest that this is because the size of the carbohydrate pools and/or the turnover of 

the molecules in the pools was constant at pCO2 ≥ 280 ppm in our experiment. It has been 

shown previously that the activity of RuBisCO is down-regulated with the accumulation of 

soluble carbohydrates in the chloroplast or cytosol (Webber et al., 1994). We thus suggest 

that at pCO2 ≥ 280 ppm the carbohydrate pool size was not increasing enough in our 

experiment to significantly affect 2H-εbio of α-cellulose or n-alkanes. Similarly, we did not 

observe strong effects on 2H-εbio above 5 µmol photons m-2 s-1 for n-alkanes and above 115 

µmol photons m-2 s-1 for α-cellulose. This indicates that plants were already carbon 
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autonomous with respect to the supply of fresh carbohydrates from photosynthesis or that the 

main source of NADPH in the biosynthesis of the compounds was coming from the light 

reaction of photosynthesis above these light intensities rather than from the degradation of the 

reserves via the oxPPP. 

Effects of photorespiration: It has recently been shown that photorespiration can 2H-deplete 

the C-3 position of the 3-PGA (i.e. triose) (Ehlers et al., 2015). Photorespiration occurs 

because RuBisCO can also catalyze the oxygenation of ribulose-1,5-bisphosphate (RubP), a 

reaction that increases with declining CO2 concentrations (Bainbridge et al., 1995). This 

position specific isotope effect of photorespiration should thus lead to 2H-εbio becoming 

progressively more negative at lower CO2 concentrations, where rates of photorespiration 

increase. An effect of photorespiration on 2H-εbio of bulk α-cellulose and n-alkanes was, 

however, not detectable in our CO2 experiment. As indicated in our model, photorespiration 

seems to introduce 2H-depleted H at the C-3 position of 3-PGA due to the introduction of 2H-

depleted H atoms via the reaction ferredoxin glutamine:oxoglutarate aminotransferase during 

the photorespiratory pathways (Peterhansel et al., 2010) (Fig. 4). This 2H-depleted C-3 

position, which is transferred to other positions without H isotope exchange during glucose 

and n-alkane biosynthesis (Fig. 1 and 5), can affect up to 1 out of 7 and 9 out of 59 C-bound 

H atoms in a glucose and in a C29-alkane molecule, respectively at high rates of 

photorespiration (Ehlers et al., 2015). It seems that these effects are too small to be detected 

in the bulk δ2H values of organic compounds or that the H isotopic changes associated with 

the cycling of the TP and HP pool and with the source of NADPH mask those of the 

photorespiration for α-cellulose and n-alkanes. 

Effects of gluconeogenesis: Plants growing at low photosynthetic carbohydrate supply can 

utilize not only starch reserves as illustrated in our model but also lipid reserves to serve as C 
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and energy source for the biosynthesis of compounds via gluconeogenesis. This is 

particularly relevant for plants growing from oil containing seeds. Luo & Sternberg (1992) 

have shown that plants growing from low photosynthetic supply from carbohydrate reserves 

(i.e. starch) have cellulose δ2H values that are lower than plants growing from lipids. In 

plants with low photosynthetic carbohydrate supply that utilize lipids as their C and energy 

source, an important part of the precursor molecules for the production of new carbohydrates 

and lipids is acetyl-CoA, which is produced as a degradation product of the lipid β-oxidation 

that occurs via gluconeogenesis (Fig. 4). This important metabolic pathway results in a 2H-

enrichment of the acetyl-CoA pool by producing 2H-depleted FADH2 and NADH. Moreover, 

the action of enoyl CoA hydratase allows the exchange of C-bound H atoms with the 

surrounding 2H-enriched foliar water. In the subsequent glyoxalate cycle, where two acetyl-

CoA are used to produce succinate that will enter the TCA cycle and produce a new PEP, 

malate dehydrogenase will further 2H-enrich the pool of succinate by producing 2H-depleted 

NADH. As a result, carbohydrates produced by plants from lipid reserves are 2H-enriched 

compared to carbohydrates that are produced from carbohydrate reserves (Agrawal & 

Canvin, 1971). 

Post-photosynthetic 2H-fractionation in plants with different photosynthetic pathways: 

Differences in δ2H values of organic compounds have also been observed among plants that 

differ in their photosynthetic pathways (e.g. C3, C4 and Crassulacean Acid Metabolism 

(CAM)) (Sternberg et al., 1984a; Chikaraishi et al., 2004; Smith & Freeman, 2006; Feakins 

& Sessions, 2010a; Zhou et al., 2011; Sachse et al., 2012; Gamarra et al., 2016). Specifically, 

carbohydrates and lipids in C4 plants have generally been reported to be 2H-enriched 

compared to those produced in C3 plants. As suggested by (Zhou et al., 2016), the different 

anatomies of C3 and C4 plants influence 2H-εbio via C-bound H exchanges with water of 
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different anatomical compartments. For instance, intermediate compounds in C4 plants 

exchange C-bound H with waters of the mesophyll cells that is 2H-enriched compared to 

water in the bundle sheath cells, contributing to organic molecules that are 2H-enriched 

compared to those produced by C3 plants. This is in particular since the water in the 

mesophyll cells in C4 plants should to be 2H-enriched compared to the bulk leaf water values 

of C3 plants (Gamarra et al., 2016). Interestingly, our experimental treatments in the second 

experiment (where we included a C4 plant Zea mays) show similar effects on 2H-εbio of the C4 

plant than on the other investigated C3 species (Fig S1). This suggests that metabolic effects 

of low photosynthetic carbohydrate supply on the 2H-εbio
 of plant organic compounds are 

valid for plants with different photosynthetic pathways and that the δ2H values of those plants 

equally record a low photosynthetic carbohydrate supply and/or a fast cycling of molecules in 

the TP and HP pools. 

2H-enrichment of organic compounds from CAM plants compared to organic 

compounds from C3 plants that have been reported in the literature also agree with our 

conceptual model (Ziegler et al., 1976; Feakins & Sessions, 2010b; Sachse et al., 2012). 

During the day, when CAM plants release CO2 via NAD(P)-malic enzyme (ME) from the 

malic acid and perform photosynthesis by using this CO2, the resulting C3 compounds are 

used to produce starch via the same biosynthetic pathway, i.e. the gluconeogenesis, that is 

used after lipid degradation in regular C3 plants. This mechanism leads to an intense cycling 

of malic acid and pyruvate and consequently a 2H-enrichment of the involved molecules that 

ultimately lead to the TP and organic acid pool in the cytosol (Fig. 4). Interestingly, 

Sternberg et al. (1984a) observed that the cellulose produced by CAM plants is 2H-enriched 

compared to lipids produced by the same plants. This is in agreement with our model and 

supports the idea that the cycling of organic precursors pools (such as pyruvate and malic 
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acid or hexose and triose) and the extraction of light H via the reduction of NAD(P)+ is an 

important driver for the 2H-εbio of carbohydrates. This cycling seems to be a less important 

driver of the 2H-εbio in lipids biosynthesis as their main source of H comes from the NADPH 

produced in the chloroplast (Fig. 4). 

2H as a proxy for the C metabolism of plants: The motivation of our study was to identify 

how and where 2H-fractionation occurs during photosynthetic and post-photosynthetic 

biosynthetic processes in plants. With this, we want to provide a mechanistic basis for 

understanding differences in 2H-εbio for different compound classes in plants and, most 

importantly, to set the mechanistic ground for the application of plant δ2H values as proxy for 

a plant’s C metabolism. Our experiments show substantial differences in the δ2H values of 

carbohydrates and lipids that can largely be explained by the higher proportion of NADPH-

derived and 2H-depleted H in lipids compared to carbohydrates. We show strong effects of 

low photosynthetic carbohydrate supply on the biosynthetic hydrogen isotope fractionation 

for both, carbohydrates and lipids. For carbohydrates, the metabolic effects on 2H-εbio were 

independent of the causes of low carbohydrate supply to the plant and were surprisingly 

robust across species and compound classes. For lipids, effects were stronger when plants 

were forced to utilize reserve carbohydrates in their metabolism and to generate NADPH for 

the biosynthesis of lipids via heterotrophic pathways.  

Being able to interpret metabolic variability in the δ2H values of plant organic 

compounds that is beyond hydrological forcing will help to resolve previously explained 

variability in the δ2H values of plant organic compounds in sediment records or in tree rings 

when these are applied as a (paleo-)hydrological signals. Most importantly, however, 

understanding the metabolic effects that shape the δ2H values of plant organic compounds 

will open new opportunities to utilize plant δ2H values to address the carbon metabolism of 
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plants and ecosystems. While we show here, that photosynthetic carbohydrate supply has a 

key effect on the δ2H values of plant organic compounds, previous studies have already 

employed δ2H values of n-alkanes or cellulose to indicate the carbon autonomy of plant 

tissues, plant organs or entire plants (Gamarra & Kahmen, 2015; Newberry et al., 2015; 

Kimak et al., 2015; Gebauer et al., 2016). With our conceptual biochemical model, we can 

now explain why organic compounds in non-C autonomous tissue with low photosynthetic 

carbohydrate supplies become 2H-enriched. By comparing effects on carbohydrates and 

lipids, we can even differentiate if limitations of the light or dark reaction cause plant tissue 

to be carbon limited. 

The model we present here will be particularly instrumental to interpret non-

hydrological signals in δ2H values of plant organic compounds when these are analysed in 

combination with δ18O values. This is, because δ18O values are driven only by hydrological 

drivers (source water δ18O and leaf water δ18O (Roden et al., 2000; Kahmen et al., 2011) and 

the combined analysis of δ2H and δ18O values should thus allow to disentangle hydrological 

and metabolic effects, e.g. in tree ring or sediment records. Such an application of δ2H values 

in plant organic compounds could allow for the first time to assess long-term metabolic 

responses of plants and ecosystems to global environmental change and to address important 

feedbacks between the coupled climate carbon cycle. While a quantitative link between a 

plants carbon metabolism and variability in the δ2H values will have to be established in 

future studies, the experiments that we present here, and the conceptual biochemical model 

that resulted from these experiments, set the foundation for establishing plant δ2H values as a 

fundamentally important new metabolic proxy that will be relevant for a broad range of 

disciplines, including plant physiology, plant breeding, ecology, biogeochemistry, 

paleoecology and earth system sciences. 
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2.5. Supplementary information 

 

Fig. 2H-εbio for n-alkanes (left panels) and α-cellulose (right panels) for different pCO2. The four black 
points corresponds to a mean value of four plant replicates. The standard deviations from the replicates are 
represented by the error bars. The blue lines correspond to a hyperbolic function (expressing the balance 
between photosynthetic and post-photosynthetic processes, see method). 
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Fig. 2H-εbio for n-alkanes (left panels) and α-cellulose (right panels) for different light intensities. The four 
black points corresponds to a mean value of four plant replicates. The standard deviations from the replicates are 
represented by the error bars. The blue lines correspond to a hyperbolic function (expressing the balance 
between photosynthetic and post-photosynthetic processes, see method). 
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Fig. SI-3. Mean photosynthetic light compensation point available for the different 
species grown under different light treatments. Each point corresponds to a mean values 
of 3 measurements done of 3 different plant replicates. The error bars represent the standard 
deviation (2σ). The dashed line represents the light intensity set in the low light chamber.  
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Table SI-1. Mean measured δ2H values of n-alkanes (n=3), α-cellulose (n=3) and 
corresponding εbio from leaf material collected at the end of the experiment, and leaf water 
(n=5) collected at five different days during the CO2 experiment. The NA standard deviations 
are due to the little amount of plant material available that forced us to mix the replicates 
together before extractions and analyses.  

 

 

 

 

 

 

 

 

species treatment d2 H s d2 H s 2 H-ebio s d2 H s 2 H-ebio s

140 -39 1 -207 NA -175 NA -60 NA -22 NA
280 -37 3 -228 3 -199 0 -96 NA -65 NA
400 -28 6 -228 10 -205 15 -90 NA -65 NA
800 -12 2 -221 2 -211 0 -75 21 -64 21
140 -41 1 -190 NA -154 NA NA NA NA NA
280 -40 4 -190 NA -152 NA -91 12 -53 6
400 -27 1 -193 NA -170 NA -85 2 -59 1
800 -14 4 -186 NA -175 NA -77 NA -64 NA
140 -36 2 -234 11 -206 10 -64 NA -30 NA
280 -35 3 -237 10 -209 11 -82 9 -49 7
400 -28 3 -246 7 -224 9 -75 18 -49 17
800 -12 1 -242 1 -233 0 -52 7 -41 7
140 -43 2 -196 NA -161 NA -91 NA -51 NA
280 -39 3 -200 4 -166 6 -128 NA -89 NA
400 -29 3 -193 4 -169 6 -78 NA -48 NA
800 -15 1 -171 NA -158 NA -65 NA -50 NA
140 -38 2 -190 4 -158 3 -81 17 -43 18
280 -37 3 -187 2 -156 4 -86 17 -51 18
400 -26 2 -183 8 -161 9 -82 15 -58 14
800 -14 1 -173 6 -161 6 -65 25 -52 26
140 -41 2 -211 4 -178 3 -57 NA -15 NA
280 -43 3 -222 3 -187 2 -100 1 -59 4
400 -34 2 -214 4 -187 5 -87 10 -55 11
800 -18 4 -207 5 -192 6 -89 NA -68 NA

a-cellulose (‰)

A. elatius

C. jacea

F. rubra

L. pratensis

P. lanceolata

T.  pratense

leaf water (‰) n -alkane (‰)
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Table SI-2. Mean measured δ2H values of n-alkanes (n=4), α-cellulose (n=4) and 
corresponding εbio from leaf material collected at the end of the experiment, and leaf water 
(n=11) collected at 11 different days during the light experiment. The NA standard deviations 
are due to the little amount of plant material available that forced us to mix the replicates 
together before extractions and analyses. 

 

 

 

 

 

 

 

 

 

 

 

species treatment d2 H s d2 H s 2 H-ebio s d2 H s 2 H-ebio s

0 -43 2 -186 5 -150 10 -28 3 16 10
8 -22 7 -228 5 -211 12 -30 5 -8 16

115 -26 8 -232 6 -210 7 -24 7 -4 20
355 -52 2 -245 7 -203 10 -73 6 -22 8
0 -19 3 -127 3 -111 6 -42 7 -24 12
8 -22 2 -154 0 -135 3 -45 2 -23 5

115 -25 0 -163 3 -141 5 -78 7 -54 8
355 -48 1 -171 2 -129 3 -95 4 -49 6
0 -23 2 -139 0 -119 7 8 0 29 7
8 -20 2 -158 4 -141 5 -17 7 3 6

115 -21 4 -159 3 -139 7 -81 15 -59 16
355 -48 2 -189 5 -148 6 -32 2 16 5
0 -36 3 -192 16 -162 15 -52 4 -17 7
8 -23 3 -208 2 -189 4 -44 3 -21 4

115 -26 3 -217 1 -195 7 -43 3 -17 8
355 -51 3 -228 4 -186 6 -64 7 -14 8
0 -29 2 -101 9 -73 13 NA NA NA NA
8 -29 4 -146 0 -117 7 NA NA NA NA

115 -28 7 -176 4 -155 8 -12 2 15 9
355 -52 2 -193 4 -149 5 -54 8 -1 10
0 -29 5 -135 6 -111 4 -20 6 9 7
8 -10 4 -172 4 -164 6 -21 7 -10 8

115 -10 4 -176 1 -166 6 -35 7 -25 9
355 -46 2 -202 2 -164 6 -66 5 -21 7

leaf water (‰) n -alkane (‰) a-cellulose (‰)

A. cepa

H. tuberosus

I. batatas

S. tuberosum

Z. mays

Z. officinale
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Table SI-3. Mean environmental variables measured every 10 minutes during the CO2 
experiment.  

 

Table SI-4. Mean environmental variables measured every 10 minutes during the light 
experiment.  

 

pCO2 (ppm) s Temperature (°C) s relative humidity (%) s

800 7 19.0 3.0 73 11
400 14 20.0 5.0 75 15
280 12 17.0 5.0 80 15
140 21 19.0 5.0 70 18

PhAR (um photons sec-1 m-2) s Temperature (°C) s relative humidity (%) s

355 17 25.3 0.5 75 4
115 24 25.3 0.2 63 2
8 5 25.7 0.2 66 4

0.0 0.1 25.2 0.1 64 2
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Abstract 

Stable isotope analyses of plant compounds have commonly been applied to assess 

biogeochemical processes in the environment. For the interpretation of δ2H values in plant-

derived organic compounds, hydrogen isotope fractionation that occurs during the 

biosynthesis of organic compounds is typically considered to be constant within a plant 

species. δ2H values have consequently been assumed to record mostly (eco-) hydrological 

signals. Beside the hydrological information, recent observations suggest that the 

biosynthetic hydrogen isotope fractionation imprints also valuable information on the 

carbohydrate metabolism of plants. Here we show with new δ2H analyses from heterotrophic 

plants that the hydrogen isotope fractionation occurring during the biosynthesis of different 

organic compounds in plants can explain part of the variability observed in δ2H values across 

species. Metabolic effects on δ2H values between heterotrophic plants and their autotrophic 

references host plants differed for different compound classes. On average these effects were 

76 ± 9 ‰ for α-cellulose and 23 ± 23 ‰ for n-alkanes. The remarkable consistency of the 

compound specific isotope fractionation between autotrophic host or reference plants and the 

heterotrophic parasitic or mycohetetrophic plants points towards a general physiological 

mechanism that determines these effects. These data also support the idea that δ2H values can 

also be used to infer information about the carbon and energy metabolism of a plant and 

different spatial and temporal scales.  
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3.1. Introduction  

Hydrogen isotopes (δ2H) in plant organic compounds have been used as indicators for 

hydrological processes. In general, the hydrogen isotope composition of organic compounds 

in plants is driven by (i) the hydrogen isotope composition of the plants water source 

(Chikaraishi and Naraoka, 2003; Sachse et al., 2006; Hou et al., 2008), (ii) the leaf water 

evaporative 2H enrichment, which is largely driven by the evaporative environment of the 

plant (Smith and Freeman, 2006; Feakins and Sessions, 2010; Kahmen, Hoffmann, et al., 

2013; Kahmen, Schefuß, et al., 2013) and (iii) the biosynthetic 2H fractionation (2H-εbio), 

which corresponds to the apparent 2H fractionation between the biosynthetic (plant) water 

pool and the organic compounds (Ziegler et al., 1976; Sternberg et al., 1984; Ziegler, 1989; 

Yakir and DeNiro, 1990; Luo and Sternberg, 1992a; Yakir, 1992; Schmidt et al., 2003). For 

the interpretation of δ2H values in plant-derived organic compounds, 2H-εbio is typically 

considered to be constant within a plant species (Sachse et al., 2006) and δ2H values have 

consequently been assumed to record mostly (eco-) hydrological signals (i.e. Rach et al., 

2014).  

Beside the hydrological information contained in δ2H values of plant organic 

compounds, recent observations suggest, however, that δ2H values contain also valuable 

information on the carbohydrate metabolism of plants (Yakir and DeNiro, 1990; Luo and 

Sternberg, 1992b & Cormier et al. chapter 2). δ2H values of leaf wax n-alkanes from the 

carbon autonomous plant organs (leaves, shoots) have for example been shown to be 

generally 2H-depleted compared to n-alkanes of non-carbon autonomous organs (roots, 

inflorescences) (Gamarra and Kahmen, 2015). Also, bulk leaf and leaf wax n-alkane δ2H 

values  have been shown to be 2H-enriched early in the growing season but to decline 

throughout the year (Newberry et al., 2015; Kimak et al., 2015). It has been suggested that 
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this seasonal trend in foliar δ2H values reflects the increasing carbon autonomy that leaves 

gain throughout the year. It has also been shown that bulk plant material is 2H enriched in 

heterotrophic plants compared to their autotrophic hosts (Ziegler, 1995). In fact, Gebauer et 

al. (2016) have employed these signals to identify partial mycoheterotrophy in green orchids 

based on their 2H enriched bulk material compared to neighboring obligate autotrophic 

plants. 

The fact that the hydrogen isotope composition of plants is related to the plant’s 

carbohydrate metabolism has recently been explained by variability in the 2H-εbio (Cormier et 

al. chapter 2). Metabolic effects on 2H-εbio of carbohydrates or lipids seems to be mostly 

driven by the cycling rates of individual triosephosphate (TP) and hexosephosphate (HP) 

molecules and the associated following processes: (I) The likelihood of equilibrium exchange 

of C-bounded H in the TP and HP molecules with 2H-enriched cellular water increases when 

these pools are low (Luo and Sternberg, 1992a; Augusti et al., 2006). (II) The extent by 

which the oxidative pentose phosphate pathway (oxPPP) is regulated, introducing 2H-

enriched carbohydrates from reserve pools such as starch into the HP and TP pools, and 

driving the amount of 2H-depleted H removed from the TP and HP pools via the reduction of 

NADPH. (III)  Potential shifts of stromal phosphoglucose isomerase toward or against 

equilibrium in response to changes in photosynthetic carbohydrate supply (Schleucher et al., 

1999) (Fig. 1 – I, II, III). Based on these processes a higher photosynthetic carbohydrate 

supply to the plant would result in more 2H-depleted organic molecules (Yakir, 1992). At low 

photosynthetic carbohydrate supply, in contrast, higher exchange rates of C-bound H with 

2H-enriched cellular water and the upregulation of the oxPPP would lead to a progressive 2H 

enrichment of the resulting molecules and imprint a metabolic signal on the δ2H values of 

organic compounds in plants.  
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While the biochemical concept explaining 2H-εbio is in agreement with previous 

observations made at various levels of plant organization (Gamarra and Kahmen, 2015; 

Newberry et al., 2015; Gebauer et al., 2016), the biochemical isotope fractionation processes 

that determine the large observed differences in hydrogen isotope composition between 

heterotrophic plants and autotrophic reference plants are yet unexplored. To resolve these 

processes we analyzed the δ2H values of lipids (i.e. leaf wax n-alkanes) and carbohydrates 

(α-cellulose) of heterotrophic plants and autotrophic host or reference plants and (i) tested if 

metabolic effects previously observed on the δ2H values of bulk plant material in autotrophic 

and heterotrophic plants are also visible in individual compound classes (i.e. lipids and 

carbohydrates), (ii) tested if the metabolic effects that are responsible for driving differences 

in bulk δ2H between autotrophic and heterotrophic plants are of similar magnitude in lipids 

and carbohydrates, and (iii) employed the compound specific δ2H data in carbohydrates and 

lipids to develop a conceptual biochemical isotope model that can explain the metabolic 

effects that determine the observed differences in δ2H values between heterotrophic plants 

and autotrophic reference host plants. 
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3.2. Methods 

The plant species that we investigated are fully heterotrophic plants that lack any 

chlorophyll and are unable to perform photosynthesis. To obtain carbohydrates, these plants 

either directly parasitize their autotrophic hosts (i.e. true parasites) or they obtain their 
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Fig. 1. Simplified schematic view of H flow 
during processes leading to n-alkanes and α-
cellulose εbio in heterotrophic parasitic plants 
importing carbohydrates directly from a 
host plant or via intermediate fungi, adapted 
from Cormier et al. (chapter 2). The roman 
numbers indicate biochemical processes that 
seems to be responsible for metabolic effects on 
2H-εbio of carbohydrates or lipids. The key 
enzymes and pathways responsible for H flow 
are indicated by their following abbreviations 
and are based on known biochemical pathways 
(Rose & Rieder, 1958; Rieder & Rose, 1959; 
Knowles & Albery, 1977; Cheesbrough & 
Kolattukudy, 1984; Schleucher et al., 1999; 
Heldt et al., 2005; Augusti et al., 2006; Zhang 
et al., 2009; Schirmer et al., 2010; Voet & 
Voet, 2011; Buchanan et al., 2015; Ehlers et 
al., 2015): 2-OGDH, 2-oxoglutarate 
dehydrogenase; 6PGD, 6-phosphogluconate 
dehydrogenase; ACP, acyl-carrier-protein; 
ALD, aldolase; ENO, enolase; FNR, 
ferredoxin-NADP+ reductase; G6PDH, glucose-
6-phosphate dehydrogenase; GAP, 
glyceraldehyde 3-phosphate; GAPDH, 
glyceraldehyde 3-phosphate dehydrogenase; 
IDH, isocitrate dehydrogenase; KA, ketoacyl; 
ME, malic enzyme; NADP, nicotinamide 
adenine dinucleotide; NADPH, nicotinamide 
adenine dinucleotide phosphate; ME, malate 
dehydrogenase; NSC, non-structural 
carbohydrates (slow and fast); PDH, pyruvate 
dehydrogenase; PEP, phosphoenolpyruvate; 
PGI, phosphoglucose isomerase; PK, pyruvate 
kinase; oxPPP, oxidative pentose phosphate 
pathway; TPI, triosephosphate isomerase; TE, 
trans-enoyl; R, reductase; RuBisCO, ribulose-
1,5-bisphosphate carboxylase/oxygenase. 
Succinate dehydrogenase also produced 
FADH2 in the TCA cycle, but is not represented 
on the scheme. The cell compartmentation, 
particularly important in the ‘host’ cell (i.e. 
chloroplast vs. cytosol) is not represented on 
the scheme; for more information, see Cormier 
et al. (chapter 2). 
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carbohydrates from mycorrhizal or saprotrophic fungi (i.e. mycoheterotrophic plants). 

Specifically, we investigated: Balanophora funosa (Balanophoraceae) and Orobranche 

hedera (Scropulariaceae), which are obligate parasitic plants that grow on the roots of 

rainforest trees in Australia and on Hedera helix in temperate European ecosystems, 

respectively (Rumsey and Jury, 1991; Rao et al., 2015). Sarcodes sanguinea (Ericaceae) is a 

myco-heterotropic plant that parasitizes on ectomycorrhizal fungi associated with Pine trees 

in western North America (Bruns et al., 2002). Noettia nidus-avis (Orchidaceae) is a 

mycoheterotropic orchid that parasitizes on fungi associated with deciduous trees in 

temperate forests of central Europe (Selosse et al., 2002). Heterotrophic and autotrophic hosts 

and foliage of their reference plants were collected at the same time in four 4 replicates in 

their natural environment. We collected B. funosa in Australia’s rain forest, S. sanguinea in 

California, O. hedera and N. nidus-avis in Switzerland. After collection plant material was 

dried in an oven at 50°C, cut in little pieces and preserved in a dry environment prior to lipid 

and cellulose extraction. 

For all the specimens, leaf wax n-alkanes and α-cellulose were extracted and purified 

from dried plant material. Lipids (including n-alkanes) were extract in combusted glass vials 

from 1 g of dry plant material using 30 mL of a dichloromethane (DCM) : methanol mixture 

(9:1) under an ultrasonic bath during 15 min. n-Alkanes were subsequently purified from 

other lipids by solid-liquid chromatography by eluting 10 mL hexane in 6 mL combusted 

glass silica-gel columns. The columns were pre-prepared by filling three quarters (i.e. 2 g) of 

the column volume with silica-gel 60 (0.040-0.063 mm, 99.5% pure, Alfa Aesar, Johnson 

Matthey Company). The columns were rinsed with 10 mL acetone, 10 mL DCM and 10 mL 

hexane and finally chemically activated in a desiccation oven at 60°C over-night. The other 

lipids, including sterols and fatty acids, were eluted after the n-alkanes with a DCM : 
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methanol mixture (9:1) and preserved for future analyses. For more details on the method see 

Peters et al. (2005).  

α-Cellulose was purified according to the method presented by Gaudinski et al. 

(2005). Briefly, about 150 mg of dry plant material was washed off from all lipids in Ankom 

bags by reflux in a Soxhlet apparatus with a toluene: ethanol (95%) mixture (2:1) for about 

24 hrs under high heat, and then under ethanol only, until the solvent in the Soxhlet chamber 

was clear. Following this lipid extraction, lignin was also washed off from the samples with a 

bleaching solution of sodium chloride and acetic acid (pH 4) under ultrasonic bath at 70°C 

for about 24 hrs. Finally, the α-cellulose was purified from holocellulose with a 15% NaOH 

cold solution also under ultrasonic bath. 

Following the method described by Sessions (2006), δ2H values on n-alkanes were 

measured on a Delta V plus stable isotope ratio mass spectrometer (IRMS) coupled to a Trace 

Gas chromatograph GC Ultra and a GC Isolink via a ConFlow IV. Samples were dissolved in 

hexane at a concentration of about 300 ng of the most abundant n-alkane (i.e. C29) per µL of 

hexane. n-alkanes of different chain-lengths were separated by GC with an Agilent (DB-5) 30 

m column with a diameter of 0.250 mm and a film thickness of 0.25 mm. The injector was in 

splitless mode at a temperature of 270°C. The GC oven temperature was held at 90°C for 2 

min, then raised to 150°C at 10°C per min, then to 320°C at 4 °C per min. This final 

temperature was held for 10 min. Individual compounds were converted to H2 gas in an 

aluminum oxide reactor at 1420°C and each sample was measured in triplicate.  

The δ2H values of the non-exchangeable H atoms of α-cellulose were measured 

following a rapid online equilibration method described by Filot et al. (2006). Briefly, the 

samples were passed through an equilibration chamber connected to an online pyrolysis 
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IRMS system. The chamber was supplied with water of known isotopic composition and 

helium for sample equilibration prior to high-temperature pyrolysis. The pyrolytic conversion 

was carried out on a Thermo chemical elemental analyzer (TC/EA) coupled to an isotope 

ratio mass spectrometer – Deltaplus XL. A ConFlow II open split unit guaranteed the transfer 

of the pyrolysis products and working gas into the mass spectrometer. The temperature in the 

TC/EA reactor was set to 1430°C and the helium carrier gas flow rate was adjusted to 120 

mL min-1. The reactor ceramic tube was filled with glassy carbon granulate to the hottest 

zone on a 2 mm layer of silver wool and 20 mm layer of quartz wool. For the gas separation, 

a 1.0 m GC column (5 Å molecular sieve, temperature 70°C) was used. About 0.5 mg of α-

cellulose was weighed into a tin capsule and wrapped loosely enough to allow water vapour 

to enter the capsule, but tightly enough to prevent sample loss from the capsule during the 

transport into the equilibration chamber and into the pyrolysis reactor. 

To assess if differences in the δ2H values of organic compounds between 

heterotrophic plants and autotrophic reference plants are indeed driven by biosynthetic 

isotope fractionation but not by differences in the foliar water δ2H values, we collected shoots 

and leaves at midday from Orobance hederae and its autotrophic host Hedera helix at four 

times during the growing season. We clipped the leafless shoot of O. hederae and leaves 

from H. helix and immediately placed them in 10 ml Exetainer vials. Leaf water was 

extracted on a cryogenic water extraction line as described in West et al. (2006) and analyzed 

for its δ2H values on a Deltaplus XP stable isotope ratio mass spectrometer coupled to a high 

temperature conversion elemental analyzer (TC/EA, (Gehre et al., 2004)) via a ConFlow III 

(Werner et al., 1999). 
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3.3. Results and discussion 

The compound specific 2H analyses of the collected heterotrophically growing plants 

and their autotrophic host or reference plants show that organic compounds produced by 

heterotrophically growing plants that depend on carbohydrate import were systematically 2H-

enriched compared to organic compounds produced by their autotrophic host or reference 

plants (Fig. 2). This is in line with earlier works by Ziegler (1995) and Gebauer et al. (2016), 

who have shown that bulk plant material from heterotrophically growing plants is 2H-

enriched compared to their host plants. This is also in line with previous works on 

carbohydrates showing that cellulose produced by plants forced to grow heterotrophically is 

2H-enriched compared to the cellulose produced by plants growing autotrophically (Yakir 

and DeNiro, 1990; Luo and Sternberg, 1992b). The data we present here show that these 

patterns are also true for individual compounds of major compound classes. 

 

Fig. 2. n-alkanes (right panel) and α-cellulose (left panel) δ2H values for different heterotrophic plants 
(gray rectangles) and their autotrophic reference host plants (gray rectangles). Each value corresponds to a 
mean value of 4 plant replicates. The error bars represent the standard deviations from the replicates.  
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The δ2H values of leaf water from H. helix were about 15‰ more positive compared 

to its parasitic plant O. hederae (Table 1). This is consistent with previously published results 

on other parasitic plants (e.g. Cernusak et al., 2004) and with the frequently observed higher 

transpiration rates in parasitic plants (e.g. Ehleringer et al., 1986) that can lead to a stronger 

Péclet effect and thus a 2H depletion of foliar or plant water (Cernusak and Kahmen, 2013). 

These data suggest that different levels of leaf water evaporative 2H enrichment for the 

heterotrophic parasitic plants and their autotrophic reference host plants cannot explain the 

difference in the δ2H values of α-cellulose and n-alkanes that are, in contrary, generally 

enriched in 2H for the parasitic plants. We therefore conclude that metabolic effects on 2H-εbio 

or precursor molecules (i.e. starch and sugars) with 2H-enriched δ2H values, cause the 2H 

enrichment observed in organic compounds from heterotrophically growing parasitic plants 

compared to the organic compounds produced by their autotrophic host or reference plants. 

Table 1. Measured leaf water δ2H values for 4 specimens (a - d) of host (autotrophic) – 
parasitic (heterotrophic) plant couples of Orobranche hedera and Hedera helix at 4 
different dates. 

 

Metabolic effects on δ2H values between heterotrophic plants and their autotrophic 

references host plants differed for different compound classes. On average these effects were 

76 ± 9‰ for α-cellulose and 23 ± 23‰ for n-alkanes. The remarkable consistency of the 

compound specific isotope effects between autotrophic host or reference plants and the 

a s b s c s d s Mean s
21.06.2013 -18.3 0.4 -20.9 0.4 -26.4 0.8 -27.3 0.9 -23 2
29.06.2013 -21.8 0.8 -30.6 0.7 -26.5 0.8 -23.8 0.7 -26 2
03.07.2013 -20.9 0.6 -29.4 0.8 -25.5 0.7 -22.6 0.7 -25 2
06.07.2013 -20.9 0.4 -26.8 0.3 -26.0 0.3 -25 1 -25 1

Mean -25 1
21.06.2013 N.A. N.A. -32.3 0.8 -11.2 0.6 -6.8 0.4 -17 7
29.06.2013 -0.8 0.7 -2.4 0.5 -5.5 0.2 -7.0 0.4 -4 1
03.07.2013 -12.3 0.4 -13.7 0.5 -6.8 0.8 -8.8 0.6 -10 1
06.07.2013 -11.2 0.4 -9.7 0.4 -5.8 0.9 -6.6 0.7 -8 1

Mean -10 5

Species

Orobranche	
hedera

Hedera	
helix

Plant	specimens	-	d2H	leaf	water	values	(‰)Date
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heterotrophic parasitic or mycohetetrophic plants points towards a general physiological 

mechanism that determines these effects.  

We attribute the large differences in δ2H values of α-cellulose between heterotrophic 

plants and their autotrophic host or reference plants to a progressive 2H enrichment of 

carbohydrates that is associated with a reduction in the photosynthetic carbohydrate supply 

from the autotrophic host/fungi into the heterotrophic plant. The specific carbon sources and 

transfer pathways from host plants to fungi and heterotrophic plants are still unknown (Leake 

and Cameron, 2010). Assuming, however, that sugars such as sucrose are the major transport 

material of carbon from the autotrophic host/fungi into the heterotrophic plant (Hynson et al., 

2012), we also attribute part of the 2H enrichment of carbohydrates in heterotrophically 

growing plants to the loading and in particular de-loading of sucrose from the phloem and the 

across species transfer of sucrose from the autotrophic host/fungi into the heterotrophic plant. 

All these processes may involve the isotope exchange of C-bounded H with the surrounding 

H of water, which will lead to a progressive 2H-enrichment of the compounds (Fig. 1 – I). 

The inability of parasitic plants to perform photosynthesis also necessarily upregulates the 

oxPPP, which introduces 2H-enriched carbohydrates (i.e. from reserves) to the HP and TP 

pools and increases the amount of 2H-depleted H removed from the TP and HP pools via the 

reduction of NADPH (Fig. 1 – II). Finally, the low photosynthetic carbon supply in parasitic 

plants might rearrange the carbohydrate metabolism and shift stromal phosphoglucose 

isomerase towards equilibrium (Schleucher et al., 1999), which would also result in the 

biosynthesis of 2H-enriched transitory starch with downstream carbohydrates produced from 

the degradation of this starch also being 2H-enriched (Wieloch et al., n.d.) (Fig. 1 – III).  

In contrast to carbohydrates, the 2H enrichment of lipids in heterotrophic plants 

compared to their autotrophic host or reference plants is less pronounced. This is, at first 
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glance, surprising given that lipids depend in their biosynthesis on the same kind of precursor 

molecules from the HP and TP pool as carbohydrates. In addition, lipids depend in their 

biosynthesis from the TP and HP pool on H which originates directly from NADPH. As 

heterotrophically produced NADPH (i.e. reduced for example via oxPPP) is less 2H depleted 

than autotrophically (i.e. reduced via the light reaction of photosynthesis) produced NADPH, 

the difference between lipids produced in autotrophic plants and heterotrophic plants should 

be even larger than the differences in cellulose. This was demonstrated in a recent experiment 

where plants that normally have an autotrophic metabolism were experimentally shifted to a 

heterotrophic metabolism (see chapter 1). It is possible that for lipids produced by 

heterotrophic parasitic plants the less pronounced 2H enrichment observed is driven by larger 

H isotope fractionations during the heterotrophic reduction of NADPH as compared to plants 

than naturally follow an autotrophic metabolism but were forced to grow heterotrophically by 

Cormier et al. (chapter 2). Very little information is available on the magnitude of isotope 

effects associated with the heterotrophic reduction of NADPH. Zhang et al. (2009) have, 

however, shown that metabolic effects on the δ2H values of lipids can vary largely across 

different strains of bacteria and attribute this effect on the varying magnitude of isotope 

fractionation associated with the heterotrophically reduction of NADPH. Such variable 

effects on the δ2H values of heterotrophically reduced NADPH could also explain why 

metabolic effects on lipid δ2H values vary between the two biological settings that we 

investigated here.  

An alternative explanation for the systematic difference observed between α-cellulose 

and n-alkanes is that 2H-enrichment of precursor molecules might be more pronounced in the 

cytosol of parasitic plants, where α-cellulose is formed, than in their leucoplasts, where the 

primary biosynthesis of lipids occurs. This could be in particular, since heterotrophic plants 
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depend on imported carbohydrates not only for their carbon, but also for their energy 

metabolism. If generation of energy and reducing equivalents such as NADPH via the oxPPP 

cycle occurs mainly in mitochondria and in the cytosol, this could 2H-enrich carbohydrate 

precursor molecules, to a larger extent than the precursor molecules of lipids in the 

leucoplasts.  

3.4. Conclusion 

We found that a consistent 2H-enrichment of compounds in heterotrophically growing 

plants compared to their autotrophic host or reference plants. We also found that across all 

investigated autotrophic/heterotrophic plant pairs, 2H enrichment was larger for 

carbohydrates than for lipids. This suggests that the biochemical mechanism that determine 

the 2H-enrichment of different compounds in heterotrophic plants are consistent in different 

heterotrophic species that originate from different plant families and irrespective of the 

host/heterotroph association (direct parasite or mycoheterotrophic plant). 

Based on a biochemical isotope model that we published earlier, we suggest that 

exchange of sucrose from the phloem (in the plant or across species) might be responsible for 

the 2H enrichment of organic compounds produced by heterotrophic plants compared to their 

autotrophic hosts or reference plants. This processes may involve the isotope exchange of C-

bounded H with the surrounding H of water. In addition, the introduction of 2H-enriched 

carbohydrates in parallel to the removal of 2H-depleted H via the oxPPP and finally, a 

potential rearrangement of the photosynthetic carbohydrate metabolism shifting the stromal 

phosphoglucose isomerase towards equilibrium could explain 2H enrichment of compounds 

in heterotrophic plants and could explain the systematic different effects between α-cellulose 

and n-alkane. This indicates that H isotope fractionation previously observed in bulk material 
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of heterotrophic plants (Ziegler, 1995; Gebauer et al., 2016) are largely driven by effects on 

carbohydrates. 

While H isotopes in plants have previously been mainly used to assess hydrological 

processes, there is now growing evidence, that H isotopes can also serve as an important 

proxy to assess the carbon metabolism of tissues (Newberry et al., 2015; Kimak et al., 2015), 

plant organs (Gamarra and Kahmen, 2015) or individual plants (Ziegler et al., 1976). 

Gebauer et al. (2016) have demonstrated in this context that H isotopes in plants can be 

applied to assess different plant metabolisms in natural environment. With the work we 

present here, we contribute to a better mechanistic understanding of what the biochemical 

principles are that couple the carbohydrate dynamics of plants to their H isotope composition 

and hope to foster as such the application of H isotopes in plant sciences. 
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Abstract 

Understanding the physiological response of plants and ecosystems to global 

environmental change is essential to define terrestrial ecosystem feedback on the coupled 

carbon-climate system. Enormous research efforts have been undertaken to understand how 

plants and terrestrial ecosystems will respond to the pCO2 rising. New long-term large-scale 

free air CO2 enrichment experiments show contrasting results with short term experiments. 

This rises several questions about the plant’s response to the pCO2 rising and calls for new 

tools to investigate their metabolic behavior at different spatial and temporal scales. Here we 

apply δ2H values of organic compounds to a biological archive from the Rothamsted Park 

Grass Experiment and to a greenhouse experiment to test if plant metabolic changes can be 

measured in plants experiencing increasing pCO2 conditions, giving thus new tools to study 

long-term plant metabolic responses to increasing pCO2. The results from our experiment and 

from our observational study are that plants in Rothamsted have experienced important 

metabolic changes induced by environmental changes and that these metabolic changes are 

recorded by δ2H values of organic compounds. Additionally, the different modes of 

fertilization (NH4NaNO3 vs. NaNO3) used in the experiment and the observational study, 

which led to different effects on 2H-εbio, support strongly the idea that metabolic regulations 

can be a major determinant of plant organic compounds δ2H values.  



2H as a plant metabolic proxy 

Chapter 4 Rothamsted’s study 75 

4.1. Introduction 

Understanding the physiological response of plants and ecosystems to global 

environmental change is essential to predict the impacts of climate change on ecosystem 

functioning and to define vegetation feedback on the coupled carbon-climate system. Beside 

weathering (Berner, 2006), terrestrial ecosystems are responsible for a significant part of the 

CO2 flux between the atmosphere and the geosphere (Keenan et al., 2012). One of the major 

uncertainties that will influence the fate of the terrestrial carbon cycle in the Anthropocene is 

the magnitude or even the existence of an enhanced plant growth at higher CO2 concentration 

(pCO2) (Babst et al., 2014). How plants respond to this environmental change is still not 

clear. It is crucial to better understand it to improve carbon cycle and climate models as well 

as agricultural production estimates. While a high number of studies show an increase of 

water use efficiency due to a tighter control of the stomatal conductance at higher CO2 

concentrations, if this physiological changes is transferred at the metabolic level, influencing 

the carbon balance of plants remains unclear (Foster et al., 2010). The lack of constraining 

data and a complete comprehensive overview of the processes involved in the plant responses 

to long–term elevated CO2 concentration jeopardize the efforts to produce suitable carbon 

cycle models and provide policy-actionable predictions of future carbon cycle responses to 

the global environmental change (Keenan et al., 2012). 

Enormous research efforts have been undertaken to understand how plants and 

ecosystems, both natural and managed, will respond to the pCO2 rising (Ainsworth and Long, 

2005). The direct responses of plants to increasing atmospheric CO2 concentration, including 

reduction of stomatal conductance and transpiration, improved water use efficiency, 

reduction of photorespiration, higher rates of photosynthesis, and increased light-use 

efficiency, have been largely documented (Drake, Gonzàlez-Meler, et al., 1997). However, 
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more recent large-scale free air CO2 enrichment (i.e. FACE) experiments show contrasting 

results where the effect appears to be much smaller than expected from the primary plant 

responses (Ainsworth and Long, 2005). In fact, the larger experiments show that the size 

effect on plants of higher atmospheric CO2 concentration seems generally to fade with larger 

temporal and spatial scale (Leuzinger et al., 2011). This phenomenon is thought to be due to 

several reasons: a decreasing nutrient availability associated with a greater plant biomass at 

the ecosystem level (Luo et al., 2004), some feedback controls involving the regulation of 

some photosynthetic genes (Sheen, 1994), some quick genetic adaptation (Jump et al., 2006), 

and shifts in species composition (Langley and Megonigal, 2010). The exact mechanisms, 

amongst the above reasons, driving these differences are however still an important topic of 

debate. This stresses that more information is needed about the long-term plant metabolic 

responses to increasing pCO2 in order to produce suitable carbon cycle models (Leuzinger et 

al., 2011). 

Stable isotope analysis of plant material is a valuable tool for ecological, 

biogeochemical and (paleo-) climatological research (Dawson et al., 2002). For instance, 

improvements in isotope-ratio mass spectrometry for compound-specific analyses of δ2H 

values (Burgoyne and Hayes, 1998) and on-line isotope equilibration methods accounting for 

portion of exchangeable hydrogen atoms (H bound to heteroatoms such as O, N and S is 

easily exchangeable with H from H2O) in organic molecules (Sauer et al., 2009) have 

recently promoted the use of δ2H values of biomarkers in paleohydrological research. First 

used as a temperature proxy (e.g. Feng and Epstein, 1994) because of its correlation with the 

H isotope composition (δ2H) of the precipitations received by the plant, it became recently 

clear that beside (i) the δ2H of the plants water source (Chikaraishi and Naraoka, 2003; 

Sachse et al., 2006; Hou et al., 2008), (ii) the leaf water evaporative 2H enrichment, which is 
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largely driven by the evaporative environment of the plant (Smith and Freeman, 2006; 

Feakins and Sessions, 2010; Kahmen, Hoffmann, et al., 2013; Kahmen, Schefuß, et al., 2013) 

and (iii) the biosynthetic 2H-fractionation (2H-εbio), which corresponds to the apparent 2H-

fractionation between the biosynthetic (plant) water pool and the organic compounds (Ziegler 

et al., 1976; Sternberg et al., 1984; Ziegler, 1989; Yakir and DeNiro, 1990; Luo and 

Sternberg, 1992; Yakir, 1992; Schmidt et al., 2003) also drive the δ2H values of organic 

compounds in plants. However, because most studies using stable H isotopes in plant-derived 

biomarkers have considered 2H-εbio to be constant within a plant species (Sachse et al., 2006), 

δ2H values were largely assumed to be influenced by the plants source water δ2H values and 

the evaporative 2H enrichment of leaf water and have been then essentially used as an 

hydrological proxy (i.e. Rach et al., 2014).  

There are, however, several indications from our laboratory (see chapter 2 and 3) and 

from previous studies showing that 2H-εbio in plants can be variable for a given compound 

within a species and that this variability is related to the plant metabolism (Yakir and DeNiro, 

1990; Luo and Sternberg, 1992; Roden et al., 2000). In fact, we recently show strong (and 

robust across species) effects of low photosynthetic carbohydrate supply on the biosynthetic 

hydrogen isotope fractionation for plant-derived carbohydrates and lipids. We interpreted 

these metabolic effects on 2H-εbio of carbohydrates or lipids as being mostly driven by the 

cycling rates of individual triosephosphate (TP) and hexosephosphate (HP) molecules and the 

associated following processes: (I) The likelihood of equilibrium isotope exchange of C-

bounded H in the TP and HP molecules with 2H-enriched cellular water increases (Luo and 

Sternberg, 1992; Augusti et al., 2006). (II) The extent by which the oxidative pentose 

phosphate pathway (oxPPP) is regulated, introducing more or less 2H-enriched carbohydrates 

from reserve pools such as starch into the HP and TP pools (Wieloch et al., n.d.), and driving 
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the amount of 2H-depleted H removed from the TP and HP pools via the reduction of 

nicotinamide adenine dinucleotide phosphate (NADPH). (III)  Potential shifts of stromal 

phosphoglucose isomerase toward or against equilibrium in response to changes in 

photosynthetic carbohydrate supply (Schleucher et al., 1999) (Fig. 1 – I, II, III). Based on 

these processes, a higher photosynthetic carbohydrate supply to the plant would deliver more 

2H-depleted organic molecules, carrying mainly the 2H depleted signal NADPH reduced in 

the light reaction of photosynthesis (Yakir, 1992). At low photosynthetic carbohydrate 

supply, higher isotope exchange rates of C-bound H with 2H-enriched cellular water and the 

oxPPP would lead to a progressive 2H enrichment of the resulting molecules and imprint a 

metabolic signal on the δ2H values of organic compounds in plants. This new founding leaves 

us with the exciting possibility to test if it is possible to observe (via changes in δ2H values) 

in biological archives such metabolic changes (i.e. change in photosynthetic carbohydrate 

supply and carbohydrate size pools). It also allow us to test if such metabolic changes 

occured in plants experiencing long-term increasing pCO2 conditions or change in nutrient 

status (i.e. nitrogen (N) availability), giving thus more information about the long-term plant 

metabolic responses to increasing pCO2 and nitrogen depositions. 
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Fig. 1. Simplified schematic view of H flow during processes leading to n-alkanes and α-
cellulose 2H-εbio adapted from Cormier et al. (chapter 2). The key enzymes and pathways 
responsible for H flow are indicated by their following abbreviations and are based on known 
biochemical pathways (Rose and Rieder, 1958; Rieder and Rose, 1959; Knowles and Albery, 
1977; Cheesbrough and Kolattukudy, 1984; Schleucher et al., 1999; Heldt et al., 2005; 
Augusti et al., 2006; Zhang et al., 2009; Schirmer et al., 2010; Voet and Voet, 2011; 
Buchanan et al., 2015; Ehlers et al., 2015). The roman numbers indicate post-photosynthetic 
biochemical processes that we suggest to be responsible for the general 2H-enrichment of 
plant metabolites under low photosynthetic carbohydrate supply: 2-OGDH, 2-oxoglutarate 
dehydrogenase; 6PGD, 6-phosphogluconate dehydrogenase; ACP, acyl-carrier-protein; ALD, 
aldolase; ENO, enolase; Fd-GOGAT, ferredoxin glutamine:oxoglutarate aminotransferase; 
FNR, ferredoxin-NADP+ reductase; G6PDH, glucose-6-phosphate dehydrogenase; GAP, 
glyceraldehyde 3-phosphate; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; IDH, 
isocitrate dehydrogenase; ME, malic enzyme; NADP, nicotinamide adenine dinucleotide; 
NADPH, nicotinamide adenine dinucleotide phosphate; ME, malate dehydrogenase; PDH, 
pyruvate dehydrogenase; PEP, phosphoenolpyruvate; PK, pyruvate kinase; oxPPP, oxidative 
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pentose phosphate pathway; TPI, triosephosphate isomerase; RuBisCO, ribulose-1,5-
bisphosphate carboxylase/oxygenase. Succinate dehydrogenase also produced FADH2 in the 
TCA cycle, but is not represented on the scheme. The cell compartmentation (i.e. chloroplast 
vs. cytosol) and phosphoglucose isomerase are not represented on the scheme; for more 
information, see Cormier et al. (chapter 1). 

Here we employ H isotope analyses of lipids (i.e. n-alkanes) and cellulose to reveal 

metabolic changes in plants induced by N deposition and increasing pCO2 over the past 

century. With that objective, we first tested, in a greenhouse experiment, if nitrogen 

availability might also influence the 2H-εbio of lipids and carbohydrates at different 

photosynthetic carbohydrate supplies. We first did this new experiment because assimilation 

of nutrients can potentially perturb the plant’s metabolism and thus the photosynthetic 

carbohydrate supply and the source of NADP+ reduction. Specifically, we grew six different 

plant species under four different atmospheric CO2 concentrations (pCO2) stretching from 

maximum estimated glacial conditions (Tripati et al., 2009) to the averaged 2100 forecasts 

(Stocker et al., 2013) (i.e. 150, 280, 400 and 800 ppm), and under two levels of nitrogen 

fertilization. In one case, the plants were growing on a soil poor in nutrient, while in second 

case the soil were fertilized every week with ammonium-nitrate (NH4NO3). Then, in an 

observational study, we tracked the changes in 2H-εbio in a biological archive from two plots 

of the Park Grass Experiment at the Rothamsted Research site, a long-term and large scale 

ecological experiment that started in 1856 and which has experienced the anthropogenic 

increase of pCO2 and the important changes in nitrogen atmospheric depositions over the last 

century. In the first plot, plants were not fertilized and were dependent of atmospheric 

nutrient depositions, while on the second plot, the plants were fertilized regularly with 

NaNO3 (Goulding et al., 1998; Silvertown et al., 2006). The results from our experiment and 

from our observational study are that plants in Rothamsted have experienced important 

metabolic changes induced by environmental changes (i.e. the increasing pCO2 and changes 

in nutrient availability), and that these metabolic changes are recorded by δ2H values of 



2H as a plant metabolic proxy 

Chapter 4 Rothamsted’s study 81 

organic compounds. Additionally, the different modes of fertilization (NH4NaNO3 vs. 

NaNO3) used in the experiment and the observational study, which led to different effects on 

2H-εbio, support strongly the idea that metabolic regulations can be a major determinant of 

plant organic compounds δ2H values. This also highlight that metabolic changes can be 

tracked in biological archives by δ2H values of organic compounds and used in 

paleoecological studies. 

4.2. Materials & methods 

CO2 experiment. In four different greenhouses, we grew six different plant species grown 

from the seeds (i.e. two grasses: Arrhenatherum elatius and Festuca rubra; two legumes: 

Trifolium pratense and Lathyrus pratensis; two herbs: Centaurea jacea and Plantago 

lanceolate) in a controlled greenhouse experiment under four atmospheric CO2 

concentrations (140, 280, 400 and 800 ppm) and two level of nutrients (i.e. poor soil vs. 

ammonium-nitrate). All the other parameters have been kept constant during the experiment 

(T = 20 °C during day and 10 °C during night, rH = 60 %). Plants have been grown in 3 

replicates for about 12 weeks. When fully developed, the plants have been harvested and 

oven-dried at 50 °C. Leaf samples have been sampled at five different days during the 

growing experiments and conserved frozen in Exetainer vials (gas tight).  

Green Park Experiment. The Rothamsted Park Grass Experiment began in 1856 at the 

Rothamsted research station with about 2.8 ha of grassland divided into 20 fertilisation plots. 

Herbage was cut and made into hay at mid-June and since 1975 a second cut is taken at late-

September. Samples are dried and stored in the Rothamsted archive (Silvertown et al., 2006). 

We analysed samples from the first cut of an unfertilised and unlimed plot (3a) and from a 

fertilised and unlimed plot (16a) from 1915 to 2009. Micrometeorological parameters such as 

sun radiation (J/cm2), relative humidity (%), max and min temperature (°C) were measured 
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each day in situ by Rothamsted research team. Cellulose extraction and oxygen isotope 

analysis of the same samples we investigated in the present study were carried out by the 

Technische University München (TUM). We extracted precipitation isotope data (hydrogen 

and oxygen) from the Global Network of Isotopes in Precipitation (GNIP). To determine the 

leaf water hydrogen isotope composition, we used a leaf water isotope model developed by 

Kahmen et al., (2011). The isotope model uses as input precipitation isotope data (GNIP), 

temperature and relative humidity and the cellulose oxygen isotope data.  

Chemical extraction. For all the specimens, leaf wax n-alkanes and α-cellulose were 

extracted and purified from the dried plant material. The lipids (including n-alkanes) were 

extracted in combusted glass vials from 1 g of dry plant material using 30 mL of a 

dichloromethane (DCM) : methanol mixture (9:1) under an ultrasonic bath during 15 min. 

The n-alkanes were subsequently purified from other lipids by solid-liquid chromatography 

by eluting 10 mL hexane in 6 mL combusted glass silica-gel columns. The columns were pre-

prepared by filling about three quarters (i.e. 2 g) of the column volume with silica-gel 60 

(0.040-0.063 mm, 99.5% pure, Alfa Aesar, Johnson Matthey Company). The columns were 

rinsed with 10 mL acetone, 10 mL DCM and 10 mL hexane and finally chemically activated 

in a desiccation oven at 60°C over-night. The other lipids, including sterols and fatty acids, 

were eluted after the n-alkanes with a DCM : methanol mixture (9:1) and preserved for future 

analyses. For more details on the method see Peters et al. (2005).  

For H isotope analyses on α-cellulose, the cellulose was purified according to the 

method presented by Gaudinski et al. (2005). Briefly, about 150 mg of dry plant material was 

washed off from all lipids in Ankom bags by reflux in a Soxhlet apparatus with a toluene: 

ethanol (95%) mixture (2:1) for about 24 hrs under high heat, and then under ethanol only, 

until the solvent in the Soxhlet chamber was clear. Following this lipid extraction, lignin was 
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also washed off from the samples with a bleaching solution of sodium chloride and acetic 

acid (pH 4) under ultrasonic bath at 70 °C for about 24 hrs. Finally, the α-cellulose was 

purified from holocellulose with a 15 % NaOH cold solution also under ultrasonic bath. 

Isotope analyses. Following the method described by Sessions (2006), δ2H values on n-

alkanes were measured on a Delta V plus stable isotope ratio mass spectrometer (IRMS) 

coupled to a Trace gas chromatograph GC Ultra and a GC Isolink via a ConFlow IV. 

Samples were dissolved in hexane at a concentration of about 300 ng of the most abundant n-

alkane (i.e. C29) per µL of hexane. n-alkanes of different chain-lengths were separated by 

GC with an Agilent (DB-5) 30 m column with a diameter of 0.250 mm and a film thickness 

of 0.25 mm. The injector was in splitless mode at a temperature of 270 °C. The GC oven 

temperature was held at 90 °C for 2 min, then raised to 150 °C at 10 °C per min, then to 320 

°C  at 4 °C per min. This final temperature was held for 10 min. Individual compounds were 

converted to H2 gas in an aluminum oxide reactor at 1420 °C and each sample was measured 

in triplicate.  

The δ2H values of the non-exchangeable H atoms of cellulose were measured 

following a simplified batch equilibration method described by Sauer et al. (2009). Briefly, 

the samples were pass through an equilibration chamber supplied with water of known 

isotopic composition prior to high-temperature pyrolysis. The pyrolytic conversion was 

carried out on a high temperature elemental analyzer (TC/EA) coupled to an isotope ratio 

mass spectrometer – Deltaplus XL. A ConFlow II open split unit guaranteed the transfer of the 

pyrolysis products and working gas into the mass spectrometer. The temperature in the 

TC/EA reactor was set to 1430 °C and the helium carrier gas flow rate was adjusted to 120 

mL min-1. The reactor ceramic tube was filled with glassy carbon granulate to the hottest 

zone on a 2 mm layer of silver wool and 20 mm layer of quartz wool. For the gas separation, 
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a 1.0 m GC column (5 Å molecular sieve, temperature 70 °C) was used. About 0.5 mg of 

cellulose was weighed into a tin capsule and wrapped loosely enough to allow water vapour 

to enter the capsule, but tightly enough to prevent sample loss from the capsule during the 

transport into the equilibration chamber and into the pyrolysis reactor. 

To assess if the variability observed in the δ2H values of organic compounds are 

driven by biosynthetic isotope fractionation but not by differences in the foliar water δ2H 

values, we collected leaves at midday during the experiment and immediately placed them in 

10 ml Exetainer vials. Leaf water was extracted on a cryogenic water extraction line as 

described in West et al. (2006) and analyzed for its δ2H values on a Deltaplus XP stable 

isotope ratio mass spectrometer coupled to a high temperature conversion elemental analyzer 

(TC/EA, (Gehre et al., 2004)) via a ConFlow III (Werner et al., 1999). 

The constant leaf water monitoring and the modelled leaf water δ2H allowed us to 

deduce an accurate 2H-εbio for n-alkanes and α-cellulose excluding the effect of leaf water 

evaporative 2H-enrichment as: 

! −.! !!"# = (1000 ∙ (!"#$%&' !"#$"%&' !!! + 1000 )
!"#$ !"#$% !!! + 1000 − 1)  

Even though heterogeneity in leaf water δ2H exists (Cernusak et al., 2016), we use the 

mean bulk leaf δ2H water to calculate 2H-εbio since we cannot measure sub-cellular leaf water 

δ2H values and we did not want to add additional uncertainties into our empirical data by 

modelling them, we decided – as typically done in the literature – to calculate the “apparent” 

2H-εbio as the difference between mean bulk foliar water (measured several times during the 

experiment) and the organic δ2H values (measured at the end of the experiment). In the case 

of n-alkanes, we measured the  δ2H values of the most abundant chain length, generally C29. 
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In future works, determining the magnitude of the H isotope fractionation in individual 

biochemical steps described in the model would need exact sub-cellular water δ2H values. 

The fits illustrated on figures 2c and e are built as hyperbolic functions (expressing a 

2-endmembers mixing model for a balance between photosynthetic and post-photosynthetic 

processes) enhanced with linear model (expressing the possible influence of photorespiration) 

and can be expressed as the following function: ! = ! + ! ! + ! ∙ ! ∙ ! (! ∙ ! + !). We 

expressed these patterns as a 2-endmembers mixing model since we explain it as a situation 

where in one positive end, the photosynthetic processes are important and the inputs of new 

assimilates and light-derived NADPH are at a maximum value, while the negative end is a 

theoretical situation where the pool of carbohydrate is low, due to little amount of, or no, new 

assimilates, resulting in a cycling of individual compounds in this pool infinite.  

4.3. Results and discussion 

In general, the experiment and the observational study support the idea that different 

compound classes in plants vary systematically in their 2H-εbio in response to changes in the 

photosynthetic carbohydrate supply (induced by changes in pCO2 and nutrient availability) 

and that these effects on 2H-εbio are also observable in natural systems; if considering the 

Park Grass Experiment a natural system where inestimable information (e.g. relative 

humidity, temperature, nutrient depositions) about the local environmental changes for the 

last century are available. 

The greenhouse experiment 

In the greenhouse experiment we found strong effects of pCO2 on leaf water 

evaporative 2H enrichment in all six CO2 treated plants (Fig. 2a). The effects of pCO2 on leaf 

water δ2H values can be explained by the CO2 sensitivity of stomatal conductance and 
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resulting effects on the evaporative 2H enrichment of leaf water (Cernusak et al., 2016). We 

also found that the fertilization has no significant impact on leaf water evaporative 2H 

enrichment of the treated plants (Fig. 2a). Moreover, δ2H of α-cellulose and n-alkanes 

differed strongly and answer to the different treatments, but showed no direct relationship 

with pCO2 or with the fertilization (Fig. 2b, d).  
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Fig. 2. Averaged leaf water, α-
cellulose, n-alkane δ2H values 
and the corresponding relative 
2H-εbio for α-cellulose and n-
alkanes under different pCO2 
and two levels of fertilization. 
The blue dots and lines represent 
the low nutrient treatment while 
the green dots and lines 
represent the fertilized 
treatment. Δ2H-εbio, calculated as 
the difference between the leaf 
water and the compound δ2H, 
was deduced for individual 
specimen and standardized as 
the deviation around the mean 
values for each species. Each 
point corresponds to the 
averaged values of 1 to 3 
specimens of 6 different species 
(n=6) grow from the seed under 
the different pCO2. The 2H-εbio 
curves for individual species are 
available of Fig. SI-1. The fits 
illustrated on c and e are built as 
hyperbolic functions expressing 
a 2-endmembers mixing model 
for a balance between 
photosynthetic and post-
photosynthetic processes, see 
method section. 
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Importantly, when the effects of leaf water evaporative 2H enrichment were accounted 

for by subtracting leaf water δ2H values from δ2H values of organic compounds (and 

calculating as such 2H-εbio for a given compound class), we observed that the 2H-εbio 

occurring during the biosynthesis of α-cellulose and n-alkanes was strongly affected by pCO2 

(Fig. 2c, e), but in a slightly different way for plants under the nutrient treatment. 

Specifically, this was in particular at the lowest pCO2 level, where we assume that the plant’s 

carbon metabolisms is limited by photosynthetic carbohydrate supply (Drake, Gonzalez-

Meler, et al., 1997). When the plants were not fertilized, 2H-εbio for α-cellulose and n-alkanes 

at 140 ppm was 20 and 16 ‰ more positive (p<0.027 and p<0.00001, respectively) than at 

higher pCO2 (i.e. 280 ppm). However, when plants were fertilized, the pCO2 show no 

significant effect on 2H-εbio for α-cellulose and a lower effect for n-alkanes 2H-εbio, which 

was 6 ‰ (p<0.5) and 10 ‰ (p<0.05) more positive at lower (i.e. 140 ppm) than at higher (i.e. 

280 ppm) pCO2, respectively. We interpreted these metabolic effects on 2H-εbio of 

carbohydrates or lipids has being mostly driven by the cycling rates of individual 

triosephosphate (TP) and hexosephosphate (HP) molecules and the associated processes 

described above (Fig. 1).  

Indeed, a high photosynthetic carbon supply would involve 2H-depleted organic 

molecules, carrying mainly the 2H-depleted signal of an NADPH reduced by the light 

reaction of photosynthesis. On the contrary, a low photosynthetic carbon supply would 

involve 2H-enriched molecules where a higher cycling rate of individual TP and HP is 

associated with increasing isotope exchanges of C-bound H with 2H-enriched cellular water 

and 2H-enriched precursor molecules via oxPPP. Consequently, we deduced that the isotopic 

change within fertilized plants, where the pCO2 show no significant effect on 2H-εbio for α-

cellulose and a lower effect for n-alkanes is due to a higher photosynthetic carbon supply at 
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low pCO2 in fertilized plants compared to non-fertilized plants. Higher availability of 

nutrient, might increase the photosynthetic capacity, and thus, the photosynthetic carbon 

supply to the plants. However, the effect of the fertilizer on lipids seems less important (i.e. 

there is no significant difference between n-alkane 2H-εbio within fertilized and non-fertilized 

plants). We assume that the higher photosynthetic carbon supply in fertilized plant at lower 

pCO2 might have only increase the pool size of carbohydrates in the cytosol. The amount of 

starch in the chloroplast could have remained relatively low, thus keeping the δ2H values of 

lipids higher due to a higher cycling rates of individual TP and HP in the chloroplast (Fig. 3, 

settings I and II). 
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Fig. 3. Simplified 
possible metabolic 
scenarios affecting 
lipids and cellulose 
δ2H values in relation 
to pCO2 and nitrogen 
fertilization. The 
colors and the sizes of 
the boxes represent the 
relative size and the 
isotopic composition 
of the main precursor 
molecule pools for 
cellulose and lipids for 
the different metabolic 
scenarios and the 
impact on the δ2H 
values of lipids and 
cellulose according to 
the model presented in 
Fig. 1. 
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Park Grass Experiment at Rothamsted 

The effects of increasing pCO2 on stomatal conductance (Cernusak et al., 2016) does 

not seem to have been strong enough on Rothamsted plants during the last century to affect 

the leaf water 2H-enrichment and thus the leaf water δ2H values significantly. Indeed, the 

modelled leaf water δ2H (Fig. 4) do not show any decreasing or increasing trend. 

However, n-alkanes and α-cellulose δ2H values show important variations stretching 

between -180 to -235 ‰ and -65 to -110 ‰, respectively. When the effects of leaf water 

evaporative 2H-enrichment were accounted for by subtracting the modeled leaf water δ2H 

values from δ2H values of organic compounds (and calculating as such 2H-εbio for a given 

compound class), we observed that the 2H-εbio occurring during the biosynthesis of α-

cellulose and n-alkanes changed importantly during the last century (Fig. 4) and here in a 

slightly different manner for plants fertilized with NaNO3. n-alkanes 2H-εbio of non-fertilized 

plants increase in average of 0.11 ± 0.03 ‰ · yr-1 (p-values < 0.001, see table 1), while no 

significant systematic variability could be found for α-cellulose 2H-εbio.  

Table 1. n-alkane and α-cellulose 2H-εbio responses to pCO2 and nitrogen deposition 
changes between 1910 and 2009. 

 

variance Pr(>F) slope Pr(>|t|)  variance Pr(>F) slope Pr(>|t|)  
pCO2 ** -0.2 *** 1 -0.1 0.6

Nitrogen deposition 0.1 0.5 0.2 * -2 ** 
pCO2 * Nitrogen deposition ** / 0.2 /0.8 - - 0.2 / . / 0.7 - -
Nitrogen deposition * pCO2 ** / . / 0.8 - -  . / 0.7 / 0.7 - -

Time - -0.1 ** - 0.0 0.9
pCO2 0.7 0.1 0.3 * -0.2 *

Nitrogen deposition 0.6 0.5 0.3 0.3 0.5 0.3
pCO2 * Nitrogen deposition 0.2 / 0.8 / 0.5 - - 0.8 / 0.5 / 0.3 - -
Nitrogen deposition * pCO2 0.4 / 0.3 / 0.5 - - 0.5 / 1 / 0.3 - -

Time - 0.3 *** - -0.2 ** 
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n-alkanes 2H-εbio of plants under a nutrient treatment decreased in average of 0.26 ± 

0.05 ‰ · yr-1 (p-values < 0.00004), while α-cellulose 2H-εbio increased by 0.24 ± 0.07 ‰ ·yr-1 

(p-values < 0.002). We suggest that these differences are due to metabolic effects on 2H-εbio 

shaped by the increasing pCO2 and the presence of NaNO3. 

Fig. 4. pCO2, nitrogen 
depositions, leaf water, α-
cellulose, n-alkane δ2H values 
and the corresponding 
relative 2H-εbio for α-cellulose 
and n-alkanes of plants 
collected annually at the park 
grass experiment in 
Rothamsted over the last 
century. The blue lines 
represent the non-fertilized plot 
(p-values < 0.001 and < 0.9 for 
n-alkanes and α-cellulose 2H-
εbio, respectively), while the 
lines (green fertilized, blue, not 
fertilized) represent the 
fertilized plot (p-values < 
0.00004 and < 0.002 for n-
alkanes and α-cellulose 2H-εbio, 
respectively). 2H-εbio is 
calculated as the difference 
between the modeled leaf water 
and the compound δ2H. The leaf 
water was modeled (see method 
section) from δ18O of α-
cellulose (50). The plant 
material corresponds to the 
mixed total above ground 
biomass at the moment of 
harvesting. The species 
composition for each year can 
be evaluated in SI-1. 
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Impact of pCO2 and photosynthetic carbon supply on 2H-εbio (Fig. 3 – Scenario III & 

V).  

We suggest that the increase by about 0.11 ± 0.03 ‰ · yr-1 observed in n-alkane 2H-

εbio of the non-fertilized plants of the park grass experiment (p-values < 0.001, Fig. 4) might 

be due to a possible progressive increasing size of the transitory starch pool in plant 

chloroplasts due to the increasing pCO2 over the last century. Even if the mechanism 

regulating photosynthesis rates and starch accumulation at different pCO2 and nutrient 

availability is still an important issue, it is clear that pCO2, carbon allocation, growth and 

nutrient metabolism all interact with each other (via e.g. ADP-glucose pyrophophorylase 

(AGPase)) (Geigenberger et al., 2005) and result in clear patterns well summarized by Stitt 

and Krapp, (1999). For instance, Stitt and Krapp (1999) show that elevated pCO2 lead 

generally to a large increase of the content of soluble sugars in the cytosol. More interestingly 

though, they found that when plants are growing on a low nitrogen supply, the increasing 

pCO2 lead to an increase of pool size of transitory starch in particular, but only a limited 

increase (and in some case a decrease) of content of soluble sugars in the cytosol. Assuming 

that at a higher pCO2 and on a low nitrogen supply, the size of the chloroplast carbohydrate 

pool (i.e. transitory starch) in the plant should increase, we deduce that at a higher pCO2, the 

cycling rates of individual molecules in this pool and the associated isotope exchange of C-

bound H with 2H-enriched cellular water and precursor molecules via oxPPP should decrease 

(Fig. 1). This should leave a more important 2H-depleted signal of NADPH molecules 

reduced by the light reaction of photosynthesis and explain the negative correlation between 

n-alkane 2H-εbio and pCO2 in non-fertilized plants (Fig. 5a, table 1) and the long-term 

increase observed in the last hundred years (Fig. 3). 
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Fig. 5. n-alkane (a, c) and α-cellulose (b, d) 2H-εbio response of plants collected annually 
at the park grass experiment to changes in pCO2 and nitrogen deposition between 1910 
and 2009. 

This correlation was however not observed between pCO2 and α-cellulose 2H-εbio 

over the last century in the non-fertilized plant of the park grass experiment (Fig 3 and 4c). 

Again, the patterns observed in studies that have investigated photosynthesis and carbon 

allocation in parallel with growth under different nitrogen availability and in elevated pCO2 

have shown that the increasing pCO2 lead to an increase of the size of the transitory starch in 

particular, but only a limited increase (and in some case a decrease) of pool size of the 

soluble sugars in the cytosol when plant grow under a low level of nitrogenous nutrient (e.g. 

Ferrario-Méry et al., 1997). In other words, while the increasing pCO2 might have directly 
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increase the starch pool size in the chloroplast, it might not have resulted in an increase of the 

carbohydrate pool in the cytosol. This would have kept the cycling of individual 

carbohydrates in this pool constant. If so, this might explain why a higher pCO2 under a low 

level of nitrogenous nutrients seems to have no impact on the α-cellulose 2H-εbio (Fig. 5c), as 

α-cellulose is mainly produced from the cytosolic carbohydrate pool (e.g. sugar, TP and HP).  

Another reason however, might have also contributed to the stability of α-cellulose 

2H-εbio when plant grow under higher pCO2 and a low level of nitrogenous nutrient. It has 

recently been shown that photorespiration can 2H-deplete the H atom of the C-3 position of 

the 3-PGA (i.e. triose) (Ehlers et al., 2015). Photorespiration occurs because RuBisCO can 

also catalyze the oxygenation of RubP, a reaction that increases with declining CO2 (and 

increasing O2) concentrations in the atmosphere (Bainbridge et al., 1995). During 

photorespiration one H atom of different metabolic origin with different 2H signature is 

introduced into the 3-PGA molecule ending up at the C-6 position of glucose (Augusti et al., 

2006). This phenomenon should thus lead 2H-εbio toward progressively more positive values 

at higher CO2 concentrations, when rates of photorespiration decrease. As this isotope effect 

is opposite to those of an increasing carbohydrate pool due to a higher photosynthetic carbon 

supply, the combination of both might contribute to explain the relative stability of α-

cellulose 2H-εbio when plant grow under higher pCO2 and a low level of nitrogenous nutrient. 

The effect of photorespiration on 2H-εbio of α-cellulose and n-alkanes was, however, 

not detectable in our CO2 experiment (Fig 2c, e). It seems that these effects, well detectable 

in position specific δ2H values (Ehlers et al., 2015), are too small to be detected in the bulk 

δ2H values of organic compounds or that the H isotopic changes associated with the cycling 

of the TP and HP pool and with the source of NADPH mask those of the photorespiration for 
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α-cellulose and n-alkanes (chapter 1). Nevertheless, in plants from the Park Grass 

Experiment, where the pCO2 might not have varied enough to mask the effect of 

photorespiration as in our experiment, the above-mentioned isotope scrambling due to 

photorespiration might thus have contributed to the stability of α-cellulose 2H-εbio. 

Impact of nitrogenous nutrients on 2H-fractionation (Scenarios IV & VI).  

Surprisingly, in plants fertilized with NaNO3 at the Park Grass Experiment, n-alkanes 

2H-εbio decreased in average of 0.26 ± 0.05 ‰ · yr-1 (p-values < 0.00004), while α-cellulose 

2H-εbio increased however by 0.24 ± 0.07 ‰ · yr-1 (p-values < 0.002) over the last century 

(Fig. 4e, g). Again, we suggest that this pattern, might be due to a progressively changing size 

of the precursor molecules (carbohydrates and NAPH) pools in the chloroplasts and in the 

cytosol. For instance, plants of the Park Grass Experiment are fertilized with NaNO3, which 

is not directly available to plants (contrarily to our experiment, where plants were fertilized 

with NH4NO3). In order to assimilate nitrate, plants must first reduce it to nitrite and then to 

ammonium. The first step of this transformation is done by a NADPH consuming nitrate 

reductase acting in the cytosol. Nitrate reductase might be only of secondary importance 

regarding 2H-εbio because the necessary reduction equivalents for its activity, most probably 

stems from mitochondria and thus do not affect directly the pool of available cytoplasmic 

NADPH. Nevertheless, consuming carbohydrates to produce NADPH (via oxPPP) will 

potentially reduce the pool size of TP and HP in the cytoplasm, but this pool should be 

balanced by higher pCO2 and sufficient quantity of nutrients. Indeed, the patterns observed in 

studies that have investigated photosynthesis and carbon allocation in parallel with growth 

under different nitrogen availability and in elevated pCO2 have shown that the increasing 

pCO2 lead to an increase of sugars and metabolites (e.g. glucose, and TP) in the cytosol, 

while the starch content in the chloroplast remains relatively stable, when plant grow under a 
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high amount of nitrogenous nutrient (e.g. Ferrario-Méry et al., 1997). This might explain the 

negative correlation between pCO2 and α-cellulose 2H-εbio that we observed in plants 

growing in the fertilized plot of the Green Park Experiment (Fig 5c). As the amount of starch 

in the chloroplast should not be directly affected by increasing pCO2 when the plants grow 

under a high level of nitrogenous nutrients, this might explain the relative stability (or slight 

decreasing trend) of n-alkane 2H-εbio in relation to pCO2 under a high level of nutrient (Fig 

5a). 

Another reason however, might have also contributed to the stability or the slight 

decreasing trend of n-alkane 2H-εbio when plant grow under higher pCO2 and a high level of 

nitrogenous nutrient. Nitrite (produced from the reduction of nitrate) is toxic to the cell and 

must be removed immediately. This is generally done in the chloroplast by a ferredoxin and 

proton dependent nitrite reductase. The H used in the reduction of nitrite appears to come 

from the reduced ferredoxin, that is first transferred to NADPH and then to nitrite. 

Consequently, an important part of the reducing equivalent resources, NADPH and reduced 

ferredoxins by the light reaction, are being used to get rid of the nitrite produced (Matsumura 

et al., 1997). Interestingly, Matt et al. (2001) observed that a higher pCO2 increases nitrate 

uptake and nitrate reductase activity when plants grow on nitrate, but increases ammonium 

uptake and inhibits nitrate reductase activity when tobacco is growing on ammonium nitrate 

(Matt et al., 2001). This influence of pCO2 on the uptake and assimilation on nitrogenous 

nutrients might also contribute to the stability or the slight decreasing trend of n-alkane 2H-

εbio when plant grow under higher pCO2 and a high level of nitrogenous nutrient. Indeed, 

when nitrate is the main source of nitrogenous nutrient, if the pool of reducing equivalent 

(e.g. NADPH) become limited by its extensive use for nitrite reduction, plants might have to 

use a more important part of NADPH produced by the oxPPP, which is enriched compared to 



2H as a plant metabolic proxy 

Chapter 4 Rothamsted’s study 97 

the one reduced in the light reaction of photosynthesis (Fig. 1). This would progressively 

increase n-alkanes δ2H values with higher pCO2 and nitrate assimilation. As α-cellulose 2H-

εbio occurs mainly in the cytosol, it should not be influenced by the use of reducing 

equivalents in the chloroplast.  

Finally, we observed that α-cellulose 2H-εbio occurring in plant growing in the non-

fertilized plot of the Green Park experiment were influenced by the nitrogenous atmospheric 

depositions, a relation that disappears when plants are fertilized with sodium nitrate (Fig. 5d 

and 6).   We suggest that this response is again due to a change in the carbohydrate pool size 

in response to rising amount of nutrients. In fact, in absence of another source of fertilization, 

the amount of nutrients, and as such the photosynthetic carbon supply, should be largely 

driven by the rate of atmospheric nitrogen deposition. Consequently, at higher rates of 

atmospheric depositions, the pool of carbohydrates in the cytosol should become bigger. This 

should result in a lower cycling rates of individual molecules in this pool and a lower 

associated extent of isotope exchange of C-bound H with 2H-enriched cellular water and 

precursor molecules via oxPPP (Fig. 1), thus lowering δ2H values of α-cellulose (Fig. 5d). As 

the amount of starch in the chloroplast should not be directly affected by increasing pCO2 

when the plants grow under higher level of nitrogenous nutrients, this might explain the 

relative stability of n-alkane 2H-εbio in relation to different level of nutrient (Fig 5a and 6).  
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Fig. 6. Correlation matrix for main environmental variable available at Rothamsted 
research station. 

2H as a proxy for the carbon metabolism of plants?  

The different relations observed between n-alkane and α-cellulose 2H-εbio in relation 

to different pCO2 and nitrogen availability highlight the key role of the cell compartmentation 

and metabolic regulations in determining 2H-εbio in organic compounds. n-alkane and α-

cellulose 2H-εbio, seem to response both strongly to environmental forcing via the pool sizes 

of their precursor molecules. This support strongly that changes in plant metabolisms, due to 

changes in pCO2 or nutrient content (or potentially any other forcing that would affect the 

precursor molecule pool size or some metabolic regulations), can be tracked with the δ2H 

values of organic molecules. Interestingly, it is clear that the plants at the Green Park 

Experiment in Rothamsted experienced important metabolic changes over the last century 

due to the increasing pCO2 and that this change seems to have impacted the plant’s carbon 
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allocation by possibly increasing the level of transitory starch in fertilized plant and the sugar 

content in non-fertilized plants.  

However, the high variability and the relatively weak linear correlations observed (see 

Tab.1 and Fig. 5) between the environmental variables (i.e. pCO2 and nitrogen depositions) 

and 2H-εbio, make it difficult to attribute with certainty the exact metabolic changes that are 

responsible for the 2H-εbio changes observed at the Green Park Experiment in Rothamsted. 

For instance, when considering the samples acquired after 1959, from when the sampling 

method changed at the Green Park Experiment (see method section), the correlations between 

pCO2, nitrogen deposition and the 2H-εbio increases, while the influence of NaNO3 fertilizer 

on cellulose 2H-εbio vanishes (Fig. 7 and Tab. 2).  
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Fig. 7. n-alkane (a, c) and α-cellulose (b, d) 2H-εbio response of plants collected annually 
at the park grass experiment to changes in pCO2 and nitrogen deposition between 1960 
and 2009. For more information see correlations in Table 2. 

 

This highlights the need for considering more samples from the Green Park 

Experiment in order to explore with more certainty the influence of nutrient availability on 

δ2H values of organic compounds, and exclude other factors that might have being playing a 

role in the correlation observed here such as the sampling methods and its impact of the 

biological diversity collected. 
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Table 2. n-alkane and α-cellulose 2H-εbio responses to pCO2 and nitrogen deposition 
changes deposition between 1960 and 2009. 

 

variance Pr(>F) slope Pr(>|t|)  variance Pr(>F) slope Pr(>|t|)  
pCO2 ** -0.3 *** 0.3 -0.1 0.7

Nitrogen deposition 0.1 0.5 0.2 * -2 **
pCO2 * Nitrogen deposition **/.2/.8 - - .2 / .  / .7
Nitrogen deposition * pCO2 **/. /.8 - - . / .7 / .7

Time - -0.3 *** - -0.3 .

pCO2 0.2 -0.2 0.1 0.8 0.0 0.7
Nitrogen deposition 0.6 0.5 0.3 0.3 0.5 0.3

pCO2 * Nitrogen deposition .2/ .8 / .5 - - .8 / .5 / .3 - -
Nitrogen deposition * pCO2 .4 /.3 / .5 - - .5/ 1/ .3 - -

Time - -0.1 0.3 - 0.0 0.9
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Chapter 5. Conclusion 

The specific points addressed in the introduction and explored throughout the thesis 

were answered as follow: 

. The plant’s metabolism, via different metabolic regulations, can explain the 

variability of hydrogen isotope fractionation occurring during organic compounds 

biosynthesis (2H-εbio) within and across species. 

. A conceptual biochemical model underlying the mechanisms explaining the 

variability in 2H-εbio within and across species has been developed.  

. The model developed also explains the different 2H-εbio associated with the 

production of different organic compounds. 

5.1. Discussion 

The biochemical mechanisms underlying the variability in 2H-εbio 

Hydrogen (H) isotopes in plant organic compounds are generally used as indicators 

for (paleo-) hydrological processes. In general, the non-exchangeable hydrogen isotope 

composition (δ2H) of organic compounds in plants was assumed to be driven by (i) the plants 

water source δ2H values (Chikaraishi and Naraoka, 2003; Sachse et al., 2006; Hou et al., 

2008), (ii) the leaf water evaporative 2H enrichment, which is largely driven by the 

evaporative environment of the plant (Smith and Freeman, 2006; Feakins and Sessions, 2010; 

Kahmen, Hoffmann, et al., 2013; Kahmen, Schefuß, et al., 2013) and (iii) the biosynthetic 2H 

fractionation (2H-εbio), which corresponds to the apparent 2H fractionation between the 

biosynthetic (plant) water pool and the organic compounds (Ziegler et al., 1976; Sternberg et 

al., 1984; Ziegler, 1989; Yakir and DeNiro, 1990; Luo and Sternberg, 1992; Yakir, 1992; 
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Schmidt et al., 2003). Despite several indications that 2H-εbio can reflect the carbon 

metabolism of the plant (Estep and Hoering, 1980; Yakir and DeNiro, 1990; Luo and 

Sternberg, 1992), 2H-εbio was typically considered to be constant within a plant species (e.g. 

Sachse et al., 2006) in order to ease the interpretation of δ2H values in plant-derived organic 

compounds in a hydrological context.  

The motivation of this thesis was to explore the variability in 2H-εbio and to identify 

how and where 2H-fractionation occurs during photosynthetic and post-photosynthetic 

biosynthetic processes in plants. The model developed in Chapter 1, provides a mechanistic 

basis for understanding differences in 2H-εbio for different compound classes in plants and, 

most importantly, to set the mechanistic ground for the application of plant δ2H values as 

proxy for a plant’s carbon metabolism. By doing so, this thesis suggests that plant organic 

compounds δ2H values are not only driven by the hydrological variable described above, but 

also by the plant metabolism and specific metabolic regulations, which can be influenced by 

environmental variables such as nutrient availability and atmospheric CO2 concentrations. 

The experiments affecting the plants’ metabolism show substantial differences in the 

δ2H values of carbohydrates and lipids. This can largely be explained by different metabolic 

regulations of the different precursor molecules of the different compounds. For instance, the 

higher proportion of NADPH-derived H in lipids compared to carbohydrates biosynthesis can 

explain the different impacts that have the modulation of the light reaction of photosynthesis 

on lipid and carbohydrates δ2H values. Most importantly, strong effects of low 

photosynthetic carbohydrate supply on the biosynthetic hydrogen isotope fractionation for 

both, carbohydrates and lipids are shown. 
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The differences on 2H-εbio at different photosynthetic carbon supply are being 

interpreted as metabolic effects. The metabolic effects seems to be mostly driven by the 

cycling rates of individual triosephosphate (TP) and hexosephosphate (HP) molecules and the 

suggested associated following processes: (I) The likelihood of equilibrium isotope exchange 

of C-bounded H in the TP and HP molecules with 2H-enriched cellular water increases when 

these pools are small (Luo and Sternberg, 1992; Augusti et al., 2006). (II) The extent by 

which the oxidative pentose phosphate pathway (oxPPP) is regulated, introducing 2H-

enriched carbohydrates from reserve pools such as starch into the HP and TP pools, and 

driving the amount of 2H-depleted H removed from the TP and HP pools via the reduction of 

NADP+. (III)  Potential shifts of stromal phosphoglucose isomerase toward or against 

equilibrium in response to changes in photosynthetic carbohydrate supply (Schleucher et al., 

1999). 

 For carbohydrates, the metabolic effects on 2H-εbio were independent of the causes of 

low carbohydrate supply to the plant and were surprisingly robust across species and 

compound classes. For lipids, effects were stronger when plants were forces to utilize reserve 

carbohydrates in their metabolism and to generate NADPH for the biosynthesis of lipids via 

heterotrophic pathways.  

2H-εbio as a plant metabolic proxy? 

In Chapter 3 and 4, the model has been tested as a metabolic proxy on parasitic and 

mycoheterotrophic plants as well as on a biological archive, respectively. In both cases, the 

data supported the model.  

In the case of the heterotrophic plants, the observations complete the previous works 

of Ziegler (1995) and Gebauer et al. (2016) made on bulk plant material, by showing that 
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metabolic effects on δ2H values between heterotrophic plants and their autotrophic reference 

plants differ for different compound classes. On average these effects were an 2H-enrichment 

of 76 ± 9‰ for α-cellulose and 23 ± 23‰ for n-alkanes. The remarkable consistency of the 

compound specific isotope effects between autotrophic host or reference plants and the 

heterotrophic parasitic or mycohetetrophic plants points towards a general physiological 

mechanism that is described in an adapted version of the model presented in chapter 1.  

In the case of the biological archive, the high variability and the relatively weak linear 

correlations observed between the environmental variables (i.e. pCO2 and nutrient 

availability) and 2H-εbio, make it difficult to attribute with certainty the exact metabolic 

changes that are responsible for the 2H-εbio changes observed at the Green Park Experiment in 

Rothamsted over the last century.  

Nevertheless, the different relations observed between n-alkane and α-cellulose 2H-

εbio in relation to different pCO2 and nitrogen availability highlight the key role of the cell 

compartmentation and of the metabolic regulations in determining 2H-εbio in organic 

compounds. n-alkane and α-cellulose 2H-εbio, seem to response both to environmental forcing 

via the pool sizes of their precursor molecules (i.e. NADPH, TP and HP in the cytosol and 

the chloroplast). This support the idea that plant metabolic changes can be tracked with the 

δ2H values of organic molecules in a natural setting. Interestingly, it is clear that the plants at 

the Green Park Experiment in Rothamsted experienced metabolic changes over the last 

century due to the increasing pCO2 and that this changes seem to have impacted the plant’s 

carbon allocation by possibly increasing the level of transitory starch in fertilized plant and 

the content of soluble carbohydrates in non-fertilized plants.  

5.2. Outlook 
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The results presented in chapter 4 highlight however the need to consider more 

biological archive samples to explore with more certainty the influence of environmental 

variables on the plant metabolism and thus on δ2H values of organic compounds. This would 

allow to exclude other variables (or artefacts) that might have been playing a role in 

weakening the correlations observed in samples from the Green Park Experiment in 

Rothamsted between pCO2, nitrogen and 2H-εbio. For instance, the Green Park Experiment 

includes many other plots that have other fertilization regimes and level of biodiversity that 

could be investigated (Silvertown et al., 2006). Other type of biological archives for which a 

host of other proxy data could be available could also be investigated. For instance, the model 

could be tested on long term tree-ring cellulose records such as the one presented in Feng and 

Epstein (1994) and on different organic molecules from annually-laminated lake sediments 

such as those presented by O'Sullivan (1983). 

In the construction of the model in chapter 1, we suggest that the metabolic effects 

driven by the cycling rates of individual triosephosphate (TP) and hexosephosphate (HP) 

molecules are associated with three major processes: (I) The likelihood of equilibrium 

isotope exchange of C-bounded H in the TP and HP molecules with 2H-enriched cellular 

water (Luo and Sternberg, 1992; Augusti et al., 2006). (II) The extent by which the oxidative 

pentose phosphate pathway (oxPPP) is regulated. (III)  Potential shifts of stromal 

phosphoglucose isomerase toward or against equilibrium in response to changes in 

photosynthetic carbohydrate supply (Schleucher et al., 1999). The effects of these specific 

processes (and others) could be all tested by a combination of knock-out mutant experiments 

such as those presented in Schneider et al. (2002) or in Hanson and McHale (1988), where 

the three specific processes described above could be muted in order to deduced their specific 

impact on the 2H-εbio. The impact of these processes could also be corroborate with 2H-NMR 
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site-specific isotope analyses (e.g. Ehlers et al., 2015) on such experiments, where the isotope 

effect of a specific enzyme at a specific position in a molecules could be measured and thus 

deduced the reaction path of H isotope fractionation. 

Finally, providing a mathematical description of the conceptual model developed in 

the thesis, with the approach described in Kruger and Ratcliffe (2015), would also allow to 

test, numerically, different metabolic scenarios and explore theoretical other possible 

mechanisms associated with low photosynthetic carbon supply and its links to 2H-εbio. 
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