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Introduction

Introduction

My research elucidates the translocation and metabolism of 2-deoxy-2-fluoro-p-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 (*H, °C, N, '*O,
Y 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. "*C, **P, *’S etc) emits low energy B~
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. /n
vivo imaging is rather achieved using positron-emitting radioisotope (like ''C, N, 0, ®*Ga,
®F 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-de0xy-2-[18F]ﬂu0r0-D-gluc0se ("*FDG/FDG):

One of the above mentioned PET radioisotopes, '°F, is most routinely used isotope to provide
labeled substrate analogs (e.g., '*FDG, 5-fluorouracil) [Heidelberger et al, 1957; Som et al,
1980; Zissen et al, 2011] or pharmacological agents (e.g., '*F-spiperone, fluoro-L-DOPA)
[Barrio et al, 1989; Barrio et al, 1990] to trace biochemical or pharmacological processes in
clinical diagnosis. '*F 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].

"FDG is '®F-labled glucose analog in which —OH group at C2’ position of glucose has been
replaced by '°F [Fig. 2]. "*FDG 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]. "*FDG 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]. "F has a radioactive half life (t;») of 109.8 min [www.nndc.bnl.gov/chart/].
Consequnetly, BEDG owing to its longer half life time, compared to other PET radiotracers,
is more suitable radiotracer (for eg: ''C, t,,= 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-["*F]fluoro-p-glucose (‘*FDG)
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 EDG as a radiotracer for glucose has been well established in animal
system but it has rarely been used in the plant imaging experiments. '*FDG application in
plant imaging started when Tsuji et al (2002) first reported '*FDG uptake and distribution in
tomato plants [Tsuji et al, 2002]. Later, Hattori et al (2008) described '*FDG 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, "*FDG 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 "*FDG 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 ['*F] 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, '*FDG and **Gallium citrate
(®*Ga-citrate) for plant imaging. Here, EDG is a known glucose analog whereas Ga-citrate
is a radiotracer whose chemical nature is similar to Aluminum (Al) or Iron (Fe) citrate. **Ga
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 [®*Ga] (t;,=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 ['®F] radioactivity translocation and distribution pattern differs according to the
chemical nature of introduced radiotracer, we introduced BEDG and 68Ga-citratte, 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 ['*F] 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; Partelova 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 [''C] 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 "*FDG translocation and metabolism in plants are crucial aspects of establishing
"EDG as potential radiotracer for plant imaging. Previous literature reported ['*F]
radioactivity translocation and distrution pattern in plants however did not provide
comprehensive picture of '*FDG metabolism in plant cells [Tsuji et al, 2002; Hattori et al.,
2008; Ferrieri et al., 2012; Partelova 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 CO, 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 "*FDG

radiotracer imaging studies.

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

Deoxy-2-[lgF]ﬂuoro-D-glucose ("’FDG) which contains stable ['°F] fluorine isotope. PEDG is
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virtually similar to "*FDG in its chemical properties. Thus, its results could be extrapolated to
"FDG metabolism in Arabidopsis. We applied "’FDG 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, CO,, 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 '®FDG 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 '*FDG distribution
by using transgenic plants insensitive to JA (irCOIl). In this plant line, CORONATINE
INSENSITIVE 1 (COI1) is silenced by transformation with an inverted repeat construct
[Paschold et al, 2007]. irCOIl plants are insensitive to JA and could not up-regulate JA-
mediated defenses upon wounding or herbivory [Paschold et al, 2007]. In irCOIl 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-de0xy-2-[18F]ﬂuoro-D-glucose and [68Ga]gallium-
citrate translocation in Arabidopsis thaliana

Amol Fatangare#, Peter Gebhardt, Hanspeter Saluz, Ales Svato§’
# First author

* Corresponding author

2-Deoxy-2-["*F]fluoro-p-glucose (‘*FDG/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 "*FDG to that of [**Ga]gallium citrate (**Ga-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 "*FDG feeding is markedly different from that of ®*Ga-citrate. ['*F]
radioactivity accumulated mostly in roots and young growing parts such as the shoot apex,
which are known sinks for photoassimilate. ['*F] radioactivity translocation, in this case,
occurred via phloem. [**Ga] 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, Ale§ Svatos$
Experiments designed and performed by: Amol Fatangare, Peter Gebhardt.

Manuscript written by: Amol Fatangare, Peter Gebhardt, Hans Peter Saluz, Ale§ Svatos.
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-p-glucose metabolism in

Arabidopsis thaliana

Amol Fatangare#, Christian Paetz, Bernd Schneider, Hans Peter Saluz, Ale$ Svato§’
# 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-
["’F]fluoro-p-glucose (‘’FDG/FDG) which contains stable fluorine ['°F] isotope, to
Arabidopsis leaves and later extracted and analyzed the leaf tissue for end product of ’FDG
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, Ale$ Svato$
Experiments designed and performed by: Amol Fatangare, Christian Paetz, Ale§ Svatos
Manuscript written by: Amol Fatangare, Christian Paetz, Ale§ Svatos

Manuscript in preparation.
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Chapter 3

Using 2-de0xy-2-[18F]ﬂuoro-D-glucose to study carbon allocation

in plants after herbivore attack

Stefan Meldau#*, Melkamu Woldemariam #, Amol Fatangare, AleS Svatos, Ivan Galis
# First author

* Corresponding author
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2-['8Ffluoro-2-deoxy-p-glucose (®FDG) is a glucose surrogate commonly used in clinical or animal imaging
but rarely in plant imaging to trace glucose metabolism. Recently, '®FDG has been employed in plant imaging
for studying photoassimilate translocation and glycoside biosynthesis. There is growing evidence that 'FDG
could be used as a tracer in plant imaging studies to trace sugar dynamics. However, to confirm this
hypothesis, it was necessary to show that the observed '®FDG distribution in an intact plant is an outcome of

Keywords: . . . ] ¢
ImJ;ging the chemical nature of the introduced radiotracer and not of the plant vascular architecture or radiotracer
PET/CT introduction method.

Plant Methods: In the present work, we fed ®FDG and [%3Ga]gallium-citrate (®8Ga-citrate) solution through mature
Arabidopsis thaliana leaf and monitored subsequent radioactivity distribution using positron autoradiography.
The possible route of radioactivity translocation was elucidated through stem-girdling experiments. We also
employed a bi-functional positron emission tomography/computed tomography (PET/CT) modality to
capture '8FDG radiotracer dynamics in one of the plants in order to assess applicability of PET/CT for 4-D
imaging in an intact plant.
Results: Autoradiography results showed that ['®F] radioactivity accumulated mostly in roots and young
growing parts such as the shoot apex, which are known to act as sinks for photoassimilate. [ '®F] radioactivity
translocation, in this case, occurred mainly via phloem. PET/CT results corroborated with autoradiography.
[58Ga] radioactivity, on the other hand, was mainly translocated to neighboring leaves and its translocation
occurred via both xylem and phloem.
Conclusion: The radioactivity distribution pattern and translocation route observed after '®FDG feeding is
markedly different from that of ®3Ga-citrate, [ *®F] radioactivity distribution pattern in an intact plant is found
similar to the typical distribution pattern of photoassimilates. Despite its limitations in quantification and
resolution, PET/CT could be a useful tool to elucidate in vivo dynamics of ['®F] radioactivity in intact plants.
© 2014 Elsevier Inc. All rights reserved.

Photoassimilate
Translocation

1. Introduction

Photoassimilate allocation and partitioning are the key factors
controlling plant growth and productivity [1]. Photoassimilate
translocation occurs via phloem and its partitioning is highly dynamic
process. Along with current metabolic needs of the plant, numerous
abiotic (light, temperature, CO,, water/salt stress etc.) and biotic

Abbreviations: AIDA, Advanced image data analyzer; '*FDG, 2-[ *®F]fluoro-2-deoxy-b-
glucose; ®Ga-citrate, [*3Ga]gallium citrate; ['°F] radioactivity, 8FDG and/or its metabo-
lites; [%3Ga] radioactivity, ®3Ga-citrate and/or its metabolites; IP, Imaging plate; PET,
Positron emission tomography; CT, Computed tomography; CPS, Counts per second; MRI,
Magentic resonance imaging; Bq, Becquerel (SI unit of radioactivity ); 4-D, 4-dimensional
space; 7, Beta particles; OSEM 3D, Three-dimensional ordered subset expectation
maximization algorithm; ROI, Region of interest; PSL, Photostimulated luminescence; FOV,
Field of view.

* Corresponding author. Tel.: 449 3641571700; fax: 449 3641571701.
1 First author.

http://dx.doi.org/10.1016/j.nucmedbio.2014.05.143
0969-8051/© 2014 Elsevier Inc. All rights reserved.

factors (microbes, parasites, parasitic plants etc.) affect photoassimi-
late partitioning in plants [2]. Growth rate and biomass productivity in
plants is highly influenced by such photoassimilate dynamics. Thus,
there has been considerable interest in studying in vivo dynamics of
photoassimilate translocation and partitioning under various envi-
ronmental conditions [3-5].

Photoassimilate translocation and partitioning in plants has been
studied using long-lived '*C radioisotope labeling [6-8]. However,
detection of C distribution necessitates destructive harvesting of
plant tissue (e.g., phenolics) [9]. Thus, *C radiotracers are rarely used
to study the photoassimilate translocation in an intact plant. In vivo
imaging in plants has been achieved using a positron-emitting
radioisotope (like ''C, ®N, 0 and '8F) labeled compounds
(radiotracers) [10]. Previously, ''C radiotracers had been used to
study carbon allocation in plants [11-14]. However, ''C has the half-
life (t12) of 20.3 min [15] which limits its applicability to short time-
scale experiments.
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2-[8F]fluoro-2-deoxy-p-glucose ('8FDG) is a radioactive glucose
surrogate with a half-life of 109.8 min [15]. It is commonly used in
medical diagnostics and animal studies to trace uptake and the
metabolism of glucose in metabolically active tissue such as brain
tissue or cancer cells [16] but rarely in plant imaging studies. Tsuji et al
(2002) first reported '8FDG uptake and distribution in tomato plants
[17]. Later, Hattori et al (2008) described '®FDG translocation in intact
sorghum plants and suggested that it could be used as a tracer for
photoassimilate translocation in plants [18]. Recently, "®FDG has been
used to study glycoside biosynthesis in plants as a measure of plant
response to defense induction [19]. There is growing evidence that
BEDG could also be used in plant imaging studies to trace sugar
dynamics. To confirm this hypothesis, it was necessary to show that
the observed '®FDG 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.

In the present work, we compared '8FDG distribution with that of
another chemically distinct radiotracer ®®Gallium citrate (*®Ga-citrate).
Here, ®Ga 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 [®®Ga] (t;, = 67.7 min) is
readily available in Ga[15]. The chemistry of Ga is very similar to that of
aluminum (Al) and Iron (Fe). It has been shown that Ga could be taken
up by the roots and transported to shoot [20]. Like Al, Ga is also known to
cause plant toxicity [21]. Al toxicity is reversed by chelating it with
organic acids and thus excluding it from entering the plant cell [22].
Citrate forms the one of the stable complexes with Al [23] and Al-citrate
(1:1) does not show phytotoxicity [24]. With this logic, we assume that
%8Ga-citrate will be non-toxic to plant cells and can be used as
radiotracer for plant imaging experiments. We introduced '®FDG and
58Ga-citrate, in the model plant species Arabidopsis thaliana through leaf
and monitored radioactivity distribution pattern as an outcome of
chemical nature of supplied radiotracer. With the help of stem-girdling
experiments, we elucidated a possible route of ['®F] radioactivity
translocation through plant vasculature.

Metabolite dynamics and distribution in an intact plant can be studied
using non-invasive techniques which combine the morphological
information of a plant with information about the distribution of its
metabolites (e.g. combination of magnetic resonance imaging (MRI)
and positron emission tomography (PET)) [25,26]. X-ray computed
tomography (CT) is one of the imaging techniques which provides
morphological and anatomical information about a plant [27]. PET is a
radiotracer-imaging technique which captures radiotracer distribu-
tion in an intact plant [25,26,28)]. We used a bi-functional PET/CT
modality which coupled the morphological information of a plant
derived from CT with the corresponding radioactivity signal derived
from PET to generate 4-D radiotracer dynamics. PET/CT has been
routinely used for animal or clinical imaging but not for plant
imaging. In this article, we report PET/CT imaging of Arabidopsis
thaliana plant to explore the applicability of PET/CT in plant imaging
and discuss its potential applications in plant biology.

2. Materials and methods
2.1. Plant material and growth conditions

Arabidopsis thaliana Col-0 plants were used for all the experi-
ments. A. thaliana seeds were stratified for 3 days at 4 °C and grown
either in soil or hydroponically. In hydroponics, seeds were grown
using Araponics™ system (www.araponics.com). We used a hydro-
ponic medium [29] which consisted of 0.75 mM MgSO,4, 1.5 mM Ca
(NO3),, 0.075 mM Na,MoO,4, 0.1 mM Na,SiOs, 0.5 mM KH,PO,,
1.25 mM KNOj, 0.072 mM FeCl; in EDTA, 0.002 mM ZnSOy,
0.01 mM MnSOQ,, 0.015 mM CuSO,, 0.05 mM H;BOs, 0.05 mM KCL.
Root aeration was provided by an air-pump (Rena 200) equipped
with an air stone made up of mineral sand. For soil-grown plants,

vernalized seeds were placed in 10 cm round pots containing wet
soil which consisted of 80% Fruhstorfer Nullerde™, 10% vermiculite,
and 10% sand, fertilized with Triabon (1 ¢ L~ ') and Osmocote Exact
Mini (1 gL™') and treated with Steinernema feltiae. Plants were
placed in a controlled environment growth chamber at 21° C
temperature and 60% humidity under long-day conditions. Light of
intensity 190-220 pumol m~2 S~ was provided for 16 hours followed
by 8 hours of dark. Hydroponically grown plants are used for all
experiments unless otherwise mentioned.

2.2. 8FDG imaging

18EDG was ordered from the cyclotron facility at the Department of
Nuclear Medicine, Bad Berka, Germany. On the day of the experiment,
4 week old plants were transferred from growth chamber to radio-
laboratory. Radiotracer was externally fed to plants through mature
rosette leaf. One of the mature rosette leaves was pricked at three
spots, one on midrib and two on leaf lamina on either side of midrib,
with micropipette tip and radiotracer solution was applied on pricked
spots. Radiotracer solution was applied to leaf in the time frame of
8.00-10.00 am and it is noted as experiment start time. Plants were
kept under normal laboratory room light and temperature conditions
during the experimental period. Plants were harvested and auto-
radiographed 6 hours after radiotracer application.

2.3. ®¥8Ga-citrate imaging

%8Ga radioisotope is produced at the laboratory using ®3Ge/%®Ga
generator by milking the generator one time to wash out the stable
687n2+ as a decay product before the use of the second eluate for the
radiotracer solution [30]. 200 pl of citric acid (0.05 M) and 50 ul of
sodium acetate (1.1 M) were added as a buffer to the generator
eluate. 5®Ga-citrate tracer solution was adjusted to pH 5 with sodium
carbonate (2 M). Radiotracer was fed to plants as described
previously. However, in case this case, considering the short half-life
of [®8Ga] radioisotope, plants were harvested and autoradiographed
4 hours after radiotracer application.

24. Cauline leaf uptake

Four-to-five-week old soil grown plants with well-developed
stems were selected. ®FDG solution was fed to plant through cauline
leaf as described previously.

2.5. Heat-girdling

Four-to-five-week old soil grown plants with well-developed
stems were selected for the hot air stem girdling. The part of the stem
above the intended girdling region was supported by a wooden
support to retain the original plant architecture. The stem was heat-
girdled by passing a hot air stream of 90 °C through an air nozzle
held 2 cm from the stem and gradually revolving the nozzle for
20-30 sec [31]. Radiotracer was fed to plants as described previously.
Above ground shoot was harvested and autoradiographed 4 hours after
radiotracer application.

2.6. Autoradiography using IPs and radioactivity quantification

Plants were cut to various parts like shoot, rosette, radiotracer fed
leaf and root. Plant parts were placed between 2 thin plastic sheets
and autoradiographed using IP (BAS-MS2040, Fuji Film, Tokyo, Japan).
IPs were scanned on FLA-3000 scanner (Fuji Film, Tokyo, Japan) at a
spatial resolution of 50 um. IP images were further edited and
exported using advanced image data analyzer (AIDA) (http://www.
raytest.com; software version 3.11.002). Raw IP data were analyzed
using AIDA 2D-densitometry functionality to quantify the relative
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radioactivity in each plant part. Region of interest (ROI) was defined
for each plant part manually on the basis of radioactivity spread seen
in IP image. Cumulative photostimulated luminescence (PSL) inten-
sity in plant part was calculated by summing up the PSL intensities in
corresponding ROI at each pixel. Background PSL intensity was
calculated for a squared region on the same IP where it was not
exposed to any plant part. Background PSL intensity was area
corrected and subtracted from the cumulative intensity of a particular
ROI to calculate net PSL intensity in that particular plant part.
Similarly, intensities in different plant parts were measured and
related as percentage of total plant radioactivity. The percentage
allocation of ['®F] and [%®Ga] radioactivity in each plant part was
compared using one-way ANOVA.

2.7. 4-D PET/CT imaging

PET/CT imaging of intact plant was performed using a Siemens
Inveon PET/CT (Siemens Medical Solutions USA, Inc., Malvern,
Pennsylvania, USA). This PET/CT system consists of two independently
operating PET and CT modalities. The PET module has an effective
transaxial field of view (FOV) of approximately 10 cm and an axial FOV
of 12.7 cm and provides resolution better than 1.5 mm in the FOV
[32,33]. The CT module consists of a cone beam micro X-ray source
(50 um focal spot size) and a 2048 x 3072 pixel X-ray detector. A CT
detector provides a FOV of 10 x 10 cm (low resolution mode).

A. thaliana plant with stem heights of 3-5 cm was selected so as to
fit into the PET/CT scanner. Plant was fixed vertically on a Styrofoam
platform with roots immersed in 2 mL of aqueous solution. '®FDG was
fed to one of the rosette leaves according to the method described
previously. Plants were placed inside the thin plastic cylinder to
minimize leaf movement due to air currents inside the scanner. The
whole assembly was mounted on a PET/CT bed as shown in
Supplemental Fig. 3A and B. First, computed tomography was
performed, followed by PET data acquisition over a period of
6 hours. Micro-CT imaging was performed with 80 kV at 500 pA,
360° of rotation and 200 projections per bed position. The micro-CT
images were reconstructed using a COBRA software package (http://
www.exxim-cc.com/products_cobra.htm). All images were visualized
and analyzed using IRW Software 2.2 (Inveon Research Workplace,
Preclinical Solutions, Siemens Medical Solutions USA, Inc., Malvern,
Pennsylvania, United States).

The PET data acquisition was carried out with default settings of
the coincidence timing window of 3.4 ns and energy window of
350-650 keV. Attenuation was corrected on the basis of the CT
measurements. The PET image was reconstructed using Fourier
rebinning and the three-dimensional ordered subset expectation
maximization (OSEM 3D) algorithm. The image matrix size was
256 x 256 x 159 and the requested resolution was 1.635 mm. A
threshold was used to draw ROI, in order to scout for the small
structures of the plant in the PET image. In case of the whole plant
and '8FDG fed leaf, best scouting results were obtained using a
threshold of 5-100% of maximum activity. For the roots and plant
shoots, best scouting results obtained using a threshold of 50-100%.
The ROIs defined using a threshold approach gave a very rough
estimate of the volume and radioactivity of the given ROL

3. Results
3.1. '8FDG imaging

The '®FDG uptake and distribution in plants (n = 4) were limited.
PSL quantification data suggested that, on average, 20% of the net fed
radioactivity was translocated to other plant parts (Fig. 1) while
remaining radioactivity was retained in the radiotracer-fed leaf
(Fig. 1). Intense radioactivity signal was visible in the leaf lamina
and petiole of the ®FDG fed leaf (Fig. 2B), producing an overexposed
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Fig. 1. Percentage radioactivity accumulated in each plant part. '8FDG or ®8Ga-citrate
was fed to the plant (n = 4 for each radiotracer) through mature rosette leaf. 6 hours
(in case of '®FDG) or 4 hours (in case of ®®*Ga-citrate) after the feeding, plant were cut
into shoot, rosette, radiotracer fed leaf, root and autoradiographed on phosphor
imaging plate (IP). IP images were analyzed using AIDA 2-D densitometry to quantitate
the percentage radioactivity accumulated in each plant part. Region of interest (ROI)
was defined for each plant part manually. Net photostimulated luminescence (PSL)
intensity in plant part was calculated by summing up the background corrected PSL
intensities in corresponding ROL Intensities in different plant parts were measured and
related as percentage of total plant radioactivity. Bars represent percentage
radioactivity in each plant part. Error bars represent mean +/- S.D. The percentage
allocation of ['®F] and [*¥Ga] radioactivity in each plant part was compared using one-
way ANOVA and significant differences were denoted by * (P < 0.05). The differences in
percentage allocation of ['®F] and [°3Ga| radioactivity for rosette and root were
statistically significant.

region on the imaging plate. Translocated radioactivity distribution
greatly varied from plant to plant due to varied plant morphology but
nearly half of the translocated radioactivity accumulated in the roots,
while the rest was partitioned into rosette leaves and shoot (Fig. 1).
Radioactivity signal in shoot was more intense as compared to the
mature leaves of the rosette (Fig. 2B). When 8FDG was fed through
the cauline leaf, radioactivity was seen both above and below the
portion of the stem to which the "®FDG-fed cauline leaf was attached
(Fig. 3B). Radioactivity was seen partitioned to the other branches at
nodal junctions (Fig. 3B).

3.2, %Ga-citrate imaging

When %8Ga-citrate was fed to plants (n = 4) through one of the
rosette leaves, about 35% of the net radioactivity was translocated to
other plant parts (Fig. 1). Most of the translocated radioactivity
translocated to the rosette leaves adjacent to radiotracer fed leaf
irrespective of the developmental stages of the neighboring leaves
(young or mature) (Fig. 2D). Radioactivity signal in these leaves was
evenly spread across leaf lamina. The radioactivity signal in root was
less intense compared to the radioactivity signal seen in mature or
young leaves located near the ®Ga-citrate fed leaf (Fig. 2D).
Differences in relative accumulation of ['®F] and [®®Ga] radioactivity
in rosette and shoot parts were significant (P < 0.05) (Fig. 1). When
%8Ga-citrate was fed through the cauline leaf, radioactivity was
transported bi-directionally in the stem (Supplemental Fig. 3D).

3.3. Radiotracer transport across girdled regions of the stem

The application of hot air immediately causes the stem to turn pale
blue and its diameter to shrink. Hot air girdling disrups phloem
transport, although xylem transport remains relatively unaffected
[31]. In stem-girdled plants, when "8FDG was fed through one of the
rosette leaves, radioactivity signal was distinctly observed until the
girdled region (depicted by an arrow in Fig. 4A) on the stem but not
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%8Ga-citrate

" D

Fig. 2. Radiotracer uptake through leaf and subsequent radioactivity distribution in plant. (A) In '8FDG imaging, one of the rosette leaves is pricked with a micropipette tip and '*FDG
was fed at the spots on the leaf (2); after 6 hours, plant was cut into shoot (1), radiotracer fed leaf (2), rosette (3) and root (4) and autoradiographed on imaging plate (IP). (B)
depicts the corresponding '®FDG autoradiogram. (C) In ®Ga-citrate imaging, one of the rosette leaves is pricked with a micropipette tip and **Ga-citrate solution was fed at the spots
on the leaf (2). Plant parts were cut and autoradiographed as mentioned previously. (D) depicts corresponding %®Ga-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.

beyond (Fig. 4B). In few cases, low intensity radioactivity signal was
seen beyond girdled region. The radioactivity translocation was
hindered at the girdled region but not completely inhibited as
observed in few cases. Similar results were obtained where '*FDG
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Fig. 3. "8FDG uptake through the cauline leaf and subsequent radioactivity distribution
above and below parts of the stem. (A) '®FDG was fed through a cauline leaf (1) and
after 6 hours, the plant stem bearing the cauline leaf was cut and autoradiographed
using an imaging plate. (B) depicts the corresponding '*FDG autoradiogram showing
that radioactivity was seen both above and below the part of the stem to which the
cauline leaf was attached. In autoradiogram, brightness marks the high radioactivity
present in that area. All experiments were repeated at least three times and the
representative data are shown.

was fed through the cauline leaf (Supplemental Fig. 3B). When
%8Ga-citrate was fed through one of the rosette leaves, radioactivity
was seen beyond the girdled region (Fig. 4D) and was not hindered
at the girdled region (depicted by an arrow in Fig. 4C). Similar
results were obtained for the plants in which ®®Ga-citrate was fed
through the cauline leaf (Supplemental Fig. 3D).

3.4. 4-Dimensional radiotracer dynamics achieved using PET/CT

Fig. 5 shows a series of snapshots taken from the PET/CT dynamic
imaging of a plant (n = 1) which was fed with "®FDG through one of
the rosette leaves. PET/CT measurements captured the dynamic tracer
distribution in an intact plant as shown in Supplemental video file 1.
Plant morphological information was obtained through CT measure-
ments at a resolution of 367 um. Low X-ray absorption and soft nature
of plant tissue resulted in poor contrast CT picture. The overall plant
architecture, leaf boundaries and thick parts like midribs were visible
but it was not possible to visualize internal structures. PET provided
the information on radiotracer dynamics in an intact plant at a
resolution of 1.64 mm. PET imaging of the root parts produced distinct
radioactivity image compared to aerial parts. The water in which roots
were immersed acted as dense material for positron attenuation
reducing positron travel distance before its annihilation. High
radiotracer amounts in the aerial plant parts, on the other hand,
produced blurred radiotracer distribution image due to phenomenon
of positron escape from thin leaf structure. This was particularly
evident in the radiotracer-fed leaf. Initially, radioactivity was localized
in the '8FDG fed spots of the leaf, but later spread throughout the leaf
lamina. Radioactivity signal observed in petiole of '8FDG fed leaf
increased over time. Radioactivity was visible in roots and the stem
within the first 30 min of radiotracer application (Fig. 5). Radioactivity in
roots and plant shoot showed a linear increase over time (Supplemental
Fig. 2C and E). A high radioactivity signal accumulated in roots over a
period of time (Fig. 5). Mature leaves did not show a visible radioactivity
signal during the experimental time-scale. Radioactivity was seen in the
stems and shoot apexes of plants but it was masked by the halo effect
resulting from the intense radioactivity present in the '®FDG fed leaf.

4. Discussion

8EDG is a positron-emitting radiotracer which would allow for in
vivo imaging in plants. There is great interest in exploring and
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Fig. 4. Radiotracer uptake through leaves 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 "®FDG imaging, '®FDG was fed on the rosette leaf (not shown). After 4 hours, the plant stem was cut and autoradiographed
using an imaging plate. (B) depicts corresponding '*FDG autoradiogram. (C) In ®3Ga-citrate imaging, the stem of A. thaliana was girdled (girdled region shown by arrow) and **Ga-
citrate solution was fed on the plant rosette leaf (not shown). After 4 hours, the plant stem was cut and autoradiographed using an imaging plate. (D) depicts the corresponding
%8Ga-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.

establishing novel applications of "®FDG in plant. However, lack of a
suitable radiotracer introduction method is one of challenges in plant
imaging experiments. Unlike animals, plants possess different
vasculature systems: phloem and xylem. The complexity of vascular
bundles in plant stems makes it difficult to introduce radiotracer
directly into either xylem or phloem. Introducing radiotracer into the
plant through cut leaf [18], cut leaf petiole [19] had been reported in
previous studies. We implemented slightly modified method for
radiotracer-feeding in which we applied radiotracer solution to
pricked spots on the leaf lamina and midrib. This method is less
invasive and involves both direct and indirect delivery of radiotracer
to vascular tissue. When the radiotracer is applied on the midrib, it
comes into direct contact with the midrib vascular tissue. This might
explain the rapid appearance of radioactivity in root within 30 min of
'SEDG introduction through leaf (Fig. 5). On the other hand,
radiotracer applied on the leaf lamina has to travel via the symplastic
and/or apoplastic pathway(s) in order to reach leaf vascular tissue and
therefore may take longer time for translocation to other plant parts.

In case of 'FDG imaging, '®FDG fed spots on the leaf lamina
appeared as circular zones of high radioactivity. This might be a result
of localized uptake or the accumulation of '®FDG by the leaf tissue.
Our preliminary experiments showed that Arabidopsis thaliana

suspension cells could take up 'FDG from the external nutrient
solution and its uptake process is inhibited by HgCl, (Supplemental
Fig. 1). It has been already shown that plant leaf cells could take up
glucose from the external solution [34,35], an uptake process which is
sensitive to HgCl, [36]. "®FDG being a glucose analog, we think that
similar mechanism might be involved in "®FDG uptake by leaf cells.
'8EDG metabolism in plant cells is not completely understood. However,
our preliminary 'FDG (non-radioactive FDG) metabolism studies
suggest that '°FDG is taken up by the plant cells and metabolized to
'9FDG-6-phosphate, '°F-disaccharide, Uridine-di-phosphate-'FDG etc.
The localized uptake and intracellular conversion of '®FDG to other
metabolites may hinder the efflux of the [ '®F] radioactivity out of the
plant cells which could explain why high amount of radioactivity
resided in the "®FDG fed leaf. AIDA 2D-densitometry results suggested
that nearly 80% radioactivity was retained in '®FDG fed leaf. However,
this might be an underestimation as high radioactivity levels in "*FDG
fed leaf often resulted in over-exposure. The resultant PSL intensity in
over-exposed area might get saturated and lead to underestimation the
radioactivity in that area. Moreover, the large background spread of such
intense radioactivity signal makes it difficult to define ROI for '*FDG fed
leaf, which further leads to error in quantification. Similar errors also
apply to [*®Ga] radioactivity quantification. These quantification errors

0-30min

30-60min

3-4h 4-5h 5-6h

Fig. 5. Positron emission tomography/computed tomography (PET/CT) imaging. '®FDG solution was fed on a rosette leaf {2), and radioactivity dynamics were monitored using
PET/CT over 6 hours. (A) represents the series of PET/CT snapshots taken from side at sequential time frames. (B) represents the series of PET/CT snapshots taken from the top
at sequential time frames. The brightness marks the high radioactivity present in that area. White, red, brown, yellow, green, blue colors represent diminishing concentrations

of radioactivity.
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would be less pronounced in other plant parts due to low level of
radioactivity in those parts. IP images showed high radioactivity signal
in apical inflorescence, root and young leaves (Fig. 2B), which are known
active sinks for photoassimilate [37]. Mature rosette leaves, which are
known to be sources for photoassimilate [37], accumulated less
radioactivity compared to other plant parts. Plant stage, plant size,
orthostichy and sectoriality also might have influenced the observed
radioactivity distribution [19,26]. Like photoassimilate, [ ®F] radioactivity
also translocated through phloem and its passage is blocked by
girdling. However, in few cases, radioactivity was seen across girdled
region. This may result from minute fraction of ['®F] radioactivity
getting mixed with and translocated in xylem stream. The observed
['8F] radioactivity distribution is similar to photoassimilate parti-
tioning in plants explored using ''CO, radiotracer feeding
[4,13,14,38]. The radioactivity distribution pattern observed after
BEDG feeding differed markedly from that of ®®Ga-citrate. No
accumulation specificity was observed for different plant parts in case
[%8Ga] radioactivity distribution. [%8Ga] radioactivity translocation was
bi-directional and was not blocked at girdled region. So, [*3Ga]
radioactivity must be able to flow in and across both xylem and phloem.
Chemistry of ®8Ga is very similar to Al or Fe. Thus, [%®Ga] radioactivity
may resemble Al or Fe in its translocation or distribution pattern in
plants. We hypothesize that ®Ga is rendered non-toxic to plant cells due
to chelation with citrate. However it's in vivo behavior in leaf cells is hard
to comment upon due to lack of necessary biochemical data regarding
58Ga-citrate metabolism. If ®®Ga(Ill) behave similar to Fe(Ill) then its
translocation through apoplast may occur in its original ®Ga(Ill) intact
form however its uptake in leaf cells and passage through symplast will
require necessary transporters [39]. Also, %8Ga(lll) translocation
through phloem will necessitates its chelation with nicotinamine as
Ga-citrate will tend to precipitate at neutral pH of phloem [40,41]. These
postulations could only be verified after elucidating the metabolism
of ®Ga-citrate in leaf cells and the chemical form in which [%%Ga]
radioactivity translocated through phloem.

So far, our findings are in accordance with the hypothesis that the
observed radioactivity distribution and its translocation pathway
differed as per the different chemical nature of the fed radiotracer
compounds. This hypothesis should be further substantiated by
establishing the chemical form in which corresponding radioactivity
translocated. ['®F] radioactivity distribution pattern is similar to the
distribution pattern of photoassimilate so "®FDG seems to be a good
candidate for tracing photoassimilate in plants. However, it is
premature to infer so, solely on '®FDG imaging experiments.
Arabidopsis plants photosynthesize sucrose as photoassimilate and it
is the main sugar component translocated in phloem. It had been
reported that '8FDG persist as an intact sugar molecule during its
translocation to other plant parts [19]. This is contradictory to the
literature that only sugars such as sucrose, raffinose and sugar alcohol
such as galactinol have been known to be translocated in Arabidopsis
thaliana phloem [42,43]. Translocation of photoassimilate in plants
had been studied by labeling leaves with 1'CO, radiotracer gas either
in pulse labeling or as a continuous labeling manner [4,14,38]. As PET
is a non-invasive imaging technique, it could allow for the comparison
of radioactivity distributions in a single plant using both ''C0O, and
8EDG as radiotracers. This comparison will prove whether the ['®F]
radioactivity distribution after '®FDG feeding is similar to photo-
assimilate distribution or not.

4.1. Applications of PET/CT in plant imaging

Photoassimilate flux in plant is influenced by a plant's external
environment factors [2,44]. Unraveling the in vivo dynamics of
photoassimilate in an intact plant under natural conditions or with
respect to biotic and abiotic stresses is an important research aspect in
modern plant biology. The distribution of photoassimilate and other
metabolites in an intact plant have been analyzed using 2-D planar

positron imaging systems [14,45]. 2-D imaging systems suit well for
planar plant structures such as leaves but could not be extended for
plants with 3-D morphology (like rosette leaves or extensive
branching). Converse et al (2013) have demonstrated the use of a
microPET scanner to obtain radiotracer dynamics in plants [28], but
the method lacked corresponding morphological information of a
plant. A combination of magnetic resonance imaging (MRI) and
positron emission tomography (MRI/PET) have been successfully
used to obtain radiotracer distribution along with morphological
information [25,26]. In this method, MRI provided the information on
plant anatomical features which was later combined with radiotracer
dynamics obtained from PET [25]. To use the MRI/PET modality,
however, one had to transfer plants from the MRI instrument to the
PET scanner, which alters the external environment of the plants
during the experiment. Here, we used integrated PET/CT modality
which effectively addressed above mentioned problems to achieve
4-D dynamics of radiotracer distribution in A. thaliana plants. Both
PET and CT scanners were embedded in the same instrument and
thus the position of the plant on the bed remained unchanged. The
external environment of the plant remained same throughout the
experiment. Due to stationary positioning of the plant on the
instrument bed, the fusion of PET and CT data was also possible in
easy and effective manner.

Thorpe et al. showed that [''C] photoassimilate translocation from
11C0, labeled leaf petiole to roots occurred within 40 minutes [13,38].
Our PET/CT results showed that [ '®F] radioactivity was seen in roots
within 30 minutes of '®FDG application. In our case, the direct
introduction of "®FDG through a pricked midrib might have reduced
the arrival time of "®FDG radiotracer into the roots. The quantification
of radioactivity that had been translocated to various plant parts was
difficult due to high background noise and a halo effect arising from
intense radioactivity in the radiotracer-fed leaf. The thin and flat
nature of leaves cause most of the positrons to escape the leaf before
annihilation. The phenomenon of positron escape and errors caused
by partial volume averaging for thin leaf structure lead to large errors
in estimation of radiotracer concentration [46]. The FOV of the
instrument limits the dimensions of the plant that could be measured.
However, this limitation could be resolved to some extent by using an
instrument with bigger FOV or by placing the plant horizontally over
the PET/CT bed. High resolution X-ray CT techniques could be
employed to improve the CT contrast [27]. We hope that, with
above problems addressed, PET/CT could prove useful in plant
imaging and widen the scope of problems that could be addressed
using the PET radiotracers to elucidate the source-sink relationship,
perform flux analysis of metabolites or study long-distance transport
in an intact plant in response to various biotic and abiotic stresses.

5. Conclusion

This study explores the applicability of ®FDG and %8Ga-citrate in
plant imaging using IP and PET/CT imaging techniques. The
radioactivity distribution observed after "®FDG feeding is significantly
different than another radiotracer like ®3Ga-citrate. This implies that
the mechanism of '®FDG radiotracer uptake and its radioactivity
distribution must be different from that of ®®Ga-citrate. "®FDG can be
taken up and sequestered by the plant cells. '®FDG is also metabolized
by the plant cells however its complete fate remains to be elucidated.
[58Ga] radioactivity translocated to other plant parts but showed no
differential accumulation specificity for different plant parts. Further
study will be necessary to establish whether it mimics Al or Fe
distribution. Qur results showed that ['®F] radioactivity distribution
pattern is similar to the distribution pattern of photoassimilate and it
is mainly transported through phloem so '®FDG seems to be a good
candidate for tracing photoassimilate in plants. Ferrieri et al. (2012)
reported that [ '8F] radioactivity translocate through plant vasculature
in its intact chemical form as ®FDG. This is contradictory to fact that

22



Research Chapter I

A. Fatangare et al. / Nuclear Medicine and Biology 41 (2014) 737-743 743

typically sucrose is the major photoassimilate sugar known to be
translocated in phloem of Arabidopsis thaliana owing to its less
reactive non-reducing nature. "®FDG being a monosaccharide glucose
analogue, it's difficult to comment on its possible loading mechanism
into phloem without understanding its uptake mechanism and
metabolic fate in plant leaf tissue. We will investigate these aspects
of '8FDG metabolism in plant tissue in our further research. PET/CT
allows dynamic radiotracer imaging in plants but also has several
limitations particularly with respect to absolute quantification and
PET resolution. However, being the non-invasive technique, PET/CT
could be used to compare the radioactivity distribution in a single
plant after feeding ''CO, or '®FDG through the same leaf in two
independent experiments. This comparative imaging experiment and
additional evidence from biochemical side, particularly with regard to
the '®FDG uptake mechanism and metabolism in plant cells, will be
necessary to conclusively prove that ®FDG can be used as a true proxy
for photoassimilate translocation in plants.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.nucmedbio.2014.05.143.
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Supplementary Data:

Supplemental Figure 1. BFDG 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.
"EDG solution (1.23 MBq) was added to each flask. Flasks for set-3 and set-4 were added
with 100 pM glucose and 1 mM HgCI2 respectively prior to "*FDG 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. '*FDG 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 100uM+FDG) | 8215.5

Set-4 Expt+HgCI2 (media+suspension+tHgCI2 ImM+FDG) 604.6

Supplemental Figure 2 Radioactivity (Bq) observed in different plant parts plotted
against time(s) in PET/CT imaging using BFDG as a radiotracer. (A) represents
radioactivity in the whole plant over time; (B) represents radioactivity in the '*FDG-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
"FDG-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, BEDG 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 '"FDG-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 4. thaliana was girdled by passing hot air over the stem (girdled region shown by
arrow). In '"*FDG imaging, the '*FDG 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 "*FDG autoradiogram. (C) In ®®Ga-citrate imaging, the stem of A. thaliana was
girdled (girdled region shown by arrow) and ®*Ga-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 ®*Ga-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 "*FDG 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 *FDG-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:

Average cell pellet radioactivity (CPS)
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Supplemental Fig 2:
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Supplemental Fig 3:
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Supplemental Video 1: Submitted online as ‘FDG PET-CT.mpeg’ for PET/CT in vivo

imaging of A. thaliana.
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Abstract:

2-deoxy-2-fluoro-p-glucose (FDG) is fluorine labeled glucose analogue routinely used in
clinical and animal radiotracer studies to trace glucose uptake but it has rarely been used in
plants. Previous studies analyzed FDG translocation and distribution pattern in plants and
proposed that FDG could be used as a tracer for photoassimilates in plants. Elucidating
"EDG metabolism in plants is a crucial aspect for establishing its application as a radiotracer
in plant imaging. However, FDG metabolism in plants in not fully characterized till yet. In
this paper, we describe the metabolic fate of FDG in model plant species, Arabidopsis
thaliana. We fed FDG to leaf tissue and analyzed leaf extract using MS and NMR. On the
basis of exact mono-isotopic masses, MS/MS fragmentation, and NMR data; we identified 2-
fluoro-gluconic acid, FDG-6-phosphate, 2-deoxy-2-fluoro-maltose, and uridine-di-phosphate-
FDG as four major end products of FDG metabolism. Glycolysis and starch degradation
seemed to be the important pathways for FDG metabolism. We showed that FDG metabolism
in plants is considerably different than animal cells and goes beyond FDG-phosphate as
previously presumed.

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

radiotracer.
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Introduction:

2-deoxy-2-["*F]fluoro-p-glucose ("*FDG/FDG) is a radioactive glucose surrogate in which 2’
C hydroxyl group of glucose is substituted by positron emitting *Fluorine radio-isotope.
"®Fluorine has a half-life (t;,) of 109.8 min [www.nndc.bnl.gov/chart/]. In "*FDG, Fluorine
has small atomic size and the C-F bond strength is comparable to that of C-OH bond. Small
atomic radius of fluorine does not impose any structural constraints in the molecule.
Therefore, resulting '*FDG species is a structural analog of glucose which is able to
conjugate with the target receptors or enzymes without any stearic hindrances [Phelps ME,
2004]. "SFDG uptake and distribution is found to be similar to that of glucose in the animal
circulation system. It is commonly used in medical diagnostics and animal studies to trace
uptake and the 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; Phelps ME, 2004].

""FDG, owing to its longer half-life (t;,=109.8 min), is a suitable radiotracer 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 in positron emission
tomography (PET) [Sanchez-Crespo et al, 2004]. The application of '"*FDG as a radiotracer
has been well established technique in animal system but it has rarely been used in the plant
imaging experiments. Tsuji et al (2002) first reported '"*FDG uptake and distribution in
tomato plants [Tsuji et al, 2002]. Later, Hattori et al (2008) described BEDG translocation in
intact sorghum plants and suggested that it could be used as a tracer for photoassimilate
translocation in plants [Hattori et al, 2008]. "*FDG has also been used to study glycoside
biosynthesis in plants as a measure of plant response to defense induction [Ferrieri et al,
2012]. Recently, '*!FDG has been employed as a radiotracer in plants to study amino-sugar-
nitrogen (ASN esp. glucosamine) uptake [Li et al, 2014] or solute transport [Partelova et al,
2014]. We have previously shown that the radioactivity distribution pattern observed after
EDG feeding is significantly different than another radiotracer like **Gallium-citrate (**Ga-
citrate) [Fatangare et al, 2014]. BEDG radioactivity distribution was also similar to
photoassimilates [Fatangare et al, 2014]. There is growing evidence that '"*FDG could also be
used as radiotracer in plant imaging studies to trace sugar dynamics. ''FDG application in
plant imaging necessitates successful '*FDG tracer kinetics model which could be established
after unraveling '*FDG translocation and its metabolism in plants. Previous literature reported
"FDG radioactivity translocation pattern in plants however did not provide the

comprehensive picture of '*FDG metabolism in plant cells.
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FDG uptake and metabolism has been extensively studied in animal cells [McSheehy et al,
2000; Kaarstad et al, 2002; Southworth et al, 2003]. Being the glucose analogue, FDG is
transported into the animal cells via the same transporters as glucose [Higashi et al, 1998;
Brown et al, 1999; Yen et al, 2004; Avril N, 2004]. Upon intracellular uptake, FDG is
phosphorylated to FDG-6-phosphate (FDG-6-P) by the action of hexokinase or glucokinase
[Sols and Crane, 1954; Bessel et al, 1972; Smith T, 2001]. Further metabolism of FDG-6-P
via the glycolytic pathway was found to be inhibited due to Fluorine substitution at 2° C
position [Lampidis et al, 2006; Kurtoglu et al, 2007]. 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; Bessel and Thomas, 1973; Suolinna et al, 1986].

FDG metabolism in plant cells is not characterized till yet but rather presumed to be similar
to animal cells [Hattori et al, 2008]. However, FDG metabolism in plants might be quite
different than the FDG metabolism in animal cells. Plants photosynthesize sugars as
photoassimilates. Photoassimilates flux is regulated through numerous sugar transporters
towards specialized organelles like plastids, vacuoles or organs like fruits, tubers for storage
or utilization. Because of the complexity of biochemical pathways in plants related to sugar
metabolism, it is hard to envisage the metabolic fate of FDG in plant cells. Exploring FDG
metabolism in plant leaf tissue is one of the critical aspects of '*FDG validation as radiotracer
for in vivo imaging in plants. Thus, unraveling the FDG metabolism in plant cells is most

logical step to follow after the '*FDG radiotracer imaging studies in plants.

In present work, we analyzed FDG metabolism in Arabidopsis thaliana (A. thaliana) leaf
cells using 2-deoxy-2-["’F]fluoro-p-glucose (‘*’FDG/FDG) which contains stable fluorine
['"F] isotope. We fed '"FDG to A. thaliana rosette leaves and later analyzed leaf extracts
using liquid chromatography coupled to mass spectrometry (LC-MS) and nuclear magnetic

resonance spectroscopy (NMR) to elucidate major end product of ’FDG metabolism.
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Materials and methods:
Reagent and chemicals:

YFDG was purchased from Sigma Aldrich (Sigma-Aldrich Chemie Gmbh, Munich,

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

Plant material and growth conditions:

Arabidopsis thaliana Col-0 plants were used for all the experiments. A. thaliana seeds were
stratified for 3 days at 4° C and grown in soil. Vernalized seeds were placed in 10 cm round
pots containing wet soil that consisted of 80% Fruhstorfer Nullerde™, 10% vermiculite, and
10% sand, fertilized with Triabon (1 g.L™") and Osmocote Exact Mini (1 g.L") and treated
with Steinernema feltiae. Plants were placed in a controlled environment growth chamber at
21° C temperature and 60% humidity under short-day conditions. Light of intensity 190 to
220 pmol.m™.S™ was provided for 12 hours followed by 12 hours of dark.

YEDG leaf application and extraction:

Six to seven week old Arabidopsis thaliana plants were used for all experiments. Four mature
rosette leaves from plant were selected for '’FDG application. Leaf was gently scratched at 4
spots on abaxial surface of leaf lamina using micropipette tip. Five microliter of "’FDG (20
mg.mL™") solution was immediately applied on each scratched spot. Plants were kept under
standard growth conditions. PEDG applied leaves were cut from the rosette after 4 hour and
extracted using slightly modified methanol/chloroform extraction procedure [Gromova and
Roby, 2010]. Leaves were cut and ground in liquid nitrogen. Chloroform: methanol:water
(ImL:2mL:1mL) was added to the 0.4 g of ground leaf sample. A mixture was sonicated in
ultrasonic bath (Merck, Eurolab NV, Belgium) for 15 min at room temperature. After
sonication, Sample was centrifuged at 4000g for 20 min at 4 °C. Supernatant was stored in
glass vials at -80 °C until further analysis. Samples were analyzed by LC-MS on LTQ
Orbitrap XL™ hybrid ion trap-orbitrap (LTQ-Orbitrap XL) mass spectrometer (Thermo
Fisher Scientific GmbH, Bremen, Germany) or by direct infusion-MS on Q Exactive™ Plus
hybrid quadrupole-orbitrap (Q-Exactive Plus) mass spectrometer (Thermo Fisher Scientific

GmbH, Bremen, Germany).

FDG leaf exudate analysis:

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

rosette leaves were cut and their petioles were immediately placed in glass Petri dish
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containing ethylenediaminetetraacetic acid dipotassium salt (K,-EDTA) (20 mM, pH 7)
solution. Petioles were recut in K,-EDTA solution. After 30 minutes, leaves were transferred
to plastic vials with petioles dipped in K,-EDTA solution. All leaves containing vials were
placed inside a closed chamber constructed out of transparent plastic. Wet paper towels were
placed at the base of the chamber to maintain high humidity. Ten leaves were gently
scratched at 4 spots on abaxial surface of leaf lamina using micropipette tip. Five microliter
of FDG (20 mg.mL™") solution was immediately applied on each scratched spot. After 60
min, K,-EDTA solution was removed from the plastic vials with the help of syringe needle.
One mL of distilled water was added and subsequently removed from the plastic vial in order
to wash the K,-EDTA solution from the petioles. Phloem exudate from the leaf petioles were
collected in 1 mL of distilled water for 6 hours. Phloem exudate samples were concentrated
using the rotary vacuum evaporator (Genevac HT-4X centrifugal vacuum evaporator,
Genevac Ltd, UK). Dried samples were resuspended in 0.1 mL of water and stored at -80 °C
until further analysis. Samples were analyzed by direct infusion MS on Q-Exactive Plus mass

spectrometer.

LCMS and LCMS" measurements:
LC-MS data were acquired using Dionex UltiMate 3000 UHPLC system coupled to LTQ-

Orbitrap XL mass spectrometer. Extraction samples were separated on Supelco apHera
Amino column (Supelco Analytical, Bellefonte, Pennsylvania, USA) (15 cmx4.6 mm,
particle size- 5 um) at room temperature. The mobile phase consisted of water (A) and
acetonitrile (B). Elution gradient was set as follows: 20% A (0 min), 20% A (0.5 min), 45%
A (13 min), 45% A (18 min), 20% A (18.10 min) and 20% A (20 min). The mobile phase
flow rate was 1 mL.min" and one-quarter of the flow was directed towards MS using flow
splitter. Sample injection volume was 5 puL. Electrospray ionization (ESI) source was used
for ionization of LC eluate in negative ion mode. Capillary temperature was 280°C, and
sheath and auxiliary gas flow rates were 40 and 12 arb (arbitrary units), respectively. The
sweep gas flow rate was set at 0 arb and source voltage at 4 kV. The capillary voltage and
tube lens were set at -41 V and -198 V, respectively. During LCMS measurements, Fourier
transform mass spectrometry (FTMS) analyzer resolution was set at 100,000 with full width
at half maximum (FWHM) definition and samples were analyzed in full scan mass range of

m/z 100—800 with the acquisition of profile-type mass spectra.
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Extraction samples were also separated on ACQUITY UPLC BEH Amide Column (Waters
Corporation, Milford, Massachusetts, USA) (15 cmx2.1 mm, particle size- 1.7 um) at room
temperature. The mobile phase consisted of water (A) and acetonitrile (B). Elution gradient
was set as follows: 20% A (0 min), 20% A (5 min), 50% A (13 min), 50% A (18 min), 20%
A (18.10 min) and 20% A (20 min). The mobile phase flow rate was 0.3 mL.min" and the
injected volume was set at 10 pL. Electrospray ionization (ESI) source was used for
ionization of LC eluate in negative ion mode. Capillary temperature was 275°C, and sheath
and auxiliary gas flow rates were 35 and 7 arb (arbitrary units), respectively. The sweep gas
flow rate was set at 0 arb and source voltage at 5 kV. The capillary voltage and tube lens
were set at -35 V and -110 V, respectively. During LCMS measurements, FTMS resolution
was set at 30,000 with FWHM definition and samples were analyzed in full scan mass range

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

During LCMS" measurements on LTQ-Orbitrap XL mass spectrometer, LC peak retention
time (RT) window was given to acquire MS/MS spectra of few selected ions in that RT
window. Ions were isolated with isolation window of 1.6 Da. All other parameters were
identical to that of LCMS. MS/MS spectra were acquired at a FT resolution of 15,000 or
more at increasing collision energies until fragmentation occurred. The raw data was
processed and compared using Thermo Xcalibur version 3.0.63 (Thermo Fisher Scientific
GmbH, Bremen, Germany). The mass accuracy error threshold was fixed at 5 ppm. We also
did direct infusion to perform MS/MS analysis of some of the selected ions on Q-Exactive
Plus mass spectrometer as it was more sensitive. For those ions, we report MS/MS data

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

YFDG metabolite’s bulk extraction for NMR:

Six to seven week old Arabidopsis thaliana plants (n=6) were used. Three to five mature
rosette leaves from plant were selected for '’FDG application. Each leaf was gently scratched
at 6 to 8 spots on abaxial surface of leaf lamina using micropipette tip. Five microliter of
YFDG (20 mg.mL™") solution was immediately applied on each scratched spot. On average,
30 uL of "’FDG solution was applied on each leaf. Plants were kept under standard growth
conditions. "’FDG applied leaves were cut from the rosette after 4 hour and extracted
cumulatively using methanol/chloroform extraction procedure as described previously.
Supernatant was stored in glass vials at -80 °C until further processing. Supernatant was

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

SiliaPrep Fluorochrom silica gel SPE cartridge (SiliCycle Inc., Quebec City, Quebec,
Canada) (3 mL, 500 mg) was equilibrated with distilled water. YFDG applied leaf extract
sample was concentrated and loaded onto the cartridge bed. Compounds were eluted from the
cartridge with distilled water in sequential fractions of 500 pL. Fractions were vacuum dried,
dissolved in 600 pL of D,O and analyzed for the presence of '°F metabolites using '’F-NMR

spectroscopy.

LC separation and fractionation of m/z 343.1051:

Extraction samples were firstly separated on apHera Amino column (15 cmx4.6 mm, particle
size- 5 um) at room temperature. The mobile phase consisted of water (A) and acetonitrile
(B). Elution gradient was set as follows: 20% A (0 min), 20% A (4 min), 80% A (13 min),
80% A (18.50 min), 20% A (19 min) and 20% A (25 min). The mobile phase flow rate was 1
mL.min"' and one-quarter of the flow was directed towards MS for the detection of m/z
343.1051. Same ESI-MS parameters were used as described previously for ACQUITY UPLC
BEH Amide Column. Sample injection volume was 4 pL. Retention time for m/z 343.1051
was found to be 5.90 min. We collected LC eluent in the retention time window of 4.75-6.75
minutes for fractionation of m/z 343.1051. Collected fraction was vacuum dried using the
rotary vacuum evaporator. Dried fraction was resuspended in water and further subjected to
LC fractionation using YMC-Pack Polyamine-II column (YMC co., Kyoto, Japan) (25
cmx4.6 mm, particle size- 5 um) at room temperature. The mobile phase consisted of water
(A) and acetonitrile (B). Elution gradient was set as follows: 20% A (0 min), 20% A (6.50
min), 55% A (18 min), 55% A (24 min), 20% A (24.10 min) and 20% A (30 min). The
mobile phase flow rate was 1 mL.min" and one-quarter of the flow was directed towards MS
for the detection of m/z 343.1051. Same ESI-MS parameters were used as described
previously for ACQUITY UPLC BEH Amide Column. Sample injection volume was 2 uL.
Retention time for m/z 343.1051 was found to be 13.50 min. We collected the LC eluate in
the retention time window of 13.00-14.00 minutes for fractionation of m/z 343.1051.
Collected fraction was vacuum dried using the rotary vacuum evaporator. Dried fraction was

resuspended in D,0O and further subjected to NMR analysis for structure elucidation.

NMR analysis:

For NMR structure elucidation, 'H- and ">C- chemical shift data were acquired on a Bruker

Avance AV500 (Bruker BioSpin GmbH, Rheinstetten, Germany) equipped with a 5 mm TCI
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cryoprobe. Data acquisition was controlled by Bruker Topspin ver.2.1., and pulse programs
as implemented were used (‘H-, °C-, '"H-'H-dqfCOSY, 'H-">C-HSQC and 'H-*C-HMBC).
Selective TOCSY experiments were accomplished using a pulse sequence as suggested in
Thrippleton et al (2003). For probing entire sugar spin systems, the mixing time was set to
200 ms and *Jyy correlations were probed by adjusting the mixing time to appropriate values
(20-35 ms). For selective irradiation a Gaussian inversion pulse tailored to the respective
signal width was used. Selective NOESY experiments were carried out using a Q3 Gaussian
pulse cascade and a mixing time of 1.5 s. The fractions examined were dissolved in D,O and
"H-chemical shift data were referenced to the residual solvent peak at 4.70 ppm. '*C-chemical
shift data were left uncorrected. Carrier frequencies were carefully adjusted to 500.130 MHz
for "H-NMR measurements and 125.758 MHz for *C-NMR measurements, respectively.

For "F- and *'P-NMR measurements, all 1D and 2D experiments were carried out on a
Bruker Avance AV400 spectrometer using a 5 mm BBFO probe. Standard pulse programs as
implemented in Bruker TopSpin ver.2.1 were used. All experiments were recorded at 25°C
(298K). Prior to measurements, the carrier frequency was tuned to 376.498 MHz for "F-,
161.976 MHz for *'P- and 400.130 MHz for 'H-NMR experiments, respectively. '’F-NMR
spectra were recorded with inverse gated 'H-decoupling using a spectral resolution of 256k
data points. The interpulse delay was set to 1 s. 1024 scans were applied. Data were
processed with a resolution of 128k and linear back prediction using 32 coefficients, the
exponential line broadening was set to 5 Hz. Chemical shifts were referenced to an external
standard of neat C¢Fy at -164.9 ppm. >'P-NMR spectra were recorded with power-gated 'H-
decoupling and a spectral resolution of 32k data points. The interpulse delay was set to 1s.
Data processing was accomplished with 32k data points and an exponential line broadening
of 3 Hz. Chemical shifts were referenced to an external standard of diluted H;PO4 in D,O at 0
ppm. 'H->'P HMBC-NMR spectra were recorded with 4k data points in F2 and 128 data
points in F1, respectively. 256 scans were applied. For processing, data were zero-filled to a

2k x 1k matrix.
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Results:
MS analysis:

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

characteristics parent ions which gave rise to fragment ions with HF or '’FDG neutral losses

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

fragments.

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

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

LC Column Retention m/z MS/MS Fragments
Time (min)
Supelco  apHera | 3.54 181.0513 | 163.0493, 161.0450, 143.0344, 125.0237,
Amino column 119.0341, 113.0235, 101.0234, 83.0127,
71.0126, 59.0126
Supelco  apHera | 5.32 343.1051 | 323.0990, 305.0876, 245.0670, 179.0564
Amino column
ACQUITY UPLC | 3.80-5.00 197.0464 | 179.0359, 177.0401, 170.0721, 161.0088,
BEH Amide 151.0608, 142.9981, 126.9044, 101.0035,
(broad and
column 87.0077, 61.9872, 59.0127
shifting peak)
ACQUITY UPLC | 4.00 -5.60 261.0180 | 243.0073, 241.0116, 223.0010, 204.9903,
BEH Amide 199.0009, 145.0278, 138.9797, 96.9686,
(broad and
column 78.9579
shifting peak)
ACQUITY UPLC | 8.90 -10.00 567.0434 | 384.9843, 322.9735, 302.9677, 305.0179,
BEH Amide 272.9571,261.0181, 158.9248, 78.9579
(broad and
column
shifting peak)
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Ion at m/z: 181:

Retention time for "FDG standard was found to be 3.54 min on Supelco ApHera Amino
column. Measured m/z 181.0513 value matched with calculated monoisotopic mass of
C6H100519F' (5 ppm). m/z 181.0513 retention time matched with YFDG standard. Upon
fragmentation, m/z 181.0513 gave rise to secondary ions m/z 163.0493 and 161.0450. The
first fragment can be rationalized by H,O neutral loss (18.0020) and second by HF neutral
loss (20.0063). We putatively identified this '’F- metabolite as 2-deoxy-2-fluoro-p-glucose
(YFDG/FDG) on the basis of its exact mono-isotopic mass (+ 5 ppm mass error) and MS/MS

fragmentation analysis. (supplementary Fig. 5A)

lon at m/z: 343:

Retention time for m/z 343.1051 was found to be 5.32 min on Supelco ApHera Amino
column. Measured m/z 343.1051 matched with calculated monoisotopic mass of
C12H20010"F (+5 ppm). Upon fragmentation, m/z 343.1051 gave rise to secondary ions m/z
323.0990 and 179.0564. The firs fragment can be rationalized by HF neutral loss (20.0061),
whereas the other fragment ion was identified as deprotonated glucose (C¢H;1O0s) which
could be rationalized by C4H90419F neutral loss. We putatively identified this YF_ metabolite
as 2-deoxy-2-fluoro-maltose (F-maltose) on the basis of its exact mono-isotopic mass (£ 5

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

lon at m/z: 197:

Retention time for m/z 197.0464 was varying in the range of 3.80 to 5.00 min on ACQUITY
UPLC BEH Amide column. Measured m/z 197.0464 matched with calculated monoisotopic
mass of C¢H;0O6""F (+5 ppm). Upon fragmentation, m/z 197.0464 gave rise to secondary
ions m/z 179.0359 and 177.0401. The first fragment can be rationalized by H,O neutral loss
(18.0105) and second by HF neutral loss (20.0063). We putatively identified this '’F-
metabolite as 2-deoxy-2-fluoro-gluconic acid (F-gluconic acid) on the basis of its exact
mono-isotopic mass (+ 5 ppm mass error) and MS/MS fragmentation analysis.

(supplementary Fig. 5B)

lon at m/z: 261:

Retention time for m/z 261.0180 was varying in the range of 4.00 to 5.60 min on ACQUITY
UPLC BEH Amide column. Measured m/z 261.0180 matched with calculated monoisotopic
mass of C¢H;;0sP"’F (5 ppm). Upon fragmentation, m/z 261.0180 gave rise to secondary
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ions m/z 243.0073 and 241.0116. The first fragment can be rationalized by H,O neutral loss
(18.0107) and second by HF neutral loss (20.0064). We putatively identified this '’F-
metabolite FDG-6-phosphate (FDG-6-P) on the basis of its exact mono-isotopic mass (+ 5
ppm mass error) and MS/MS fragmentation analysis. (supplementary Fig. 5C)

Ion at m/z: 567:
Retention time for m/z 567.0434 was varying in the range of 8.90 to 10.00 min on ACQUITY
UPLC BEH Amide column. Measured m/z 567.0434 matched with calculated monoisotopic

mass of C; 5H22016N2P219F' (x5 ppm). Upon fragmentation, m/z 567.0434 gave rise to
secondary ions m/z 384.9843. This fragment can be rationalized by C6H110519F neutral loss
(182.0591). We also saw secondary ions of m/z 305.0179 and 261.0181 which matched with
calculated monoisotopic mass of CoH;oOgN,P" (5 ppm) and C6H1108P19F' (5 ppm)
respectively. We putatively identified this '°F- metabolite as uridine-di-phosphate-FDG
(UDP-FDG) on the basis of its exact mono-isotopic mass (£ 5 ppm mass error) and MS/MS

fragmentation analysis. (supplementary Fig. SE)

To characterize some of the above '°F-metabolites, we partially purified polar '°F metabolites
using F-SPE cartridge and subjected the fractions for NMR analysis. We have also purified
PF-metabolite (m/z 343.1051) from "“FDG applied leaf extract using two-step LC
fractionation using Supelco ApHera Amino column and YMC-Pack Polyamine-II column
(25 cmx4.6 mm, particle size- 5 um). We collected the '’F-metabolite (m/z 343.1051)

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

LCMS and direct infusion MS results confirmed the presence of above 5 different '°F
containing metabolites. In total, we putatively identified above '°F containing metabolites as
FDG (m/z 181.0513), F-gluconic acid (m/z 197.0464), FDG-6-P (m/z 261.0180), F-maltose
(m/z 343.1051), and UDP-FDG (m/z 567.0434) on the basis of known literature information,
their exact mono-isotopic mass (+ 5 ppm mass error) and MS/MS fragmentation analysis.
Characterization of purified compounds using NMR confirmed identification of "FDG-6-P
(m/z 261.0180), and '’F-maltose (m/z 343.1051) as major end products of '’FDG metabolism

in A. thaliana leaf cells.
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NMR analysis:
FDG-6-P (2-deoxy-2-fluoroglucose-6-phosphate):

A phosphorylated derivative of FDG (m/z 261.0180) was putatively assigned by high
resolution MS data, however, the exact structure and the site of phosphorylation remained
unclear. A semi-purified fraction containing the phosphorylated FDG derivative was thus
subjected to extensive NMR analysis. '’F-NMR spectroscopy revealed FDG-6-P as the most
abundant metabolite in the extract, showing two signals at op -197.75 (a-FDG-6-P) and dF -
197.55 (B-FDG-6-P) (Fig. 2). The assignment is based on the fact that chemical shift values
for a-isomers appear generally shifted towards deeper field compared to the corresponding [3-
isomers (Southworth et al, 2003). It has to be noted that the determined chemical shifts are
not in accordance with the literature, which might be caused by the impurities present in the
samples. Structure elucidation was therefore based on 'H-'H and 'H-*C correlation
experiments. Characteristic correlations in the 'H-"H dqfCOSY spectrum (supplementary Fig.
6) revealed the signals of position 1 at 8y 5.29 (d, *Juy=3.8) (H-lo) and &y 4.76 (dd,
=78/ Jur=2.0) (H-1B), respectively. According to the corresponding signals in the 'H-"*C
HSQC spectrum, the 3C chemical shifts were assigned to d¢ 89.6 (d, 2Jer=21.2) (C-1a) and
8¢ 93.5 (d, Jcr=23.6) (C-1P). Since the 'H- and *C-NMR spectra were recorded without
decoupling of heteroatoms, the extracted coupling patterns furthermore reveal that the site of
phosphorylation is not at position 1, thus the presence of FDG-1-P could therefore be
excluded.

For further structure elucidation, selective TOCSY experiments were performed
(supplementary Fig. 7). From irradiation of H-1,p all remaining partners of the spin systems
could be extracted. The resulting spectra served as projections for "H-'"H dqfCOSY, 'H-"C
HSQC and 'H-""C HMBC spectra. The signal H-2, of FDG-6-P appeared at 8y 4.28 (ddd,
*Jun=3.8/9.5, *Jur=49.4) and H-2; appeared at 3y 3.97 (ddd, *Jun=7.8/9.0, *Jur=51.2), both
signals showed an additional splitting due to the coupling to the fluorine substituent through
two bonds. The corresponding *C chemical shifts also showed a splitting because of
coupling through one bond to the fluorine substituent. The signal C-2, resonated at ¢ 90.1
(d, 'Tcr=185.8), while C-2p resonates at 6c 92.7 (d, 'Tcr=183.3) (Fig. 3A). From crosspeaks in
the 'H-'H dqfCOSY and 'H-"*C HMBC spectra the chemical shifts of the positions H-3
and C-3,p could be extracted (Fig. 3B). H-3, resonates at oy 3.82 (ddd, 3 Jur=9.5/9.5,
3 Jur=13.0) and the corresponding carbon signal C-3, appears at o¢ 70.8 (d, 2Jcp=16.4). H-3,1s
overlapped with H-5,, but considering the signal geometry in the 'H-">C HSQC spectrum, the
multiplicity could be estimated. H-3p appears as well resolved signal at 6y 3.65 (ddd,
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3JHH=9.0/9.O, 3JHFZIS.O) and the corresponding C-3g resonates at d¢ 73.6 (d, 2JCF=17.6). H-4,
resonates at 8y 3.41 (dd, *Juy=9.5/9.5) and the attached C-4, appears at 8¢ 68.5 (d, *Jcr=8.0).
H-4g resonates at 6y 3.42 (ddd, 3J4r=9.5/9.5 and the corresponding C-4p appears at 3¢ 68.6
(d, *Jc=7.8). The proton signals of position 5w show considerable broadening and overlap,
therefore only the chemical shift value can be extracted. The chemical shift of C-5,5 was
extracted from the 'H-">C HMBC spectrum (Fig. 3B). H-5, resonates at &y 3.80 (m) with a
corresponding carbon signal C-5, at 8¢ 70.2 (d, *Jcp=6.2). The signal for H-5g appears at oy
3.46 (m) with a corresponding carbon signal C-5g at d¢ 74.8 (d, 3Jcp=6.0). The chemical shifts
of H-6, are very similar. The signal of the methylene group at position 6 appears at oy 3.91
(bs) for the a-sugar and at oy 3.87 (m) and oy 3.97 (m), respectively, for the B-sugar. The
corresponding carbon resonance for C-6, appears at dc 63.5 as broad singlet signal with a
half width of 9 Hz. The splitting of the *C-NMR signal of C-54p as well as the broadening
for C-641s caused by phosphorylation at position 6,5 which was further corroborated by a
'H-*'P-HMBC experiment (supplementary Fig. 8). The chemical shift of the phosphate
residue was determined from a *'P-NMR experiment to be Jdp 0.83 (bs). The structures
including determined chemical shifts and coupling constants are summarized in

supplementary Fig. 9.

F-maltose (4-O-(a-p-glucopyranosyl)-2-deoxy-2-fluoro-p-glucopyranose):
A fluorinated disaccharide (m/z 343.1051) was identified by high resolution MS. NMR

studies revealed this compound to be 4-O-(a-p-glucopyranosyl)-2-deoxy-2-fluoro-p-
glucopyranose. Data extracted are in agreement with published results in Tantanarat et al
(2012) [Tantanarat et al, 2012].

The ""F-NMR spectrum of the semi-purified fraction showed two signals at & -198.26 (B-F-
maltose) and op -198.50 (a-F-maltose), revealing this compound to be the second most
abundant metabolite formed in A. thaliana after FDG administration. A 'H-'"H dqfCOSY
spectrum showed characteristic crosspeaks (supplementary Fig. 10). The *J-coupling partners
of H-1,p show the large characteristic split caused by the *Jyr coupling. Similar to o/B-FDG-
6-P, two signals at 8y 5.31 (d, *Jun=3.8, H-1,) and 3y 4.78 (dd, *Juu=7.8/Juz=2.2, H-1p),
respectively, represent the anomeric position 1 of the parent FDG structure. A signal
overlapping with H-1, was assigned to H-1’. Again, selective TOCSY spectra have been
employed to reduce signal overlap from impurities (supplementary Fig. 11). The resulting
spectra were used as projections for 2D experiments (‘H-'H dqfCOSY, 'H-">C HSQC and

'H-"3C HMBC). Characteristic signals and coupling constants are shown in a section of the
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"H-"3C HSQC spectrum (Fig. 4A). Structure elucidation was based on information gathered
from '"H-"C-HMBC and a series of selective 'H-'H COSY and selective 'H-'H NOESY
spectra (Fig. 4B). The structures with chemical shifts are summarized in (supplementary Fig.

12A and 12B).

Discussion:

FDG metabolism in 4 thaliana:

EDG is widely accepted as a radiotracer for glucose in animal studies. Being glucose
analogue, FDG is transported into the animal cells via the same transporters as glucose
[Higashi et al, 1998; Brown et al, 1999; Yen et al, 2004; Avril N, 2004]. It was assumed till
recently that upon intracellular uptake, FDG metabolism is just restricted to enzymatic
phosphorylation, producing FDG-6-phosphate (FDG-6-P) by the action of hexokinase or
glucokinase [Miller and Kiney, 1981; Reivich et al, 1985; Bessel and Thomas, 1973;
Suolinna et al, 1986]. The phosphorylation reaction also introduces the negative charge on
the radiotracer preventing its efflux across cell membrane. This leads to increased
accumulation of FDG-6-P inside the cell. The assumption that FDG flux is only directed
towards FDG-6-P and thus leads to intracellular radioisotope accumulation forms the basis of
"EDG application as a glucose radiotracer. However, numerous studies have demonstrated
that FDG metabolism in animal tissue goes beyond FDG-6-P [Kanazawa et al, 1996;
McSheehy et al., 2000; Kaarstad et al., 2002; Southworth et al., 2003]. These studies listed 2-
deoxy-2-fluoro-p-mannose (FDM), 2-deoxy-2-fluoro-p-mannose-6-phosphate (FDM-6-P), 2-
deoxy-2-fluoro-p-glucose-1-phosphate (FDG-1-P), 2-deoxy-2-fluoro-n-glucose-1,6-
biphosphate (FDG-1,6-biP), 2-deoxy-2-fluoro-p-mannose-1-phosphate (FDM-1-P), 6-
phospho-2-deoxy-2-fluoro-p-gluconolactone  (6-PFDGL), 6-phospho-2-deoxy-2-fluoro-p-
gluconate (FDG-6-PG), nucleotide-di-phosphate bound FDG (NDP-FDG) etc. as metabolic
end products of FDG in animal cells [Kanazawa et al, 1996; McSheehy et al, 2000; Bender et
al, 2001; Kaarstad et al, 2002; Southworth et al, 2003]. Important thing to notice here is that
these reported metabolites are either situated down the FDG-6-P in glycolytic pathway or
arise from it. Thus, net radioactivity accumulated in that tissue still reflects the rate of
phosphorylation of FDG and does not challenge the basis of current hypothesis (Kaarstad et
al., 2002) that net FDG uptake by the cell (i.e. total radioactivity acquired by the cell)

represents net sugar flux going into glycolysis pathway.
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Among all the studies related to FDG imaging in plants, only few have looked at the
metabolism of FDG in plant cells. Thus, FDG metabolism in plants is yet poorly understood
topic. Ferrieri et al (2012) reported incorporation of FDG in anthocyanin glycoside
biosynthesis as a measure of plant defense induction. In this paper, Ferrieri et al (2012) also
raised a possibility of another F-metabolite whose identity was not discovered. Our present
work elucidated FDG metabolism in Arabidopsis thaliana leaf cells. We have putatively
identified the presence of 4 different '°F containing metabolites viz. F-gluconic acid, FDG-6-
P, F-maltose, and UDP-FDG on the basis of known literature information from animal
studies, exact mono-isotopic mass for these compounds and MS/MS fragmentation analysis.
We have partially purified and characterized of two of the compounds (FDG-6-P and F-
maltose) using NMR. We also looked for '*F-compounds which were previously reported in
literature for FDG metabolism in animal tissue. To our surprise, we have not detected 2-
fluoro-2-deoxy-6-phospho-p-gluconolactone (FD-6-PGL), 2-fluoro-2-deoxy-6-phospho-p-
gluconate (FD-PG1) or FDG-1,6-biphosphate (FDG-1,6-biP) [Bender et al, 2001, Kaarstad et
al, 2002; Southworth et al, 2003] like compounds which were previously reported in various
animal studies. We also could not detect the ions for '*F-containing major anthocyanin
glycosides (m/z 1344) in our LCMS or direct infusion data. This may happen because we
acquired and analyzed negative mode MS data whereas anthocyanin glycoside ions may only

appear in positive mode MS data.

In our previous paper, we have shown that 4. thaliana plants take up "*FDG from the pricked
leaf spot and radioactivity was differentially distributed to various plants parts [Fatangare et
al, 2014]. A. thaliana plant suspension cells are able to take up FDG from external nutrient
and glucose acts as a competitive inhibitor of FDG uptake [Fatangare et al, 2014;
supplementary Fig. 1]. We also found that FDG uptake by 4. thaliana suspension cells is
severely inhibited by addition of 1 mM HgCl, in the media [Fatangare et al, 2014;
supplementary Fig. 1 and 2]. FDG uptake time course also follows exponential curve
[supplementary Fig.1] similar to glucose uptake rate in glucose starved Olea europaea (olive)
cells [Oliveira et al, 2002; Conde et al, 2007]. This glucose uptake process in olive cells is
shown to be mediated by glucose repressible, H'-dependent active saturable transport system
which is sensitive to HgCl, [Oliveira et al, 2002; Conde et al, 2007]. However, when high
external glucose concentrations are present, glucose uptake occurs through low-affinity, high
capacity, protein mediated facilitated transport process which is also sensitive to HgCl,

[Conde et al, 2007]. On this basis, we hypothesize that FDG is being taken up into the cells
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via glucose repressible, H' -dependent active saturable transport system at low external FDG
concentrations and low-affinity, facilitated-diffusion process at high external FDG

concentrations.

The H'-dependent monosaccharide transporters of olive cells exhibited broad specificity,
being able to accept D-glucose, D-fructose, D-galactose, D-xylose, 2-deoxy-p-glucose, and 3-
O-methyl-p-glucose [Oliveira et al, 2000]. Similarly, numerous monosaccharide transporters
(MST) with broad specificity, transporting a range of hexoses and pentoses, have been
reported in literature to transport monosaccharides across the plasma membrane [Biittner et
al, 2000; Biittner and Sauer, 2000; Biittner M, 2007). We think that FDG, being a glucose
analogue, is transported through one or more of the MST family transporters which are
sensitive to HgCl, [Fatangare et al, 2014]. Due to broad specificity and highly redundant
functional nature of these monosaccharide transporters, it’s hard to comment upon which will

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

After uptake, FDG is being metabolized to '’FDG-6-P. This is the first enzymatic conversion
in glycolytic pathway catalyzed by hexokinase. Hexokinase is known to accept FDG as a
substrate [Machado de Domenech and Sols, 1980; Muzi et al, 2001]. Hexokinase mediated
conversion of FDG into FDG-6-P will adds negative charge on influxed FDG and leading to
its trapping inside the cell. This will maintain the downhill concentration gradient which
favours the facilitated transport of FDG into the cell [Printz et al, 1993]. This may explain the
favorable uptake of external FDG into the cell resulting in high localized accumulation
[Fatangare et al, 2014]. Upon uptake, FDG was transformed into various metabolites other
than FDG-6-P. In future work, we will try to elucidate underlying pathways involved in
biosynthesis of these metabolites.

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 [Buriova et al,
2001]. We also 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 from the externally added free FDG in the final extracts. This removes the
possibility that F-gluconic acid originated as an artefact of spontaneous oxidation process
during the solvent extraction procedure. In such case, enzymatic dehydrogenation and
hydration seems to be plausible way to explain formation of F-gluconic acid. Glucose oxidase

(enzyme: 1.1.3.4) or Glucose dehydrogenase (EC 1.1.5.9) could convert glucose to glucono-
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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. Other plausible enzymatic path
leading to F-gluconic acid biosynthesis exists but goes through three intermediates like FDG-
6-P; 2-deoxy-2-fluoro-p-glucono-1,5-lactone-6-P; 2-deoxy-2-fluoro-p-gluconate-6-P.
However, we could not detect these intermediates. At the current moment, we could not
comment upon the mechanism of biosynthesis of F-gluconic acid which may be either

spontaneous or enzymatic oxidation.

We have observed F-disaccharide as one of the end products of FDG metabolism in plant leaf
tissue. Upon NMR analysis, we found out it to be F-maltose. 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 alpha-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)-alpha-p-glucan to a
new position in an acceptor, which may be glucose, a (1-4)-alpha-p-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.

Previous studies have demonstrated nucleotide bound forms of FDG [Schmidt et al, 1978;
Kanazawa et al, 1996; Southworth et al, 2003]. Schmidt et al, (1978) have demonstrated the
formation of UDP and GDP derivatives of FDG in yeast and chick embryo cells. NDP-FDG
and NDP-FDM were shown to be end products of FDG metabolism in animal tissue
[Kanazawa et al, 1996; Southworth et al, 2003]. However, assignment of nucleotide species
(NDP moiety) was a source of ambiguity in these reports. In our study, we were able to detect
only m/z 567.0434 which corresponds to UDP-FDG. Thus, we could conclusively point out
UDP-FDG as a nucleotide bound form of FDG. Biosynthesis of UDP-FDG has already been
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described by Kanazawa et al (1997). We think that similar mechanism exists for the UDP-
FDG biosynthesis in plant tissue. The possible UDP-FDG biosynthetic pathway has been
shown in Fig. 1. This assumption presupposes presence of FDG-1-P as one of the
intermediates formed in the process of UDP-FDG biosynthesis. In our studies, we could not
detect FDG-1-P as one of the intermediates. We think that FDG-1-P might be present but in
low abundance. We might not have been able to detect FDG-1-P as a separate compound
because of low chromatographic separation between FDG-6-P and FDG-1-P. Also, we were
not able to differentiate between FDG-1-P and FDG-6-P in MS as they will have same m/z
value or show similar MS/MS fragmentation. 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 the multitude of FDG
conjugated compounds it leads to. We think that UDP-FDG may have been involved in

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

Deciphering “Why FDG metabolism is directed towards formation of above mentioned end
products” is still unanswered. 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 [Datema et al, 1980; Kurtoglu
et al, 2007]. This may lead to rest of the free FDG pushed into F-maltose or F-gluconic acid
biosynthestic pathways [Fig. 1]. FDG-6-P may be further transformed into FDG-1-P and
finally to UDP-FDG as depicted in Fig. 1. 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 F-metabolites could also be viewed
as utilization of FDG as energy source and a corrective-protective mechanism in the plant

cells to counteract its consequences.

In our experiment, we observed signs of tissue death/damage at FDG application site
(supplementary Fig. 3). FDG, at high local concentrations, may cause cytotoxicity in plant
cells. It has been shown that FDG interferes with glycolysis thus resulting in cytotoxicity in
hypoxic tumor cells which solely rely on glycolysis for deriving their energy [Lampidis et al,

2006; Maher et al, 2004, Kurtoglu et al, 2007]. In contrast, the aerobically growing cells,
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with functional mitochondria, survive glycolytic inhibition by using carbon sources other
than glucose (fats and proteins) to generate ATP via oxidative phosphorylation [Mckeehan,
1982; Mazurek et al, 1997; Reitzer 1979; Kurtoglu et al, 2007]. Plant cells might experience
the similar glycolytic inhibition when fed with FDG. However, for well aerated leaf tissue,
FDG should not result in cytotoxicity. FDG also hampers the N-linked glycosylation by
inhibiting the incorporation of mannose and glucose into lipid-linked oligosaccharides
[Datema et al, 1980; Kurtoglu et al, 2007a; Kurtoglu et al, 2007b]. Inhibition of glycolysis
and N-linked glycosylation might explain the observed signs of tissue death/damage at FDG
application site. However, this could be only confirmed with '’FDG cytotoxicity studies in

plant tissue

It has been reported that FDG-6-P reversibly epimerizes to 2-Fluoro-2-deoxy mannose-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]. 2-deoxy-
2-fluoro-p-mannose (FDM) metabolites such as FDM-1-P, FDM-1,6-biP and nucleotide
diphosphate-FDM (NDP-FDM) have been reported in animal tissue [Kanazawa et al, 1996;
Southworth et al, 2003]. However, in our study, we only focused upon abundant FDG
metabolites but we could not deny presence of corresponding FDM-metabolites. In this
paper, we have not reported the amount of various FDG metabolites or time kinetics of their
biosynthesis. We have rather noted F-gluconic acid, FDG-6-P, F-maltose and UDP-FDG as 4
major end products of FDG metabolism in 4. thaliana leaf tissue. We hope that this work will
pave way for discovery of further FDG metabolic end products and FDG kinetics in plant

tissue.

Acknowledgements:

We thank A. Weber and the greenhouse team of MPI-Chemical Ecology for growing the A.
thaliana plants; Emily Wheeler for editorial assistance. We thank Dr. Stefan Meldau, Dr.
Abigail Ferrieri and Dr. Jerrit Weillflog for their guidance and fruitful discussions. We are
also grateful to the Hans Knoll Institute for permission to use the radio-laboratory and
PET/CT facility; the Max Planck Society for a stipend to Amol Fatangare and for financial
support.

49



Research Chapter 11

References:

[1] Alavi A, Reivich M, Jones S, Greenberg J, and Wolf A. Functional imaging of the brain
with positron emission tomography. Nuclear medicine annual 1982; 1982.

[2] Avril N. GLUT1 expression in tissue and (18) F-FDG uptake. Journal of nuclear
medicine: official publication, Society of Nuclear Medicine 2004;45:930.

[3] Bender D, Munk O, Feng H, and Keiding S. Metabolites of (18) F-FDG and 3-O-(11) C-
methylglucose in pig liver. Journal of nuclear medicine: official publication, Society of
Nuclear Medicine 2001;42:1673.

[4] Bessell E, Foster A, and Westwood J. The use of deoxyfluoro-p-glucopyranoses and
related compounds in a study of yeast hexokinase specificity. Biochemical Journal
1972;128:199.

[5] Bessell E and Thomas P. The effect of substitution at C-2 of D-glucose 6-phosphate on
the rate of dehydrogenation by glucose 6-phosphate dehydrogenase (from yeast and from rat
liver). The Biochemical journal 1973;131:83.

[6] Brown RS, Leung JY, Kison PV, Zasadny KR, Flint A, and Wahl RL. Glucose
transporters and FDG uptake in untreated primary human non-small cell lung cancer. Journal
of Nuclear Medicine 1999;40:556-65.

[7] Buriova E, Medovd M, Macasek F, and Bruder P. Separation and detection of oxidation
products of fluorodeoxyglucose and glucose by high-performance liquid chromatography—
electrospray ionisation mass spectrometry. Journal of Chromatography A 2004;1034:133-7.
[8] Biittner M. The monosaccharide transporter (-like) gene family in Arabidopsis. FEBS
letters 2007;581:2318.

[9] Biittner M and Sauer N. Monosaccharide transporters in plants: structure, function and
physiology. Biochimica et Biophysica Acta (BBA)-Biomembranes 2000;1465:263-74.

[10] Biittner M, Truernit E, Baier K, Scholz-Starke J, Sontheim M, Lauterbach C, et al.
AtSTP3, a green leaf-specific, low affinity monosaccharide-H+ symporter of Arabidopsis
thaliana. Plant, Cell & Environment 2000;23:175-84.

[11] Chia T, Thorneycroft D, Chapple A, Messerli G, Chen J, Zeeman SC, et al. A cytosolic
glucosyltransferase is required for conversion of starch to sucrose in Arabidopsis leaves at
night. The Plant Journal 2004;37:853-63.

[12] Conde C, Silva P, Agasse A, Tavares RM, Delrot S, and Ger6és H. An Hg-sensitive
channel mediates the diffusional component of glucose transport in olive cells. Biochimica et

Biophysica Acta (BBA)-Biomembranes 2007;1768:2801-11.

50



Research Chapter 11

[13] Datema R, Schwarz R, and Jankowski A. Fluoroglucose-inhibition of protein
glycosylation in vivo. Inhibition of mannose and glucose incorporation into lipid-linked
oligosaccharides. European journal of biochemistry/FEBS 1980;109:331.

[14] Fatangare A, Gebhardt P, Saluz H, and Svato§ A. Comparing 2-['*F]fluoro-2-deoxy-p-
glucose and [*®Ga]gallium-citrate translocation in Arabidopsis thaliana. Nuclear medicine
and biology 2014;41:737-43.

[15] Ferrieri A, Appel H, Ferrieri R, and Schultz J. Novel application of 2-[(18) F] fluoro-2-
deoxy-p-glucose to study plant defenses. Nuclear medicine and biology 2012;39:1152.

[16] Gromova M and Roby C. Toward Arabidopsis thaliana hydrophilic metabolome:
assessment of extraction methods and quantitative 1H NMR. Physiologia plantarum
2010;140:111-27.

[17] Hattori E, Uchida H, Harada N, Ohta M, Tsukada H, Hara Y, et al. Incorporation and
translocation of 2-deoxy-2-[18F] fluoro-p-glucose in Sorghum bicolor (L.) Moench
monitored using a planar positron imaging system. Planta 2008;227:1181-6.

[18] Higashi T, Tamaki N, Torizuka T, Nakamoto Y, Sakahara H, Kimura T, et al. FDG
uptake, GLUT-1 glucose transporter and cellularity in human pancreatic tumors. Journal of
nuclear medicine: official publication, Society of Nuclear Medicine 1998;39:1727.

[19] Kaarstad K, Bender D, Bentzen L, Munk OL, and Keiding S. Metabolic fate of 18F-
FDG in mice bearing either SCCVII squamous cell carcinoma or C3H mammary carcinoma.
Journal of Nuclear Medicine 2002;43:940-7.

[20] Kanazawa Y, Momozono Y, Ishikawa M, Yamada T, Yamane H, Haradahira T, et al.
Metabolic pathway of 2-deoxy-2-fluoro-p-glucose studied by F-19 NMR. Life sciences
1986;39:737-42.

[21] Kanazawa Y, Yamane H, Shinohara S, Kuribayashi S, Momozono Y, Yamato Y, et al.
2-Deoxy-2-fluoro-np-glucose as a functional probe for NMR: the unique metabolism beyond
its 6-phosphate. Journal of neurochemistry 1996;66:2113.

[22] Kaper T, van der Maarel M, Euverink G, and Dijkhuizen L. Exploring and exploiting
starch-modifying amylomaltases from thermophiles. Biochemical Society Transactions
2004;32:279-82.

[23] Kojima M, Kuribayashi S, Kanazawa Y, Haradahira T, Maehara Y, and Endo H.
Metabolic pathway of 2-deoxy-2-fluoro-p-glucose and 2-deoxy-2-fluoro-p-mannose in mice
bearing sarcoma 180 studied by fluorin-19 nuclear magnetic resonance. Chemical &

pharmaceutical bulletin 1988;36:1194.

51



Research Chapter 11

[24] Kurtoglu M, Gao N, Shang J, Maher JC, Lehrman MA, Wangpaichitr M, et al. Under
normoxia, 2-deoxy-p-glucose elicits cell death in select tumor types not by inhibition of
glycolysis but by interfering with N-linked glycosylation. Molecular cancer therapeutics
2007;6:3049-58.

[25] Kurtoglu M, Maher JC, and Lampidis TJ. Differential toxic mechanisms of 2-deoxy-p-
glucose versus 2-fluorodeoxy-p-glucose in hypoxic and normoxic tumor cells. Antioxidants
& redox signaling 2007;9:1383-90.

[26] Lampidis TJ, Kurtoglu M, Maher JC, Liu H, Krishan A, Sheft V, et al. Efficacy of 2-
halogen substituted D-glucose analogs in blocking glycolysis and killing “hypoxic tumor
cells”. Cancer chemotherapy and pharmacology 2006;58:725-34.

[27] Lin T-P and Preiss J. Characterization of D-enzyme (4-a-glucanotransferase) in
Arabidopsis leaf. Plant physiology 1988;86:260-5.

[28] Lu Y and Sharkey TD. The role of amylomaltase in maltose metabolism in the cytosol of
photosynthetic cells. Planta 2004;218:466-73.

[29] Lu Y, Steichen JM, Yao J, and Sharkey TD. The role of cytosolic a-glucan
phosphorylase in maltose metabolism and the comparison of amylomaltase in Arabidopsis
and Escherichia coli. Plant physiology 2006;142:878-89.

[30] Machado de Domenech EE and Sols A. Specificity of hexokinases towards some
uncommon substrates and inhibitors. FEBS letters 1980;119:174-6.

[31] Maher JC, Krishan A, and Lampidis TJ. Greater cell cycle inhibition and cytotoxicity
induced by 2-deoxy-p-glucose in tumor cells treated under hypoxic vs aerobic conditions.
Cancer chemotherapy and pharmacology 2004;53:116-22.

[32] Mazurek S, Boschek C, and Eigenbrodt E. The role of phosphometabolites in cell
proliferation, energy metabolism, and tumor therapy. Journal of bioenergetics and
biomembranes 1997;29:315-30.

[33] McKeehan WL. Glycolysis, glutaminolysis and cell proliferation. Cell biology
international reports 1982;6:635-50.

[34] McSheehy PM, Leach MO, Judson IR, and Griffiths JR. Metabolites of 2'-fluoro-2'-
deoxy-p-glucose detected by 19F magnetic resonance spectroscopy in vivo predict response
of murine RIF-1 tumors to 5-fluorouracil. Cancer research 2000;60:2122-7.

[35] Miller A and Kiney C. Metabolism of [14C] fluorodeoxyglucose by rat brain in vivo.
Life sciences 1981;28:2071.

52



Research Chapter 11

[36] Muzi M, Freeman SD, Burrows RC, Wiseman RW, Link JM, Krohn KA, et al. Kinetic
characterization of hexokinase isoenzymes from glioma cells: implications for FDG imaging
of human brain tumors. Nuclear medicine and biology 2001;28:107-16.

[37] O'Connell T and London R. Identification of 2-fluoro-2-deoxy-p-glucose metabolites by
19F (1H) hetero-RELAY . Journal of magnetic resonance. Series B 1995;109:264.

[38] Oliveira J, Tavares RM, and Gerds H. Utilization and transport of glucose in Olea
europaea cell suspensions. Plant and cell physiology 2002;43:1510-7.

[39] Partelova D, Uhrovcik J, Lesny J, Hornik M, Rajec P, Kovac¢ P, et al. Application of
positron emission tomography and 2-[18F] fluoro-2-deoxy-p-glucose for visualization and
quantification of solute transport in plant tissues. Chemical Papers 2014;68:1463-73.

[40] Partelova D, Uhrovcik J, Lesny J, Hornik M, Rajec P, Kovac¢ P, et al. Application of
positron emission tomography and 2-[18F] fluoro-2-deoxy-p-glucose for visualization and
quantification of solute transport in plant tissues. Chemical Papers 2014;68:1463-73.

[41] Phelps ME. PET: molecular imaging and its biological applications: Springer,2004.

[42] Pouremad R and Wyrwicz AM. Cerebral metabolism of fluorodeoxyglucose measured
with 19F NMR spectroscopy. NMR in biomedicine 1991;4:161-6.

[43] Printz RL, Magnuson MA, and Granner DK. Mammalian glucokinase. Annual review of
nutrition 1993;13:463-96.

[44] Reitzer LJ, Wice BM, and Kennell D. Evidence that glutamine, not sugar, is the major
energy source for cultured HeLa cells. Journal of Biological Chemistry 1979;254:2669-76.
[45] Reivich M, Alavi A, Wolf A, Fowler J, Russell J, Arnett C, et al. Glucose metabolic rate
kinetic model parameter determination in humans: the lumped constants and rate constants
for [18F] fluorodeoxyglucose and [11C] deoxyglucose. Journal of Cerebral Blood Flow &
Metabolism 1985;5:179-92.

[46] Sanchez-Crespo A, Andreo P, and Larsson SA. Positron flight in human tissues and its
influence on PET image spatial resolution. European journal of nuclear medicine and
molecular imaging 2004;31:44-51.

[47] Schmidt M, Biely P, Kratky Z, and Schwarz R. Metabolism of 2-deoxy-2-fluoro-p-[3H]
glucose and 2-deoxy-2-fluoro-p-[3H] mannose in yeast and chick-embryo cells. European
journal of biochemistry/FEBS 1978;87:55.

[48] Smith T. The rate-limiting step for tumor ['*F]fluoro-2-deoxy-p-glucose (FDG)
incorporation. Nuclear medicine and biology 2001;28:1-4.

[49] Sols A and Crane RK. Substrate specificity of brain hexokinase. Journal of Biological
Chemistry 1954;210:581-95.

53



Research Chapter 11

[50] Som P, Atkins H, Bandoypadhyay D, Fowler J, MacGregor R, Matsui K, et al. A
fluorinated glucose analog, 2-fluoro-2-deoxy-p-glucose (F-18): nontoxic tracer for rapid
tumor detection. J Nucl Med 1980;21:670-5.

[51] Southworth R, Parry CR, Parkes HG, Medina RA, and Garlick PB. Tissue-specific
differences in 2-fluoro-2-deoxyglucose metabolism beyond FDG-6-P: a 19F NMR
spectroscopy study in the rat. NMR in Biomedicine 2003;16:494-502.

[52] Steichen JM, Petty RV, and Sharkey TD. Domain characterization of a 4-a-
glucanotransferase essential for maltose metabolism in photosynthetic leaves. Journal of
Biological Chemistry 2008;283:20797-804.

[53] Suolinna E, Haaparanta M, Paul R, Harkénen P, Solin O, and Sipild H. Metabolism of 2-
[18F] fluoro-2-deoxyglucose in tumor-bearing rats: chromatographic and enzymatic studies.
International journal of radiation applications and instrumentation. Part B, Nuclear medicine
and biology 1986;13:577.

[54] Tantanarat K, Rejzek M, O’Neill E, Ruzanski C, Hill L, Fairhurst SA, et al. An
expedient enzymatic route to isomeric 2-, 3-and 6-monodeoxy-monofluoro-maltose
derivatives. Carbohydrate research 2012;358:12-8.

[55] Tetyuk O, Benning U, and Hoffmann-Benning S. Collection and Analysis of
Arabidopsis Phloem Exudates Using the EDTA-facilitated Method. Journal of visualized
experiments: JOVE 2013.

[56] Thrippleton MJ and Keeler J. Elimination of Zero-Quantum Interference in Two-
Dimensional NMR Spectra. Angewandte Chemie 2003;115:4068-71.

[57] Tsuji A UH, Yamashita T, Matsuhashi S, Ito T, Mizuniwa C, Ishioka NS, Watanabe S,
Sekine T. Uptake of "*FDG and ’NO;" in tomato plants. In: TTARA Annu Rep 2001. Japan:
Japan Atomic Energy Research Institute, 2002;035:103-4.

[58] Ung YC, Maziak DE, Vanderveen JA, Smith CA, Gulenchyn K, Lacchetti C, et al.
18Fluorodeoxyglucose positron emission tomography in the diagnosis and staging of lung
cancer: a systematic review. Journal of the National Cancer Institute 2007;99:1753-67.

[59] Yen T-C, See L-C, Lai C-H, Yah-Huei CW, Ng K-K, Ma S-Y, et al. I18F-FDG uptake in
squamous cell carcinoma of the cervix is correlated with glucose transporter 1 expression.

Journal of Nuclear Medicine 2004;45:22-9.

54



Research Chapter 11

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

deoxy-2-fluoro-p-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; DPE?2,

Arabidopsis Disproportionating enzyme 2.

L UDP-FDG
2-fluoro-gluconic acid
HgCl, sensitive
glucose channel
UDP-Glucose
idati i ?
Apoplast Cyioplasm Oxidation (Enzymatic/spontaneous?) Phosphorylase
Hexoki Phosphoglucose
exokinase i
FDG mg———= FDG6-P g2 FDG-1-P?
DPE2
FDG + [Glu-Glu-Glu...(N)]
2-F-maltose + [Glu-Glu-Glu...(N-1)]

Figure 2: 'H-decoupled '"F-NMR spectra of fractions containing fluorinated metabolites

including chemical shifts. Signals are referenced to CgFg at o -164.9. (A) Raw extract of A.
thaliana after FDG administration before separation. The two most intense signals belong to
a-FDG (&r -197.63) and B-FDG (6 -197.52) (B) Fraction containing the fluorinated
compound o/B-FDG-6-P (m/z 261.0180). The a-isomer shows a chemical shift of 6r -197.75,
the B-isomer resonates at o -197.55. (C) Fraction containing the fluorinated compound o/-
F-maltose (m/z 343.1051). The compound shows signals that appear most deep-field shifted
among the identified metabolites (a: o -198.50, B: o -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 o/B-FDG-6-P and o/B-F-Maltose.
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Figure 3: Assignment of FDG-6-P. (A) 'H-">C HSQC spectrum FDG-6-P. The red F,-
projection represents the selective TOCSY spectrum of B-FDG-6-P, the black F,-trace
belongs to a-FDG-6-P. The F1-projection shows the >*C-NMR spectrum. Coupling constants
were extracted from 'H- and ?C-NMR spectra, respectively. (B) 2D-NMR key correlations
used for the assignment of FDG-6-P (a-FDG-6-P and B-FDG-6-P forms, respectively). Blue
arrows represent "H-C HMBC correlations from H-14p. Red arrows indicate '"H-'"H cosy

key correlations.
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Figure 4: Assignment of fluorinated disaccharide. (A) Detail of the 'H-">C 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 (3. 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 o/B-FDG part. (B) Key correlations used for the structure elucidation of the
fluorinated disaccharide m/z 343.1051. Blue arrows indicate 'H-"C 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 a(1-2>4) junction between the two sugar units.
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Supplementary data

Supplementary Figure 1. "*FDG 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.
"FDG solution (1.23 MBq) was added to each flask. Flasks for set-3 and set-4 were added
with 100 pM glucose and 1 mM HgCl, respectively prior to "*FDG 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 pm 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. "*FDG uptake by Arabidopsis thaliana cell suspension.

Flask/time | CTRL Expt (Cell | Expt (Cell | Expt (Cell

(DW+FDG) suspension+FDGQG) | suspension+100uM | suspension+ImM
Glucose+FDQG) HgCI2+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:
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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.
EDG solution (1.23 MBq) was added to each flask. Flasks for set-3 and set-4 were added
with 100 pM glucose and 1 mM HgCI2 respectively prior to '*FDG 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. "*FDG 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+FDGQG) 23868.5

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

Set-4 Expt+HgCl2 (media+suspensiontHgCl12 ImM+FDG) 604.6
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Supplementary Figure 2:
Average cell pellet radioactivity (CPS)
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Supplementary Figure 3:

Leaf tissue death/damage caused by FDG application. (A) Mature leaf of the control plant was
applied with 50 pL 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 puL of FDG (40 mg.mL™) 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 uL. of DW was
applied locally. (D) Mature leaf was pricked and 20 uL of FDG (20 mg.mL™") was applied
locally. Local tissue damage is clearly visible in FDG applied leaf.

Control leaf

60



Research Chapter II : Supplementary Data

Supplementary figure 4.
TIC and EIC for F-metabolites (depicted in Absolute lon intensity vs RT in minutes)

(A) Total ion chromatogram (TIC) on Supelco apHera Amino column
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(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
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(D) Total ion chromatogram (TIC) on ACQUITY UPLC BEH Amide column:
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(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
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(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 S.
MS/MS spectra for F-metabolites ions (depicted in relative ion intensity vs m/z)
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(C) m/z: 261 (FDG-6-P)
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(E) m/z: 379 (F-maltose + CI adduct)
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Supplementary Figure 6: 'H-'"H dqfCOSY spectrum of the semi-purified fraction of the
fluorinated compound m/z 261.0180 (FDG-6-P). Key correlations of H-1,32>H-2,p are

indicated. The projections show the water-suppressed 'H-NMR spectrum.
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H * F5.0
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Supplementary Figure 7: Comparison of the presaturated 'H-NMR spectrum (PURGE,
black curve) and the selective TOCSY spectra (SELTOCSY-o/B, red/blue curve) of FDG-6-P.
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Supplementary Figure 8: 'H-*'P-HMBC spectrum of FDG-6-P. A presaturated 1H-spectrum

serves as F2-projection. The projection in F1 is a *'P-NMR spectrum.
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Supplementary Figure 9: Structures of o/f-FDG-6-P including chemical shifts, signal
multiplicities and coupling constants (‘"H chemical shifts in red, >C chemical shifts in blue,
F chemical shifts in green and 3P chemical shifts in magenta. Coupling constants are given

in Hz).
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Supplementary Figure 10: Presaturated 'H-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 '"H-'H TOCSY spectrum derived from irradiating
overlapping signals (H-1,/H-1") around &y 5.30. The blue trace shows a selective 'H-'H
TOCSY spectrum acquired after irradiating H-1p at 6y 4.78.

SELTOCSY-irr@4.78 M

T T T
8 7 6 5 4 3 2 1 ppm

-

SELTOCSY- irr@5.30 . UJM

8 7 6 5 4 3 2 1 ppm
PURGE | |
I I I T T T T I T T
8 7 6 5 4 3 2 1 ppm

Supplementary Figure 11: 'H-'H dqfCOSY spectrum of the semi-purified fraction of the
fluorinated disaccharide (m/z 343.1051). Key correlations of H-1,32>H-2,5 are indicated.
Note the irregular shape of the signal for H-2g. The projections show the water-suppressed 'H-
NMR spectrum.
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Research Chapter II : Supplementary Data

Supplementary Figure 12: F-maltose. (A) Structure of a-F-maltose including chemical
shifts, signal multiplicities and coupling constants ('"H chemical shifts in red, °C chemical
shifts in blue, '°F chemical shifts in green. Coupling constants are given in Hz). (B) Structure
of p-F-maltose including chemical shifts, signal multiplicities and coupling constants (‘H
chemical shifts in red, °C chemical shifts in blue, "’F chemical shifts in green. Coupling

constants are given in Hz).
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Abstract

Background

Although leaf herbivory-induced changes in allocation of recently assimilated
carbon between the shoot and below-ground tissues have been described in several
species, it is still unclear which part of the root system is affected by resource
allocation changes and which signalling pathways are involved. We investigated
carbon partitioning in root tissues following wounding and simulated leaf herbivory in
young Nicotiana attenuata plants.

Results

Using 2-deoxy-2-["®F]fluoro-p-glucose (['®F]JFDG), which was incorporated into
disaccharides in planta, we found that simulated herbivory, but not wounding alone,
reduced carbon partitioning specifically to the root tips. In jasmonate (JA) signalling
deficient COI1 plants, the wound-induced allocation of ['®F]FDG to the roots was
decreased, while more ['®F]FDG was transported to young leaves, demonstrating an
important role of the JA pathway in regulating the wound-induced carbon partitioning
between shoots and roots.

Conclusions

Our data highlight the use of ['"®F]FDG to study stress-induced carbon allocation
responses in plants and indicate an important role of the JA pathway in regulating

wound-induced shoot to root signaling.
Keywords

2-deoxy-2-["®F]fluoro-p-glucose  (['®F]JFDG), herbivory, jasmonate signalling,

Nicotiana attenuata, Fatty acid-amino acid conjugates
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Background

Plants face a dilemma when stressed by wounding or herbivore attack - to
invest resources into defence reactions or into growth processes. Research on how
plants solve this dilemma is important for understanding the evolution of resistance
and tolerance strategies of plants, and helps to facilitate the development of crop
improvement strategies. The production of defensive metabolites is tightly linked to
the wound- and herbivory-induced activation of defence hormones, including
jasmonic acid (JA) and its isoleucine conjugate JA-lle [1]. Activation of JA-dependent
resistance pathways is often accompanied by changes in the levels of primary
metabolites, such as sugars, amino acids and organic acids, which serve as
substrates and precursors or provide energy required for defence metabolite
biosynthesis [2-7]. Although the wound- and herbivory-induced signalling or
treatment with JA increase a plant’s response to herbivore attack [8], activation of the
JA pathway can limit the availability of resources required for plant growth and fitness
[9-12].

Biotic and abiotic stress can increase sink strength of certain plant tissues; a
common response in many plant species, including carrot [13], tomato [14], hybrid
poplar trees [2, 15, 16] and pea [17]. However, the opposite response also occurs,
such as the flow of carbon away from stressed tissues, often to storage organs, such
as roots [7, 18-20]. But the direction of resource re-allocation can change with
environmental conditions and plant ontogeny. For example, in Arabidopsis thaliana,
2-deoxy-2-["®F]fluoro-p-glucose (['®F]JFDG), a radioactive tracer that is used to study
carbohydrate allocation, is transported mainly to the root system in vegetative plants
but is directed to above-ground tissues when plants enter the reproductive stage [21].

One of the best plant model systems to study responses upon herbivore
attack is Nicotiana attenuata, an annual plant that grows in the post-fire environment
in the Great Basin Desert (Utah, USA). The interaction between N. attenuata and its
Lepidopteran herbivore Manduca sexta has been intensively studied. During M. sexta
attack, fatty acid-amino acid conjugates (FACs) present in the herbivores’ oral
secretions (OS) are rapidly recognized by N. attenuata; FACs amplify and modify
wound-induced responses in N. attenuata, including the biosynthesis of JA and JA-lle
[22, 23]. The Biosynthesis of JA-lle and its consequent perception through SCF°"

results in transcriptional reprogramming that leads to the accumulation of various
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anti-herbivore secondary metabolites [10, 24-26]. JA-mediated herbivory-induced
responses are associated with large fitness costs in N. attenuata [11], demonstrating
the trade-off between plant growth and defence. However, it is not known whether, in
N. attenuata, the JA pathway orchestrates the resource allocation changes that follow
herbivore attack.

Schwachtje and colleagues found that simulated herbivory increases partitioning
of recently assimilated carbon to roots of N. Attenuata plants; a response that has
been linked to a process termed as “herbivory-induced resource sequestration” [7,
19, 20, 27-31]. The role of the extra carbon in the below-ground parts remains
unknown: it could be utilized for growth of the roots, be stored within the root system,
or help in the synthesis of defence compounds such as nicotine. However, it was
shown recently that herbivory reduces sugar levels and starch in the roots of N.
attenuata [32]. This depletion of carbon resources correlates well with reduced
growth of the primary root after wounding and simulated herbivory [33, 34] and with a
diminished ability to regrow and tolerate herbivore attack [32]. Until now, it has been
unclear in which parts of the N. attenuata root system these changes in carbon
allocation are manifested.

We used the short-lived isotope '8F in simulated herbivory experiments with
leaf-application of the sugar analogue ["®FIFDG to analyse carbon allocation at a fine
spatial scale in the root system. In addition, we analysed the role of the JA pathway
in herbivore-induced ['®F]JFDG distribution by using transgenic plants silenced in the
expression of COI1. Our results demonstrate that ['®FJFDG partitioning to root tips is
strongly reduced after leaf herbivory. Plants silenced in COI1 expression reveal a

distinct role of JA perception in ['®F]FDG distribution after wounding.

Materials and Methods
Plant cultivation
Transgenic irCOI1 N. attenuata plants were described elsewhere [25]. These
lines are transformed with inverted-repeat constructs, allowing reduced transcript
levels of the gene involved in JA perception (irCOI1). For ['8F]FDG experiments,
cultivation of N. attenuata plants was described elsewhere [35], with the following
modifications: 14 d old seedlings were transferred from Petri dish to sand (0.7-1.2
mm grain size, Raiffeisen GmbH, Germany) and fertilized with 0.15 gL™ Ferty B1

(Planta Diingemittel GmbH, Regenstauf, Germany); 0.25 gL™" Cax(NO3). A small lid
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was placed over the plants to avoid drought stress. After three days, the lid was
moved to allow some air exchange, and after five more days the lid was removed
completely. Twelve days later, the plants were transferred to hydroponic solution (for
1L: 0.1929 g Ca,S0y4; 0.1232 g Mg,SO4, 0.0479 g K;HPO4, 0.0306 g KH,PO4 and
0.5 mL micronutrient solution (for 1L: 2.533 g H3BO3; 1.634 g MnSOy4, 0.151 g
NazMoOQy, 0.08 g CuSOy4, 0.02 g CoCly, 0.5 mL Fe-DTPA (for 1 L: 2.78 g FeSO4, 3.93
g Titriplex (Merck KGaA, Darmstadt, Germany))). Plants were grown in growth
chambers under 16 h light (133 pmol m? s™”) at 22 °C and 65 % humidity.

TLC plate analysis

We used one WOS-treated plant to analyze if ["®F]FDG can be metabolized by
N. attenuata plants. We applied 5 uL of ['®F]JFDG to a single punctured wound of a
source-sink transition leaf of a 4.5 weeks old WT plant. Another younger leaf was
treated with WOS. After 8 h, the plant was disassembled and leaf and root tissues
(50 mg) were extracted with MeOH. 15 yL of the extract was applied to a 0.2 mm
HPTLC silica gel 60 F254 plate (Merck) and chromatography was done using
acetonitrile—water (17:3, v/v), containing 0.05 % of 2-aminoethyl diphenylborinate.
After chromatography, the plate was sprayed with detection reagent (4 g of
diphenylamine and 4 mL of aniline dissolved in 160 mL of acetone, 20 mL of conc.
H3PO4 added and filled to 200 mL with acetone) and heated up to 120 °C for two
minutes until bands were clearly visible. The plate was then transferred to an imaging
cassette, covered with a positron imaging plate and scanned after 1 h exposure (FLA

3000 system, Fuijifilm, Tokyo, Japan).

["°FIFDG experiments

Three mature rosette leaves from each plant were selected for [°FIFDG
application. Leaves were wounded on leaf lamina on either side of the midrib using
micropipette tip. Five pL of [°FIFDG (20 mg mL™", Sigma Aldrich, St. Louis, MO,
USA) solution was immediately applied on each wounded region. After 30 min, 5 L
of water was applied on the same region to aid [°FIFDG uptake. Four hours after
treatments, the leaves were harvested and extracted using slightly modified
methanol/chloroform extraction procedure [36]. In brief, leaves were ground in liquid
nitrogen. Methanol (1.5 mL) containing "*C labeled glucose (10 pg mL™, Sigma
Aldrich, St. Louis, MO, USA) and chloroform (0.75 mL) were added to the tissue
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sample. The mixture was sonicated in ultrasonic bath (Merck, Eurolab NV, Belgium)
for 15 min at room temperature. After sonication, water (0.5 mL) and chloroform (0.5
mL) was added to the sample. Sample was centrifuged at 4000g for 15 min at 4 °C.
Supernatant was concentrated using the rotating vacuum dryer (Concentrator 5301,
Eppendorf Vertrieb, Germany). Dried supernatant sample was resuspended in 0.1
mL of water and stored at -80 °C until further LC-MS analysis.

LCMS and LCMS" measurements

LC-MS data were acquired using Dionex UltiMate 3000 UHPLC system
coupled to Thermo-Fisher LTQ-Orbitrap XL hybrid mass spectrometer (both Thermo
Fisher Scientific, Bremen, Germany). The extracts were separated on Supelco
apHera NH2 column (15 cmx4.6 mm, particle size- 5 ym) at room temperature. The
mobile phase consisted of water (A) and acetonitrile (B). Elution gradient was set as
follows: 20 % A (0 min), 20 % A (0.5 min), 45 % A (13 min), 45 % A (18 min) and 20
% A (20 min). The mobile phase flow rate was 1 mL min” and the injected volume
was set at 2 uL. Electrospray ionization (ESI) source was used for ionization of LC
eluate in negative ion mode. Capillary temperature was 280°C, and sheath and
auxiliary gas flow rates were 50 and 10 arb (arbitrary units), respectively. The sweep
gas flow rate was set at 5 arb and source voltage at 4 kV. The capillary voltage and
tube lens were set at -47 V and -120 V, respectively. During LCMS measurements,
FTMS resolution was set to 100,000 and samples were analyzed in full scan mass
range of m/z 100-800 with the acquisition of profile-type mass spectra. During
LCMS" measurements, LC peak retention time (RT) window was given to acquire
MS/MS spectra of few selected ions in that RT window. All other parameters were
identical to that of LCMS. MS/MS spectrums were acquired at a FT resolution of
15,000 at collision energies of 5, 10, 20 and 30 respectively and with isolation
window of 1.6 Da. The raw data was processed and compared using Xcalibur version
2.0.7 (Thermo Fisher Scientific, Bremen, Germany). The mass accuracy error

threshold was fixed at 5 ppm.

["8FJFDG experiments
Using size-matched, early rosette-stage plants (rosettes of approximately 5
cm radius), 1 pL of ['®F]JFDG solution (1.5-2 MBq uL™"; in H,O, FCON, Holzhausen

a.d. Haide, Germany) was applied to puncture wounds made on both sides of the
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midrib of the third oldest leaf (Fig. 5A). Four hours after the application of ['|F]FDG, 5
ML of water was applied to the wounds to aid uptake of remaining FDG on the leaf
surface. Treatments were applied immediately after tracer application (see Fig. 5A) to
the leaf next younger to the load leaf. This leaf was either left untreated (CON), or
was puncture-wounded in two places, with application of 1 yL water (WW) or 1:5
diluted M. sexta oral secretions (WOS). For FAC treatments, leaves of three week
old plants were punctured with a needle and applied with [18F]FDG. Another leaf was
wounded and treated with 1 pL of water (WW) or 1 uL of the fatty acid-amino acid
conjugate N-linolenoyl-glutamate (WFAC), at a concentration similar to M. sexta OS
[37]. Eight hours after these treatments, all leaves (except the leaf that was labelled
with 18F), shoot-root junction and roots were carefully separated, transferred to an
imaging cassette, covered with a positron imaging plate and scanned after 1 h
exposure (FLA 3000 system, Fujiflm, Tokyo, Japan). For radioactivity
measurements, plant parts were transferred to plastic tubes and radioactivity was
measured with a well counter (Isomed 2100, Nuklear Medizintechnik Dresden GmbH,

Dresden, Germany).

Results and Discussion

It has been suggested that ['®F]FDG, a radioactive glucose analogue, could be
used as a tracer for photoassimilates distribution in plant studies [38]. Although,
['"®F]JFDG uptake and metabolism has been extensively studied in animal cells [39-
41], its metabolism in plant tissues is not well characterized. First, we first performed
thin layer chromatography (TLC) experiments to analyze whether ['®F]JFDG is
metabolized in N. attenuata plants, as has been shown in A. thaliana [21]. The
detection of multiple radioactive bands in local and systemic leaf and root tissues
suggest that ['®F]FDG is taken up, transported and metabolized by the plant (Fig. 1).
To further characterize the metabolism of FDG in plants, we supplied the stable-
isotope-labelled ['°F]JFDG to plant leaves and analysed [°FIFDG metabolites via
liquid chromatography-mass spectrometry (LC-MS). In all extracts from ['°F]FDG-
labelled leaves, we found a peak eluting at retention time of 5.4 min with m/z
343.1042 and with calculated monoisotopic mass of C12H20010'°F (¥4 ppm, Fig. 2).
Upon fragmentation, m/z 343.1042 gave rise to secondary ions m/z 323.0975 and
179.0554. The first fragment can be rationalized by neutral loss of HF (20.0061),

whereas the other fragment ion was identified as deprotonated glucose (CsH110g").
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