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Introduction 

My research elucidates the translocation and metabolism of 2-deoxy-2-fluoro-D-glucose 

(FDG), a radioactive glucose analogue, in model plant species Arabidopsis thaliana 

(Arabidopsis). In this work, I showed that FDG radioactivity distribution in plants was 

specific to the chemical nature of the supplied radiotracer and [F] radioactivity was mainly 

translocated via phloem with its distribution closely matching with photoassimilate 

distribution. Furthermore, to explore its applicability in in vivo plant imaging, I successfully 

demonstrated PET/CT imaging measurement using preclinical micro-PET/CT scanner. 

Secondly, I characterized FDG metabolism in Arabidopsis leaves using combination of MS 

and NMR spectroscopy techniques to shed light on metabolic fate of FDG in plants. Finally, I 

showed that FDG could be employed to study carbon allocation dynamics in Nicotiana 

attenuata (Nicotiana) plants after specialist herbivore- Menduca sexta (M. sexta) attack. 

1. General Introduction 

1.1 Isotopes as tracers in the study of chemical processes 

"If you are worth your salt, you separate radium D from all that nuisance of lead.” These 

were the words of Professor Ernest Rutherford to young chemist ‘George de Hevesy’ who 

was tasked with the responsibility of separating radioactive lead (Pb-210) from its admixture 

non-radioactive lead [Myers W. G., 1979]. Hevesy tried for two year to separate radioactive 

Pb-210 from its counterpart but failed. However, he did not fail to recognize the remarkable 

sensitivity of physical methods to detect infinitesimally small amounts of radioactive Pb-210 

which makes it excellent radiotracer to trace non-radioactive Pb in chemical and biochemical 

processes. This was reflected in his 1923 paper about tracing the absorption and translocation 

of lead in Vicia faba plants. This was the start and it culminated in the foundation of very 

important field - Nuclear medicine and imaging. Hevesy was awarded “the 1943 Nobel Prize 

in Chemistry” in 1944 for his work on the use of isotopes as tracers in the study of chemical 

processes [www.nobelprize.org].  

In the field of observation, Chance favors the prepared mind. Loius Pasteur (7 December 

1854) [www.en.wikiquote.org]. 
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1.2 Radiotracer imaging 

Field of radiotracer imaging involves application of radioisotopes to analyze uptake and 

distribution of radioisotope labeled compounds (radiotracers) which could help in 

understanding underlying physiology or diagnostics. In actual experimental application, 

radioisotope is integrated or combined with compound of interest to form radiotracer. This 

radiotracer is then can be administered into organisms either plant or animal. Administered 

radiotracer is distributed via circulation or vascular system and taken up in various tissues 

depending upon the physiology of an organism. After allowing sufficient time for 

distribution, one can localize radiotracer using radiotracer detection techniques. High 

sensitivity of radiotracer detection techniques allows differentiating the subtle changes in the 

uptake, circulation and distribution pattern of fed radiotracer. These changes are analyzed to 

unravel the various aspects of actual physiology of the organism based on cellular functions 

related to the fed radiotracer. This way, radiotracers have been employed to assess particular 

biochemical or disease process in the body, based on the cellular function and physiology 

relevant to applied radiolabeled compound. Radiotracer imaging has been extensively used in 

clinical or animal studies involving tumor diagnostics, evaluating disease progression, 

functional brain imaging and studying physiological and biochemical pathways [Barrio et al, 

1990; Alavi et al, 1982; Phelps ME, 2004; Schieferstein and Ross, 2013].  

Radiotracer imaging is also being adapted to the new discipline of molecular medicine as it 

involves application of various radiotracers that are specific for particular biochemical or 

disease processes. Imaging probes (diagnostics) and drugs (therapeutics) share common 

concepts in structural design and principle of action as they target the same enzymes, 

receptors, and pathways [Som et al, 1977; Lampidis et al, 2006; Phelps ME, 2004; Zissen et 

al, 2011]. Thus, these radiotracers are aimed at not only to detect the underlying disease 

processes but also to target the relevant enzymes or receptors which could help restore 

normal physiology [Lampidis et al, 2006; Conrad et al, 2007; Zissen et al, 2011]. Developing 

new radiotracer agents, discovering novel applications for pre-existing radiotracers, and 

improving radiotracer imaging techniques have a tremendous impact in medicine and biology 

especially in the discipline of clinical diagnostics. Thus, development of new radiotracers, 

radiotracer validation, and establishing their applications in diagnostics or imaging are major 

thrust areas in current radiotracer research. 
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1.3 Radiotracers in imaging: 

An isotope tracer is a chemical compound in which one or more atoms have been replaced by 

a corresponding isotope so by virtue of its physico-chemical properties such as differential 

mass, vibrational mode, or radioactive decay, it can be used to trace that isotope labeled 

compound. They can be divided into two categories mainly stable isotope (2H, 13C, 15N, 18O, 
19F etc.) labeled tracers and radioisotope (3H, 11C, 13N, 14C, 18F, 32P etc.) labeled tracers 

[Matwiyoff and Ott, 1973; Wolfe and Chinkes, 2005; Phelps ME, 2004]. Among the isotope 

tracers, radiotracers could allow for non-invasive detection in tissue owing to radioactive 

decay. However, most of the long-lived radiotracer (eg. 14C, 32P, 35S etc) emits low energy β- 

particles which cannot penetrate thick tissue. It necessitates destructive harvesting for 

analysis of radioisotope distribution [Dickson et al, 1990; Margolis et al, 1991]. Thus, these 

radiotracers are rarely used to examine the in vivo radiotracer dynamics in an organism. In 

vivo imaging is rather achieved using positron-emitting radioisotope (like 11C, 13N, 15O, 68Ga, 
18F etc) labeled compounds (PET-radiotracers or simply radiotracers) [Kiser et al, 2008; 

Jahnke et al, 2009; De Schepper et al, 2013; Converse et al, 2013]. Overview of such PET-

radiotracer imaging process has been depicted in Fig. 1. A positron-emitting radioisotope 

emits a positron, which gives rise to two antiparallel high energy gamma ray photons upon its 

impact with and consequential annihilation by an electron [see inset, Fig. 1]. The resultant 

gamma photons are able to penetrate thick tissue and allow for the detection of a radioisotope 

without destructive tissue harvesting. Several characteristics make PET-radiotracers as 

radiotracers of choice. These positron radioisotope labeled compounds can be prepared with 

high specific activity. They can be detected in infinitesimally low concentrations and in a 

quantitative manner with the help of highly sensitive modern detectors. The short half-lives 

of these radioisotopes result in measureable radioactive decay time course permitting their 

application in highly dynamic processes such as measurement of substrate concentrations, 

reaction rates and ligand-receptor binding. Also, radioactivity disappears from subject tissue 

in short time so it’s amenable to use in human studies.  
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Fig. 1 Overview of PET imaging (wikimedia.org)  

1.4 2-deoxy-2-[18F]fluoro-D-glucose (18FDG/FDG): 

One of the above mentioned PET radioisotopes, 18F, is most routinely used isotope to provide 

labeled substrate analogs (e.g., 18FDG, 5-fluorouracil) [Heidelberger et al, 1957; Som et al, 

1980; Zissen et al, 2011] or pharmacological agents (e.g., 18F-spiperone, fluoro‐L‐DOPA) 

[Barrio et al, 1989; Barrio et al, 1990] to trace biochemical or pharmacological processes in 

clinical diagnosis. 18F has commonly been used to replace –H or –OH on a molecule of 

interest. Flurine has small atomic size and the C–F bond strength is comparable to that of C–

H and C–OH bond. Small atomic radius of fluorine does not impose any structural constraints 

in the molecule. Thus, resulting fluorinated species is a structural analog of molecule of 

interest which is still be able to conjugate with the target compound with minimal stearic 

hindrances. Moreover, fluorine is not known to occur naturally in compounds of biological 

origin so fluorine substitution in biological compound may block, with target enzymes, the 

biochemical pathway [Phelps ME, 2004]. 

18FDG is 18F-labled glucose analog in which –OH group at C2’ position of glucose has been 

replaced by 18F [Fig. 2]. 18FDG chemically and structurally mimics glucose and its uptake 

and distribution is found to be similar to that of glucose in animal system [Som et al, 1977; 

Som et al, 1980]. 18FDG is commonly used as a radioactive glucose surrogate in medical 
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diagnostics and animal studies to trace uptake and metabolism of glucose in metabolically 

active tissue such as brain tissue or cancer cells [Som et al, 1980; Alavi et al, 1982; Ung et al, 

2007]. 18F has a radioactive half life (t1/2) of 109.8 min [www.nndc.bnl.gov/chart/]. 

Consequnetly, 18FDG owing to its longer half life time, compared to other PET radiotracers, 

is more suitable radiotracer (for eg: 11C, t1/2= 20.4 min) [www.nndc.bnl.gov/chart/] for in vivo 

imaging studies spanning over several hours. In addition, the mean dispersion range of 

emitted positron is shortest of all thus allowing resolution in mm range [Sanchez-Crespo et 

al, 2004].  

 

Fig. 2 2-deoxy-2-[18F]fluoro-D-glucose (18FDG) 

2. Exploring FDG as a radiotracer for plant imaging 

In this section, I will provide short introduction to subsequent chapters of my thesis which 

deals with 

2.1 FDG in plant imaging. 

2.2 FDG metabolism in plants 

2.3 FDG to study carbon allocation in plants after herbivore attack 

2.1 FDG in plant imaging 

The application of 18FDG as a radiotracer for glucose has been well established in animal 

system but it has rarely been used in the plant imaging experiments. 18FDG application in 

plant imaging started when Tsuji et al (2002) first reported 18FDG uptake and distribution in 

tomato plants [Tsuji et al, 2002]. Later, Hattori et al (2008) described 18FDG translocation in 

intact Sorghum plant and suggested that it could be used as a tracer for photoassimilate 

translocation in plants [Hattori et al, 2008]. Recently, 18FDG has been used to study glycoside 

biosynthesis in plants as a measure of plant response to defense induction [Ferrieri et al, 
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2012]. There is growing evidence that 18FDG could also be used in plant imaging studies to 

trace sugar dynamics. However, to confirm this hypothesis, it was necessary to show that the 

observed [18F] radioactivity translocation and distribution in an intact plant is an outcome of 

the chemical nature of the introduced radiotracer and not of the plant vascular architecture or 

radiotracer introduction method.  

To prove this, we employed two chemically distinct radiotracers, 18FDG and 68Gallium citrate 

(68Ga-citrate) for plant imaging. Here, 18FDG is a known glucose analog whereas Ga-citrate 

is a radiotracer whose chemical nature is similar to Aluminum (Al) or Iron (Fe) citrate. 68Ga 

was chelated with citrate to maintain its solubility. Gallium (Ga) is a rare element that has no 

known biological role in plants; however, a positron emitting radioisotope [68Ga] (t1/2=67.7 

min) [www.nndc.bnl.gov/chart/] is readily available in Ga. It has been shown that Ga could 

be taken up by the roots and transported to shoot [Wheeler and Power, 1995]. To show that 

the observed [18F] radioactivity translocation and distribution pattern differs according to the 

chemical nature of introduced radiotracer, we introduced 18FDG and 68Ga-citrate, in the 

model plant species Arabidopsis through leaf. We monitored corresponding radioactivity 

distribution pattern as an outcome of chemical nature of supplied radiotracer. We also 

established translocation route for [18F] radioactivity by performing imaging experiments 

with stem girdled plants.  

In plant radiotracer imaging experiments, radiotracer localization is generally monitored 

using a photostimulable phosphor-coated imaging plate (IP) to obtain static image of 

radiotracer distribution [Thorpe et al., 2007; Hattori et al., 2008; Ferrieri et al., 2012]. 

Recently, planar positron imaging system (PPIS) [Kume et al., 1997; Uchida et al., 2004; 

Matsuhashi et al., 2006] or positron emission tomography (PET) scanner have been employed 

to obtain dynamic radiotracer distribution [Jahnke et al, 2009; De Schepper et al, 2013; 

Converse et al, 2013; Partelová et al, 2014]. Unlike IP or PPIS, positron emission 

tomography (PET) scanner could capture 3-dimentional radiotracer distribution over time. In 

in vivo imaging, radiotrcer dynamics information is complemented with corresponding 

anatomical information to provide spatial distribution of metabolic or biochemical activity 

which is precisely aligned with underlying tissue. Anatomical information could be acquired 

using techniques like magnetic resonance imaging (MRI) [Borisjuk et al, 2012; Jahnke et al., 

2009] or X-ray computed tomography (CT) [Dhondt et al., 2010]. Jahnke et al (2009) 

demonstrated a MRI-PET co-registration system which combined the anatomical information 
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of plants structures obtained from MRI with [11C] radioactivity information obtained from 

PET. We used a bi-functional PET/CT modality which coupled the morphological 

information of a plant derived from CT with the corresponding radioactive signal derived 

from PET to generate 4-dimentional radiotracer dynamics. In this study, we report the first bi-

functional PET/CT imaging of plants and discuss its potential applications in plant biology. 

2.2 FDG metabolism in plants 

Unraveling 18FDG translocation and metabolism in plants are crucial aspects of establishing 
18FDG as potential radiotracer for plant imaging. Previous literature reported [18F] 

radioactivity translocation and distrution pattern in plants however did not provide 

comprehensive picture of 18FDG metabolism in plant cells [Tsuji et al, 2002; Hattori et al., 

2008; Ferrieri et al., 2012; Partelová et al, 2014]. FDG metabolism in plant cells is not 

characterized but rather presumed to be similar to FDG metabolism in animal tissue. FDG 

uptake and metabolism has been extensively studied in animal cells [McSheehy et al., 2000; 

Kaarstad et al., 2002; Southworth et al., 2003]. Being glucose analogue, FDG is transported 

into animal cells via same transporters as glucose [Higashi et al, 1998; Brown et al, 1999; 

Yen et al, 2004]. Upon intracellular uptake, FDG is phosphorylated to FDG-6-phosphate 

(FDG-6-P) by the action of hexokinase [Sols and Crane, 1954; Bessell et al, 1972; Smith TA, 

2001]. It was assumed that FDG-6-P underwent no further metabolism and simply 

accumulated inside the cell [Miller and Kiney, 1981; Reivich et al, 1985; Bessell and 

Thomas, 1973; Suolinna et al, 1986].  

FDG metabolism in plants might be quite different than in animal cells as plants are specialist 

in sugar metabolism. Plants fix atmospheric CO2 through photosynthesis. Fixed carbon is 

transformed to various sugars such as glucose, fructose, maltose, sucrose, and starch etc. as 

per the metabolic needs of the plant. These various sugars are then transported via numerous 

sugar transporters towards specialized organelles like plastids, vacuoles or organs like fruits, 

tubers for storage or utilization. Intrinsic complexity of biochemical pathways pertaining to 

sugar metabolism makes it harder to envisage the metabolic fate of FDG in plants. Thus, 

unraveling the FDG metabolism in plants is most logical step to follow after the 18FDG 

radiotracer imaging studies. 

In present study (chapter 2), we analyzed FDG metabolism in Arabidopsis leaf tissue using 2-

Deoxy-2-[19F]fluoro-D-glucose (19FDG) which contains stable [19F] fluorine isotope. 19FDG is 
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virtually similar to 18FDG in its chemical properties. Thus, its results could be extrapolated to 
18FDG metabolism in Arabidopsis. We applied 19FDG to Arabidopsis leaf and analyzed leaf 

extract for fluorine-metabolites using MS and NMR. We demonstrated that FDG metabolism 

in plant cells is considerably different than animal cells and goes beyond FDG-6-P.  

2.3 FDG to study carbon allocation in plants after herbivore attack 

Photoassimilate allocation and partitioning are the key factors controlling plant growth and 

productivity [Zamski and Schaffer, 1996]. Along with current metabolic needs of the plant, 

numerous abiotic (light, temperature, CO2, water/salt stress etc.) and biotic factors (microbes, 

parasites, parasitic plants etc.) affect photoassimilate partitioning in plants [Lemoine et al, 

2013]. Growth rate and biomass productivity in plants is highly influenced by such 

photoassimilate dynamics. Thus, there has been considerable interest in studying dynamics of 

photoassimilate allocation and partitioning under various environmental conditions [Babst et 

al, 2005; Ferrieri et al, 2013; Nour-eldin and Halkier 2013] and stress treatments, especially 

herbivory as one of them. 

Upon wounding or herbivore attack plants divert resources in production of secondary 

defence metabolites, into storage tissue away from attack, or into growth processes. These 

processes are important to elucidate evolution of resistance and tolerance strategies of plants 

[Schwachtje and Baldwin, 2008]. Plant defenses are costly to invest in as it primary resources 

are redirected into defense pathways [Heil and Baldwin, 2002; Zavala and Baldwin, 2006; 

Bolton MD, 2009; Ferrieri et al, 2013]. Jasmoinc acid (JA) and JA-conjugates such as 

methyl-jasmonate (Me-JA) or JA-isoleucine (JA-Ile) play important role in induction of 

defense responses in plants [Kang et al, 2006; De Geyter et al, 2012; Ferrieri et al, 2013]. 

Although, induction of defense pathways protect plant from herbivory, their activation can 

limit the availability of resources required for plant growth [Redman et al, 2001; Heil and 

Baldwin, 2002; Halitschke and Baldwin, 2003; Schwachtje and Baldwin, 2008; Meldau et al, 

2012]. Instead of investing resources into defense compounds, plants may redirect resources 

away from affected tissue, often towards storage organs, such as roots [Holland et al, 1996; 

Babst et al, 2005; Schwachtje et al, 2006; Gomez et al, 2012]. The direction of resource re-

allocation can change with environmental conditions and plant ontogeny.  

Nicotiana attenuata a wild tobacco species that is native to western North America. It is a 

host plant for Manduca sexta, commonly known tobacco hornworm. M. sexta, a facultative 
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specialist, is able of tolerate nicotine, an antiherbivore chemical produced by Nicotiana 

plants. M. sexta can severely defoliate Nicotiana in its native habitat [Steppuhn and Baldwin, 

2007]. In such case, the herbivory-induced activation of both defense and tolerance responses 

is predicted to alter resource assimilation and source-sink relationships [Schwachtje and 

Baldwin, 2008]. However, it is not known, how the herbivory induced-JA pathway regulate 

carbon allocation balancing the trade-off between plant growth and defence. It is 

demonstrated that simulated herbivory increases partitioning of recently assimilated carbon to 

roots of Nicotiana plants [Schwachtje et al, 2006]. In contrast, Machado et al (2013) showed 

that simulated M. sexta herbivory decreased sugar and starch concentrations in the roots and 

reduced regrowth from the rootstock and flower production [Machado et al, 2013].In present 

study (Chapter 3), we used 18FDG in simulated herbivory experiments to analyze carbon 

allocation in the root system. JA perception is found to be important in carbon allocation 

processes thus, we also assesssed the role of the JA in herbivore-induced 18FDG distribution 

by using transgenic plants insensitive to JA (irCOI1). In this plant line, CORONATINE 

INSENSITIVE 1 (COI1) is silenced by transformation with an inverted repeat construct 

[Paschold et al, 2007]. irCOI1 plants are insensitive to JA and could not up-regulate JA-

mediated defenses upon wounding or herbivory [Paschold et al, 2007]. In irCOI1 plants, we 

observed that carbon allocation to roots is decreased significantly only in leaf wounding 

treatment but not in simulated herbivory. Thus, independent of JA-mediated defenses, JA 

perception is found to be important in carbon allocation processes.  

In summary, this thesis describes FDG translocation, metabolism in plants and demonstrates 

its application to study carbon allocation dynamics under various biotic stresses. We hope, 

this will further our understanding of FDG metabolism in plants and expand the scope of 

applications of FDG in plant imaging. 
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Chapter 1 

 

Comparing 2-deoxy-2-[18F]fluoro-D-glucose and [68Ga]gallium-

citrate translocation in Arabidopsis thaliana  
Amol Fatangare#, Peter Gebhardt, Hanspeter Saluz, Aleš Svatoš* 

# First author  

* Corresponding author 

 

2-Deoxy-2-[18F]fluoro-D-glucose (18FDG/FDG) is a glucose surrogate commonly used in 

clinical or animal imaging but rarely in plant imaging to trace glucose metabolism. In present 

work, we compared distribution of 18FDG to that of [68Ga]gallium citrate (68Ga-citrate) in 

Arabidopsis thaliana plants to show that the corresponding radioactivity distribution pattern 

depends on the chemical nature of the fed radiotracer.   

Autoradiography results showed that the radioactivity distribution pattern and translocation 

route observed after 18FDG feeding is markedly different from that of 68Ga-citrate. [18F] 

radioactivity accumulated mostly in roots and young growing parts such as the shoot apex, 

which are known sinks for photoassimilate. [18F] radioactivity translocation, in this case, 

occurred via phloem. [68Ga] radioactivity, on the other hand, was translocated to neighboring 

leaves and its translocation occurred via both xylem and phloem. PET/CT modality was able 

to capture the dynamic radiotracer distribution and its results corroborated well with the 

autoradiography imaging. In summary, we demonstrated that radiotracer distribution did 

differ according to the chemical nature of the supplied radiotracer. 

 
Built on idea conceived by: Amol Fatangare, Peter Gebhardt, Hans Peter Saluz, Aleš Svatoš 

Experiments designed and performed by: Amol Fatangare, Peter Gebhardt. 

Manuscript written by: Amol Fatangare, Peter Gebhardt, Hans Peter Saluz, Aleš Svatoš. 

Published in Journal of Nuclear Medicine and Biology (2014) Oct;41(9):737-43.  

http://dx.doi.org/10.1016/j.nucmedbio.2014.05.143. 
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Chapter 2 

 

Unravelling 2-deoxy-2-fluoro-D-glucose metabolism in  

Arabidopsis thaliana 
Amol Fatangare#, Christian Paetz, Bernd Schneider, Hans Peter Saluz, Aleš Svatoš* 

# First author 

* Corresponding author 

 

FDG’s application in plant imaging necessitates successful FDG tracer kinetics model which 

could only be established after unraveling FDG translocation and its metabolism in plants. 

Yet, there were no reports on FDG metabolism in plants to back the FDG imaging studies. 

Here, we elucidated FDG metabolism in Arabidopsis thaliana leaf tissue. We fed 2-deoxy-2-

[19F]fluoro-D-glucose (19FDG/FDG) which contains stable fluorine [19F] isotope, to 

Arabidopsis leaves and later extracted and analyzed the leaf tissue for end product of 19FDG 

metabolism using liquid chromatography coupled to mass spectrometry and nuclear magnetic 

resonance spectroscopy. We found 2-deoxy-2-fluorogluconic acid, FDG-6-phosphate, 2-

deoxy-2-fluoromaltose, and uridine diphosphate-FDG as four major end products of FDG 

metabolism in Arabidopsis leaf tissue. Our results demonstrate that FDG metabolism in plant 

tissue goes beyond FDG-6-phosphate and is considerably different than that of animal cells.  

 

Built on idea conceived by: Amol Fatangare, Hans Peter Saluz, Aleš Svatoš 

Experiments designed and performed by: Amol Fatangare, Christian Paetz, Aleš Svatoš 

Manuscript written by: Amol Fatangare, Christian Paetz, Aleš Svatoš 

Manuscript in preparation. 
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Chapter 3 

 

Using 2-deoxy-2-[18F]fluoro-D-glucose to study carbon allocation 

in plants after herbivore attack 
Stefan Meldau#*, Melkamu Woldemariam #, Amol Fatangare, Aleš Svatoš, Ivan Galis 

# First author 

* Corresponding author 

 

Herbivory induced activation of both defense and tolerance response is predicted to alter 

resource allocation in plants. JA-signalling is also known to plays a role in this process. Here, 

we investigated changes in recently assimilated carbon allocation using 2-deoxy-2-

[18F]fluoro-D-glucose (18FDG/FDG) in Nicotiana roots following wounding and simulated 

leaf herbivory. Upon simulated herbivory, but not wounding alone, carbon partitioning 

specifically to the root tips was reduced. In jasmonate (JA) signalling-deficient irCOI1 plants, 

the wound-induced allocation of 18FDG to the roots was decreased, while more 18FDG was 

transported to young leaves, demonstrating an important role of the JA pathway in regulating 

the wound-induced carbon partitioning between shoots and roots. Our data highlight the use 

of 18FDG to study stress-induced carbon allocation responses in plants. 

 

Built on idea conceived by: Stefan Meldau, Melkamu Woldemariam, Amol Fatangare, Aleš Svatoš, 

Ivan Galis. 

Experiments designed and performed by: Stefan Meldau, Melkamu Woldemariam, Amol Fatangare, 

Ivan Galis 
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Supplementary Data: 

Supplemental Figure 1. 18FDG uptake by Arabidopsis thaliana cell suspension. 

Arabidopsis thaliana cell culture was grown in JPL medium containing sucrose (1.5%). On 

the day of experiment, cells were suspended in 50 mL JPL medium containing equimolar 

concetration of Mannitol instead of sucrose. Control flasks contained only nutrient media. 
18FDG solution (1.23 MBq) was added to each flask. Flasks for set-3 and set-4 were added 

with 100 μM glucose and 1 mM HgCl2 respectively prior to 18FDG addition. Flasks were 

kept on rotary shaker at 60 rpm under normal laboratory light and temperature conditions. 

After 5 hours, the suspensions were filtered through 22 micron filter for cell pellet. 

Radioactivity accumulated in cell pellet was measured in counts per second (CPS) using a 

well counter (Isomed 2100, MED Nuklear-Medizintechnik Dresden GmbH, Dresden, 

Germany). Two biological replicates (each with three technical replicates) were performed 

for each set and average decay corrected CPS radioactivity for cell pellet was noted.  

Supplemental Table 1. 18FDG uptake by Arabidopsis thaliana cell suspension. 

Experimental Set Average cell pellet 

radioactivity (CPS) 

Set-1 control (only media) 22.6 

Set-2 Expt (media+suspension+FDG) 23868.5 

Set-3 Expt+glucose(media+suspension+glucose 100μM+FDG) 8215.5 

Set-4 Expt+HgCl2 (media+suspension+HgCl2 1mM+FDG) 604.6 

 

Supplemental Figure 2 Radioactivity (Bq) observed in different plant parts plotted 

against time(s) in PET/CT imaging using 18FDG as a radiotracer. (A) represents 

radioactivity in the whole plant over time; (B) represents radioactivity in the 18FDG-supplied 

leaf over time; (C) represents radioactivity in roots over time; (D) represents radioactivity in 

the mature rosette leaf over time; (E) represents radioactivity in plant shoots over time.  

[NOTE: The radioactivity (decay corrected value) measured in the whole plant and in the 
18FDG-supplied leaf increased until 3 h after the start of the experiment and plateaued after 

this (graph A, B). This was observed because at the start of the experiment, 18FDG was 

concentrated in a small volume on the leaf. The flat shape of the leaf caused attenuation of 

only those positrons which emitted in the direction of surrounding leaf tissue. Rest of the 
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emitted positrons travelled long distances through the air before getting attenuated by nearby 

air molecules. This phenomenon caused the halo effect seen in PET/CT image (Figure 5). 

This also led to inaccurate calculation of region of interest (ROI) for 18FDG-supplied leaf and 

thus underestimated radioactivity contained in 18FDG-supplied leaf. However, during the 

course of experiment, the radiotracer spread throughout the leaf and other plant parts, getting 

surrounded by more leaf tissue. This improved the attenuation of emitted positrons over the 

course of experiment and resulted in corresponding signal increase. This effect was less 

pronounced in plant parts (such as root, mature rosette leaf and plant shoot) which had 

received the transported radiotracer in lower amounts. Here, radiotracer transported to these 

parts was always effectively attenuated by surrounding leaf tissue over the course of 

experiment. The radioactivity measurements in the regions of interest  (roots, mature rosette 

leaves and plant shoots) which accumulate low amount of radioactivity, are not affected by 

the above-mentioned attenuation effect and thus could be regarded as readings depicting the 

correct trend of increase in radioactivity over time in these plant parts (graph C, D, E).] 

Supplemental Figure 3 Radiotracer supplied through the cauline leaf and the 

subsequent translocation of radioactivity across the girdled region on the stem. (A) The 

stem of A. thaliana  was girdled by passing hot air over the stem (girdled region shown by 

arrow). In 18FDG imaging, the 18FDG solution was supplied through a cauline leaf (1). After 

4 hours, plant stem was cut and autoradiographed using an imaging plate (IP). (B) depicts the 

corresponding 18FDG autoradiogram. (C) In 68Ga-citrate imaging, the stem of A. thaliana was 

girdled (girdled region shown by arrow) and 68Ga-citrate solution was supplied through a 

cauline leaf (1). After 4 hours, the plant stem was cut and autoradiographed using an IP. (D) 

depicts the corresponding 68Ga-citrate autoradiogram. In all autoradiograms, brightness 

marks the high radioactivity present in that area. All experiments were repeated at least three 

times and the representative data are shown. 

Supplemental Figure 4 Plant mounting on instrument bed for positron emission 

tomography/computed tomography (PET/CT) imaging. (A) shows plants placed on 

instrument beds. Only one of the above two plants was subjected to PET/CT imaging (B) 

shows plant assembly during in vivo imaging. Plant root was immersed in vials containing 2 

mL aqueous solution and fixed vertically on a Styrofoam platform. Plant was placed inside 

thin plastic cylinders to minimize leaves movement due to air currents inside the scanner. The 

whole assembly was mounted on PET/CT bed as shown.  
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Supplemental video 1. (attached as FDG PET-CT.mpeg) PET/CT in vivo imaging of A. 

thaliana. The 18FDG was applied to one of the rosette leaves and radioactivity dynamics were 

monitored using PET/CT over 6 hours. The video depicts the series of 8 radioactivity 

snapshots at various viewing angles and time-points. The 18FDG-supplied leaf appears as a 

bright region due to the presence of high radioactivity. The brightness marks the high 

radioactivity present in that area. White, red, brown, yellow, green, blue colors represent 

diminishing concentrations of radioactivity.  

 

Supplemental Fig 1: 

 

 

 

 

 

 

 

 



Research Chapter I : Supplementary Data 
 

27 
 

Supplemental Fig 2: 
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Supplemental Fig 3: 

 

Supplemental Fig 4: 

 

Supplemental Video 1:  Submitted online as ‘FDG PET-CT.mpeg’ for PET/CT in vivo 

imaging of A. thaliana.  
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Abstract: 18 

2-deoxy-2-fluoro-D-glucose (FDG) is fluorine labeled glucose analogue routinely used in 19 

clinical and animal radiotracer studies to trace glucose uptake but it has rarely been used in 20 

plants. Previous studies analyzed FDG translocation and distribution pattern in plants and 21 

proposed that FDG could be used as a tracer for photoassimilates in plants. Elucidating 22 
18FDG metabolism in plants is a crucial aspect for establishing its application as a radiotracer 23 

in plant imaging. However, FDG metabolism in plants in not fully characterized till yet. In 24 

this paper, we describe the metabolic fate of FDG in model plant species, Arabidopsis 25 

thaliana. We fed FDG to leaf tissue and analyzed leaf extract using MS and NMR. On the 26 

basis of exact mono-isotopic masses, MS/MS fragmentation, and NMR data; we identified 2-27 

fluoro-gluconic acid, FDG-6-phosphate, 2-deoxy-2-fluoro-maltose, and uridine-di-phosphate-28 

FDG as four major end products of FDG metabolism. Glycolysis and starch degradation 29 

seemed to be the important pathways for FDG metabolism. We showed that FDG metabolism 30 

in plants is considerably different than animal cells and goes beyond FDG-phosphate as 31 

previously presumed. 32 

Keywords: 2-deoxy-2-fluoro-D-glucose, FDG, Arabidopsis thaliana, plant, Metabolism, 33 

radiotracer. 34 
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Introduction: 35 

2-deoxy-2-[18F]fluoro-D-glucose (18FDG/FDG) is a radioactive glucose surrogate in which 2’ 36 

C hydroxyl group of glucose is substituted by positron emitting 18Fluorine radio-isotope. 37 
18Fluorine has a half-life (t1/2) of 109.8 min [www.nndc.bnl.gov/chart/]. In 18FDG, Fluorine 38 

has small atomic size and the C-F bond strength is comparable to that of C-OH bond. Small 39 

atomic radius of fluorine does not impose any structural constraints in the molecule. 40 

Therefore, resulting 18FDG species is a structural analog of glucose which is able to 41 

conjugate with the target receptors or enzymes without any stearic hindrances [Phelps ME, 42 

2004].  18FDG uptake and distribution is found to be similar to that of glucose in the animal 43 

circulation system. It is commonly used in medical diagnostics and animal studies to trace 44 

uptake and the metabolism of glucose in metabolically active tissue such as brain tissue or 45 

cancer cells [Som et al, 1980; Alavi et al, 1982; Ung et al, 2007; Phelps ME, 2004]. 46 

 47 
18FDG, owing to its longer half-life (t1/2=109.8 min), is a suitable radiotracer for in vivo 48 

imaging studies spanning over several hours. In addition, the mean dispersion range of 49 

emitted positron is shortest of all thus allowing resolution in mm range in positron emission 50 

tomography (PET) [Sanchez-Crespo et al, 2004]. The application of 18FDG as a radiotracer 51 

has been well established technique in animal system but it has rarely been used in the plant 52 

imaging experiments. Tsuji et al (2002) first reported 18FDG uptake and distribution in 53 

tomato plants [Tsuji et al, 2002]. Later, Hattori et al (2008) described 18FDG translocation in 54 

intact sorghum plants and suggested that it could be used as a tracer for photoassimilate 55 

translocation in plants [Hattori et al, 2008]. 18FDG has also been used to study glycoside 56 

biosynthesis in plants as a measure of plant response to defense induction [Ferrieri et al, 57 

2012]. Recently, 18FDG has been employed as a radiotracer in plants to study amino-sugar-58 

nitrogen (ASN esp. glucosamine) uptake [Li et al, 2014] or solute transport [Partelova et al, 59 

2014]. We have previously shown that the radioactivity distribution pattern observed after 60 
18FDG feeding is significantly different than another radiotracer like 68Gallium-citrate (68Ga-61 

citrate) [Fatangare et al, 2014]. 18FDG radioactivity distribution was also similar to 62 

photoassimilates [Fatangare et al, 2014]. There is growing evidence that 18FDG could also be 63 

used as radiotracer in plant imaging studies to trace sugar dynamics. 18FDG application in 64 

plant imaging necessitates successful 18FDG tracer kinetics model which could be established 65 

after unraveling 18FDG translocation and its metabolism in plants. Previous literature reported 66 
18FDG radioactivity translocation pattern in plants however did not provide the 67 

comprehensive picture of 18FDG metabolism in plant cells. 68 
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FDG uptake and metabolism has been extensively studied in animal cells [McSheehy et al, 69 

2000; Kaarstad et al, 2002; Southworth et al, 2003]. Being the glucose analogue, FDG is 70 

transported into the animal cells via the same transporters as glucose [Higashi et al, 1998; 71 

Brown et al, 1999; Yen et al, 2004; Avril N, 2004]. Upon intracellular uptake, FDG is 72 

phosphorylated to FDG-6-phosphate (FDG-6-P) by the action of hexokinase or glucokinase 73 

[Sols and Crane, 1954; Bessel et al, 1972; Smith T, 2001]. Further metabolism of FDG-6-P 74 

via the glycolytic pathway was found to be inhibited due to Fluorine substitution at 2’ C 75 

position [Lampidis et al, 2006; Kurtoglu et al, 2007]. It was assumed that FDG-6-P 76 

underwent no further metabolism and simply accumulated inside the cell [Miller and Kiney, 77 

1981; Reivich et al, 1985; Bessel and Thomas, 1973; Suolinna et al, 1986].  78 

 79 

FDG metabolism in plant cells is not characterized till yet but rather presumed to be similar 80 

to animal cells [Hattori et al, 2008]. However, FDG metabolism in plants might be quite 81 

different than the FDG metabolism in animal cells. Plants photosynthesize sugars as 82 

photoassimilates. Photoassimilates flux is regulated through numerous sugar transporters 83 

towards specialized organelles like plastids, vacuoles or organs like fruits, tubers for storage 84 

or utilization. Because of the complexity of biochemical pathways in plants related to sugar 85 

metabolism, it is hard to envisage the metabolic fate of FDG in plant cells. Exploring FDG 86 

metabolism in plant leaf tissue is one of the critical aspects of 18FDG validation as radiotracer 87 

for in vivo imaging in plants. Thus, unraveling the FDG metabolism in plant cells is most 88 

logical step to follow after the 18FDG radiotracer imaging studies in plants. 89 

  90 

In present work, we analyzed FDG metabolism in Arabidopsis thaliana (A. thaliana) leaf 91 

cells using 2-deoxy-2-[19F]fluoro-D-glucose (19FDG/FDG) which contains stable fluorine 92 

[19F] isotope. We fed 19FDG to A. thaliana rosette leaves and later analyzed leaf extracts 93 

using liquid chromatography coupled to mass spectrometry (LC-MS) and nuclear magnetic 94 

resonance spectroscopy (NMR) to elucidate major end product of 19FDG metabolism.  95 

 96 

 97 

 98 

 99 

 100 

 101 

 102 
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Materials and methods: 103 

Reagent and chemicals: 104 
19FDG was purchased from Sigma Aldrich (Sigma-Aldrich Chemie Gmbh, Munich, 105 

Germany). All chemicals and solvent were of analytical grade. 106 

 107 

Plant material and growth conditions: 108 

Arabidopsis thaliana Col-0 plants were used for all the experiments.  A. thaliana seeds were 109 

stratified for 3 days at 4° C and grown in soil. Vernalized seeds were placed in 10 cm round 110 

pots containing wet soil that consisted of 80% Fruhstorfer NullerdeTM, 10% vermiculite, and 111 

10% sand, fertilized with Triabon (1 g.L-1) and Osmocote Exact Mini (1 g.L-1) and treated 112 

with Steinernema feltiae. Plants were placed in a controlled environment growth chamber at 113 

21° C temperature and 60% humidity under short-day conditions. Light of intensity 190 to 114 

220 µmol.m-2.S-1 was provided for 12 hours followed by 12 hours of dark.  115 
 116 
19FDG leaf application and extraction: 117 

Six to seven week old Arabidopsis thaliana plants were used for all experiments. Four mature 118 

rosette leaves from plant were selected for 19FDG application. Leaf was gently scratched at 4 119 

spots on abaxial surface of leaf lamina using micropipette tip. Five microliter of 19FDG (20 120 

mg.mL-1) solution was immediately applied on each scratched spot. Plants were kept under 121 

standard growth conditions. 19FDG applied leaves were cut from the rosette after 4 hour and 122 

extracted using slightly modified methanol/chloroform extraction procedure [Gromova and 123 

Roby, 2010]. Leaves were cut and ground in liquid nitrogen. Chloroform: methanol:water 124 

(1mL:2mL:1mL) was added to the 0.4 g of ground leaf sample. A mixture was sonicated in 125 

ultrasonic bath (Merck, Eurolab NV, Belgium) for 15 min at room temperature. After 126 

sonication, Sample was centrifuged at 4000g for 20 min at 4 °C. Supernatant was stored in 127 

glass vials at -80 °C until further analysis. Samples were analyzed by LC-MS on LTQ 128 

Orbitrap XLTM hybrid ion trap-orbitrap (LTQ-Orbitrap XL) mass spectrometer (Thermo 129 

Fisher Scientific GmbH, Bremen, Germany) or by direct infusion-MS on Q ExactiveTM Plus 130 

hybrid quadrupole-orbitrap (Q-Exactive Plus) mass spectrometer (Thermo Fisher Scientific 131 

GmbH, Bremen, Germany). 132 

 133 
19FDG leaf exudate analysis: 134 

Leaf phloem exudate was collected as per following procedure [Tetyuk et al, 2013]. Mature 135 

rosette leaves were cut and their petioles were immediately placed in glass Petri dish 136 
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containing ethylenediaminetetraacetic acid dipotassium salt (K2-EDTA) (20 mM, pH 7) 137 

solution. Petioles were recut in K2-EDTA solution. After 30 minutes, leaves were transferred 138 

to plastic vials with petioles dipped in K2-EDTA solution. All leaves containing vials were 139 

placed inside a closed chamber constructed out of transparent plastic. Wet paper towels were 140 

placed at the base of the chamber to maintain high humidity. Ten leaves were gently 141 

scratched at 4 spots on abaxial surface of leaf lamina using micropipette tip. Five microliter 142 

of 19FDG (20 mg.mL-1) solution was immediately applied on each scratched spot. After 60 143 

min, K2-EDTA solution was removed from the plastic vials with the help of syringe needle. 144 

One mL of distilled water was added and subsequently removed from the plastic vial in order 145 

to wash the K2-EDTA solution from the petioles. Phloem exudate from the leaf petioles were 146 

collected in 1 mL of distilled water for 6 hours. Phloem exudate samples were concentrated 147 

using the rotary vacuum evaporator (Genevac HT-4X centrifugal vacuum evaporator, 148 

Genevac Ltd, UK). Dried samples were resuspended in 0.1 mL of water and stored at -80 °C 149 

until further analysis. Samples were analyzed by direct infusion MS on Q-Exactive Plus mass 150 

spectrometer. 151 

 152 

LCMS and LCMSn measurements: 153 

LC-MS data were acquired using Dionex UltiMate 3000 UHPLC system coupled to LTQ-154 

Orbitrap XL mass spectrometer. Extraction samples were separated on Supelco apHera 155 

Amino column (Supelco Analytical, Bellefonte, Pennsylvania, USA) (15 cm×4.6 mm, 156 

particle size- 5 µm) at room temperature. The mobile phase consisted of water (A) and 157 

acetonitrile (B). Elution gradient was set as follows: 20% A (0 min), 20% A (0.5 min), 45% 158 

A (13 min), 45% A (18 min), 20% A (18.10 min) and 20% A (20 min). The mobile phase 159 

flow rate was 1 mL.min-1 and one-quarter of the flow was directed towards MS using flow 160 

splitter. Sample injection volume was 5 µL. Electrospray ionization (ESI) source was used 161 

for ionization of LC eluate in negative ion mode. Capillary temperature was 280°C, and 162 

sheath and auxiliary gas flow rates were 40 and 12 arb (arbitrary units), respectively. The 163 

sweep gas flow rate was set at 0 arb and source voltage at 4 kV. The capillary voltage and 164 

tube lens were set at -41 V and -198 V, respectively. During LCMS measurements, Fourier 165 

transform mass spectrometry (FTMS) analyzer resolution was set at 100,000 with full width 166 

at half maximum (FWHM) definition and samples were analyzed in full scan mass range of 167 

m/z 100–800 with the acquisition of profile-type mass spectra. 168 
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Extraction samples were also separated on ACQUITY UPLC BEH Amide Column (Waters 169 

Corporation, Milford, Massachusetts, USA) (15 cm×2.1 mm, particle size- 1.7 µm) at room 170 

temperature. The mobile phase consisted of water (A) and acetonitrile (B). Elution gradient 171 

was set as follows: 20% A (0 min), 20% A (5 min), 50% A (13 min), 50% A (18 min), 20% 172 

A (18.10 min) and 20% A (20 min). The mobile phase flow rate was 0.3 mL.min-1 and the 173 

injected volume was set at 10 µL. Electrospray ionization (ESI) source was used for 174 

ionization of LC eluate in negative ion mode. Capillary temperature was 275°C, and sheath 175 

and auxiliary gas flow rates were 35 and 7 arb (arbitrary units), respectively. The sweep gas 176 

flow rate was set at 0 arb and source voltage at 5 kV. The capillary voltage and tube lens 177 

were set at -35 V and -110 V, respectively. During LCMS measurements, FTMS resolution 178 

was set at 30,000 with FWHM definition and samples were analyzed in full scan mass range 179 

of m/z 100–800 with the acquisition of profile-type mass spectra.  180 

During LCMSn measurements on LTQ-Orbitrap XL mass spectrometer, LC peak retention 181 

time (RT) window was given to acquire MS/MS spectra of few selected ions in that RT 182 

window. Ions were isolated with isolation window of 1.6 Da. All other parameters were 183 

identical to that of LCMS. MS/MS spectra were acquired at a FT resolution of 15,000 or 184 

more at increasing collision energies until fragmentation occurred. The raw data was 185 

processed and compared using Thermo Xcalibur version 3.0.63 (Thermo Fisher Scientific 186 

GmbH, Bremen, Germany). The mass accuracy error threshold was fixed at 5 ppm. We also 187 

did direct infusion to perform MS/MS analysis of some of the selected ions on Q-Exactive 188 

Plus mass spectrometer as it was more sensitive. For those ions, we report MS/MS data 189 

acquired on Q-Exactive Plus mass spectrometer due to its superior quality. 190 

 191 
19FDG metabolite’s bulk extraction for NMR: 192 

Six to seven week old Arabidopsis thaliana plants (n=6) were used. Three to five mature 193 

rosette leaves from plant were selected for 19FDG application. Each leaf was gently scratched 194 

at 6 to 8 spots on abaxial surface of leaf lamina using micropipette tip. Five microliter of 195 
19FDG (20 mg.mL-1) solution was immediately applied on each scratched spot. On average, 196 

30 µL of 19FDG solution was applied on each leaf. Plants were kept under standard growth 197 

conditions. 19FDG applied leaves were cut from the rosette after 4 hour and extracted 198 

cumulatively using methanol/chloroform extraction procedure as described previously. 199 

Supernatant was stored in glass vials at -80 °C until further processing. Supernatant was 200 

further subjected to partial purification procedure by F-SPE or LC separation. 201 
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Partial purification of polar 19F metabolites using F-SPE: 202 

SiliaPrep Fluorochrom silica gel SPE cartridge (SiliCycle Inc., Quebec City, Quebec, 203 

Canada) (3 mL, 500 mg) was equilibrated with distilled water. 19FDG applied leaf extract 204 

sample was concentrated and loaded onto the cartridge bed. Compounds were eluted from the 205 

cartridge with distilled water in sequential fractions of 500 µL. Fractions were vacuum dried, 206 

dissolved in 600 µL of D2O and analyzed for the presence of 19F metabolites using 19F-NMR 207 

spectroscopy. 208 

 209 

LC separation and fractionation of m/z 343.1051: 210 

Extraction samples were firstly separated on apHera Amino column (15 cm×4.6 mm, particle 211 

size- 5 µm) at room temperature. The mobile phase consisted of water (A) and acetonitrile 212 

(B). Elution gradient was set as follows: 20% A (0 min), 20% A (4 min), 80% A (13 min), 213 

80% A (18.50 min), 20% A (19 min) and 20% A (25 min). The mobile phase flow rate was 1 214 

mL.min-1 and one-quarter of the flow was directed towards MS for the detection of m/z 215 

343.1051. Same ESI-MS parameters were used as described previously for ACQUITY UPLC 216 

BEH Amide Column. Sample injection volume was 4 µL. Retention time for m/z 343.1051 217 

was found to be 5.90 min. We collected LC eluent in the retention time window of 4.75-6.75 218 

minutes for fractionation of m/z 343.1051. Collected fraction was vacuum dried using the 219 

rotary vacuum evaporator. Dried fraction was resuspended in water and further subjected to 220 

LC fractionation using YMC-Pack Polyamine-II column (YMC co., Kyoto, Japan) (25 221 

cm×4.6 mm, particle size- 5 µm) at room temperature. The mobile phase consisted of water 222 

(A) and acetonitrile (B). Elution gradient was set as follows: 20% A (0 min), 20% A (6.50 223 

min), 55% A (18 min), 55% A (24 min), 20% A (24.10 min) and 20% A (30 min). The 224 

mobile phase flow rate was 1 mL.min-1 and one-quarter of the flow was directed towards MS 225 

for the detection of m/z 343.1051. Same ESI-MS parameters were used as described 226 

previously for ACQUITY UPLC BEH Amide Column. Sample injection volume was 2 µL. 227 

Retention time for m/z 343.1051 was found to be 13.50 min. We collected the LC eluate in 228 

the retention time window of 13.00-14.00 minutes for fractionation of m/z 343.1051. 229 

Collected fraction was vacuum dried using the rotary vacuum evaporator. Dried fraction was 230 

resuspended in D2O and further subjected to NMR analysis for structure elucidation. 231 

 232 

NMR analysis: 233 

For NMR structure elucidation, 1H- and 13C- chemical shift data were acquired on a Bruker 234 

Avance AV500 (Bruker BioSpin GmbH, Rheinstetten, Germany) equipped with a 5 mm TCI 235 
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cryoprobe. Data acquisition was controlled by Bruker Topspin ver.2.1., and pulse programs 236 

as implemented were used (1H-, 13C-, 1H-1H-dqfCOSY, 1H-13C-HSQC and 1H-13C-HMBC). 237 

Selective TOCSY experiments were accomplished using a pulse sequence as suggested in 238 

Thrippleton et al (2003). For probing entire sugar spin systems, the mixing time was set to 239 

200 ms and 3JHH correlations were probed by adjusting the mixing time to appropriate values 240 

(20-35 ms). For selective irradiation a Gaussian inversion pulse tailored to the respective 241 

signal width was used. Selective NOESY experiments were carried out using a Q3 Gaussian 242 

pulse cascade and a mixing time of 1.5 s. The fractions examined were dissolved in D2O and 243 
1H-chemical shift data were referenced to the residual solvent peak at 4.70 ppm. 13C-chemical 244 

shift data were left uncorrected. Carrier frequencies were carefully adjusted to 500.130 MHz 245 

for 1H-NMR measurements and 125.758 MHz for 13C-NMR measurements, respectively. 246 

For 19F- and 31P-NMR measurements, all 1D and 2D experiments were carried out on a 247 

Bruker Avance AV400 spectrometer using a 5 mm BBFO probe. Standard pulse programs as 248 

implemented in Bruker TopSpin ver.2.1 were used. All experiments were recorded at 25°C 249 

(298K). Prior to measurements, the carrier frequency was tuned to 376.498 MHz for 19F-, 250 

161.976 MHz for 31P- and 400.130 MHz for 1H-NMR experiments, respectively. 19F-NMR 251 

spectra were recorded with inverse gated 1H-decoupling using a spectral resolution of 256k 252 

data points. The interpulse delay was set to 1 s. 1024 scans were applied. Data were 253 

processed with a resolution of 128k and linear back prediction using 32 coefficients, the 254 

exponential line broadening was set to 5 Hz. Chemical shifts were referenced to an external 255 

standard of neat C6F6 at -164.9 ppm. 31P-NMR spectra were recorded with power-gated 1H-256 

decoupling and a spectral resolution of 32k data points. The interpulse delay was set to 1s. 257 

Data processing was accomplished with 32k data points and an exponential line broadening 258 

of 3 Hz. Chemical shifts were referenced to an external standard of diluted H3PO4 in D2O at 0 259 

ppm. 1H-31P HMBC-NMR spectra were recorded with 4k data points in F2 and 128 data 260 

points in F1, respectively. 256 scans were applied. For processing, data were zero-filled to a 261 

2k x 1k matrix.  262 

 263 

 264 

 265 

 266 

 267 

 268 

 269 
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Results: 270 

MS analysis: 271 

We compared the LCMS and direct infusion MS spectra manually. We looked for 272 

characteristics parent ions which gave rise to fragment ions with HF or 19FDG neutral losses 273 

upon fragmentation. Table 1 lists those ions, their retention time and corresponding MS/MS 274 

fragments. 275 

 276 

Table 1: List of parent ions which gave rise to fragment ions with HF or 19FDG neutral losses 277 

upon fragmentation, their monoisotopic mass, retention time and MS/MS fragmentation. 278 

LC Column Retention 

Time (min) 

m/z MS/MS Fragments 

Supelco apHera 

Amino column 

3.54 181.0513 163.0493, 161.0450, 143.0344, 125.0237, 

119.0341, 113.0235, 101.0234, 83.0127, 

71.0126, 59.0126 

Supelco apHera 

Amino column 

5.32 343.1051 323.0990, 305.0876, 245.0670, 179.0564 

ACQUITY UPLC 

BEH Amide 

column 

3.80 - 5.00  

(broad and 

shifting peak) 

197.0464 179.0359, 177.0401, 170.0721, 161.0088, 

151.0608, 142.9981, 126.9044, 101.0035, 

87.0077, 61.9872, 59.0127  

ACQUITY UPLC 

BEH Amide 

column 

4.00 - 5.60  

(broad and 

shifting peak) 

261.0180 243.0073, 241.0116, 223.0010, 204.9903, 

199.0009, 145.0278, 138.9797, 96.9686, 

78.9579 

ACQUITY UPLC 

BEH Amide 

column 

8.90 - 10.00  

(broad and 

shifting peak) 

567.0434 384.9843, 322.9735, 302.9677, 305.0179, 

272.9571, 261.0181, 158.9248, 78.9579 

 279 

 280 

 281 
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Ion at m/z: 181: 282 

Retention time for 19FDG standard was found to be 3.54 min on Supelco ApHera Amino 283 

column. Measured m/z 181.0513 value matched with calculated monoisotopic mass of 284 

C6H10O5
19F- (±5 ppm). m/z 181.0513 retention time matched with 19FDG standard. Upon 285 

fragmentation, m/z 181.0513 gave rise to secondary ions m/z 163.0493 and 161.0450. The 286 

first fragment can be rationalized by H2O neutral loss (18.0020) and second by HF neutral 287 

loss (20.0063). We putatively identified this 19F- metabolite as 2-deoxy-2-fluoro-D-glucose 288 

(19FDG/FDG) on the basis of its exact mono-isotopic mass (± 5 ppm mass error) and MS/MS 289 

fragmentation analysis. (supplementary Fig. 5A) 290 

 291 

Ion at m/z: 343: 292 

Retention time for m/z 343.1051 was found to be 5.32 min on Supelco ApHera Amino 293 

column. Measured m/z 343.1051 matched with calculated monoisotopic mass of 294 

C12H20O10
19F- (±5 ppm). Upon fragmentation, m/z 343.1051 gave rise to secondary ions m/z 295 

323.0990 and 179.0564. The firs fragment can be rationalized by HF neutral loss (20.0061), 296 

whereas the other fragment ion was identified as deprotonated glucose (C6H11O6
-) which 297 

could be rationalized by C4H9O4
19F neutral loss. We putatively identified this 19F- metabolite 298 

as 2-deoxy-2-fluoro-maltose (F-maltose) on the basis of its exact mono-isotopic mass (± 5 299 

ppm mass error) and MS/MS fragmentation analysis. (supplementary Fig. 5D) 300 

 301 

Ion at m/z: 197:  302 

Retention time for m/z 197.0464 was varying in the range of 3.80 to 5.00 min on ACQUITY 303 

UPLC BEH Amide column. Measured m/z 197.0464 matched with calculated monoisotopic 304 

mass of C6H10O6
19F- (±5 ppm). Upon fragmentation, m/z 197.0464 gave rise to secondary 305 

ions m/z 179.0359 and 177.0401. The first fragment can be rationalized by H2O neutral loss 306 

(18.0105) and second by HF neutral loss (20.0063). We putatively identified this 19F- 307 

metabolite as 2-deoxy-2-fluoro-gluconic acid (F-gluconic acid) on the basis of its exact 308 

mono-isotopic mass (± 5 ppm mass error) and MS/MS fragmentation analysis. 309 

(supplementary Fig. 5B) 310 

 311 

Ion at m/z: 261: 312 

Retention time for m/z 261.0180 was varying in the range of 4.00 to 5.60 min on ACQUITY 313 

UPLC BEH Amide column. Measured m/z 261.0180 matched with calculated monoisotopic 314 

mass of C6H11O8P19F- (±5 ppm). Upon fragmentation, m/z 261.0180 gave rise to secondary 315 
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ions m/z 243.0073 and 241.0116. The first fragment can be rationalized by H2O neutral loss 316 

(18.0107) and second by HF neutral loss (20.0064). We putatively identified this 19F- 317 

metabolite FDG-6-phosphate (FDG-6-P) on the basis of its exact mono-isotopic mass (± 5 318 

ppm mass error) and MS/MS fragmentation analysis. (supplementary Fig. 5C) 319 

 320 

Ion at m/z: 567: 321 

Retention time for m/z 567.0434 was varying in the range of 8.90 to 10.00 min on ACQUITY 322 

UPLC BEH Amide column. Measured m/z 567.0434 matched with calculated monoisotopic 323 

mass of C15H22O16N2P2
19F- (±5 ppm). Upon fragmentation, m/z 567.0434 gave rise to 324 

secondary ions m/z 384.9843. This fragment can be rationalized by C6H11O5
19F neutral loss 325 

(182.0591). We also saw secondary ions of m/z 305.0179 and 261.0181 which matched with 326 

calculated monoisotopic mass of C9H10O8N2P- (±5 ppm) and C6H11O8P19F- (±5 ppm) 327 

respectively. We putatively identified this 19F- metabolite as uridine-di-phosphate-FDG 328 

(UDP-FDG) on the basis of its exact mono-isotopic mass (± 5 ppm mass error) and MS/MS 329 

fragmentation analysis. (supplementary Fig. 5E) 330 

 331 

To characterize some of the above 19F-metabolites, we partially purified polar 19F metabolites 332 

using F-SPE cartridge and subjected the fractions for NMR analysis. We have also purified 333 
19F-metabolite (m/z 343.1051) from 19FDG applied leaf extract using two-step LC 334 

fractionation using Supelco ApHera Amino column  and YMC-Pack Polyamine-II column 335 

(25 cm×4.6 mm, particle size- 5 µm). We collected the 19F-metabolite (m/z 343.1051) 336 

fraction and subjected it to further NMR analysis for structure elucidation. 337 

 338 

LCMS and direct infusion MS results confirmed the presence of above 5 different 19F 339 

containing metabolites. In total, we putatively identified above 19F containing metabolites as 340 

FDG (m/z 181.0513), F-gluconic acid (m/z 197.0464), FDG-6-P (m/z 261.0180), F-maltose 341 

(m/z 343.1051), and UDP-FDG (m/z 567.0434) on the basis of known literature information, 342 

their exact mono-isotopic mass (± 5 ppm mass error) and MS/MS fragmentation analysis. 343 

Characterization of purified compounds using NMR confirmed identification of 19FDG-6-P 344 

(m/z 261.0180), and 19F-maltose (m/z 343.1051) as major end products of 19FDG metabolism 345 

in A. thaliana leaf cells. 346 

 347 

 348 

 349 
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NMR analysis: 350 

FDG-6-P (2-deoxy-2-fluoroglucose-6-phosphate): 351 

A phosphorylated derivative of FDG (m/z 261.0180) was putatively assigned by high 352 

resolution MS data, however, the exact structure and the site of phosphorylation remained 353 

unclear. A semi-purified fraction containing the phosphorylated FDG derivative was thus 354 

subjected to extensive NMR analysis. 19F-NMR spectroscopy revealed FDG-6-P as the most 355 

abundant metabolite in the extract, showing two signals at δF -197.75 (α-FDG-6-P) and δF -356 

197.55 (β-FDG-6-P) (Fig. 2). The assignment is based on the fact that chemical shift values 357 

for α-isomers appear generally shifted towards deeper field compared to the corresponding β-358 

isomers (Southworth et al, 2003). It has to be noted that the determined chemical shifts are 359 

not in accordance with the literature, which might be caused by the impurities present in the 360 

samples. Structure elucidation was therefore based on 1H-1H and 1H-13C correlation 361 

experiments. Characteristic correlations in the 1H-1H dqfCOSY spectrum (supplementary Fig. 362 

6) revealed the signals of position 1 at δH 5.29 (d, 3JHH=3.8) (H-1α) and δH 4.76 (dd, 363 
3JHH=7.8/3JHF=2.0) (H-1β), respectively. According to the corresponding signals in the 1H-13C 364 

HSQC spectrum, the 13C chemical shifts were assigned to δC 89.6 (d, 2JCF=21.2) (C-1α) and 365 

δC 93.5 (d, 2JCF=23.6) (C-1β). Since the 1H- and 13C-NMR spectra were recorded without 366 

decoupling of heteroatoms, the extracted coupling patterns furthermore reveal that the site of 367 

phosphorylation is not at position 1, thus the presence of FDG-1-P could therefore be 368 

excluded. 369 

For further structure elucidation, selective TOCSY experiments were performed 370 

(supplementary Fig. 7). From irradiation of H-1α/β all remaining partners of the spin systems 371 

could be extracted. The resulting spectra served as projections for 1H-1H dqfCOSY, 1H-13C 372 

HSQC and 1H-13C HMBC spectra. The signal H-2α of FDG-6-P appeared at δH 4.28 (ddd, 373 
3JHH=3.8/9.5, 2JHF=49.4) and H-2β appeared at δH 3.97 (ddd, 3JHH=7.8/9.0, 2JHF=51.2), both 374 

signals showed an additional splitting due to the coupling to the fluorine substituent through 375 

two bonds. The corresponding 13C chemical shifts also showed a splitting because of 376 

coupling through one bond to the fluorine substituent. The signal C-2α resonated at δC 90.1 377 

(d, 1JCF=185.8), while C-2β resonates at δC 92.7 (d, 1JCF=183.3) (Fig. 3A). From crosspeaks in 378 

the 1H-1H dqfCOSY and 1H-13C HMBC spectra the chemical shifts of the positions H-3α/β 379 

and C-3α/β could be extracted (Fig. 3B). H-3α resonates at δH 3.82 (ddd, 3JHH=9.5/9.5, 380 
3JHF=13.0) and the corresponding carbon signal C-3α appears at δC 70.8 (d, 2JCF=16.4). H-3α is 381 

overlapped with H-5α, but considering the signal geometry in the 1H-13C HSQC spectrum, the 382 

multiplicity could be estimated. H-3β appears as well resolved signal at δH 3.65 (ddd, 383 
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3JHH=9.0/9.0, 3JHF=15.0) and the corresponding C-3β resonates at δC 73.6 (d, 2JCF=17.6). H-4α 384 

resonates at δH 3.41 (dd, 3JHH=9.5/9.5) and the attached C-4α appears at δC 68.5 (d, 3JCF=8.0). 385 

H-4β resonates at δH 3.42 (ddd, 3JHH=9.5/9.5 and the corresponding C-4β appears at δC 68.6 386 

(d, 3JCF=7.8). The proton signals of position 5α/β show considerable broadening and overlap, 387 

therefore only the chemical shift value can be extracted. The chemical shift of C-5α/β was 388 

extracted from the 1H-13C HMBC spectrum (Fig. 3B). H-5α resonates at δH 3.80 (m) with a 389 

corresponding carbon signal C-5α at δC 70.2 (d, 3JCP=6.2). The signal for H-5β appears at δH 390 

3.46 (m) with a corresponding carbon signal C-5β at δC 74.8 (d, 3JCP=6.0). The chemical shifts 391 

of H-6α/β are very similar. The signal of the methylene group at position 6 appears at δH 3.91 392 

(bs) for the α-sugar and at δH 3.87 (m) and δH 3.97 (m), respectively, for the β-sugar. The 393 

corresponding carbon resonance for C-6α/β appears at δC 63.5 as broad singlet signal with a 394 

half width of 9 Hz. The splitting of the 13C-NMR signal of C-5α/β as well as the broadening 395 

for C-6α/β is caused by phosphorylation at position 6α/β which was further corroborated by a 396 
1H-31P-HMBC experiment (supplementary Fig. 8). The chemical shift of the phosphate 397 

residue was determined from a 31P-NMR experiment to be δP 0.83 (bs). The structures 398 

including determined chemical shifts and coupling constants are summarized in 399 

supplementary Fig. 9.  400 

 401 

F-maltose (4-O-(a-D-glucopyranosyl)-2-deoxy-2-fluoro-D-glucopyranose):  402 

A fluorinated disaccharide (m/z 343.1051) was identified by high resolution MS. NMR 403 

studies revealed this compound to be 4-O-(a-D-glucopyranosyl)-2-deoxy-2-fluoro-D-404 

glucopyranose. Data extracted are in agreement with published results in Tantanarat et al 405 

(2012) [Tantanarat et al, 2012].  406 

The 19F-NMR spectrum  of  the semi-purified fraction showed two signals at δF -198.26 (β-F-407 

maltose) and δF -198.50 (α-F-maltose), revealing this compound to be the second most 408 

abundant metabolite formed in A. thaliana after FDG administration. A 1H-1H dqfCOSY 409 

spectrum showed characteristic crosspeaks (supplementary Fig. 10).  The 3J-coupling partners 410 

of H-1α/β show the large characteristic split caused by the 2JHF coupling. Similar to α/β-FDG-411 

6-P, two signals at δH 5.31 (d, 3JHH=3.8, H-1α) and δH 4.78 (dd, 3JHH=7.8/3JHF=2.2, H-1β), 412 

respectively, represent the anomeric position 1 of the parent FDG structure. A signal 413 

overlapping with H-1α was assigned to H-1’. Again, selective TOCSY spectra have been 414 

employed to reduce signal overlap from impurities (supplementary Fig. 11). The resulting 415 

spectra were used as projections for 2D experiments (1H-1H dqfCOSY, 1H-13C HSQC and 416 
1H-13C HMBC). Characteristic signals and coupling constants are shown in a section of the 417 
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1H-13C HSQC spectrum (Fig. 4A). Structure elucidation was based on information gathered 418 

from 1H-13C-HMBC and a series of selective 1H-1H COSY and selective 1H-1H NOESY 419 

spectra (Fig. 4B). The structures with chemical shifts are summarized in (supplementary Fig. 420 

12A and 12B). 421 

 422 

Discussion:  423 

FDG metabolism in A thaliana: 424 
18FDG is widely accepted as a radiotracer for glucose in animal studies. Being glucose 425 

analogue, FDG is transported into the animal cells via the same transporters as glucose 426 

[Higashi et al, 1998; Brown et al, 1999; Yen et al, 2004; Avril N, 2004]. It was assumed till 427 

recently that upon intracellular uptake, FDG metabolism is just restricted to enzymatic 428 

phosphorylation, producing FDG-6-phosphate (FDG-6-P) by the action of hexokinase or 429 

glucokinase [Miller and Kiney, 1981; Reivich et al, 1985; Bessel and Thomas, 1973; 430 

Suolinna et al, 1986]. The phosphorylation reaction also introduces the negative charge on 431 

the radiotracer preventing its efflux across cell membrane. This leads to increased 432 

accumulation of FDG-6-P inside the cell. The assumption that FDG flux is only directed 433 

towards FDG-6-P and thus leads to intracellular radioisotope accumulation forms the basis of 434 
18FDG application as a glucose radiotracer. However, numerous studies have demonstrated 435 

that FDG metabolism in animal tissue goes beyond FDG-6-P [Kanazawa et al, 1996; 436 

McSheehy et al., 2000; Kaarstad et al., 2002; Southworth et al., 2003]. These studies listed 2-437 

deoxy-2-fluoro-D-mannose (FDM), 2-deoxy-2-fluoro-D-mannose-6-phosphate (FDM-6-P), 2-438 

deoxy-2-fluoro-D-glucose-1-phosphate (FDG-1-P), 2-deoxy-2-fluoro-D-glucose-1,6-439 

biphosphate (FDG-1,6-biP), 2-deoxy-2-fluoro-D-mannose-1-phosphate (FDM-1-P), 6-440 

phospho-2-deoxy-2-fluoro-D-gluconolactone (6-PFDGL), 6-phospho-2-deoxy-2-fluoro-D-441 

gluconate (FDG-6-PG), nucleotide-di-phosphate bound FDG (NDP-FDG) etc. as metabolic 442 

end products of FDG in animal cells [Kanazawa et al, 1996; McSheehy et al, 2000; Bender et 443 

al, 2001;  Kaarstad et al, 2002; Southworth et al, 2003]. Important thing to notice here is that 444 

these reported metabolites are either situated down the FDG-6-P in glycolytic pathway or 445 

arise from it. Thus, net radioactivity accumulated in that tissue still reflects the rate of 446 

phosphorylation of FDG and does not challenge the basis of current hypothesis (Kaarstad et 447 

al., 2002) that net FDG uptake by the cell (i.e. total radioactivity acquired by the cell) 448 

represents net sugar flux going into glycolysis pathway.  449 

 450 
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Among all the studies related to FDG imaging in plants, only few have looked at the 451 

metabolism of FDG in plant cells. Thus, FDG metabolism in plants is yet poorly understood 452 

topic. Ferrieri et al (2012) reported incorporation of FDG in anthocyanin glycoside 453 

biosynthesis as a measure of plant defense induction. In this paper, Ferrieri et al (2012) also 454 

raised a possibility of another F-metabolite whose identity was not discovered. Our present 455 

work elucidated FDG metabolism in Arabidopsis thaliana leaf cells. We have putatively 456 

identified the presence of 4 different 19F containing metabolites viz. F-gluconic acid, FDG-6-457 

P, F-maltose, and UDP-FDG on the basis of known literature information from animal 458 

studies, exact mono-isotopic mass for these compounds and MS/MS fragmentation analysis. 459 

We have partially purified and characterized of two of the compounds (FDG-6-P and F-460 

maltose) using NMR. We also looked for 19F-compounds which were previously reported in 461 

literature for FDG metabolism in animal tissue. To our surprise, we have not detected 2-462 

fluoro-2-deoxy-6-phospho-D-gluconolactone (FD-6-PGL), 2-fluoro-2-deoxy-6-phospho-D-463 

gluconate (FD-PG1) or FDG-1,6-biphosphate (FDG-1,6-biP) [Bender et al, 2001, Kaarstad et 464 

al, 2002; Southworth et al, 2003] like compounds which were previously reported in various 465 

animal studies. We also could not detect the ions for 19F-containing major anthocyanin 466 

glycosides (m/z 1344) in our LCMS or direct infusion data. This may happen because we 467 

acquired and analyzed negative mode MS data whereas anthocyanin glycoside ions may only 468 

appear in positive mode MS data. 469 

 470 

In our previous paper, we have shown that A. thaliana plants take up 18FDG from the pricked 471 

leaf spot and radioactivity was differentially distributed to various plants parts [Fatangare et 472 

al, 2014]. A. thaliana plant suspension cells are able to take up FDG from external nutrient 473 

and glucose acts as a competitive inhibitor of FDG uptake [Fatangare et al, 2014; 474 

supplementary Fig. 1]. We also found that FDG uptake by A. thaliana suspension cells is 475 

severely inhibited by addition of 1 mM HgCl2 in the media [Fatangare et al, 2014; 476 

supplementary Fig. 1 and 2]. FDG uptake time course also follows exponential curve 477 

[supplementary Fig.1] similar to glucose uptake rate in glucose starved Olea europaea (olive) 478 

cells [Oliveira et al, 2002; Conde et al, 2007]. This glucose uptake process in olive cells is 479 

shown to be mediated by glucose repressible, H+-dependent active saturable transport system 480 

which is sensitive to HgCl2 [Oliveira et al, 2002; Conde et al, 2007]. However, when high 481 

external glucose concentrations are present, glucose uptake occurs through low-affinity, high 482 

capacity, protein mediated facilitated transport process which is also sensitive to HgCl2 483 

[Conde et al, 2007]. On this basis, we hypothesize that FDG is being taken up into the cells 484 
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via glucose repressible, H+-dependent active saturable transport system at low external FDG 485 

concentrations and low-affinity, facilitated-diffusion process at high external FDG 486 

concentrations.  487 

 488 

The H+-dependent monosaccharide transporters of olive cells exhibited broad specificity, 489 

being able to accept D-glucose, D-fructose, D-galactose, D-xylose, 2-deoxy-D-glucose, and 3-490 

O-methyl-D-glucose [Oliveira et al, 2000]. Similarly, numerous monosaccharide transporters 491 

(MST) with broad specificity, transporting a range of hexoses and pentoses, have been 492 

reported in literature to transport monosaccharides across the plasma membrane [Büttner et 493 

al, 2000; Büttner and Sauer, 2000; Büttner M, 2007). We think that FDG, being a glucose 494 

analogue, is transported through one or more of the MST family transporters which are 495 

sensitive to HgCl2 [Fatangare et al, 2014]. Due to broad specificity and highly redundant 496 

functional nature of these monosaccharide transporters, it’s hard to comment upon which will 497 

be the key transporters facilitating FDG uptake in A. thaliana leaf cells.  498 

 499 

After uptake, FDG is being metabolized to 19FDG-6-P. This is the first enzymatic conversion 500 

in glycolytic pathway catalyzed by hexokinase. Hexokinase is known to accept FDG as a 501 

substrate [Machado de Domenech and Sols, 1980; Muzi et al, 2001].  Hexokinase mediated 502 

conversion of FDG into FDG-6-P will adds negative charge on influxed FDG and leading to 503 

its trapping inside the cell. This will maintain the downhill concentration gradient which 504 

favours the facilitated transport of FDG into the cell [Printz et al, 1993]. This may explain the 505 

favorable uptake of external FDG into the cell resulting in high localized accumulation 506 

[Fatangare et al, 2014]. Upon uptake, FDG was transformed into various metabolites other 507 

than FDG-6-P. In future work, we will try to elucidate underlying pathways involved in 508 

biosynthesis of these metabolites.  509 

Formation of F-gluconic acid requires spontaneous or enzymatic oxidation of FDG. Buriova 510 

et al (2001) showed formation of F-gluconic acid upon oxidation of FDG [Buriova et al, 511 

2001]. We also checked possibility of spontaneous oxidation of free FDG into F-gluconic 512 

acid during the solvent extraction process. Results showed that there is no formation of F-513 

gluconic acid from the externally added free FDG in the final extracts. This removes the 514 

possibility that F-gluconic acid originated as an artefact of spontaneous oxidation process 515 

during the solvent extraction procedure. In such case, enzymatic dehydrogenation and 516 

hydration seems to be plausible way to explain formation of F-gluconic acid. Glucose oxidase 517 

(enzyme: 1.1.3.4) or Glucose dehydrogenase (EC 1.1.5.9) could convert glucose to glucono-518 
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lactone which upon enzymatic hydration by gluconolactonase (EC 3.1.1.17) can transforms 519 

into gluconic acid [www.brenda-enzymes.org/enzyme.php?ecno=3.1.1.17]. However, none of 520 

the above enzymes have been reported in Arabidopsis. Other plausible enzymatic path 521 

leading to F-gluconic acid biosynthesis exists but goes through three intermediates like FDG-522 

6-P; 2-deoxy-2-fluoro-D-glucono-1,5-lactone-6-P; 2-deoxy-2-fluoro-D-gluconate-6-P. 523 

However, we could not detect these intermediates. At the current moment, we could not 524 

comment upon the mechanism of biosynthesis of F-gluconic acid which may be either 525 

spontaneous or enzymatic oxidation. 526 

 527 

We have observed F-disaccharide as one of the end products of FDG metabolism in plant leaf 528 

tissue. Upon NMR analysis, we found out it to be F-maltose. Cytosolic component of 529 

transitory starch breakdown pathway seems to be most the plausible mechanisms leading to 530 

F-maltose biosynthesis in vivo. Maltose metabolism in Arabidopsis depends upon a 531 

disproportionating enzyme and alpha-glucan phosphorylase [Lu et al, 2006]. In Arabidopsis, 532 

cytosolic maltose is mainly metabolized via glucosyltransfer reaction catalyzed by cytosolic 533 

glucosyltransferase disproportionating enzyme 2 (DPE2) (EC 2.4.1.25) which transfers one 534 

of the glucosyl units of maltose as free glucose and transfers the other to glycogen [Lu and 535 

Sharkey, 2004; Chia et al, 2004] or highly branched, soluble heteroglycan [Lu et al, 2006].  536 

Reversibly, DPE2 is able to catalyze the transfer of a segment of a (1-4)-alpha-D-glucan to a 537 

new position in an acceptor, which may be glucose, a (1-4)-alpha-D-glucan [Kaper et al, 538 

2004; Lin and Preiss, 1988; Lu and Sharkey, 2004; Lu et al, 2006; Steichen et al, 2008] or 539 

FDG [Tantanarat et al, 2012]. FDG could be converted into the F-maltose in vitro using 540 

DPE2-mediated trans-glycosylation reaction with glycogen acting as a glucosyl donor 541 

[Tantanarat et al, 2012]. We hypothesize that similar DPE2-mediated trans-glycosylation 542 

reaction mechanism must have been involved in biosynthesis of F-maltose. 543 

 544 

Previous studies have demonstrated nucleotide bound forms of FDG [Schmidt et al, 1978; 545 

Kanazawa et al, 1996; Southworth et al, 2003]. Schmidt et al, (1978) have demonstrated the 546 

formation of UDP and GDP derivatives of FDG in yeast and chick embryo cells. NDP-FDG 547 

and NDP-FDM were shown to be end products of FDG metabolism in animal tissue 548 

[Kanazawa et al, 1996; Southworth et al, 2003]. However, assignment of nucleotide species 549 

(NDP moiety) was a source of ambiguity in these reports. In our study, we were able to detect 550 

only m/z 567.0434 which corresponds to UDP-FDG.  Thus, we could conclusively point out 551 

UDP-FDG as a nucleotide bound form of FDG. Biosynthesis of UDP-FDG has already been 552 
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described by Kanazawa et al (1997).  We think that similar mechanism exists for the UDP-553 

FDG biosynthesis in plant tissue. The possible UDP-FDG biosynthetic pathway has been 554 

shown in Fig. 1. This assumption presupposes presence of FDG-1-P as one of the 555 

intermediates formed in the process of UDP-FDG biosynthesis. In our studies, we could not 556 

detect FDG-1-P as one of the intermediates. We think that FDG-1-P might be present but in 557 

low abundance. We might not have been able to detect FDG-1-P as a separate compound 558 

because of low chromatographic separation between FDG-6-P and FDG-1-P. Also, we were 559 

not able to differentiate between FDG-1-P and FDG-6-P in MS as they will have same m/z 560 

value or show similar MS/MS fragmentation. UDP-FDG acts as a glucosyl moity donor in 561 

various biosynthetic pathways such as starch, anthocyanin or flavonoid biosynthesis etc. 562 

Considering UDP-FDG role in diverse pathways, it’s hard to imagine the multitude of FDG 563 

conjugated compounds it leads to. We think that UDP-FDG may have been involved in 564 

biosynthesis of fluorinated anthocyanin [Ferrieri et al, 2012]. 565 

 566 

Deciphering “Why FDG metabolism is directed towards formation of above mentioned end 567 

products” is still unanswered. We think, FDG, upon intracellular uptake, will be considered 568 

as energy source by the cell and will be fluxed into glycolytic pathway leading to synthesis of 569 

FDG-6-P. However, all taken-up FDG could not be metabolized into FDG-6-P as building-up 570 

concentration of FDG-6-P inside the cell slow down this bio-transformation through feedback 571 

inhibition of hexokinase. FDG-6-P will actually become a catabolic block brining glycolysis 572 

to halt. This has already been shown in hypoxic animal tissue [Datema et al, 1980; Kurtoglu 573 

et al, 2007]. This may lead to rest of the free FDG pushed into F-maltose or F-gluconic acid 574 

biosynthestic pathways [Fig. 1]. FDG-6-P may be further transformed into FDG-1-P and 575 

finally to UDP-FDG as depicted in Fig. 1. Formation of various fluorine-metabolites in plants 576 

can be a way of plants to cope up with high intracellular concentration of FDG which is 577 

known glycolytic inhibitor. Thus, biosynthesis of various F-metabolites could also be viewed 578 

as utilization of FDG as energy source and a corrective-protective mechanism in the plant 579 

cells to counteract its consequences. 580 

 581 

In our experiment, we observed signs of tissue death/damage at FDG application site 582 

(supplementary Fig. 3). FDG, at high local concentrations, may cause cytotoxicity in plant 583 

cells. It has been shown that FDG interferes with glycolysis thus resulting in cytotoxicity in 584 

hypoxic tumor cells which solely rely on glycolysis for deriving their energy [Lampidis et al, 585 

2006; Maher et al, 2004, Kurtoglu et al, 2007].  In contrast, the aerobically growing cells, 586 
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with functional mitochondria, survive glycolytic inhibition by using carbon sources other 587 

than glucose (fats and proteins) to generate ATP via oxidative phosphorylation [Mckeehan, 588 

1982; Mazurek et al, 1997; Reitzer 1979; Kurtoglu et al, 2007]. Plant cells might experience 589 

the similar glycolytic inhibition when fed with FDG. However, for well aerated leaf tissue, 590 

FDG should not result in cytotoxicity. FDG also hampers the N-linked glycosylation by 591 

inhibiting the incorporation of mannose and glucose into lipid-linked oligosaccharides 592 

[Datema et al, 1980; Kurtoglu et al, 2007a; Kurtoglu et al, 2007b]. Inhibition of glycolysis 593 

and N-linked glycosylation might explain the observed signs of tissue death/damage at FDG 594 

application site. However, this could be only confirmed with 19FDG cytotoxicity studies in 595 

plant tissue 596 

 597 

It has been reported that FDG-6-P reversibly epimerizes to 2-Fluoro-2-deoxy mannose-6-598 

phosphate (FDM-6-P) under the action of phosphoglucose isomerase [Kanazawa et al., 1986; 599 

Kojima et al., 1988; Pouremad and Wyrwicz, 1991; O’Connell and London, 1995]. 2-deoxy-600 

2-fluoro-D-mannose (FDM) metabolites such as FDM-1-P, FDM-1,6-biP and nucleotide 601 

diphosphate-FDM (NDP-FDM) have been reported in animal tissue [Kanazawa et al, 1996; 602 

Southworth et al, 2003]. However, in our study, we only focused upon abundant FDG 603 

metabolites but we could not deny presence of corresponding FDM-metabolites. In this 604 

paper, we have not reported the amount of various FDG metabolites or time kinetics of their 605 

biosynthesis. We have rather noted F-gluconic acid, FDG-6-P, F-maltose and UDP-FDG as 4 606 

major end products of FDG metabolism in A. thaliana leaf tissue. We hope that this work will 607 

pave way for discovery of further FDG metabolic end products and FDG kinetics in plant 608 

tissue.  609 
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Figures: 

 Figure 1: Schematics of the potential routes of FDG metabolism in plant cell. FDG, 2-

deoxy-2-fluoro-D-glucose; FDG-6-P, FDG-6-phosphate; FDG-1-P, FDG-1-phosphate; UDP, 

Uridine-di-phosphate; F-maltose, 2-deoxy-2-fluoro-maltose; Glu, glucose; DPE2, 

Arabidopsis Disproportionating enzyme 2. 
 

 
 

Figure 2: 1H-decoupled 19F-NMR spectra of fractions containing fluorinated metabolites 

including chemical shifts. Signals are referenced to C6F6 at δF -164.9. (A) Raw extract of A. 

thaliana after FDG administration before separation. The two most intense signals belong to 

α-FDG (δF -197.63) and β-FDG (δF -197.52) (B) Fraction containing the fluorinated 

compound α/β-FDG-6-P (m/z 261.0180). The α-isomer shows a chemical shift of δF -197.75, 

the β-isomer resonates at δF -197.55. (C) Fraction containing the fluorinated compound α/β-

F-maltose (m/z 343.1051). The compound shows signals that appear most deep-field shifted 

among the identified metabolites (α: δF -198.50, β: δF -198.26) (D) Fraction assumed to 

contain a fluorinated derivative of gluconic acid (m/z 197.0464). The signals indicated likely 

represent impurities from compounds α/β-FDG-6-P and α/β-F-Maltose. 
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Figure 3: Assignment of FDG-6-P. (A) 1H-13C HSQC spectrum FDG-6-P. The red F2-

projection represents the selective TOCSY spectrum of β-FDG-6-P, the black F2-trace 

belongs to α-FDG-6-P. The F1-projection shows the 13C-NMR spectrum. Coupling constants 

were extracted from 1H- and 13C-NMR spectra, respectively. (B) 2D-NMR key correlations 

used for the assignment of FDG-6-P (α-FDG-6-P and β-FDG-6-P forms, respectively). Blue 

arrows represent 1H-13C HMBC correlations from H-1α/β. Red arrows indicate 1H-1H COSY 

key correlations. 
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 Figure 4: Assignment of fluorinated disaccharide. (A) Detail of the 1H-13C HSQC spectrum 

from the fraction containing the fluorinated disaccharide m/z 343.1051. Characteristic C-F 

and H-F couplings are given. Two different shifts (δc 99.3/99.5) for C-1’ appear depending 

from the configuration of the FDG part. The F2-Projection shows the selective TOCSY 

spectra for the α/β-FDG part. (B) Key correlations used for the structure elucidation of the 

fluorinated disaccharide m/z 343.1051. Blue arrows indicate 1H-13C HMBC correlations from 

the position 1 of the respective sugar units. The red parts of the structure indicate for 

neighboring positions probed by selective COSY experiments. The green double tipped arrow 

shows the NOE evidence for the α(14) junction between the two sugar units. 
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Supplementary data 

Supplementary Figure 1. 18FDG uptake by Arabidopsis thaliana cell suspension. 

Arabidopsis thaliana cell culture was grown in JPL medium containing sucrose (1.5%). On 

the day of experiment, cells were suspended in 50 mL JPL medium containing equimolar 

concentration of mannitol instead of sucrose. Control flasks contained only nutrient media. 
18FDG solution (1.23 MBq) was added to each flask. Flasks for set-3 and set-4 were added 

with 100 μM glucose and 1 mM HgCl2 respectively prior to 18FDG addition. Flasks were kept 

on rotary shaker at 60 rpm under normal laboratory light and temperature conditions. 0.5 mL 

supernatant was collected at sequential time points (30 min, 1 hr, 2 hr, 3 hr, 4 hr, 5 hr time-

points) and filtered through 22 μm filter for removing cell pellet. Radioactivity remained in 

the supernatant was measured measured in counts per second (CPS) using a well counter 

(Isomed 2100, MED Nuklear-Medizintechnik Dresden GmbH, Dresden, Germany). Two 

biological replicates (each with three technical replicates) were performed for each set and 

average decay corrected CPS radioactivity for cell pellet was noted.  

NOTE: Cell suspension was not completely homogeneous. Small clumps of cells were visible. 

Thus, cell pellet in 0.5 mL sampling volume could not be extrapolated for total cell pellet 

activity. Supernatant radioactivity, however, forms a good indicator for FDG concentration 

remained in the in the flask at time point. Therefore, only supernatant radioactivity but not cell 

pellet radioactivity was measured.  

 

Supplementary Table for Fig. 1. 18FDG uptake by Arabidopsis thaliana cell suspension. 

Flask/time  CTRL 

(DW+FDG) 

Expt (Cell 

suspension+FDG) 

Expt (Cell 

suspension+100uM 

Glucose+FDG) 

Expt (Cell 

suspension+1mM 

HgCl2+FDG) 

0 1255.8 1279.9 1252.3 1233.7 

30 1259.1 973.2 1194.2 1232.9 

60 1239.4 787.7 1170.4 1218.6 

120 1268.8 555.3 1128.7 1218.9 

180 1269.9 390.9 1076.6 1195.9 

240 1280.5 285.6 1016.2 1236.2 

300 1264.0 221.2 955.9 1227.2 
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Supplementary Figure 1: 

 
Supplementary Figure 2.  [Taken from Fatangare et al, 2014] 

Arabidopsis thaliana cell culture was grown in JPL medium containing sucrose (1.5%). On 

the day of experiment, cells were suspended in 50 mL JPL medium containing equimolar 

concentration of mannitol instead of sucrose. Control flasks contained only nutrient media. 
18FDG solution (1.23 MBq) was added to each flask. Flasks for set-3 and set-4 were added 

with 100 μM glucose and 1 mM HgCl2 respectively prior to 18FDG addition. Flasks were kept 

on rotary shaker at 60 rpm under normal laboratory light and temperature conditions. After 5 

hours, the suspensions were filtered through 22 micron filter for cell pellet. Radioactivity 

accumulated in cell pellet was measured in counts per second (CPS) using a well counter 

(Isomed 2100, MED Nuklear-Medizintechnik Dresden GmbH, Dresden, Germany). Two 

biological replicates (each with three technical replicates) were performed for each set and 

average decay corrected CPS radioactivity for cell pellet was noted. 

  

Supplementary Table for Fig. 2. 18FDG uptake by Arabidopsis thaliana cell suspension. 

Experimental Set Average cell pellet 

radioactivity (CPS) 

Set-1 control (only media) 22.6 

Set-2 Expt (media+suspension+FDG) 23868.5 

Set-3 Expt+glucose(media+suspension+glucose 100μM+FDG) 8215.5 

Set-4 Expt+HgCl2 (media+suspension+HgCl2 1mM+FDG) 604.6 
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Supplementary Figure 2: 

 
 

Supplementary Figure 3:  

Leaf tissue death/damage caused by FDG application. (A) Mature leaf of the control plant was 

applied with 50 μL of DW using syringe infiltration. Leaf has been marked with plastic tip on 

the left. Control leaf showed no signs of darkening and wilting after 30 min. (B) Mature leaf 

of the experimental plant was applied with 50 μL of FDG (40 mg.mL-1) using syringe 

infiltration. Leaf has been marked with plastic tip on the left. FDG applied leaf showed signs 

of darkening and wilting after 30 min. (C) Mature leaf were pricked and 20 μL of DW was 

applied locally. (D) Mature leaf was pricked and 20 μL of FDG (20 mg.mL-1) was applied 

locally. Local tissue damage is clearly visible in FDG applied leaf.  
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Supplementary figure 4.   

TIC and EIC for F-metabolites  (depicted in Absolute Ion intensity vs RT in minutes) 

(A) Total ion chromatogram (TIC) on Supelco apHera Amino column 

 
 

(B) Extracted ion chromatogram (EIC) for m/z: 181 (RT: 3.5) on Supelco apHera Amino 

column 
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(C) Extracted ion chromatogram (EIC) for m/z: 343 (RT: 5.3) on Supelco apHera Amino 

column 

 
(D) Total ion chromatogram (TIC) on ACQUITY UPLC BEH Amide column: 

 
(F) Extracted ion chromatogram (EIC) for m/z: 197 (RT: 3.8-5.0 broad peak) on ACQUITY 

UPLC BEH Amide column 
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(G) Extracted ion chromatogram (EIC) for m/z: 261 (RT: 4.0-5.6 broad peak) on ACQUITY 

UPLC BEH Amide column 

 
 

 

(H) Extracted ion chromatogram (EIC) for m/z: 567 (RT: 8.9-10.0 broad peak) on ACQUITY 

UPLC BEH Amide column 
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Supplementary figure 5.  

MS/MS spectra for F-metabolites ions (depicted in relative ion intensity vs m/z) 

(A) m/z: 181 (FDG) 

 
 

(B) m/z: 197 (F-gluconic acid) 
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(C) m/z: 261 (FDG-6-P) 

 

 
 

(D) m/z: 343 (F-maltose) 
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 (E) m/z: 379 (F-maltose + Cl adduct) 

 

 
 

(F) m/z: 567 (UDP-FDG) 
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Supplementary Figure 6: 1H-1H dqfCOSY spectrum of the semi-purified fraction of the 

fluorinated compound m/z 261.0180 (FDG-6-P). Key correlations of H-1α/βH-2α/β are 

indicated. The projections show the water-suppressed 1H-NMR spectrum.  

 
Supplementary Figure 7: Comparison of the presaturated 1H-NMR spectrum (PURGE, 

black curve) and the selective TOCSY spectra (SELTOCSY-α/β, red/blue curve) of FDG-6-P. 
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Supplementary Figure 8: 1H-31P-HMBC spectrum of FDG-6-P. A presaturated 1H-spectrum 

serves as F2-projection. The projection in F1 is a 31P-NMR spectrum.   

 
Supplementary Figure 9: Structures of α/β-FDG-6-P including chemical shifts, signal 

multiplicities and coupling constants (1H chemical shifts in red, 13C chemical shifts in blue, 
19F chemical shifts in green and 31P chemical shifts in magenta. Coupling constants are given 

in Hz). 
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Supplementary Figure 10: Presaturated 1H-NMR spectrum (using PURGE water 

suppression) of the fraction containing the fluorinated disaccharide m/z 343.1051 (black 

trace). The red trace shows a selective 1H-1H TOCSY spectrum derived from irradiating 

overlapping signals (H-1α/H-1’) around δH 5.30. The blue trace shows a selective 1H-1H 

TOCSY spectrum acquired after irradiating H-1β at δH 4.78.  

 
Supplementary Figure 11: 1H-1H dqfCOSY spectrum of the semi-purified fraction of the 

fluorinated disaccharide (m/z 343.1051). Key correlations of H-1α/βH-2α/β are indicated. 

Note the irregular shape of the signal for H-2β. The projections show the water-suppressed 1H-

NMR spectrum. 
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Supplementary Figure 12: F-maltose. (A) Structure of α-F-maltose including chemical 

shifts, signal multiplicities and coupling constants (1H chemical shifts in red, 13C chemical 

shifts in blue, 19F chemical shifts in green. Coupling constants are given in Hz). (B) Structure 

of β-F-maltose including chemical shifts, signal multiplicities and coupling constants (1H 

chemical shifts in red, 13C chemical shifts in blue, 19F chemical shifts in green. Coupling 

constants are given in Hz). 
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Abstract 34 

Background 35 

Although leaf herbivory-induced changes in allocation of recently assimilated 36 

carbon between the shoot and below-ground tissues have been described in several 37 

species, it is still unclear which part of the root system is affected by resource 38 

allocation changes and which signalling pathways are involved. We investigated 39 

carbon partitioning in root tissues following wounding and simulated leaf herbivory in 40 

young Nicotiana attenuata plants. 41 

Results 42 

Using 2-deoxy-2-[18F]fluoro-D-glucose ([18F]FDG), which was incorporated into 43 

disaccharides in planta, we found that simulated herbivory, but not wounding alone, 44 

reduced carbon partitioning specifically to the root tips. In jasmonate (JA) signalling 45 

deficient COI1 plants, the wound-induced allocation of [18F]FDG to the roots was 46 

decreased, while more [18F]FDG was transported to young leaves, demonstrating an 47 

important role of the JA pathway in regulating the wound-induced carbon partitioning 48 

between shoots and roots. 49 

Conclusions 50 

Our data highlight the use of [18F]FDG to study stress-induced carbon allocation 51 

responses in plants and indicate an important role of the JA pathway in regulating 52 

wound-induced shoot to root signaling. 53 

 54 

Keywords 55 

2-deoxy-2-[18F]fluoro-D-glucose ([18F]FDG), herbivory, jasmonate signalling, 56 

Nicotiana attenuata, Fatty acid-amino acid conjugates 57 
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 64 

Background 65 

 Plants face a dilemma when stressed by wounding or herbivore attack - to 66 

invest resources into defence reactions or into growth processes. Research on how 67 

plants solve this dilemma is important for understanding the evolution of resistance 68 

and tolerance strategies of plants, and helps to facilitate the development of crop 69 

improvement strategies. The production of defensive metabolites is tightly linked to 70 

the wound- and herbivory-induced activation of defence hormones, including 71 

jasmonic acid (JA) and its isoleucine conjugate JA-Ile [1]. Activation of JA-dependent 72 

resistance pathways is often accompanied by changes in the levels of primary 73 

metabolites, such as sugars, amino acids and organic acids, which serve as 74 

substrates and precursors or provide energy required for defence metabolite 75 

biosynthesis [2-7]. Although the wound- and herbivory-induced signalling or 76 

treatment with JA increase a plant´s response to herbivore attack [8], activation of the 77 

JA pathway can limit the availability of resources required for plant growth and fitness 78 

[9-12].  79 

 Biotic and abiotic stress can increase sink strength of certain plant tissues; a 80 

common response in many plant species, including carrot [13], tomato [14], hybrid 81 

poplar trees [2, 15, 16] and pea [17]. However, the opposite response also occurs, 82 

such as the flow of carbon away from stressed tissues, often to storage organs, such 83 

as roots [7, 18-20]. But the direction of resource re-allocation can change with 84 

environmental conditions and plant ontogeny. For example, in Arabidopsis thaliana,  85 

2-deoxy-2-[18F]fluoro-D-glucose ([18F]FDG), a radioactive tracer that is used to study 86 

carbohydrate allocation, is transported mainly to the root system in vegetative plants 87 

but is directed to above-ground tissues when plants enter the reproductive stage [21].  88 

 One of the best plant model systems to study responses upon herbivore 89 

attack is Nicotiana attenuata, an annual plant that grows in the post-fire environment 90 

in the Great Basin Desert (Utah, USA). The interaction between N. attenuata and its 91 

Lepidopteran herbivore Manduca sexta has been intensively studied. During M. sexta 92 

attack, fatty acid-amino acid conjugates (FACs) present in the herbivores’ oral 93 

secretions (OS) are rapidly recognized by N. attenuata; FACs amplify and modify 94 

wound-induced responses in N. attenuata, including the biosynthesis of JA and JA-Ile 95 

[22, 23]. The Biosynthesis of JA-Ile and its consequent perception through SCFCOI1 96 

results in transcriptional reprogramming that leads to the accumulation of various 97 
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anti-herbivore secondary metabolites [10, 24-26]. JA-mediated herbivory-induced 98 

responses are associated with large fitness costs in N. attenuata [11], demonstrating 99 

the trade-off between plant growth and defence. However, it is not known whether, in 100 

N. attenuata, the JA pathway orchestrates the resource allocation changes that follow 101 

herbivore attack. 102 

Schwachtje and colleagues found that simulated herbivory increases partitioning 103 

of recently assimilated carbon to roots of N. Attenuata plants; a response that has 104 

been linked to a process termed as “herbivory-induced resource sequestration” [7, 105 

19, 20, 27-31]. The role of the extra carbon in the below-ground parts remains 106 

unknown: it could be utilized for growth of the roots, be stored within the root system, 107 

or help in the synthesis of defence compounds such as nicotine. However, it was 108 

shown recently that herbivory reduces sugar levels and starch in the roots of N. 109 

attenuata [32]. This depletion of carbon resources correlates well with reduced 110 

growth of the primary root after wounding and simulated herbivory [33, 34] and with a 111 

diminished ability to regrow and tolerate herbivore attack [32]. Until now, it has been 112 

unclear in which parts of the N. attenuata root system these changes in carbon 113 

allocation are manifested.  114 

 We used the short-lived isotope 18F in simulated herbivory experiments with 115 

leaf-application of the sugar analogue [18F]FDG to analyse carbon allocation at a fine 116 

spatial scale in the root system. In addition, we analysed the role of the JA pathway 117 

in herbivore-induced [18F]FDG distribution by using transgenic plants silenced in the 118 

expression of COI1. Our results demonstrate that [18F]FDG partitioning to root tips is 119 

strongly reduced after leaf herbivory. Plants silenced in COI1 expression reveal a 120 

distinct role of JA perception in [18F]FDG distribution after wounding.  121 

 122 

Materials and Methods 123 

Plant cultivation 124 

 Transgenic irCOI1 N. attenuata plants were described elsewhere [25]. These 125 

lines are transformed with inverted-repeat constructs, allowing reduced transcript 126 

levels of the gene involved in JA perception (irCOI1). For [18F]FDG experiments, 127 

cultivation of N. attenuata plants was described elsewhere [35], with the following 128 

modifications: 14 d old seedlings were transferred from Petri dish to sand (0.7-1.2 129 

mm grain size, Raiffeisen GmbH, Germany) and fertilized with 0.15 gL-1 Ferty B1 130 

(Planta Düngemittel GmbH, Regenstauf, Germany); 0.25 gL-1 Ca2(NO3). A small lid 131 
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was placed over the plants to avoid drought stress. After three days, the lid was 132 

moved to allow some air exchange, and after five more days the lid was removed 133 

completely. Twelve days later, the plants were transferred to hydroponic solution (for 134 

1L: 0.1929 g Ca2SO4; 0.1232 g Mg2SO4, 0.0479 g K2HPO4, 0.0306 g KH2PO4 and 135 

0.5 mL micronutrient solution (for 1L: 2.533 g H3BO3; 1.634 g MnSO4, 0.151 g 136 

Na2MoO4, 0.08 g CuSO4, 0.02 g CoCl2, 0.5 mL Fe-DTPA (for 1 L: 2.78 g FeSO4, 3.93 137 

g Titriplex (Merck KGaA, Darmstadt, Germany))). Plants were grown in growth 138 

chambers under 16 h light (133 µmol m-2 s-1) at 22 °C and 65 % humidity.  139 

 140 

TLC plate analysis 141 

 We used one WOS-treated plant to analyze if [18F]FDG can be metabolized by 142 

N. attenuata plants. We applied 5 µL of [18F]FDG to a single punctured wound of a 143 

source-sink transition leaf of a 4.5 weeks old WT plant. Another younger leaf was 144 

treated with WOS. After 8 h, the plant was disassembled and leaf and root tissues 145 

(50 mg) were extracted with MeOH. 15 µL of the extract was applied to a 0.2 mm 146 

HPTLC silica gel 60 F254 plate (Merck) and chromatography was done using 147 

acetonitrile–water (17:3, v/v), containing 0.05 % of 2-aminoethyl diphenylborinate. 148 

After chromatography, the plate was sprayed with detection reagent (4 g of 149 

diphenylamine and 4 mL of aniline dissolved in 160 mL of acetone, 20 mL of conc. 150 

H3PO4 added and filled to 200 mL with acetone) and heated up to 120 °C for two 151 

minutes until bands were clearly visible. The plate was then transferred to an imaging 152 

cassette, covered with a positron imaging plate and scanned after 1 h exposure (FLA 153 

3000 system, Fujifilm, Tokyo, Japan).  154 

 155 

[19F]FDG experiments 156 

 Three mature rosette leaves from each plant were selected for [19F]FDG 157 

application. Leaves were wounded on leaf lamina on either side of the midrib using 158 

micropipette tip. Five µL of [19F]FDG (20 mg mL-1, Sigma Aldrich, St. Louis, MO, 159 

USA) solution was immediately applied on each wounded region. After 30 min, 5 µL 160 

of water was applied on the same region to aid [19F]FDG uptake. Four hours after 161 

treatments, the leaves were harvested and extracted using slightly modified 162 

methanol/chloroform extraction procedure [36]. In brief, leaves were ground in liquid 163 

nitrogen. Methanol (1.5 mL) containing 13C labeled glucose (10 µg mL-1, Sigma 164 

Aldrich, St. Louis, MO, USA) and chloroform (0.75 mL) were added to the tissue 165 
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sample. The mixture was sonicated in ultrasonic bath (Merck, Eurolab NV, Belgium) 166 

for 15 min at room temperature. After sonication, water (0.5 mL) and chloroform (0.5 167 

mL) was added to the sample. Sample was centrifuged at 4000g for 15 min at 4 °C. 168 

Supernatant was concentrated using the rotating vacuum dryer (Concentrator 5301, 169 

Eppendorf Vertrieb, Germany). Dried supernatant sample was resuspended in 0.1 170 

mL of water and stored at -80 °C until further LC-MS analysis. 171 

 172 

LCMS and LCMSn measurements 173 

 LC-MS data were acquired using Dionex UltiMate 3000 UHPLC system 174 

coupled to Thermo-Fisher LTQ-Orbitrap XL hybrid mass spectrometer (both Thermo 175 

Fisher Scientific, Bremen, Germany). The extracts were separated on Supelco 176 

apHera NH2 column (15 cm×4.6 mm, particle size- 5 µm) at room temperature. The 177 

mobile phase consisted of water (A) and acetonitrile (B). Elution gradient was set as 178 

follows: 20 % A (0 min), 20 % A (0.5 min), 45 % A (13 min), 45 % A (18 min) and 20 179 

% A (20 min). The mobile phase flow rate was 1 mL min-1 and the injected volume 180 

was set at 2 µL. Electrospray ionization (ESI) source was used for ionization of LC 181 

eluate in negative ion mode. Capillary temperature was 280°C, and sheath and 182 

auxiliary gas flow rates were 50 and 10 arb (arbitrary units), respectively. The sweep 183 

gas flow rate was set at 5 arb and source voltage at 4 kV. The capillary voltage and 184 

tube lens were set at -47 V and -120 V, respectively. During LCMS measurements, 185 

FTMS resolution was set to 100,000 and samples were analyzed in full scan mass 186 

range of m/z 100–800 with the acquisition of profile-type mass spectra. During 187 

LCMSn measurements, LC peak retention time (RT) window was given to acquire 188 

MS/MS spectra of few selected ions in that RT window. All other parameters were 189 

identical to that of LCMS. MS/MS spectrums were acquired at a FT resolution of 190 

15,000 at collision energies of 5, 10, 20 and 30 respectively and with isolation 191 

window of 1.6 Da. The raw data was processed and compared using Xcalibur version 192 

2.0.7 (Thermo Fisher Scientific, Bremen, Germany). The mass accuracy error 193 

threshold was fixed at 5 ppm. 194 

 195 

[18F]FDG experiments  196 

 Using size-matched, early rosette-stage plants (rosettes of approximately 5 197 

cm radius), 1 µL of [18F]FDG solution (1.5-2 MBq µL-1; in H2O, FCON, Holzhausen 198 

a.d. Haide, Germany) was applied to puncture wounds made on both sides of the 199 
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midrib of the third oldest leaf (Fig. 5A). Four hours after the application of [18F]FDG, 5 200 

µL of water was applied to the wounds to aid uptake of remaining FDG on the leaf 201 

surface. Treatments were applied immediately after tracer application (see Fig. 5A) to 202 

the leaf next younger to the load leaf. This leaf was either left untreated (CON), or 203 

was puncture-wounded in two places, with application of 1 µL water (WW) or 1:5 204 

diluted M. sexta oral secretions (WOS). For FAC treatments, leaves of three week 205 

old plants were punctured with a needle and applied with [18F]FDG. Another leaf was 206 

wounded and treated with 1 µL of water (WW) or 1 µL of the fatty acid-amino acid 207 

conjugate N-linolenoyl-glutamate (WFAC), at a concentration similar to M. sexta OS 208 

[37]. Eight hours after these treatments, all leaves (except the leaf that was labelled 209 

with 18F), shoot-root junction and roots were carefully separated, transferred to an 210 

imaging cassette, covered with a positron imaging plate and scanned after 1 h 211 

exposure (FLA 3000 system, Fujifilm, Tokyo, Japan). For radioactivity 212 

measurements, plant parts were transferred to plastic tubes and radioactivity was 213 

measured with a well counter (Isomed 2100, Nuklear Medizintechnik Dresden GmbH, 214 

Dresden, Germany). 215 

 216 

Results and Discussion 217 

It has been suggested that [18F]FDG, a radioactive glucose analogue, could be 218 

used as a tracer for photoassimilates distribution in plant studies [38]. Although, 219 

[18F]FDG uptake and metabolism has been extensively studied in animal cells [39-220 

41], its metabolism in plant tissues is not well characterized. First, we first performed 221 

thin layer chromatography (TLC) experiments to analyze whether [18F]FDG is 222 

metabolized in N. attenuata plants, as has been shown in A. thaliana [21]. The 223 

detection of multiple radioactive bands in local and systemic leaf and root tissues 224 

suggest that [18F]FDG is taken up, transported and metabolized by the plant (Fig. 1). 225 

To further characterize the metabolism of FDG in plants, we supplied the stable-226 

isotope-labelled [19F]FDG to plant leaves and analysed [19F]FDG metabolites via 227 

liquid chromatography-mass spectrometry (LC-MS). In all extracts from [19F]FDG-228 

labelled leaves, we found a peak eluting at retention time of 5.4 min with m/z 229 

343.1042 and with calculated monoisotopic mass of C12H20O10
19F- (±4 ppm, Fig. 2). 230 

Upon fragmentation, m/z 343.1042 gave rise to secondary ions m/z 323.0975 and 231 

179.0554. The first fragment can be rationalized by neutral loss of HF (20.0061), 232 

whereas the other fragment ion was identified as deprotonated glucose (C6H11O6
-). 233 
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Retention time of the new compound was found to be between [19F]FDG and sucrose 234 

retention times. Taken together, our data show the in planta incorporation of 235 

[19F]FDG into different metabolites, including  disaccharides, presumably [19F] 236 

sucrose.  237 

Since FDG is a metabolically active compound in N. attenuata, we measured 238 

effects of simulated herbivory treatments on the distribution of the radioactivity after 239 

exogenous administration of [18F]FDG. When we analysed the distribution of 18F in 240 

wild-type plants, root tips of control and WW-treated plants accumulated high 241 

concentrations of 18F-radioactivity relative to the root axes; however, the 242 

accumulation of 18F in root tips was highly reduced after simulated herbivory (WOS) 243 

(Fig. 2 A, B; Fig.3B). There was also a reduction in 18F at root tips after leaves were 244 

treated with FACs, the active elicitors in the oral secretions of M. sexta (Fig. 2C). In 245 

above-ground tissues, radioactivity accumulated mostly in young leaves and in the 246 

shoot-root junction (data not shown), but there were no apparent effects of WW or 247 

WOS. 248 

Because root responses after simulated herbivory, such as sugar levels, root 249 

growth inhibition and plant re-growth, has been shown in N. attenuata to partially 250 

depend on JA-perception through NaCOI1 [32, 34], we tested the hypothesis that the 251 

distribution of [18F]FDG or its metabolites depend on JA-signalling. In addition to 252 

imaging tracer distribution, we also quantified tissue radioactivity by gamma counting 253 

in this experiment (see Fig. 3A for experimental outline). In contrast to the strong 254 

WOS-treatment effect apparent in the autoradiographs for 18F-accumulation in root 255 

tips, 18F-content of the entire root system showed no significant differences (nor did 256 

leaf tissues, Fig. 3C). Apparently, the treatments induced a highly localized response 257 

at root tips, which was not detectable when the entire root system was analysed. In 258 

plants silenced in NaCOI1 expression (irNaCOI1,[25]), autoradiography showed that 259 

the fraction of 18F in their root tips was markedly reduced after WW treatment and 260 

also, to some extent, after WOS (Fig. 3B). Further, the radioactivity distribution (Fig. 261 

3C) showed a significant effect of the WW treatment, and not for WOS. After WW, 262 

NaCOI1 plants showed a change in distribution in favour of the young leaves, at the 263 

expense of the roots. These responses contrast with those in WT plants, where none 264 

of the treatments significantly affected whole organ 18F distribution. Taken together, 265 

these data demonstrate that simulated herbivory altered the accumulation of 266 
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[18F]FDG or its metabolites specifically in root tips, and that JA perception is 267 

important for resource allocations to roots of wounded plants.  268 

 Two reports in N. attenuata show that leaf herbivory specifically induces 269 

changes in carbon allocation to roots [7, 32].  While Schwachtje et al. [7] found that 270 

simulated herbivory increases allocation of recently assimilated 11CO2 to roots, they 271 

did not find increases in root carbohydrate pools. In contrast, Machado et al [32] 272 

recently demonstrated that leaf herbivory in N. attenuata reduced root carbohydrate 273 

pools and negatively influenced plant tolerance responses measured as plant re-274 

growth [32]. In addition, while JA signalling did not affect carbon allocation to roots in 275 

the Schwachtje et al [7] study, Machado and colleagues found that sugar and starch 276 

levels did not change in COI1-silenced plants. Our results support the notion that N. 277 

attenuata does not “bunker” carbon resources in root after leaves are attacked but 278 

rather that allocation within the root is altered. In vegetative A. thaliana plants, 279 

wounding and MeJA application to leaves did not result in increased allocation of 280 

[18F]FDG or its metabolites to the root system [21], which suggests that different plant 281 

species at similar ontogenic stages may not only have different responses of root 282 

growth [42], but also have different resource allocation strategies when responding to 283 

herbivory. In agreement with this, Diezel and colleagues reported a strong effect of 284 

ontogeny on the response of N. attenuata plants to herbivory [43]. Our results may 285 

differ from those of Schwachtje et al. [7] because their plants were at a late-rosette 286 

stage of development, while plants that we used were around 10 days younger. 287 

Using plants at different developmental stages may help to test this hypothesis. 288 

 289 

Changes in carbon allocation patterns within the root system 290 

In the images taken after labelling the plants with [18F]FDG, it was clear that the 291 

radioactive tracer was not evenly distributed within the root system, and that the 292 

distribution changed after the experimental treatments (Figs. 2, 3). We observed a 293 

decrease in [18F]FDG or its metabolites to the secondary root tips in response to 294 

wounding and simulated herbivory. Root tips harbour apical meristems and are the 295 

region of both cell proliferation and cell expansion [44]. Whether the reduced carbon 296 

allocation signatures at the roots tips correlate with lower expansion and 297 

meristematic activity and contribute to root growth reduction after herbivory requires 298 

further analysis. In fact, graminaceous plants exposed to galactose in the rooting 299 

medium show similar reactions: allocation of recent photosynthates to the roots 300 
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increases dramatically, but at the same time decreases into the root tips, associated 301 

with cell wall tightening and reduced elongation rate [45]. The conclusion was that 302 

solute import and growth inhibition were spatially separated within the root, which 303 

might also explain our results for N. attenuata. Kim et al. [46] reported decreases in 304 

disaccharide levels in sink tissues of early elongated N. attenuata plants within 1 h 305 

following simulated herbivory. In tomato, another Solanaceous plant, the 306 

concentrations of glucose, fructose and sucrose decreased 4 h after wounding and 307 

subsequent application of water or M. sexta regurgitant [19]. Future analyses of the 308 

spatial regulation of internal sugar pools in different root areas in N. attenuata are 309 

needed to determine how carbohydrate pools are regulated at a fine-scale in root 310 

systems. 311 

 312 

Regulation of allocation processes after herbivory 313 

The nature of the signals important for the regulation of resource allocations and 314 

growth responses in roots after leaf herbivory is under debate. The oxylipin pathway, 315 

including JA and JA-Ile, is the major signalling pathway that mediates defence 316 

responses upon wounding or herbivory [47]. Simulating leaf herbivory in seedlings of 317 

N. attenuata also leads to the accumulation of JA in roots, and irNaCOI1 plants show 318 

somewhat higher root growth velocity than WT plants, suggesting that JA perception 319 

is, at least partially, involved in regulating this developmental response [34]. Our 320 

experiments with [18F]FDG also indicate that JA perception is involved in restricting 321 

wound-induced resource allocation processes (Fig. 5C). However, JA is not the only 322 

plant hormone that is altered after leaf herbivory; growth-related hormones also 323 

change during herbivory (reviewed in [47]). Auxin, which is mainly supplied through 324 

the shoot apex, can be generally considered as a reporter for the integrity of apical 325 

tissues, and herbivory could strongly influence the provision of auxin from the shoot 326 

to the root system [48]. Machado et al [32] showed transient changes in auxin levels 327 

upon leaf treatments with WOS and that external auxin applications change 328 

herbivory-induced carbohydrate and re-growth patterns.  However, auxin itself is not 329 

likely to be the only messenger that induces systemic growth responses and 330 

resource allocations [49-51]. Cytokinins, whose biosynthesis and transport are 331 

inhibited by auxin [48, 52-54], may play profound roles in stress-induced growth 332 

responses [55] and regulate root growth and development, such as limiting the size 333 

of the root apical meristem and the rate of root growth [56, 57]. Future research will 334 
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reveal how auxin, cytokinins or other hormones (e.g. Abscidic acid), may change the 335 

carbon allocation and growth responses and how the JA pathway may interact with 336 

these responses. 337 

 338 
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 355 

Captions 356 

Figure 1. [18F]FDG and [19F]FDG metabolism in N. attenuata leaves. (A) [18F]FDG 357 

is metabolized in Nicotiana attenuata. One leaf (AP) of a 3.5 week old plant was 358 

punctured with a needle and applied with 5 µL [18F]FDG solution. Another leaf was 359 

induced with wounding and treated with 1 µL of 1:5 diluted Manduca sexta oral 360 

secretions (IL). After 8 hours the plants were disassembled, tissues were extracted 361 

and qualitative sugar analysis was done by performing thin layer chromatography 362 
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(TLC, left picture). Autoradiograph was taken of the same TLC plate (right picture). 363 

Labeling: YL = youngest leaves, IL = induced leaf, RO = root, AP = apical part of the 364 

[18F]FDG treated leaf, AU = apical bud of the plant, AB = basal part of the [18F]FDG 365 

treated leaf, standards: S = sucrose, F = fructose, G = glucose, UDPG = 366 

Uridindiphosphat-Glucose, G6P = glucose-6-phosphate, F6P = Fructose-6-367 

phosphate, FDG = [18F]FDG. (B) Comparison of total (TIC) and extracted ion 368 

chromatograms ([19F]FDG Disaccharide: m/z 343.10) of leaf extract (ctrl, i and iii) and 369 

[19F]FDG applied leaf extract (ii and iv). (C) MS2 of  m/z: 343.10 (retention time: 5.50 370 

min). (D) Comparison TIC of CTRL-leaf extract (i) with [19F]FDG applied leaf extract 371 

(ii) for depicting [19F]FDG and [19F]-disaccharide chromatographic peaks.  372 

 373 

Figure 2. [18F]FDG distribution after simulated herbivory in Nicotiana attenuata 374 

plants. (A) Autoradiograph from plant parts of [18F]FDG-treated wild type N. attenuata 375 

plants. Leaves of 3.5 week old plants were punctured with a needle and applied with 376 

[18F]FDG. Another leaf kept untreated (CON) or was wounded and treated with 1 µL 377 

of water (WW) or 1 µL of 1:5 diluted Manduca sexta oral secretions (WOS). After 8 378 

hours the plants were disassembled and an autoradiographic picture was taken. (B) 379 

Root pictures from (A) were magnified and assembled next to each other to 380 

demonstrate the reduced accumulations of radioactivity  381 

after WOS treatments.(C) Autoradiograph roots of [18F]FDG-treated N. attenuata 382 

plants. Leaves of three week old plants were punctured with a needle and applied 383 

with [18F]FDG. Another leaf was wounded and treated with 1 µL of water (WW) or 1 384 

µL of the fatty acid-amino acid conjugate N-linolenoyl-glutamate (WFAC), one of the 385 

active elicitor in M. sexta oral secretions.  386 

 387 

Figure 3. Radioactivity accumulation after [18F]FDG labelling and simulated 388 

herbivory in N. attenuata. (A) Scheme of the experimental setup. Leaves of 3 week 389 

old plants were punctured with a needle and applied with FDG (red dots). Another 390 

leaf kept untreated (CON) or was wounded and  treated with 1 µL of water (WW, blue 391 

dots) or 1 µL of 1:5 diluted Manduca sexta oral secretions (WOS, green dots). After 8 392 

h the plants were disassembled and an autoradiographic picture was taken from a 393 

set of plants. Plant parts were then weighed and radioactivity was measured. 394 

Autoradiographs (B) and radioactivity measurements in (C) roots and (D) sink leaves 395 
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of [18F]FDG-labelled wild type (WT) and inverted repeat COI1 (irCOI1) plants. Red 396 

arrows indicate changes at root tips (B). Letters indicate significant differences 397 

between treatments (ANOVA, root: F2,12 = 5.16; P = 0.077; young leaves: F2,12 = 398 

3.06; P = 0.0301), N≥5 ± SE. 399 
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General Discussion 

Plants are photoautotrophs. They photosynthesize sugars as primary metabolites, energy rich 

compounds which support whole ecological food chain. These energy-storing 

monosaccharides produced by photosynthesis are defined as as photoassimilates. However, in 

broader context, photoassimilates encompass wide repertory of energy rich anabolic end-

products of photosynthesis such as ATP, triose phosphates, glucose, sucrose or starch etc. 

Photoassimilates can be stored locally or translocated to other plant parts such as fruits, root, 

or shoot for their storage or utilization. Photoassimilate translocation and partitioning are 

highly dynamic processes which are governed by current metabolic needs of the plant which 

in turn depend upon the plant physiology, age, growth stage, and environment [Zamski and 

Schaffer, 1996; Lemoine et al, 2013]. Growth rate and biomass productivity in plants is 

highly influenced by such photoassimilate dynamics. Current crop improvement strategies 

also heavily rely upon engineering of photoassimilate partitioning [Murillo et al, 2003; Van 

Camp W, 2005; Gómez-ariza et al, 2007, Jonik et al, 2012; Pandey et al, 2013, Ruan et al, 

2013]. Thus, studying in vivo dynamics of photoassimilates partitioning under various 

environmental conditions is of significant interest in plant research [Ferrieri et al, 2013; 

Lemoine et al, 2013; Babst et al, 2013]. My research work in this thesis presents a possible 

methodology to elucidate in vivo dynamics of photoassimilate translocation and partitioning 

under various environmental conditions using FDG as a radiotracer.  

Monitoring photoassimilate fluxes and FDG imaging: 

Plant growth and fitness depends upon balanced allocation of carbon resources as per the 

need of various plant parts. Photosynthesizing plant parts such as mature green leaves fix 

atmospheric CO2 into photoassimilate in excess of their need and make it avalaible to other 

plant parts. Plant parts which contribute to central photoassimilate pool cumulatively 

constitute as sources [Turgeon R, 1989; Osorio et al, 2014]. Source strength determines how 

much of the fixed carbon will be available for translocation to other plant parts [Zamski and 

Schaffer, 1996; Wang and Nobel, 1996; Flore and Layne, 1999]. On the other hand, growing 

tissue, fruits, non-photosynthesizing tissue like root etc. derive their nutrition from available 

photoassimilate pool and constitute as sinks [Turgeon R, 1989].  Available resources are 

prioritized towards various plant parts as per their sink strength [Zamski and Schaffer, 1996; 

Minchin and Thorpe, 1996; Lemoine et al, 2013]. Thus, overall plant system could be looked 

as a regulated photoassimilate distribution system where source tissue (eg. photosynthesizing 
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mature leaves) acts as donor for photoassimilate which is strictly partitioned towards various 

sink tissues (eg. growing meristematic tissue, storage tissue, roots) as per their sink strength. 

Such source-sink relationship controls assimilated photoassimilate fluxes towards different 

plant parts.  

Growing parts like shoot apex, young leaves and roots are primary sinks during early plant 

development stage however this balance tips in the direction of tubers,fruits and seeds during 

the later developmental stages such as fruiting or reproductive stages  [Wardlaw IF,1990; Ho 

LC, 1992]. Arabidopsis plants used in our experiments were of four week old and in early 

flowering stage [Boyes et al, 2001]. Thus, shoot apex and roots were expected to be the 

strongest sinks. Our results matched with the above hypothesis as we observed that the [18F] 

radioactivity was mostly accumulated in shoot apex and roots. Very less of radioactivity was 

located in mature rosette leaves which are known to be sources of photoassimilate [Turgeon 

R, 1989]. Also, the route of radioactivity translocation was exclusively via phloem. However, 

we observed variability in plant replicates about relative amount of radioactivity accumulated 

in various plant parts. We think that plant stage, plant size, orthostichy and sectoriality have 

significant influence on the observed radioactivity distribution [Ferrieri et al, 2012; De 

schepper et al, 2013]. Arabidopsis depicts 3+5 phyllotaxis [Callos and Medford, 1994]. Leaf 

orthostichy and sectoriality may facilitate or hamper radioactivity passage among leaves and 

results in differential amounts of radioactivity accumulation in leaves of the same growth 

stage [Ferrieri et al, 2012]. We also observed that a large amount of [18F] radioactivity was 

seen in 18FDG applied leaf only. This may be because 18FDG is locally sequestered and 

entrapped in leaf cells by its conversion to FDG-6-P [chapter-II]. Analysis of EDTA-

mediated phloem exudate revealed intact 18FDG as the transport form in which [18F] 

radioactivity was translocated. This matched with previously reported result that 18FDG 

persist as an intact sugar molecule during its translocation to other plant parts [Ferrieri et al, 

2012]. This is contradictory to the literature that only sucrose, raffinose and sugar alcohol 

such as galactinol have been reported as translocated sugar forms in phloem of Arabidopsis 

[Ziegler H, 1975; Haritatos et al, 2000]. However, all imaging studies had showed profound 

pattern similarity between the [18F] radioactivity and photoassimilates allocation [Hattori et 

al, 2008; Ferrieri et al, 2012]. Furthermore, Ferrieri et al (2012) showed that wounding or 

methyl jasmonate application to Arabidopsis leaf increased 18FDG transport into elicited leaf. 

Wounding, methyl jasmonate application, or insect elicitation is known to increase local sink 

strengths [Quilliam et al, 2006; Ferrieri et al, 2013], increasing carbon allocation to elicited 
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leaf [Arnold and Schultz, 2002; Arnold et al, 2004; Ferrieri et al, 2013]. We think that upon 

feeding, major fraction of FDG is being taken up and sequestered locally in the plant tissue 

but small fraction of FDG is able to enter into phloem via apoplastic loading mechanism. 

Once inside the phloem, it will be translocated as a phloem sugar entity and partitioned to 

various plants parts similar to photoassimilates. This hypothesis should be tested using PET. 

Being non-invasive technique, PET could allow for the comparison of radioactivity 

distributions in a single plant using both 11CO2 and 18FDG as radiotracers. This comparison 

will conclusively prove that the [18F] radioactivity distribution after 18FDG feeding is similar 

to that of [11C] photoassimilate distribution or not. 

Plants fix atmospheric CO2 to produce photoassimilate. Gaseous CO2 being the precursor for 

assimilated carbon, recently synthesized photoassimilate compounds could be readily labled 

with feeding the plants with isotopically labled carbon. Isotopic labeling has been 

traditionally used to study carbon assimilation in photosynthesis and its flux via long distance 

vascular network of xylem and phloem. Photoassimilate fluxes in plants have been monitored 

using stable 13C isotope [Lu et al, 2002; Dickson et al, 1990], long-lived 14C radioisotope 

[Webb and Gorham, 1964; Geiger et al, 1969; Fisher DB, 1970; Finazzo et al, 1994] or short-

lived positron-emitting 11C radioisotope labeled compounds [Moorby et al, 1963; Thorpe and 

Minchin, 1991; Thorpe et al, 1998; Matsuhashi et al, 2006; Ferrieri et al, 2013]. Monitoring 

photoassimilate fluxes using 13C, 14C, or 11C are well known techniques and certainly have 

their merits. However, each has its own drawbacks. 13C labelled plants need to be harvested 

for 13C label detection [Lu et al, 2002; Dickson et al, 1990]. Also, a single plant can not be 

used for multiple labeling experiments. 14C has a long half life but the beta particle emitted 

after 14C decays are of low energy and could not escape thick plant tissue. Thus it also 

requires destructive harvesting of plant tissue [Webb and Gorham, 1964; Margolis et al, 

1991; Finazzo et al, 1994]. Morever, it can not be employed for in vivo quantification studies 

where changes in carbon allocation are very dynamic. Thus, 14C radiotracers are rarely used 

to study the photoassimilate translocation in an intact plant. In vivo carbon allocation 

dynamics in plants can be visualized using positron-emitting 11C radioisotope labeled 

compounds; however, 11C has half-life of 20.3 min [www.nndc.bnl.gov/chart/] which limits 

its applicability to short time-scale experiments. Also, in gaseous 11CO2 application 

technique, photoassimilates have to be first synthesized by the plant leaf and then 

translocated to other plant parts where they are needed. Initial lag time and short half-life of 
11CO2 (t1/2=20.3 min) radiotracer makes it difficult to monitor of photosynthetic pathways 
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over long duration [Minchin and Grusak, 1998; Ferrieri et al, 2013]. We overcome these 

limitations with 18FDG (t1/2=109.8 min) as a radiotracer for photoassimilate translocation 

studies. It effectively addressed concerns over long term photoassimilate translocation 

studies. Also, 18FDG is directly introduced into plant leaf in its intact form so there is no lag 

time existed between 18FDG application and its translocation. One more advantage is that we 

can monitor photoassimilate translocation dynamics in dark cycle when no CO2 fixation or 

photosynthesis is occurring due to absence of light. This makes 18FDG a suitable tracer for 

long term photoassimilate translocation studies.  

FDG metabolism in plants: 

In our first chapter, we have shown that Arabidopsis leaf is able to take up 18FDG from the 

pricked leaf spot and radioactivity was differentially distributed to various plants parts 

[Fatangare et al, 2014]. However, FDG metabolism was only been speculated from literature 

from FDG metabolism in animal tissue [Hattori et al, 2008]. In second chapter, we elucidated 

FDG metabolism in Arabidopsis leaf cells in order to complement our imaging results. We 

identified the presence of four different fluorine containing metabolites viz. F-gluconic acid, 

FDG-6-P, F-maltose, and UDP-FDG on the basis of exact mono-isotopic masses for these 

compounds, MS/MS fragmentation, and NMR analysis. We have shown that FDG is taken up 

by plant cells though the transport system sensitive to HgCl2. We think that, being glucose 

analog, FDG is taken up via low-affinity, facilitated-diffusion process as similar to that of 

glucose [Conde et al, 2007]. Upon uptake, FDG is being metabolized via glycolysis 

pathways, likewise in animal tissue, to form FDG-6-P as one of the major metabolites of 

FDG metabolism in plant cells. However, FDG metabolism goes beyond FDG-6-P. 

Discovery of F-gluconic acid, F-maltose, and UDP-FDG as FDG metabolites was unexpected 

and still unreported outcome of FDG metabolism in Arabidopsis. Here, we try to shed some 

light on the possible pathways which might be involved in this process. 

Biosynthesis of FDG-6-P occurs via the glycolytic pathway [Miller and Kiney, 1981; Reivich 

et al, 1985; Suolinna et al, 1986]. Hexokinase catalyzes first reaction of glycolytic pathways 

and thus determines the flux of carbon going into energy production [Bouny and Saglio, 

1996; Marín‐Hernández et al, 2006]. It catalyzes conversion of glucose into glucose-6-

phsophate. This step adds negative charge on influxed glucose and leads to its trapping inside 

the cell thus maintaining the downhill concentration gradient which favours the facilitated 

transport of glucose into the cell [Printz et al, 1993]. Broad substrate specificity of 
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hexokinase has already been noted as it could accommodate FDG, 2-deoxy-2-D-glucose or 

other glucose analogs [la Fuente et al, 1958; Machado de Domenech and Sols, 1980; 

www.brenda-enzymes.org/enzyme.php?ecno=2.7.1.1]. FDG is a known substrate for 

hexokinase [Machado de Domenech and Sols, 1980; Muzi et al, 2001]. Thus, FDG uptake 

which occurs via facilitated diffusion process will follow the similar kinetics as that of 

glucose in which FDG enters the cell via passive glucose transporter and will be converted to 

FDG-6-P thus effectively blocking its efflux. This step will further favour uptake of external 

FDG into the cell resulting in localized high radioactivity spots. We observed that FDG-6-P 

was the most abundant metabolites of FDG in the plants cells. However, not all FDG is 

converted to FDG-6-P. Hexokinase activity is hightly regulated via reverse feedback 

mechanism in which accumulation of reaction product FDG-6-P allosterically inhibits the 

enzyme action [Lampidis et al, 2006; Kurtoglu et al, 2007a]. Build-up of intracellular FDG-6-

P concentration will result in shutting down of glycolytic pathway. This explains why FDG 

acts as a glycolytic inhibitor [Lampidis et al, 2006; Kurtoglu et al, 2007a]. In animal studies, 

its has been reported that FDG-6-P further metabolized to FDG-1-P and FDG-1,6-biP 

[kanazawa et al, 1996; Mcsheehy et al, 2000; Southworth et al, 2003], however, we could  

not detect these metabolites. FDG-6-P reversibly epimerizes to 2-deoxy-2-fluoromannose-6-

phosphate (FDM-6-P) under the action of phosphoglucose isomerase [Kanazawa et al., 1986; 

Kojima et al., 1988; Pouremad and Wyrwicz, 1991; O’Connell and London, 1995]. FDM-6-P 

will lead to formation of 2-deoxy-2-fluoromannose (FDM) or other FDM metabolits in the 

cell. FDM has been shown to cause cytotoxivity by inhibiting N-linked glycosylation 

[Datema et al, 1980; Kurtoglu et al, 2007a; Kurtoglu et al, 2007b]. Thus, FDG might be 

involved in not only glycolytic inhibition but also in indirect inhibition of N-liked 

glycosylation.  

Formation of F-gluconic acid requires spontaneous or enzymatic oxidation of FDG. Buriova 

et al (2001) showed formation of F-gluconic acid upon oxidation of FDG mediated by 

FeSO4(NH4)2SO4·6H2O and H2O2 [Buriova et al, 2001]. In one of our experiments, we 

checked possibility of spontaneous oxidation of free FDG into F-gluconic acid during the 

solvent extraction process. Results showed that there is no formation of F-gluconic acid in the 

final extracts. This removes the possibility that F-gluconic acid originated as an artefact 

arising due to spontaneous oxidation process during the solvent extraction procedure. In such 

case, enzymatic dehydrogenation and spontaneous hydration seems to be plausible way to 

explain formation of F-gluconic acid. Glucose oxidase (enzyme: 1.1.3.4) or Glucose 
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dehydrogenase (EC 1.1.5.9) could convert glucose to glucono-lactone which upon enzymatic 

hydration by gluconolactonase (EC 3.1.1.17) can transforms into gluconic acid [www.brenda-

enzymes.org/enzyme.php?ecno=3.1.1.17]. However, none of the above enzymes have been 

reported in Arabidopsis. At this moment, we could not comment upon the plausible 

mechanism for biosynthesis of F-gluconic acid. Thus, we have noted both enzymatic and 

spontaneous oxidation processes as possible routes [Fig. 3]. 

Discovery of F-maltose was very interesting and surprising outcome. Cytosolic component of 

transitory starch breakdown pathway seems to be most the plausible mechanisms leading to 

F-maltose biosynthesis in vivo. Maltose metabolism in Arabidopsis depends upon a 

disproportionating enzyme and α-glucan phosphorylase [Lu et al, 2006]. In Arabidopsis, 

cytosolic maltose is mainly metabolized via glucosyltransfer reaction catalyzed by cytosolic 

glucosyltransferase disproportionating enzyme 2 (DPE2) (EC 2.4.1.25) which transfers one 

of the glucosyl units of maltose as free glucose and transfers the other to glycogen [Lu and 

Sharkey, 2004; Chia et al, 2004] or highly branched, soluble heteroglycan [Lu et al, 2006].  

Reversibly, DPE2 is able to catalyze the transfer of a segment of a (1-4)-α-D-glucan to a new 

position in an acceptor, which may be glucose, a (1-4)-α-D-glucan [Kaper et al, 2004; Lin and 

Preiss, 1988; Lu and Sharkey, 2004; Lu et al, 2006; Steichen et al, 2008] or FDG [Tantanarat 

et al, 2012]. FDG could be converted into the F-maltose in vitro using DPE2-mediated trans-

glycosylation reaction with glycogen acting as a glucosyl donor [Tantanarat et al, 2012]. We 

hypothesize that similar DPE2-mediated trans-glycosylation reaction mechanism must have 

been involved in biosynthesis of F-maltose. 

We found UDP-FDG as the only nucleotide-FDG conjugates form in the plant extract. UDP-

FDG and GDP-FDG biosynthesis has been reported in yeast and chick embryo cells [Schmidt 

et al, 1978]. Kanazawa et al (1997) showed that FDG-6-P is metabolized further to produce 

nucleotide bound form of FDG [Kanazawa et al, 1997]. As per the proposed biosynthesis of 

UDP-FDG biosynthesis occurs via FDG-1-P though we could not detect it. We might have 

failed to detect presence of FDG-1-P due to low abundance or low chromatographic 

separation between FDG-6-P and FDG-1-P. UDP-FDG acts as a glucosyl moity donor in 

various biosynthetic pathways such as starch, anthocyanin or flavonoid biosynthesis etc. 

Considering UDP-FDG role in diverse pathways, it’s hard to imagine which the possible 

biosynthetic compounds it leads to. We think that UDP-FDG may have been involved in 

biosynthesis of fluorinated anthocyanin [Ferrieri et al, 2012].  



Discussion 

103 
 

Deciphering “Why FDG metabolism is directed towards formation of above mentioned end 

products” is still our challenge. We think, FDG, upon intracellular uptake, will be considered 

as energy source by the cell and will be fluxed into glycolytic pathway leading to synthesis of 

FDG-6-P. However, all taken-up FDG could not be metabolized into FDG-6-P as building-up 

concentration of FDG-6-P inside the cell slow down this bio-transformation through feedback 

inhibition of hexokinase. FDG-6-P will actually become a catabolic block brining glycolysis 

to halt. This has already been shown in hypoxic animal tissue [Lampidis et al, 2006; Kurtoglu 

et al, 2007a]. This may lead to rest of the free FDG pushed into F-maltose or F-gluconic acid 

biosynthestic pathways [Fig. 3]. FDG-6-P may be further transformed into FDG-1-P and 

finally to UDP-FDG as depicted in Fig. 3. Formation of various fluorine-metabolites in plants 

can be a way of plants to cope up with high intracellular concentration of FDG which is 

known glycolytic inhibitor. Thus, biosynthesis of various fluorine-metabolites could also be 

viewed as utilization of FDG as energy source and a corrective-protective mechanism in the 

plant cells to counteract its consequnces. 
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FDG to study carbon allocation in plants after herbivore attack 

In previous chapters, we illustrated FDG imaging and metabolism in plants. We saw in planta 

incorporation of FDG into different metabolites and [18F] radioactivity distribution which was 

similar to photoassimilates distribution. In this chapter we discuss how FDG could be used to 

study carbon allocation dynamics in plants after particular biotic/abiotic stresses, here 

exemplied in the case of herbivory. 

Plant fitness to herbivory depends upon how plants respond to herbivore attack [Núñez-

Farfán et al, 2007; Lankau RA, 2007; Schwachtje and Baldwin, 2008; Carmona and Farnoni, 

2013]. Generalist herbivores induce the plant defense pathways in which primary resources 

are directed towards production of toxic or deterrent secondary metabolites [Heil and 

Baldwin, 2002; Zavala and Baldwin, 2006; Schwachtje and Baldwin, 2008; Bolton MD, 

2009; Ferrieri et al, 2013]. Induction of secondary defense pathways are costly and result in 

low fitness however they help survive the plant from extensive damage due to herbivory 

[Redman et al, 2001; Heil and Baldwin, 2002; Halitschke and Baldwin, 2003; Schwachtje 

and Baldwin, 2008; Meldau et al, 2012]. On the other hand, specialist herbivores are well 

adapted to host-specific defense metabolites and could tolerate or even benefit from feeding 

on such host plants [Pasteels et al, 1983; Pentzold et al, 1995; Zagrobelny et al, 2007; Kumar 

et al, 2014]. In such case, plant strategy to tolerate the herbivory emerges as the best solution 

[Schwachtje and Baldwin, 2008]. Tolerance mechanism allows plant to relocate resources 

into protected tissue from which they can be re-claimed for regrowth at later stage [Dyer et 

al, 1991; Briske et al, 1996; Schwachtje et al., 2006; Gómez et al, 2010]. Specialist herbivore 

M. sexta feeding reconfigures carbon allocation dynamics in Nicotiana [Schwachtje et al., 

2006; Hummel et al, 2007; Machado et al, 2013]. Its shown that upon herbivory, carbon 

allocation towards roots increased [Schwachtje et al, 2006] and however total carbohydate 

pool in root remained constant or even depleted [Gómez et al, 2012; Machado et al, 2013]. 

These results were counterintuitive. In our observations, we have seen that significant 

fraction of recently assimilated carbon was translocated to roots however, simulated 

herbivory reduced the amount of carbon allocated to root tips. Our results explains how 

herbivory increased carbon allocation towards roots [Holland et al, 1996; Babst et al, 2005; 

Schwachtje et al, 2006; Gómez et al, 2012] but still reduction in root growth rate is observed 

[Hummel et al, 2007]. Upon herbivory, various defense pathways are induced. It leads to 

increased sink strength in roots assisting upregulated nicotine production in roots. Increased 
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carbon allocation towards roots may not be used for strorage but rather utilized into 

production of secondary defense metabolites such as nicotine [Shoji et al, 2000; Machado et 

al, 2013]. This may also lead to utilization of previously existing carbohydrate pool leading to 

its depletion. Thus, we come to think that Nicotiana does not “bunker” carbon resources in 

root after leaves are attacked but rather that allocation within the root is altered. 

Carbon allocation dyanamics vary as per the plant species and how the damage is perceived 

[Schwachtje et al 2006; Quilliam et al, 2006].  For e.g. In Arabidopsis upon herbivory, carbon 

allocation towards damaged leaves is increased [Quilliam et al, 2006; Arnold and Schultz, 

2002; Arnold et al, 2004]. Whereas in several other plants like Zea mays [Holland et al, 1996] 

or Nicotiana [Schwachtje et al, 2006; Babst et al, 2005; Gómez et al, 2010; Holland et al, 

1996], recently allocated carbon is directed towards roots. Plants perceive damage caused by 

wounding different than that caused by larval infestation. Leaf wounding increses JA levels 

which, in tum, stimulate root nicotine synthesis [Baldwin et al, 1997]. Leaf damge caused by 

mechanical wounding will be compensated by increased branching [Schwachtje et al, 2006] 

and increased photosynthetic activity in other leaves [Nowak and Caldwell, 1984; Quillum et 

al, 2006; Schwachtje and Baldwin, 2008]. Mechanical damage also increses sink strength in 

the vicinity of damaged tissue [Quillum et al, 2006]. Whereas leaf damage caused by 

herbivory will be perceived differently and result in induction of JA-mediated defense 

pathways which in turn suppresses regrowth and contribute to apical dominanace [Zavala and 

Baldwin, 2006]. It appears that JA signaling is involved in regulation of resource allocation to 

growing parts. In Nicotiana, application of Fatty acid-amino acid conjugates (FACs) resulted 

in 10% more photoassimilate being partitioned to roots independent of JA signalling 

[Schwachtje et al, 2006]. This response is mediated via a β-subunit of an SNF1-related 

kinase, GAL83, which is induced via herbivore specific elicitors. SNF1-related kinase has 

been shown to regulate root–shoot partitioning of carbohydrates after herbivore attack 

independently of JA signaling. Schwachtje et al (2006) showed that just wounding reduced 

the carbon allocation to roots but wounding of sink-leaves increased carbon allocation to 

roots. This is somewhat contrary to what we observed. Our observations suggested that in 

wild type plants, resource allocation towards roots increased after leaf wounding treatment. 

Simulated herbivory also increased resource allocation towards roots but at the same time 

reduced carbon translocated to root meristems. However, in JA-insensitive irCOI1 plant, we 

observed that carbon allocation to roots is decreased significantly only in leaf wounding 

treatment but not in simulated herbivory. COI1 is a key player in controlling processes 
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downstream of JA biosynthesis. irCOI1 plants accumulate 75% less JA compared with wild-

type plants upon wounding and oral secretion treatment [Paschold et al, 2008]. However, 

COI1 is also involved in regulatory feedback function to enhance JA-Ile turnover rate. Thus, 

irCOI1 plants accumulate higher and prolonged concentration of JA-Ile [Paschold et al, 

2008]. JA-Ile has been demonstrated to be essential for herbivore-induced defense signaling 

in Nicotiana [Kang et al. 2006, Wang et al. 2008]. Thus, in irCOI1 plants, JA level decreases 

but JA-Ile level increases. This may have important consequences on cross-talk between JA 

and other phytoharmones in regulating resource allocation.  

Regulation of growth and resource allocation is mainly controlled by phytohormones. Role of 

JA in plant response to wounding and herbivory is well established, however, other 

compounds, such as systemin, oligosaccharides, and phytohormones such as auxins, 

cytokinin (CK), abscisic acid (ABA) and ethylene also play a role in wound signaling 

[Titarenko et al, 1997; León et al, 2000; Onkokesung et al, 2010]. Mechanical damage alone 

causes an increase in ABA which in turn activates biosynthesis of JA [Dammann et al, 1997]. 

Yang et al, (2012) proposed that cross talk between JA and giberellic acid (GA) may reduce 

plant growth by interfering with the GA-mediated promotion of internode elongation [Yang 

et al, 2012]. Also, indole acetic acid (IAA) rapidly accumulates in the leaves and roots of 

herbivore-attacked Nicotiana plants and root auxin response was prolonged in JA deficient 

plant line [Machado et al, 2013]. Auxin maintains apical dominance and is supplied via shoot 

meristems. Herbivory could strongly influence the auxin from the shoot to the root system 

[Mcsteen et al, 2005] resulting in transient changes in auxin levels. It has been shown that 

external auxin applications changes herbivory-induced carbohydrate and re-growth patterns 

[Machado et al, 2013]. It has been proposed that auxins could act as a negative regulator of 

JA [Baldwin et al, 1997; Shi et al, 2006; Onkokesung et al, 2010] and play important role in 

plant tolerance against herbivory [Machado et al, 2013]. 

Auxin acts in concert with cytokinins to regulate plant growth. It’s shown that leaf miners 

and gall forming insects, modulate plant CK levels to autumnal formation of ‘green islands’ 

presumably to attract primary resources [Larson and Whitham, 1991; Giron et al, 2007; 

Bartlett and Connor, 2014]. In Nicotiana, CK-related genes strongly regulated by FACs 

elicitors [Hui et al, 2003; Gilardoni et al, 2010], suggesting that JA-CK cross-talk in defense 

mediated pathways induction. Cytokinins have been shown to play profound roles in stress-

induced growth responses [Argueso et al, 2009] and regulate root growth and development 

http://pcp.oxfordjournals.org/content/49/8/1165.full#ref-16
http://pcp.oxfordjournals.org/content/49/8/1165.full#ref-36
http://onlinelibrary.wiley.com/doi/10.1111/nph.12438/full#nph12438-bib-0055
http://onlinelibrary.wiley.com/doi/10.1111/nph.12438/full#nph12438-bib-0078
http://onlinelibrary.wiley.com/doi/10.1111/nph.12438/full#nph12438-bib-0010
http://onlinelibrary.wiley.com/doi/10.1111/nph.12438/full#nph12438-bib-0065
http://onlinelibrary.wiley.com/doi/10.1111/nph.12438/full#nph12438-bib-0055
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[Dello et al, 2008; Werner et al, 2003]. Along with JA, various phytoharmones such as auxin, 

CK, ABA etc also play critical role in growth regulation and biotic stress response. Thus, 

carbon allocation and growth response in stress treatment may be a result of complex 

interplay between various phytoharmones in co-ordination with the JA signaling.  
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Summary 

The aim of this thesis is to explore and expand applications of FDG in plant imaging. FDG is 

a structural glucose analog and has been routinely used in clinical, diagnostic or animal 

studies to trace glucose metabolism. However, established FDG applications in animal 

imaging could not be directly extrapolated to plant imaging. FDG application in plant 

imaging necessitates successful radiotracer kinetics model which involves establishing FDG 

translocation in plants and unravelling underlying biochemistry which explains the observed 

radioactivity distribution pattern. In present work, I analyzed FDG translocation and 

elucidated FDG metabolism in model plant species Arabidopsis. In collaboration with Dr. 

Meldau, I demonstrated that FDG could be employed as radiotracer to study carbon 

allocation in Nicotiana upon herbivory. 

Plants photosynthesize sugars and transport them as photoassimilates. In previous studies, 

[18F] radioactivity distribution upon FDG feeding was found similar to photoassimilates 

distribution pattern in plants. Thus, it was proposed that FDG could be used as a tracer for 

photoassimilates. However, the question remained- whether the observed [18F] radioactivity 

pattern is an outcome of chemical nature of radiotracer, of plant vasculature or the way in 

which radiotracer was applied to plants. I compared radioactivity distribution pattern of two 

chemical distinct radiotracers, viz. FDG and Ga-citrate. I showed that the resultant [18F] and 

[68Ga] radioactivity patterns were significantly different. Thus, chemical nature of the 

radiotracer played important role in determining its distribution and not the plant vasculature. 

Vasculature affected the [18F] radioactivity distribution to some extent but not the overall 

distribution pattern. [18F] radioactivity distribution pattern was similar to photoassimilates 

and [18F] radioactivity was translocated exclusively via phloem. Observed [18F] translocation 

and distribution pattern was consistent with the hypothesis that FDG could be used as 

radiotracer for photoassimilates distribution.  

I analyzed FDG metabolism in Arabidopsis to unravel underlying biochemical pathways. 

FDG metabolism in plant cells is not well characterized till yet. Plants are photoautotrophs 

and specialist in sugar metabolism. Due to inherent physiological differences, FDG 

metabolism in plant cells can be very different than animal cells. To elucidate FDG 

metabolism in plant cells, I fed 19FDG, a non-radioactive form of FDG, to leaf tissue and 

analyzed polar extract using LCMS and NMR. On the basis of exact mono-isotopic masses, 

MS/MS fragmentation, and NMR data; I identified F-gluconic acid, FDG-6-P, F-maltose, and 
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UDP-FDG as four major end products of FDG metabolism. In plants, glycolysis and starch 

degradation pathway seems to be the important pathways for FDG metabolism. FDG was 

taken up by the cells via HgCl2-sensitive passive uptake process similar to that of glucose. It 

was directed into glycolysis via hexokinase leading to formation of FDG-6-P. However, 

FDG-6-P is not preferred substrate for subsequent enzymatic steps and known to accumulate 

inside the cell. Fraction of FDG-6-P further transformed into UDP-FDG presumably via 

FDG-1-P as an intermediate. Formation of UDP-FDG hints towards possible incorporation of 

FDG into starch or other glycosylated molecules like anthocyanins. High FDG-6-P 

concentration is known to inhibit hexokinase activity via feedback inhibition. Thus, fraction 

of FDG may be directed into formation of F-gluconic acid via enzymatic or spontaneous 

oxidation and into F-maltose via DPE2 mediated catalysis. FDG metabolism in plants goes 

beyond FDG-6-P and it is considerably different than animal cells. 

Being a PET-radiotracer, FDG could be used in in vivo imaging. However, the scope of 

potential applications of FDG has not been fully explored. In collaboration with Dr. Meldau, 

I have exemplified how FDG could be used to study carbon allocation in Nicotiana upon 

herbivory. We fed FDG to Nicotiana and analyzed systemic tracer allocation using imaging 

plates. We observed that herbivory increased carbon allocation towards below ground parts 

such as roots but away from growing parts such as root tips. It matched with the previous 

literature that Nicotiana directs resources away from the damaged parts and these directed 

resources are most likely to be used in production of defense compounds and not in growth. 

Experiments with JA-insensitive irCOI1 plant showed that the resultant carbon allocation is 

dependent upon JA which may be acting in co-ordination with other phytoharmones to 

regulate plant defense response and plant growth. 

In conclusion, my thesis provides a basic foundation for establishing FDG as a radiotracer for 

plant imaging and presents a methodology to trace carbon allocation in plant using FDG. I 

hope this work will generate interest in wide range of scientists to employ FDG to analyze 

carbon allocation dynamics in plants in vivo and to explore new novel applications of FDG in 

plant imaging.  
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Zusammenfassung 

Das Ziel dieser Arbeit war Anwendungen von FDG für das Imaging von Pflanzen zu 

untersuchen. FDG ist ein strukturelles Analogon zur Glucose und wird routinemäßig in 

klinischen und diagnostischen Studien sowie in Tierversuchen eingesetzt, um den 

Glucosestoffwechsel zu untersuchen. Diese Ansätze sind jedoch nicht auf den pflanzlichen 

Metabolismus übertragbar. Stattdessen ist es erforderlich erfolgreiche kinetische Modelle für 

radioaktive Tracerverbindungen durch Aufklärung der Translokation von FDG in Pflanzen 

und der zugrundeliegenden Biochemiezu erschließen. In der vorliegenden Arbeit untersuchte 

ich am Modellorganismus Arabidopsis thaliana die Translokation von FDG und klärte dessen 

Stoffwechsel auf. In Zusammenarbeit mit Dr. Meldau konnte ich zeigen, dass FDG als 

radioaktive Tracer dafür geeignet ist, die Kohlenstoffaufteilung in Nicotiana bei Fraßbefall zu 

analysieren. 

Pflanzen sind in der Lage Zuckerverbindungen durch Photosynthese herzustellen und sie 

dann als Photoassimilate zu transportieren. In vorhergehenden Studien ähnelte die Verteilung 

der Radioaktivität des [18F]-Isotops nach Zuführung von [18F]-markierten FDG dem 

Verteilungsmuster von Photoassimilaten in Pflanzen. Daher wurde angenommen, dass FDG 

als Tracer für Photoassimilate geeignet ist. Es blieb jedoch ungeklärt, ob der Aufbau des 

pflanzlichen Gefäßsystems, die chemischen Eigenschaften oder der Zuführungsweg des 

Tracers Einfluss auf die Radioaktivitätsverteilung nehmen. In dieser Arbeit habe ich das 

Verteilungsmuster der Radioaktivität von zwei chemisch verschiedenen Radiotracern, FDG 

und Ga-citrat, miteinander verglichen und zeigen können, dass sich die resultierenden 

Verteilungsmuster der [18F]-Radioaktivität und der [68Ga]-Radioaktivität signifikant 

voneinander unterscheiden. Daraus folgt, dass die chemische Eigenschaft des Radiotracers 

eine wichtige Rolle bei seiner Verteilung spielt und nicht das Gefäßsystem der Pflanze. Zwar 

hatte das Gefäßsystem bis zu einem gewissen Grad Einfluß auf die Verteilung der [18F]-

Radioaktivität, das gesamte Verteilungsmuster blieb jedoch gleich. Zudem stimmte die [18F]-

Radioaktivitätsverteilung mit der von Photoassimilaten überein und [18F]-Translokation fand 

ausschließlich über das Phloem statt. Die beobachteten Ergebnisse bestätigen erneut die 

Hypothese, dass FDG als Radiotracer für die Verteilung von Photoassimilaten geeignet ist. 

Da in der Literatur zum FDG-Metabolismus in Pflanzenzellen keine Informationen vorliegen, 

erfolgte seine Untersuchung in Arabidopsis. Nach Inkubation des Pflanzengewebes mit 
19FDG wurden dessen polare Extrakte mittels LC-MS und NMR analysiert. So gelang es, F-
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Gluconsäure, FDG-6-P, F-Maltose und UDP-FDG als die vier wesentlichen Endprodukte des 

FDG-Metabolismus zu identifizieren. Dies weist darauf hin, dass Glycolyse und Stärkeabbau 

die bedeutenden Stoffwechselwege bei der Metabolisierung von FDG sind. Zunächst wird 

FDG, ähnlich wie bei Glucose, über einen passiven HgCl2-empfindlichen Prozess in die 

Zellen aufgenommen. Via Hexokinase erfolgt anschließend die Einbindung die Glykolyse, 

was zur Bildung von FDG-6-P führt. Dies reichert sich in der Zelle an, da FDG-6-P kein 

geeignetes Substrat für die nachfolgenden enzymatischen Schritte ist. Ein Teil des FDG-6-P 

wird weiter zu UDP-FDG umgewandelt, wahrscheinlich über FDG-1-P als Zwischenstufe. 

Die Bildung von UDP-FDG weist darauf hin, dass FDG in Stärke oder andere glykosilierte 

Verbindungen, wie zum Beispiel Anthocyane, eingebaut wird. Bei hohen FDG-6-P-

Konzentrationen kommt es aufgrund von Rückkopplungseffekten zur Inhibierung von 

Hexokinase. Daher könnte es sein, dass ein Teil des FDGs, entweder durch spontane oder 

enzymatische Oxidation, zu F-Gluconsäure umgewandelt wird. Danach würde sich die 

DPE2-vermittelte Katalyse zu F-Maltose anschließen. Der Stoffwechsel von FDG in Pflanzen 

geht über FDG-6-P hinaus und unterscheidet sich daher beträchtlich von dem in tierischen 

Zellen.  

Als Radiotracer könnte sich FDG auch für in vivo Imaging-Analysen eignen. Jedoch wurde 

die Bandbreite an potentiellen Anwendungen von FDG hierfür nicht vollständig erforscht. In 

Zusammenarbeit mit Dr. Meldau konnte ich veranschaulichen wie FDG dafür eingesetzt 

werden kann, die Kohlenstoffaufteilung in Nicotiana bei Fraßbefall zu analysieren. Nach 

Zugabe von FDG zu Nicotioana untersuchten wir die systemische Verteilung des Tracers 

mittels Imaging-Bildplatten. Dabei beobachteten wir, dass bei Fraßbefall 

Kohlenstoffverbindungen an unter der Erde befindliche Pflanzenbereiche z.B. Wurzeln 

zugeführt und von wachsendem Gewebe z.B. Wurzelspitzen abgezogen wird. Diese 

Ergebnisse stimmen mit der bestehenden Literatur überein, der zufolge Nicotiana die 

Resourcen aus verletzten Bereichen abzieht, um sie höchstwahrscheinlich für die Produktion 

von Abwehrstoffen einzusetzen und nicht für Wachstum. Experimente mit der JA-

unempfindlichen irCOI1-Pflanze ergaben, dass die Kohlenstoffverteilung von JA abhängt, 

welche womöglich in Koordination mit anderen Phytohormonen die Verteidigungsreaktionen 

und das Pflanzenwachstum regulieren. 

Meine Arbeit liefert daher eine Grundlage für Etablierung von FDG als Radiotracer für das 

Imaging von Pflanzen und bietet eine Methodik um die Kohlenstoffverteilung mittels FDG zu 
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verfolgen. Ich hoffe dass, diese Arbeit das Interesse von verschiedenen Wissenschaftlern 

weckt, die Dynamiken der Kohlenstoffverteilung in Pflanzen mittels FDG in vivo zu 

untersuchen und neuartige Anwendungsgebiete von FDG für das Imaging von Pflanzen zu 

finden. 
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