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Introduction and thesis outline

Life on Earth can be attributed to the continued thermonuclear events taking place at the
heart of a middle-aged, mid-sized star — our sun. Those thermonuclear events produce
energy that arrives as sunlight on our planet, where photosynthetic systems have evolved
to capture and convert the light energy to chemical energy (Evert et al. 2013). In that
respect, more than 250 billion metric tons of sugar are produced worldwide each year by
photosynthetic conversion of atmospheric carbon dioxide (CO2) and water (H20) (Fig.
1.1). Multiple photosynthetic pathways exist (Text box 1.1) with leaves being the
dominant photosynthetic organ in most C3 and C4 plants, although photosynthesis can
occur in every plant organ, including stems, fruits, flowers, and in some rare cases also
roots (e.g. orchids) (Nilsen 1995). Specifically, stems can often be the primary
photosynthetic organ in some species from arid and semiarid ecosystems, which remain
leafless most of the year (Nilsen 1995; Avila et al. 2014). Additionally, green stems of
herbaceous and crassulacean acid metabolism (CAM - Text box 1.1) plants are
photosynthetic, nevertheless, the significance of chloroplast presence in woody stems has

only recently become clearer (Teskey et al. 2008) and will be the focus of this thesis.
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Figure 1.1 Energy flow in the biosphere (a) The radiant energy of sunlight is produced
by nuclear fusion reactions taking place in the sun. (b) Chloroplasts capture the radiant
energy of sunlight and use it to convert water and carbon dioxide into carbohydrates,
such as glucose, sucrose, or starch. Oxygen (02) is released into the air as a by-product
of the photosynthetic reactions. (c) Mitochondria, present in eukaryotic cells, carry out
the final steps in the breakdown of these carbohydrates and capture their stored energy
in ATP molecules. This process, cellular respiration, consumes 0 and produces COz and
H:0, completing the cycling of the molecules. Adapted from Evert et al. (2013)
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Text box 1.1 Photosynthetic reactions in C3, C4 and CAM plants

Due to adaptation to their respective growth conditions over evolutionary time scales,
plants have developed different photosynthetic characteristics and can be categorised
in three groups according to the followed pathway, i.e. C3, C4+ and CAM (crassulacean
acid metabolism) (Taiz & Zeiger 2010). Species with C3 photosynthesis represent the
largest group with 85 % of all higher plant species (including almost all tree species)
wheras C4 species account for about 5 %, and CAM species make up the remaining 10 %.
C4 plants are thought to have originated in relatively arid regions, where high
temperatures occur in combination with drought stress, whereas desert CAM plants are
adapted to drought in arid regions, where day and night temperatures can show drastic
swings (although some CAM species occur in tropical rainforests as epiphytes) (Yamori

etal 2014).

In all plants, CO: diffuses through the stomata and the intercellular air spaces,
and eventually arrives in the chloroplast. Regarding C3 plants, CO: is subsequently used
for the carboxylation of ribulose-1,5-bisphosphate (RuBP) which is catalysed by the
enzyme Rubisco (ribulose-1,5-bisphosphate carboxylase/oxygenase). This reaction
produces 3-phosphoglyceric acid (PGA), i.e. a molecule composed of three carbon atoms
and the origin for the name of C3 plants. This reaction occurs in the Calvin cycle where
PGA is both used for the regeneration of RuBP and the production of sugars and starch
which requires energy in the form of ATP and NADPH. Note that Rubisco can serve as
an oxygenase as well as it can catalyse O;. This reaction is known as photorespiration

and results in release of COx.

C4 and CAM photosynthesis, on the other hand, have a biochemical CO;
concentrating mechanism at the catalytic sites of Rubisco which reduces
photorespiration (Jenkins et al. 1989; Furbank et al. 1997). Both C4 and CAM plants
hereby separate the process of COz uptake and the Calvin cycle (Cs spatially and CAM
temporally). Specifically, in C4 plants CO: is first converted into an intermediary
molecule (typically malate, ie. a molecule having four carbon atoms) by
phosphoenolpyruvate carboxylase (PEPC). Malate is subsequently transported to the
vascular bundle sheath cells where CO; is released again which can be processed by
Rubisco and have a normal Calvin cycle, as in Cz plants. The biochemical CO;

concentrating mechanism in CAM photosynthesis requires separation of the C3 and Cq4
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components in time, compartmentalised within a common cellular environment.
During the night, stomata are open, CO? is taken up and converted to malate in the
vacuoles. During the day, stomata are closed but COz is released internally when light
reactions provide energy so that the Calvin cycle can operate. By opening stomata and
incorporating COz at night when transpiration rates are low, CAM plants can achieve
high water use efficiencies that are three- to six-fold greater than for C4 and Cs3 species,

respectively (Yamori et al. 2014).

1.1 Studying the fate of xylem-transported CO:

During cell respiration carbon substrates are oxidized by mitochondria which release CO-
(Fig. 1.1). Outer tissues of the stem present substantial barriers to radial CO; diffusion
(Steppe et al. 2007), so that locally respired CO2 builds up in the xylem and dissolves in
the sap solution while reaching a substantially higher concentration (often between 3 and
10 % and sometimes up to 26 %, reviewed by Teskey et al. 2008) than that in the
atmosphere (~ 0.04 %). Xylem CO2 concentration ([CO2z]) in the gaseous phase is hereby
in equilibrium with CO; species (COz (aq), HCO3 and CO3%’) dissolved in the sap solution
(sap [CO2™]) (Hari et al. 1991; Levy et al. 1999; McGuire & Teskey 2004). Upon dissolution
in xylem sap, CO2 is transported upward with the transpiration stream throughout the
plant (Fr) (McGuire & Teskey 2004). Internally transported (respired) COz can then
diffuse to the surrounding xylem parenchyma and apoplastic spaces from where it has
two main pathways: it can either radially diffuse into the atmosphere via stem CO; efflux
(E4) which is facilitated by the [COz] gradient across the xylem - atmosphere or be fixed
by chloroplasts present in the bark, xylem rays and pith tissues (AS) (McGuire & Teskey
2004; Teskey et al. 2008; Bloemen et al. 2016b). This latter process can be regarded as a
recycling mechanism (brown arrows in Fig. 1.1) and is therefore referred to as stem
recycling photosynthesis, as described by Avila et al. (2014). In contrast, another type of
CO; assimilation by stems exists being net uptake of atmospheric CO realised through
stomata present in the epidermis of stems (Comstock & Ehleringer 1990; Nilsen et al
1993; Nilsen 1995) and is referred to as stem net photosynthesis (Avila et al. 2014).
Typically, stem recycling photosynthesis is characteristic for stems with low stomatal
density or with periderm, and thus generally no net CO; assimilation occurs in these stems

(Nilsen 1995; Aschan & Pfanz 2003). In this PhD thesis, stem recycling photosynthesis
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performed by woody tissues will be investigated and will therefore be referred to as
woody tissue photosynthesis (Pw:), as described by Saveyn et al. (2010). Anaplerotic
fixation of CO; via CAM or C4 photosynthesis (Berveiller & Damesin 2008; Hilman et al.
2019) will not be discussed.

Recent research has shown that CO; derived from above- and belowground
respiration is transported with the transpiration stream in trees (Teskey et al. 2008,
2017; Aubrey & Teskey 2009; Bloemen et al. 2013b, 2016a; Steppe et al. 2015) thereby
representing a second important transport pathway of the plant carbon cycle. However,
our understanding of respired CO; and its contribution to each of the carbon fluxes (i.e.
upward transport with the sap (Fr), assimilated by woody tissue photosynthesis (Pwt),
stored in the sap (AS) and efflux to the atmosphere (E4)) is still far less advanced than our
knowledge of e.g. water transport or leaf photosynthesis (Amthor 2000; Atkin & Macherel
2009; Thornley 2011). A substantial amount might move with the transpiration stream
(Fr) into foliage (McGuire & Teskey 2002), but the relative proportion of respired CO; that
diffuses into the atmosphere (E4) or that is re-assimilated in chlorophyll-containing
tissues during xylem transport (4x), is still ambiguous and open for debate. Consequently,
recycling of COz by Py is often overlooked with respect to the plant carbon budget as it
could pay for local carbon demands (Aschan & Pfanz 2003; Teskey et al. 2008; Saveyn et
al. 2010). Moreover, if a big portion of internally transported CO: is assimilated within
trees, then the contribution of leaf photosynthesis is overestimated. Regarding its
significance, carbon recycling by Py: results in a more efficient carbon fixation and, hence,
an increase in the overall plant water use efficiency (Cernusak & Marshall 2000; Teskey
et al. 2008; Wittmann & Pfanz 2008). Moreover, it raises the internal Oz concentration,
which avoids hypoxia (Pfanz et al 2002; Aschan & Pfanz 2003). Additionally, this
unaccounted source of carbon might become important under drought as Py, is suggested
to play a role in the plant hydraulic performance. Under drought, stomatal conductance is
reduced not only limiting uptake and assimilation of airborne CO; but also sugar transport
(Sevanto 2014). In this way, local assimilation of xylem-transported COz (4x) to sugars by
Pw: could compensate for the reduced long-distance carbohydrate transport from the
leaves to the sinks (Sevanto 2014; Cernusak & Cheesman 2015; Vandegehuchte et al.
2015). This holds especially for young trees, as because of their smaller carbon storage
reserves it is expected that they are more adapted to efficiently recycle CO; given their

green shoot tissues and thinner bark layer (Vandegehuchte et al. 2015). Furthermore, it
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is believed that young trees are able to confer lower xylem vulnerability to embolism via
sugar-mediated mechanisms (Schmitz et al. 2012; De Baerdemaeker et al. 2017). Py may
as such be regarded as a link between xylem and phloem by contributing to both plant

energy as well as hydraulic performance.

Despite the beneficial traits of Ax by P there is still uncertainty about this
phenomenon as well as about the other internal CO; fluxes in woody tissues which might
arise from the methodological constraints of the techniques that have been used so far to
study xylem-transported CO: in relation to stem respiration (Teskey et al. 2008). Mainly
13C- and 4C-labelling or gas-exchange methods have been applied on petioles, branches
or stems. These methods offer limited temporal and/or spatial resolution and therefore
hinder estimation of the fate of internally-transported COz, which is important when it
boils down to the assessment of their dynamics (Teskey et al. 2008). Exactly this is the
focus of this PhD thesis.

Radioactive 11C0z-based experiments on branches and leaves of poplar (Populus
tremula L. and Populus x canadensis Moench “Robusta”) have been proposed in
combination with medical imaging techniques, such as positron emission tomography
(PET) and positron autoradiography. PET has become one of the most common and useful
imaging modalities for tumour detection and treatment monitoring of human diseases
because of its high diagnostic efficacy and accuracy (Saha 2016). Additionally, this
imaging technique is used in preclinical studies on rodents and nonhuman primates for
research on drug development linked to e.g. cardiology or neurology (Ametamey et al.
2008). Positron autoradiography on the other hand, has increasingly been employed for
the analysis of radioactive samples in molecular biology, pharmacology, and receptor
binding and quantitative biopsy analysis under PET/CT guidance (Sihver et al. 1999;
Maguire et al. 2012; Zanzonico 2012) due to its high spatial resolution (~ 0.05 mm). Note
that this is higher than the anatomical data provided by CT (~ 0.5 mm). Both of the
postiron-based technique can be applied in plant science by means of a non-invasive in
vivo approach, making them very promising to study the dynamics of complex metabolic

processes (Minchin & Thorpe 2003; Hubeau & Steppe 2015).

Another medical imaging technique that could potentially be used to study CO:
dynamically and at high spatial resolution (~ 1 mm) is 13C-based magnetic resonance

imaging (MRI). Carbon-13 is naturally occurring and not radioactive making it safer to use
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with respect to 11C. Additionally, 13C-based magnetic resonance spectroscopy provides
chemical information about the molecular arrangement of the 13C-atom. A different signal
is obtained if a 13C-atom would be incorporated into e.g. HCO3-, fructose or glucose which
would be a big advantage to study biological pathways. However, a standard MRI setting
is rarely equipped with transmitting and receiving coils for detection of 13C. Additionally,
13C-atoms give a limited signal as there prevalence is only 1% of all naturally occurring
carbon. Imaging carbon-13 by means of MRI is therefore only possible using hyper-
polarized 13C. Through hyperpolarization, which is typically done at a very low tem-
perature (2 K), the nuclear spin polarization of a material in a magnetic field is far beyond
thermal equilibrium (Merritt et al. 2007; Kishimoto et al. 2019). However, once the
polarized substance has left the polarizer, an irreversible decay of the polarization ensues.
In the case of 13C-pyruvate the decay time is ~ 55 sec as long as the substance is kept in a
water solution (Golman et al. 2008). Consequently, 13C-based MRI was therefor not

considered for studying dynamic carbon processes.

1.2 Basics of positron-based imaging

PET and positron autoradiography are both medical imaging techniques that measures
the distribution and concentration of radiotracers in a non-invasive manner. Radiotracers
are molecules that contain two moieties, or functional groups, an agent and a label. The
agent is a molecule that has a high affinity for a specific target that needs the be imaged,
while the label is a positron emitter (e.g. 11C, 18F, 150) in case of positron-based imaging
(Kiser et al. 2008; Saha 2016). The emitted positron B+ (antimatter of an electron) will
react with an electron in its close environment and annihilate. The mass of both particles
is hereby converted into energy manifesting as two gamma (y) photons, which are emitted
in opposite direction (180°). Detection of these y-photons within a ring of detectors forms
the basis of PET imaging (Fig. 1.2) (Ametamey et al. 2008; Kim et al. 2013). Namely, when
a pair of detectors each detect a y-photon within a short time frame (e.g. 4 ns), it is
assumed that annihilation took place along the line connecting both detectors, a process
referred to as coincidence. Since millions of coincidences are detected during a PET scan,
this information can be used to reconstruct a 3D image of the distribution of the
radiotracer within the subject/object that is positioned inside the ring of detectors (i.e.
the field of view or FOV). With regard to positron autoradiography, the object under study

is exposed to a phosphoric plate which will be excited principally by positron radiation.
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The resulting 2D image shows the integrated tracer activity detected during the exposure
time in the tissue and has a spatial resolution that is about 20 times higher compared to

PET (~ 0.05 vs. 1 mm).

A positron-emitting nucleus can be incorporated in naturally occurring molecules,
such as H;0 or CO; (Hubeau & Steppe 2015). In that respect, this thesis is focused around
11C-labelled CO». According to the tracer principle, labelled molecules are absorbed via
normal metabolism and are distributed similarly throughout the study object as non-
labelled molecules (Saha 2016). Moreover, radiotracers are administered in very small
concentrations (nanomolar to picomolar range) in order not to alter or perturb the
system (Turkheimer et al. 2014). Furthermore, positron-based imaging allows to study
and even visualise processes in vivo, in real-time and with high spatial resolution, which
is not possible by means of 13C- or 1#C-based experiments, making them exquisite to study

the dynamics of xylem-transported COx.

(b)

Figure 1.2 (a) Schematic of a branch inside a PET detector ring. Positron decay of the
(orange) 11C-nucleus in the branch is shown in the enlarged circle. The positron is
travelling a certain distance (typically 1.1 mm in condensed matter- black arrow) known
as the positron range to eventually collide with an electron and annihilate to produce
two y-photons (red arrows) travelling in opposite (180 °) direction. Subsequently, these
y-photons can be detected by two different PET detectors (red ovals) in the detector
ring. (b) Schematic of a branch exposed to a phosphoric autoradiographic plate that
detects positrons.
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1.3 Thesis outline

Since the first in situ measurements of internal CO; by McGuire & Teskey (2002), an
increasing number of studies have been reporting on the significance of xylem-
transported COz in trees (e.g. McGuire & Teskey 2002, 2004; Aubrey & Teskey 2009; Maier
et al. 2010; De Roo et al. 2019; Hubeau et al. 2019; Salomén et al. 2019). Therefore,
investigation of internal CO: is of topical interest in plant sciences and we applied
positron-based imaging to further push the boundaries on our understanding of its fate

at high spatial and temporal scale.

Comparable to the breakthroughs induced by the clinical and pre-clinical
application of positron-based imaging, we are convinced that these techniques have
immense potential in the way that they could contribute extensively to plant science as
well. However, only a limited number of research groups worldwide report plant studies
using positron-based techniques as the complexity involved might form an obstacle for
some research groups. Additionally, application of these techniques to study
photosynthesis is challenging as it requires the use of radioactive 11CO2. Under ambient
pressure and temperature CO2 is gaseous which imposes problems with regard to
radiation safety. Hence special measures need to be taken regarding airtightness of the
methodological set-up and introduction of the label to the plant tissue as to prevent
radioactivity entering the atmosphere. Therefore, this PhD thesis will start by providing
abroad outline on how to design and execute positron-based experiments on plant tissues
in Chapter 2. Given its pivotal role in plants, the focus will be on tracing 11CO; using PET.
Hereby, the different steps toward quantitative imaging are considered as well as the
related opportunities and challenges. Additionally, the use of positron autoradiography in

plant science is hinted in this chapter.

To follow a thorough assessment of internal CO; reassimilation in stem tissues,
subsequent chapters will focus on poplar species (i.e. Populus x canadensis Moench
“Robusta” and Populus tremula L.). P. x canadensis is the ornamental hybrid between P.
deltoides and. P. nigra and has been planted in large numbers along river banks and urban
areas in Europe, America and some parts of Asia (Hodousek et al. 2017). P. tremula is a
widespread Eurasian species, growing in temperate and boreal forests (Caudullo & de
Rigo 2016). Populus species, commonly called aspen, are angiosperm and a member of the

Salicaceae family. Furthermore, they are characterized by rapid growth and a naturally
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high bark chlorophyll concentration (4.15 mg dm-2 which is similar to that of the leaves;
Kharouk et al 1995), making Populus species well suited for the measurements
performed in this PhD work. In the face of climate change, it is suggested that
photosynthetic stems would be a major asset with respect to tree survival during long
periods of drought (Cernusak & Marshall 2000; Vandegehuchte et al. 2015) which might

increase the importance of Populus species.

The investigation of xylem-transported CO; was started by in vivo tracing of xylem-
transported CO: in excised poplar leaves using 11C in combination with PET and positron
autoradiography and is described in Chapter 3. Therefore, a new method was developed
to study plants in a half-open set-up supplying air to the leaves as to maintain regular
photosynthesis while taking into account the hazards concerning radioactive 11CO;. To
show the applicability of both PET and autoradiography in visualising and quantifying CO>
transport dynamics, the tracer was administered via the cut petiole and transport through

the xylem was manipulated by excluding light or preventing transpiration.

As measurements in Chapter 3 are based atleaflevel, we aimed to get more insight
into the photosynthetic properties of branch tissues. Consequently, Chapter 4 describes
visualisation of xylem-transported 11CO; in 1-year-old poplar branches by means of
positron autoradiography. The methods developed in Chapter 3 are applied. Positron
autoradiography is especially suitable for imaging thin branches because C-positrons
are detected with autoradiography, which travel an average distance of only ~ 1.1 mm in
condensed matter upon annihilation (conversion to gamma rays). To allow mutual
comparison of different autoradiographic experiments a normalization method was
developed. Additionally, to date it has merely been assumed that retention/accumulation
of xylem-transported CO; in woody tissues is related to assimilation by P.: through
exposure of photosynthetically active radiation (PAR) as described by experiments using
13C- and '“C-labelling in branches and leaves (e.g. Stringer & Kimmerer 1993; McGuire et
al. 2009; Bloemen et al. 2015; Stutz et al. 2017; Stutz & Hanson 20193, b) and CO: gas
exchange measurements (e.g. Wittmann et al. 2001; Salomon et al. 2018; De Roo et al.
2019; Stutz & Hanson 20193, b). Moreover, actual photosynthetic conversion of CO2 into
sugars was not tested for woody tissues in these studies. Therefore, 13C-based

measurements were performed and analysed using liquid chromatography-mass
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spectrometry (LC-MS) to unambiguously attribute carbon tissue enrichment under light

exposure to Pyt

In Chapter 5 the dynamics of xylem-transported CO; are assessed through PET. By
means of compartmental modelling, the dynamic data obtained from the PET images was
used to retrieve the relative contribution of xylem-transported CO2 (COzx) to each of the
carbon fluxes in woody species, i.e. radial efflux to the atmosphere Es/CO2x, upward
transport with the sap Fr/COzx and assimilation Ax/CO2x and storage AS/COzx. The
applied methodology in this chapter also allowed to retrieve a direct measure of the
transport speed of internal COz. Both high spatial and temporal resolution of PET resulted
in new observations regarding the fate of internal COz in 1-year-old branches of P.

tremula.

From Chapters 1-5, new insights were acquired which enables us to discuss the
applicability of both positron-based imaging methods PET and autoradiography to study
xylem-transported CO2. Hence, Chapter 6 contains the main conclusions that may be
inferred from the data presented in this PhD thesis, but also the main areas of uncertainty
surrounding these conclusions. Additionally, it aims to identify potential areas of future
research using positron-based imaging through identification of knowledge gaps and

research opportunities. In this final chapter the following questions are dealt with:

- Canmedical imaging techniques be used to study the dynamic fate of internal CO2?
- What is the relevance of xylem-transported CO2?
- Why should we expand positron-based imaging in plant studies?

- What are the challenges and future prospects for plant-PET?
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2.1 Introduction and overview

Molecular imaging is a type of medical imaging that has the ability to trace or identify
specific molecules within a specific anatomic location and can provide insight into
metabolic pathways, tissue components, and tracing solute transport mechanisms
(Wickline & Lanza 2002; James & Gambhir 2012). Today, molecular imaging is an
established tool in both a clinical setting as well as in research facilities, where it is either
used for diagnostic imaging and treatment, or for clinical research and drug development.
Fuelled by the advances and developments of new radioactive labelled probes, functional
imaging techniques such as positron emission tomography (PET) and single photon
emission computed tomography (SPECT), in combination with computed tomography
(CT) or magnetic resonance imaging (MRI) have become increasingly important (Levin
2005). Due to its high sensitivity and specificity for tumour detection, PET has become a
standard and widely used medical imaging technique. Given the popularity of PET, both
clinical and preclinical, its use has been extended to study plants (Minchin & Thorpe 2003;
Jahnke et al. 2009; Hubeau & Steppe 2015; Karve et al. 2015). However, only a limited
number of research groups worldwide report PET-based studies, while we believe that
this technique has much more potential and could contribute extensively to plant science.
The limited application of PET may be related to the complexity of putting together
methodological developments from multiple disciplines, such as radio-pharmacology,
physics, mathematics and engineering, which may form an obstacle for some research
groups. By means of this manuscript, we want to encourage researchers to study plants
using PET. The main goal is to provide a clear description on how to design and execute
PET scans, process the resulting data and fully explore its potential by quantification via
compartmental modelling. The different steps that need to be taken will be discussed as
well as the related challenges. Hereby, the main focus will be, although not limited to, on

tracing 11CO2 given its key role in plants.

2.2 Experimental design of plant-PET studies

2.21 Communication and planning

The objective of PET imaging is to acquire (quantitative) images of the distribution of a

certain radiotracer in the object under study. To obtain these images a multidisciplinary
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trajectory is followed within a PET centre (Fig. 2.1). It starts with the production of the
positron emitting isotope in a cyclotron. Subsequently, this isotope is linked to the desired
molecule by radiopharmacists to obtain the required radiotracer, which is then
transported to the PET scanner. Due to the short half-life of PET isotopes (see Table 2.1),
the PET scanner and cyclotron units are generally in close proximity. The PET system is
typically operated by a high-level technician or researcher, while a medical physicist
keeps track of the quality assurance of the PET system. Once the acquired PET data are

reconstructed into 3D images, image analysis and quantification can take place.

y,

G

Figure 2.1 Schematic showing the multidisciplinary nature of PET imaging.

(] )

Image processing Image
& quantification reconstruction

Tracer injection
& PET acquisition

PET centres are growing in large numbers worldwide and can be found in academic
institutes as well as in smaller and larger hospitals. Smaller hospitals usually do not have
a cyclotron, generally have a single PET scanner (typically combined with CT) and
purchase their PET radiopharmaceuticals from commercial vendors that have a cyclotron
facility (which is only possible for longer-lived radioisotopes, e.g. 18F). Larger hospitals
and academic institutes have PET centres that can accommodate one or more cyclotrons,
a radiochemistry laboratory and often several (multimodal) PET scanners, including
laboratory animal (e.g. Alexoff et al. 2011; Hubeau et al. 2019b), clinical (e.g. Garbout et
al. 2012; Karve et al. 2015) or self-designed imaging systems (e.g. Uchida et al. 2004;
Jahnke et al. 2009; Weisenberger et al. 2012). In these larger centres the integral
multidisciplinary workflow can be followed. Because of the strict regulations regarding

radiation exposure, PET centres are heavily shielded to minimise radiation exposure to
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workers (Saha 2016). This usually implies that the rooms do not have windows and thus
have a limited availability of sunlight. By consequence, it is advised to provide (timed)
lighting to maintain regular plant functioning when performing plant-PET imaging.
Additionally, due to the seasonal dependence of plant material, it is advised to plan
experiments well in advance (~ two months, although depending on the number of scans)

as these medical imaging devices are generally well occupied.

Table 2.1 Production and application of positron emitting tracers used in plant science.
The mean positron range is the distance connecting the place of decay and the place of
annihilation with a straight line.

Radio- Target Nuclear Potential tracers for Half-life  Mean positron
nuclide material reaction plant experiment (min) range (mm)
N2 + 5% H» 11CO.,
1nc 1N (p,a)i1C 20.36 1.1
N2+ 0.1% O2 11C-methyl jasmonate
18F-fluoro-deoxy-glucose
18F H»180 160(p,n)18F . 109.74 0.6
2 (p.n) (*8FDG) 18Fluorine (aq)
13N H»160 160 (p,a) 13N 13NO3 9.96 1.5
150 N2 14N(d,n)150 H»150 2.03 2.5
2.2.2 Production and formulation of radiotracers

Whereas nowadays radioactive tracers are inherently linked to clinical practice, their first
application to study biological processes made use of plants and was described by de
Hevesy (1923). He played a key role in the development of radiotracers, which has
indirectly led to the development of nuclear medicine and PET imaging. As indicated
earlier, the production of radiotracers for PET imaging starts with a cyclotron, where a
charged particle (usually a hydrogen ion, e.g. H*) is accelerated to a high velocity to
bombard a target molecule, eventually creating an unstable nucleus that decays by
positron emission. Depending on the target molecule a different radionuclide can be
produced (Table 2.1). The most widely used positron-emitting nuclide in plant science is
carbon-11 (11C), which is usually administered as gaseous 11CO; to study long-distance
transport of photosynthates (Minchin & Thorpe 2003; Karve et al. 2015; Hubeau et al.

2018) or can also be administered in an aqueous solution to study xylem-transported CO>
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(Bloemen et al. 2015; Mincke et al. 2018; Hubeau et al. 2019b). 11CO; is generally
produced in two different ways depending on the target material, i.e. N2/O2 (Karve et al.
2015) or N2/Hz (Hubeau et al. 2018). In the former case, the nuclear reaction results
immediately in the formation of 11CO;, however, with the undesired by-product 11CO
(Saha 2016). Application of N2/H; results in the formation of 11CHs which subsequently
needs to be oxidised via cobalt oxide column to yield 11CO> as described by Landais & Finn
(1989). This last step involves heating to 500 °C, requiring the use of a tube furnace that

might not be a part of the standard equipment in a cyclotron unit.

Depending on the research objective of the experiment, 11COz can be trapped in a
NaOH solution to be applied as a gas (e.g. Hubeau et al. 2018), or bubbled through a
slightly acidic buffer (e.g. Tris, phosphate or citric acid) to obtain an aqueous solution (e.g.
Mincke et al. 2018). In the former case, the dissolved 11CO2 can be released from the NaOH
solution as a gas, by injection into an excess acidic solution (e.g. H2S04), which can
subsequently be directed towards the plant tissue. With regard to the formulation of a
radioactively-enriched buffered solution that has to be exposed to the xylem (regardless
the radioisotope), the buffer’s pH is allowed to deviate slightly from the pH of xylem sap
of the species under study. Specifically, once the tracer is taken up equilibrium reactions
will occur, creating the right pH inside the tissue (Butler 1991). Hence, the pH of an 11CO»-
enriched aqueous solution can be slightly more acidic than the xylem sap to favour the

11C-label being dissolved as CO2 (aq.) over bicarbonate.

The use of 11C is not limited to CO2 as it can also be built into other traces like methyl
jasmonate, auxin or salicylic acid (Thorpe et al. 2007; Agtuca et al. 2014). Other positron-
emitting isotopes applied in plant studies are fluorine-18 (18F), nitrogen-13 (13N) and
oxygen-15 (1°0), which can be incorporated into biologically active molecules like 18F-
fluoro-deoxy-glucose (18FDG), 13NO3 and H2150, respectively. Therefore, the use of these
radiolabelled molecules include, but is not limited to, investigating sugar transport (e.g.
Fatangare & Svato$ 2016), nitrogen distribution (e.g. Siddiqi et al. 1989; Liang et al. 2011)
and water transport (e.g. Mori et al. 2000; Kiyomiya et al. 2001), respectively. Application

of 18F is also described as a proxy for tracing water transport (e.g. Ishioka et al. 1999).

The above-mentioned radiotracers are only a few examples of molecules, together
with their involved pathways, that can be studied in plants using PET imaging. By making

use of organic (radio)chemistry, radionuclides can be incorporated in many other
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dedicated molecules. However, due to the short half-life, the isotope needs to be labelled
to the required molecule by a radiopharmacist in a short time frame (Fig. 2.1). After the

labelling, the radiotracer is ready to be exposed to the plant material and can be scanned.

2.2.3 Working safely with gaseous radioactivity

Since 11COz is a gas under standard temperature and pressure, extra attention should be
paid to the experimental set-up to reduce the risk of radioactive gas being released into
the atmosphere. Concerning the set-up, airtightness must be achieved and maintained
throughout the entire experiment. However, this is challenging since plants require
continuous supply of CO; to maintain photosynthesis. Therefore, most systems enclose
the plant, or part of it, in a labelling chamber that is connected to a gas circulation system
(e.g. Kawachi et al. 2011; Dirks et al. 2012; Agtuca et al. 2014; Hubeau et al. 2018). A
straightforward method to detect leaks in the labelling chamber is to measure the in- and
outflowing air using flow meters (Hubeau et al. 2018). However, the main challenge
remains to enclose the plant tissue in an airtight way. When studying or labelling a
photosynthesising organ, the labelling chamber usually has to be made out of translucent
material (e.g. plexiglass or see-through plastic) to allow illumination of the plant material
with photosynthetically active radiation (PAR). Airtight constructions enclosing an entire
plant can easily be made of plexiglass (e.g. Karve et al. 2015), whereas enclosing a part of
a plant (e.g. leaf or branch) can be done using both plexiglass (e.g. Kawachi et al. 2011) or
plastic bags (e.g. Hubeau et al. 2018). When enclosing only a part of the plant, damaging
the tissue should be avoided to not disturb plant functioning. An elegant way is to envelop
the plant tissue with a small cylindrical piece of flexible rubber which is lubricated with
vacuum grease on the inside (Fig. 2.2a,b). The labelling chamber can then be closed by
using small straps for a bag (Fig. 2.2a) over this piece of rubber without pinching off the
phloem and xylem tissue to maintain regular sugar and water transport, respectively.
Alternatively, malleable polysiloxan material like Terostat-IX (Henkel AG & Company,
KGaA, Diisseldorf, Germany - Fig. 2.2c) can be used to enclose the plant tissue while
separating two compartments from each other (e.g. labelling from monitored
compartment). A drawback of using small labelling chambers is the difficulty to control
their microclimate, especially relative humidity tends to be higher at lower air flows (i.e.

lower air renewal rate) due to transpiration of the plant tissue. To avoid 11CO; that is not
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taken up by the plant to enter the atmosphere, the outflowing air system can be connected

to a CO2 scrubbing column, containing soda lime pellets (Hubeau et al. 2018).

Figure 2.2 Methods of enclosing a branch part in (a) a bag or (b,c) a plexiglass chamber

while hermetically sealing the branch part that will be labelled from (a) the atmosphere

and/or (b,c) other parts of the plant without damaging the plant tissue. One method to

do this is enveloping the branch by a small cylindrical flexible piece of rubber, which is

lubricated with vacuum grease on the inside (a,b). To (a) close the plastic branch bag or

(b) to fix the plant position in a plexiglass chamber straps can then be tightened upon

the rubber without damaging the plant tissue. Alternatively, (c) plant tissues can be

fixed within a plexiglass chamber while separating two compartments using malleable

polysiloxan material.
With regard to radiation safety on the experimental site it is advised, if not obligated, to
make a standard operating procedure (SOP) to indicate and assess risks of executing 11CO>
experiments. Furthermore, exposure to radiation can be minimised according to the triad
of “Time-Distance-Shielding” (Lakhwani et al. 2019). Each factor has a different impact on
the absorbed dose. Time is related to the exposure opportunities to a source of radioactive
radiation as well as the time of exposure, and it is obvious that these should be reduced.
Additionally, radiation exposure is inversely proportional to the square of the distance
from the source. This means that doubling the distance reduces the exposure to one
quarter. The International Commission for Radiation protection (ICRP) recommended a
distance of at least 2 m from the source of radiation, which may be considered safe.
Furthermore, the use of shielding is most effective to reduce radiation exposure.
Appropriate stopping material for y-photons are lead or concrete and allow reduction of
exposure that is exponential to the thickness of the material (Table 2.2) (Turkheimer et

al. 2014). However, note that y-photons are far more energetic than X-rays (Fig. 2.3) so

traditional protective clothing, such as lead aprons, lead goggles or lead gloves are far less

20



Guide to plant-PET imaging

effective if not useless in a PET environment. Information about radioactivity and the

standard international unit to measure radioactivity is summarised in Text box 2.1.

Table 2.2 The thickness of an absorbing material required to reduce the intensity or
exposure of a radiation beam (in this case 1 MeV y-rays) to one-half of the initial value
when placed in the path of the beam.

Material Half-value layer [cm]
Wood 29
Packed soil 9.1
Concrete 6.1
Lead 0.8
E I
Radio waves Microwaves Infrared Visible Ultraviolet X-Rays Gamma
Energy one

10° 10% 107 10% 105 104 10° 102 107 1 10 102 10° 10¢ 105 1os Photon[eV]

Figure 2.3 Electromagnetic spectrum ranging from radio waves to gamma (y) rays with
their corresponding energy level in electron volt. In PET imaging high energetic y-
photons (511 keV) are detected.

Text box 2.1 Measuring radioactivity

Radioactive decay of a PET isotope occurs by the emission of a positron from a nucleus.
The amount of radioactivity of a radiotracer is measured by the number of nuclei that
decay per unit time. The standard international unit of radioactivity is Becquerel (Bq).
One Bq corresponds with one disintegration per second. Curie (Ci) is the original unit
of radioactivity and corresponds with the amount of radiation that is produced by one
gram of radium (?26Ra). This is an enormous unit as it equals 37 GBq compared to the
clinical used activities for PET imaging, which is in the range of 37 - 740 MBq (1-20
mCi). In clinical practice, it is of interest to quantify the radiation energy absorbed by
biological tissues, i.e. ‘absorbed dose’. Eventually, to evaluate the harmful effect of a

radiation dose to an organism the ‘effective dose’ can be calculated. Therefore, the
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absorbed dose is corrected for the radiation type (o, B or y radiation) and the radio-
sensitivity of the organ receiving the radiation (Turkheimer et al. 2014; Lakhwani et al.
2019). For PET-imaging, annihilation of a positron and an electron generates two -
photons, each having an energy of 511 keV. This energy is higher than the energy of X-
rays (Fig. 2.3) that are produced in computed tomography (CT) to create anatomical
images or ‘slices’ of specific areas of the body. However, in general, we can state that
the dose absorbed during a PET or CT is approximately the same. A CT uses X-ray
photons with less energy, but many photons are required to obtain a good CT scan.
While for a PET scan, a small amount of radioactivity is administered to a patient, so
that a smaller number of y-photons are involved, but each photon has more energy. Both

absorbed and effective dose are not common in plant sciences.

2.2.4 PET data acquisition

As mentioned above, PET is based on the detection of two photons (511 keV each) that
originate from f* emitting radiotracers (e.g., 1CO2). The two photons are detected
electronically within a short time window (e.g., 4 ns), i.e. coincidence events, using a ring
of detectors. When two photons are detected by two different detectors from the detector
ring, it is assumed that the annihilation occurred along the straight line connecting the
centers of both detectors, called the line of response (LOR). During a PET-scan millions of
LORs are detected that are used to reconstruct a 3D image of the in vivo distribution of a
radiotracer. Despite this simple concept, different factors can degrade the image obtained
by a PET scanner due to physics or system performance. These effects include photon
acolinearity, attenuation of photons by tissue, scatter coincidence and random
coincidence (Saha 2016). However, the most challenging image degrading factor with
regard to imaging plants is related to the positron range. This is the distance that the
positron travels through the object to lose enough kinetic energy before annihilation
takes place (black zigzag pattern in Fig. 1.2). The mean distance between decaying nucleus
and the site of annihilation for common types of radionuclides used in plant science is
generally larger than 1 mm (Table 2.1 - Jodal et al. 2012), which poses challenges upon
imaging leaves whose thickness is in the range of tens of pm for mesophyll and hundreds
of pm up to some mm for veins (Witkowski & Lamont 1991). Particularly, leaves of most

plants are so thin that a large fraction of positrons emitted from PET isotopes escape the
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tissue before annihilation. Alexoff et al. (2011) found that the fractions of positrons that
escaped the leaf parenchyma of tobacco plants (200 - 250 pm) were 64 * 4%, 59 + 1%
and 67 + 2% for 11C, 18F and 13N, respectively. Because the probability of annihilation
increases with thickness, escape fractions were lower in thicker leaf areas like the midrib
(1 -2 mm) (Alexoff et al. 2011). When studying single leaves, an approach to increase the
detection of positrons actually emitted inside the plant material but escaped from it
before annihilating includes the use of thin plexiglass plates that can be positioned
parallel with the leaf blade, while ensuring not to limit air contact with the leaf (Alexoff et
al. 2011; Hubeau et al. 2019b). The escaped positrons are likely to annihilate on the
plexiglass plates which will show up on the PET image and can as such be taken into
account. When comparing tissues with variable size, the percentage of positron
annihilation along a given tissue thickness (assumed water) can empirically be estimated
as described by Jgdal et al. (2012). This can subsequently be used to correct annihilation
in the tissue during post-processing of the images. Being aware of these limitations the

PET experiment can be executed.

Another possible advantage of PET is the complementarity with positron
autoradio-graphy, as demonstrated by Hubeau et al. (2019b). After the PET experiment
the plant tissue is hereby exposed to an imaging phosphor plate for typically 10-15 min,
depending on the remaining radioactivity in the plant tissue. The resulting 2D image gives
a high-resolution snapshot in time showing the integrated tracer activity detected during
the exposure time in the plant tissue. Positron autoradiography has a much higher spatial

resolution (~24 pixels mm1) compared to PET (~ 0.3 - 1 pixel mm-! for PET) (Fig. 2.4).

(a) (b)

Figure 2.4 Example of (a) an autoradiographic image and (b) a PET image of a leaf of
Populus tremula L.. In the PET image (b) the secondary veins are barely visible whereas
the autoradiogram clearly depicts them as well as the tertiary veins.
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Positron autoradiography has however rarely been applied in plant science which might
be linked to its limited availability. Nonetheless, due to its superior resolution it has been
used as a proof of principle to acquire detailed tracer distribution of xylem-transported
COzinleaves in addition to 13C tissue enrichment analysis with elemental analysis coupled
to isotope ratio mass spectrometry (Bloemen et al. 2015). A dissolved 11CO> or 13CO> label
was hereby provided to detached leaves. Whereas the spatial resolution of 13C-based
analysis was constrained to the leaf tissue component level, positron autoradiography
showed a more detailed spatial distribution within a single tissue, in particular in
secondary veins. Additionally, this techniques has been successfully applied to
characterise phloem loading strategies (passive or active) in contrasting plant species (i.e.
temporate and tropical tree species and herbaceous crops) when allowing them to
assimilate gaseous 11CO; (Hubeau et al. 2019a). Aside from the above-mentioned studies
where radiography was used directly to image the experimental tissues, also indirect
useage is described. Moreover, it has been used in a creative way to assess carbon
partioning to the major non-sturctural carbohydrates (i.e. fructose, glucose, sucrose and
starch) in leaves of several species (i.e. maize, tabocco, sorghum and Arabidopsis) (Babst
et al. 2013). Hereby leaves were labelled using gaseous 11COz of which tissue extracts
were analysed by high-performance thin-layer chromatography (HPTLC) to separate the
soluble sugars. The TLC plates were subsequently exposed to an autoradiographic plate
to determine the metabolic partitioning of assimilated 11C to soluble sugars. In all of these
studies positron autoradiography allowed studying rapid metabolic responses of plant

tissues that occur on a time scale of minutes.

2.2.5 Image reconstruction

During a PET scan every recorded LOR in the field of view (FOV) is stored (Saha 2016).
An image cannot be directly obtained, because it is not possible to determine exactly
where the annihilation took place along the LOR. Therefore, an additional reconstruction
step is needed. In nuclear medicine, iterative reconstruction algorithms are used for this
purpose (Vandenberghe et al. 2016). The most frequently used iterative reconstruction
method for PET is Maximum Likelihood Expectation Maximisation (MLEM). In this
algorithm the solution (actual image) is found by taking into account the stochastic
character of radioactivity (Shepp & Vardi 1982). Note that several variations of the MLEM

algorithm exist, including Ordered Subset Expectation Maximisation (OSEM - Boellaard et
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al. 2001) and the row-action maximum-likelihood algorithm (RAMLA - Browne & De
Pierru 1996). A 2D- and 3D-variant exist of the MLEM method which both result in a 3D
image but differ in the way the data from detector rings are used for reconstruction. In
2D-MLEM reconstruction coincidences are counted only within a few consecutive rings of
detectors (e.g. two or three rings). Moreover, coincidences within each small group of
detector rings results in a transverse slice of the final image, which allows to obtain
quantifiable images (in Bq/ml). The 3D-version allows coincidence counts between any
of the detector rings, resulting in an image with a higher resolution compared to the 2D-
MLEM . Because of the positron range, resolution of the 2D-reconstructed images of plant

leaves or branches is often limited making it appropriate to use 3D-MLEM reconstruction.

Decay correction for the applied radioisotope is generally executed during image
reconstruction. However, several other factors affect the acquired PET data, which
include photon attenuation, scattered coincidences, random coincidences and require
image corrections. The extent of these data corrections is dependent on the size, shape
and composition of the object being imaged and can be estimated by making use of a
phantom (i.e. a volume of material artificially made, resembling the size/dimensions of
the plant tissue under study, to simulate its properties when exposed to radiation). Karve
etal (2015) described the impact of these effects using a phantom when imaging sorghum
and found that scatter correction had little effect (< 1%) on the stem and shoot, while
attenuation of the y-photons (due to energy loss to the irradiated tissue) led to an error of
30% in the stem and 55% in the root. It is thus especially important to investigate the
impact of these effects when comparing plant tissues of different sizes as well as larger

tissues (e.g. stems) given the half-value layer of 29 cm for wood (Table 2.2).

By correcting for image degrading effects, such as photon attenuation, scatter and
random coincidences, quantitative images can be obtained where each voxel is expressed
in Bq/ml. However, if the specific activity, i.e. the activity per quantity of the radionuclide,
is known for the applied radiotracer inside the phantom, then image analysis software
enables quantitative analysis (e.g. g mL1) as the specific concentration of radiotracer

inside the tissue can be deduced from it.

Image reconstruction is demanding in terms of computational power and time,
especially when the stored LORs have to be reconstructed into different time frames to

monitor a dynamic process, which is called dynamic or 4D PET. In dynamic PET, it is also
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advised to reconstruct a static image that is the mean/sum of the all the individual time
frames. This static 3D image has a higher signal to noise ratio (SNR) than the individual
time frames (Turkheimer et al. 2014) and it is particularly useful for visual assessment of
the entire dynamic process in one 3D image. This is demonstrated in Fig. 2.5, where the
static image is shown in the upper left corner along with some dynamic time frames of 20
min. To this end, a Populus tremula L. branch was exposed to gaseous 1CO». The static
image shows 11C-tracer accumulation in the complete branch segment inside the FOV in
contrast to the dynamic images, where only part of the branch segment is visible due to
dynamic nature of the process. Aside from the higher SNR, the reconstruction time of such

a static image is also much shorter than the dynamic reconstruction time (min vs. h).

Branch
Petiole

Leaf

Static image

Figure 2.5 Example of a static (upper left rectangle) and three dynamic PET images
(showing timestamp in minutes in the lower left corner) of a Populus tremula branch
that was exposed to gaseous 11CO; during a 60 minutes PET acquisitions. The static PET
image (i.e. sum of dynamic images) has a better SNR and can be used for image analysi,
i.e. drawing ROIs. These ROIs can then be copied on the dynamic PET images to obtain
tracer concentrations per ROI over time, i.e. TTCs. Note that transport of the label via
the petioles to the branch is visualised by dynamic PET images.
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2.2.6 Image processing and quantification

After image reconstruction, while applying the necessary corrections (if needed), 3D or
4D images are obtained, which can be analysed using image analysis software. Commonly
used software includes OsiriX (Rosset et al 2004 - commercial), Horos
(https://horosproject.org, GNU Lesser General Public License, Version 3.0 (LGPL 3.0) -
open-source) and AMIDE (Loening & Gambhir 2003 - open-source). These software
packages allow to reduce noise by smoothing or blurring the images, which can be
executed on both static and dynamic reconstructed images. A common approach is the
application of a gaussian filter, whereby a gaussian curve is applied to calculate the
intensity of each voxel by using a fixed number of voxels around it. However, reducing
noise will also result in poorer spatial resolution. Finding the ideal trade-off between
noise and spatial resolution is usually performed on the static image when a dynamic
process needs to be quantified. Subsequently, this static 3D image can be used to draw
regions of interest (ROIs) onto the plant tissue of interest (Fig. 2.6a). In Fig. 2.6a, xylem-
transported 11C in a branch segment of P. tremula is imaged. When the plant tissue is
visualised and the ROIs are drawn, these ROIs can be copied the dynamically
reconstructed PET data (e.g. series of PET images per 5 or 10 minutes of the acquisition
time) to obtain a number of time-tracer curves (TTCs - one for each ROI) which can be
used for further quantification. An example of measured TTCs (circles) for four

consecutive ROIs (Fig. 2.6a) is shown in Fig. 2.6b.

TTCs can then be used to retrieve physiological properties of the plant like phloem
transport speed (based on the time of first tracer arrival, e.g. Karve et al. (2015)), uptake
and distribution of plant nutrients like NO3 (e.g. Kawachi et al. 2008; Liang et al. 2011),
NH;4 (e.g. Kiyomiya et al. 2001b) or Fe (e.g. Tsukamoto et al. 2009), photoassimilate
translocation to storage organs (e.g. Kikuchi et al. 2008; Hidaka et al 2019), xylem-
transported CO; (Hubeau et al. 2019b), as well as changes in whole-plant carbon

allocation (e.g. Karve et al. 2015).
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Figure 2.6 Example of (a) a static volume rendered PET image showing xylem-
transported 11CO; in a branch of Populus tremula. By extracting the tracer
concentrations within e.g. four consecutive ROIs of the corresponding dynamic PET
images (b) TTCs are obtained (circles). Time is expressed in minutes after pulse-
labelling aqueous 11CO; to the cut end of the branch. By means of mathematical
frameworks a model, representing the molecular system under study, can be fitted
(continuous lines) to the measured TTCs. Identification of the corresponding (c) plant
part inside the FOV is critical to achieve good ROI drawing practices. Moreover, without
(c) it would be straightforward to draw ROI 1 on the branch segment having the highest
tracer concentration (dotted ROIs in (a)). However, a petiole originates on the branch
segment enclosed in these ROIs, which cannot be resolved from the branch itself due to
the limited spatial resolution of the PET system. Corresponding TTCs (grey
measurements in (b)) show an incorrect higher signal because the 11C-tracer within the
branch and petiole is added in these ROIs. Note that PET image (a) shows the side view
whereas the branch (c) is shown from above.

Additionally, dynamic PET measurements can be used as input for mathematical
frameworks to retrieve physiological plant parameters that are difficult to measure with
other techniques. This can be achieved by means of an input-output framework, as
developed by Minchin and co-workers (Minchin & Thorpe 2003; Minchin 2007, 2012;
Kiser et al. 2008), or by mechanistic compartmental modelling (Biihler et al. 2011a, 2014,
2018; Hubeau et al. 2018). An input-output-model is a type of black box model, based on
empirical equations which do not describe the underlying mechanisms. As a consequence,
these models are not valid out of the range of observations as they are based on historical
data so that predictions about future scenarios involving structural changes are not valid.
Compartmental models, on the other hand, are a type of mechanistic models since the
system under study is described by the underlying mathematical equations. Therefore,

compartmental models have an advantage over input-output models because they restrict
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model outcomes with physical boundaries, allowing to restrict the involved model
parameters/characteristics to realistic ranges (Biihler et al. 2011a; Hubeau & Steppe
2015). Therefore, compartmental models are of high interest to study long-distance
transport in plants for the investigation of functional traits, especially under diverse
environmental conditions (Jahnke et al. 2009). This boils down to translating the tracer
dynamics (i.e. TTCs) by a model that represents the system under study. The model is
composed of mass balances (i.e. differential equations) defined by tracer concentrations
and kinetic rate constants to describe the exchange between compartments. This method
has usually been implemented with the assumption that the system under study does not
change during the experiment (Minchin & Thorpe 2003). An example of fitted tracer
profiles to measured TTCs is shown in Fig. 2.6b as continuous lines. The goal of fitting a
model to dynamic tracer data (i.e. model calibration) is to derive specific parameters that
have a physiological meaning, which are difficult to obtain by direct measurement.
Specifically, due to the limited spatial resolution of PET (~ 1 - 3 mm), physiological
processes in several tissues are integrated into the measured TTCs. Compartmental
modelling has been applied in 1C-based plant studies, mainly to investigate phloem
characteristics (Fares et al. 1988; Biihler et al. 2011b, 2014; Hubeau et al 2018).
Specifically, mechanical agitation of cotton seedling’s leaves was found to reduce carbon
export rate by 33% (Fares et al. 1988). In the same study carbon storage and export rates
of C4 bunch grasses (i.e. pangola grass, little bluestem and brownseed paspalum) were
higher in the afternoon than in the morning inspite of a decreased photosynthetic activity.
Biihler et al. (2011b, 2014) developed a mechanistic compartmental tracer transport
model, to allow a quantitative data analysis and comparison of PET experiments. This
model simplifies the complexity of axial transport and lateral exchanges in the transport
pathways of plants (e.g. the phloem) by simulating transport and reversible exchange
within n compartments. The model was adapted Hubeau et al. (2018) to investigate the
vulnerability of phloem speed to drought under climatic change. It was found that well-
watered trees grown under elevated CO: concentrations (Tg) had higher phloem speed
than trees grown under ambient COz levels (T4). However, for the same level of drought
the phloem speed of T trees strongly reduced by 81%, whereas phloem speed reduced
by 61% in Tx trees. The main advantage offered by PET in these studies is related to its in
vivo nature. Moreover, individual plants could be scanned multiple times making it easier

to detect (sometimes even subtle) differences in the resulting model parameter values as
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aresult of external experimental conditions, e.g. drought (Hubeau et al. 2018) or recovery
from mechanical agitation (Fares et al 1988). Software packages that allow
implementation of plant models include MATLAB (MathWorks, Inc, Natick, MA, USA -
commercial) and the plant modelling software PhytoSim (Phyto-IT, Gent, Belgium -

commerecial).

It is clear that good and reliable ROI data is a prerequisite when fitting TTC data to
a model. Therefore, it is of great importance to know which part of the plant is being
imaged inside the FOV. PET imaging systems that are combined with a CT or MRI module
facilitate this process because anatomical images can be obtained aside from the
functional PET data. The importance of good ROI-drawing practices is exemplified in Fig.
2.6¢ which shows the branch segment that was imaged in Fig. 2.6a. It seemed obvious to
start drawing ROIs from the point where the highest activity was measured (dotted ROIs).
However, in these ROIs a petiole originates from the branch and due to the limited spatial
resolution of the PET system (~ 1 - 3 mm), the tracer uptake inside the petiole and branch
could not be resolved, resulting in TTCs with a higher tracer uptake for these ROIs (grey
circles in Fig. 2.6b). This would inevitably prompt incorrect parameter values upon model
calibration. Therefore, it is advisable to select a branch segment without ramifications for

ROI analysis.

2.3 Conclusion

PET imaging is one of the key diagnostic tools used clinically to follow-up and treat
diseases by making use of positron-emitting radioisotopes. The in vivo nature of this
technique in combination with the ability to monitor dynamic processes has led to its
application in plant science. Specifically, this imaging technique has already successfully
shown its applicability to investigate the dynamic transport of nutrients, phytohormones
as well as photoassimilates. However, in contrast to the numerous studies using
laboratory animals and humans, the number of studies on plants is still limited. Therefore,
the aim of this manuscript is to provide general insights on the opportunities of PET
imaging as a tool for plant experiments and to guide the reader to start PET experiments
on plants. To fully grasp PET imaging along with its potential and limitations, it is advised
to have a profound read on the principles of PET or to follow a course on PET or

biomedical imaging in general. Besides explaining the basics of PET imaging, this guide
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starts from planning the experiment, elucidates the different steps to execute plant-PET
scans and completes with the quantification of the obtained data by means of
mathematical frameworks. In this way, physiological parameters can be obtained that can
otherwise not be measured in vivo, indicating the potential of plant-PET. We believe that
in vivo imaging in combination with modelling, both at cell and organ scale, are necessary
to advance our mechanistic understanding of plant physiology, including dynamics of
xylem-transported CO; and its relation to woody tissue photosynthesis, phloem
characteristics as well as the effects of nutrients, hormones and both micro and macro

environmental changes.
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Imaging xylem-transported CO; in leaves

3.1 Abstract

Plant studies using the short-lived isotope 1C have greatly advanced our knowledge
about the allocation and transport of photosynthates from leaves to sinks. However,
delivery of respired CO2 within the transpiration stream has been recognised as a second
pathway of carbon supply to leaves. Here, we use in vivo tracing of xylem-transported
11CO; to increase our knowledge on whole plant carbon cycling. We developed a new
method for in vivo tracing of xylem-transported CO2 in excised poplar leaves using 11C in
combination with positron emission tomography (PET) and autoradiography. We
administered the tracer via the cut petiole and manipulated the transport by excluding
light or preventing transpiration to show the applicability of both techniques in
visualising and quantifying CO; transport dynamics. Irrespective of manipulation, some
tracer was found in main and secondary veins, little of it was fixed in minor veins or
mesophyll, while most of it diffused out the leaf. Transpiration, phloem loading and CO:
recycling were identified as mechanisms that could be responsible for the transport
pathways of internal CO. Both 11C-PET and autoradiography can be successfully applied
to study xylem-transported COz, towards better understanding of leaf and plant carbon

cycling, and its importance in different growing conditions.
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3.2 Introduction

Within trees, the flow of carbon between organs and metabolic processes or storage pools
plays an important role for the overall plant carbon cycle (Litton et al. 2007; Epron et al.
2012). Since the main pathway for carbon transport considered in research on carbon
allocation is the phloem, which distributes sugars to sink tissues, a multitude of
techniques have been designed to monitor the fate of assimilated sugars. In particular,
isotopic techniques, either based on tracing of stable or unstable isotopes, have recently

gained increased interest (Epron et al. 2012; Bahn et al. 2013; Hubeau & Steppe 2015).

Recent research has shown that CO; derived from above- and belowground
respiration is transported with the transpiration stream in trees (Teskey et al, 2008;
Aubrey & Teskey, 2009; Bloemen et al., 2013b; Steppe et al,, 2015; Bloemen et al. 2016a;
Teskey et al. 2017), thereby representing a second important transport pathway of the
plant carbon cycle. COz in solution is in equilibrium with other carbonate species. It reacts
with water to form carbonic acid (H,CO3) which, in turn, can dissociate to bicarbonate
(HCO3) and carbonate (CO%™) by losing one or two hydrogen ions (H*), respectively. The
concentration of these species in solution is depending on the pH with the dominant form
being CO2 and bicarbonate for the reported xylem pH (4.5-7.4) of woody species (Teskey
et al, 2008). A fraction of the respired CO: is fixed (Stringer & Kimmerer 1993; McGuire
et al. 2009; Bloemen et al. 2013c, 2015; Steppe et al. 2015; Tarvainen et al. 2017;
Wittmann & Pfanz 2018), potentially contributing to the amount of carbon available for
metabolic processes. Bloemen et al. (2013b) have pulse-labelled the transpiration stream
of field-grown poplar trees using the stable isotope 13C to trace respired CO> transport at
the tree level, finding that 3 to 17 % of the tracer was immobilised in the tree, including
0.3 to 2% in the leaves. Similar experiments have been performed at the level of branch
(McGuire et al., 2009; Bloemen et al, 2013c) and leaf (Bloemen et al. 2015; Stutz et al.
2017; Stutz & Hanson 20194, b).

The impossibility of 13C-tissue analysis to allow measurements in real-time during
experimental manipulations at high spatial and temporal resolution currently hinder our
understanding of the importance of xylem-transported CO; in plant carbon cycling.
Studies investigating the dynamics of xylem-transported CO; are therefore scarce. Here,
we investigate whether short-living radioactive isotopes can help (Hubeau & Steppe

2015). 11C has a half-life of 20.4 min and has been exploited mostly for dynamic studies
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aiming to understand the controls on distribution of recent photosynthates (Minchin &
Thorpe, 2003). Several methodologies can be used. Using scintillation detectors, with
radiation shielding to delineate regions of interest (ROI), a range of phenomena has been
studied concerning phloem physiology, for example in root apices (Pritchard et al. 2004),
roots (Farrar et al. 1995), properties of the long-distance transport pathway (Troughton
et al. 1974; Minchin & Thorpe 1984), in leaves (Pickard et al., 1993), and in reproductive
organs (Roeb & Britz 1991; Thorpe et al. 1993). The low spatial resolution of this method
is not a problem for measurement of long-distance tracer transport since the flow at the
boundary from one contiguous region to another can be inferred (e.g. Minchin & Thorpe,
2003). With positron autoradiography, complementary snapshots can show tracer
distribution at a much higher spatial resolution (Pritchard et al, 2004), which has also
been demonstrated by our group (Bloemen et al., 2015; Hubeau et al,, 2019b; Epila et al.
2018; Mincke et al., 2018). With PET imaging, it is possible to combine good spatial
resolution (0.7 - 4 mm) with high time resolution (5 - 60 s), and ROIs can be generated
after data collection, both for dynamic studies (Jahnke et al, 2009) and to help choose
tissue for chemical analysis (Dirks et al., 2012). These studies using 11C are however few
in number, as most plant biology laboratories do not have access to a hospital’s radiology
department having a cyclotron to generate 11C. Also, the short half-life of 11C limits its use
to short-term processes, in contrast to the longer-lived carbon isotope #C (half-life of
5730 years). On the positive side, 11C-tracing allows an in vivo observation of tracer
movement, which has led to significant research progress in topics such as phloem
sectoriality (De Schepper et al, 2013), unloading characteristics (Jahnke et al, 2009),
leakage-retrieval of photoassimilates along the transport pathway (Minchin & Thorpe,
1987), phloem functioning under changing climate regimes (Hubeau et al,, 2018) and
carbon allocation to root and fruit parts (Jahnke et al, 2009; Wang et al, 2014).
Importantly, non-invasive measurements allow dynamic aspects of a process to be
studied, and ''C therefore provides a powerful tool to reveal the mechanisms of
physiological processes (Minchin & Thorpe, 2003; Jahnke et al., 2009; Biihler et al,, 2011;
Hubeau et al, 2018). Here, we demonstrate another use of this tool, studying CO:

transport in the xylem.

To this end, we designed a new method that allows in vivo monitoring of xylem CO-
transport in leaves based on 11C-tracing and PET in combination with autoradiography.

In nearly all previous plant studies, 11C has been supplied to the plant as airborne 11CO3,
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with the aim of gaining insight into photoassimilate production and transport, and
phloem functioning. Here, we utilized a PET scanner to dynamically trace 11CO; in excised
leaves that had received aqueous 11C02/H11CO3- buffer via the cut petiole to investigate
and unravel the interplay between xylem architecture and xylem-transported CO: as a
substrate for photosynthesis in leaves (Stringer & Kimmerer 1993; Bloemen et al. 2015;
Stutz et al. 2017; Stutz & Hanson 20194, b). The 11C-PET technique was complemented by
11C-positron autoradiography, giving a snapshot in time with a much higher spatial
resolution. Simple manipulations were performed to highlight both the high amount of
process-level knowledge that can be extracted through this technique, and also the
applicability of both imaging techniques. The overall goal was to shed light on the
interplay and importance of CO2 flows in a leaf after arrival in leaf xylem: convection in
xylem, diffusion within the leaf and photochemical fixation. To that end, we performed
two manipulation experiments regarding photosynthesis and gas exchange within one
half of a leaf, hypothesising that (i) excluding light would stop CO: fixation in the dark
region, and (ii) stopping gas exchange and thus transpiration within a region would
prevent the local convective movement of CO; resulting in no fixation. The aims of this
study were therefore to indicate: (i) the feasibility of 11C-PET for plants using a small-
animal PET scanner, (ii) the research potential of 11C-PET to trace short-term transport
processes in plants, (iii) the complementarity of 11C-PET and autoradiography, and (iv)

new insights into xylem-transported CO: fixation by the use of diagnostic treatments.

3.3 Materials and methods

3.3.1 Plant material

For this study, 20-cm long poplar cuttings (Populus x canadensis Moench ‘Robusta’) were
planted early April 2012 in 4-L pots containing a commercial potting mixture (DCM,
Grobbendonk, Belgium) and slow-releasing fertiliser (Basacote Plus 6M, Compo Benelux
nv, Deinze, Belgium), and were grown within a growth chamber at the Faculty of
Bioscience Engineering, Ghent University, Belgium. Temperature was controlled day and
night at 25°C and photosynthetically active radiation (PAR) was provided with densely
packed fluorescent lamps (TLD 80, Philips Lighting NV, Eindhoven) from 8 h until 22 h.
The cuttings were watered every two days. The leaves used for the experiments were

selected to be similar in age and size.
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3.3.2 Experimental setup and 11C-labelling

Since !1C is a short-living isotope, the experiment was performed close to a cyclotron
(18/9 MeV, IBA, Belgium). The proximity allowed quick transport of the produced 11C to
the INFINITY imaging lab of Ghent University, Ghent, Belgium. There, 11CH4 produced
from the (p, a) nuclear reaction in the cyclotron on a nitrogen target was oxidised in a
synthetic train to yield 11CO; as described by Landais & Finn (1989). The captured 1CO>
gas was immediately bubbled through “carrier solution” (50 mM KOH with 500 mM TRIS
buffer at pH 6.4) giving 11C-labelled CO: solution, which was subsequently supplied to the
cut petiole of an excised leaf. Under these conditions 90% of the 11C is present as HCO3

and 10% as CO2 in a dynamic equilibrium.

(b)

Fig. 3.1 PET imaging setup with the leaf inside the cuvette. (a) Transversal view of the
cuvette. The four screws kept the leaf lamina in place, while the blue polysiloxan kept
the petiole fixed in the plastic container. The pink-red two-component glue was used to
fix the 0.6 mm tubes inside the plastic container. (b) Sagittal view of the cuvette. The leaf
was surrounded by two plexiglass plates to increase positron retention. Air flowing into
the cuvette passed by the fan to maximise air mixing throughout the cuvette, and air
flow across the leaf lamina. The light source was attached to the cuvette using three
metal screws. Tubes were guided along the bottom of the cuvette.

Real-time 11C-tracing was performed on an excised leaf in a plexiglass cylindrical airtight
labelling cuvette (135 mm inner diameter and 68 mm depth, Fig. 3.1), which was kept just
below atmospheric pressure to avoid leakage of 11CO> out of the leaf cuvette. Air flow (1.5
L min'!) was generated using a pump (model 2-Wisa, Hartmann & Braun, Frankfurt am
Main, Germany) at the end of the pathway (Fig. 3.2). Before entering a dew point
generator (Li-610, Li-COR, Lincoln, TE, USA), air entered a 50 L buffer vessel. Relative
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humidity (RH) and temperature of the air entering the cuvette were controlled using the
dew point generator. RH and air temperature averaged (+ SD) over the labelling periods
were 28.4 + 0.8 % and 30.2 * 0.6°C, respectively. A small fan (20 x 20 x 7.5 mm; Sunon,
Kaohsiung, Taiwan) was installed close to the air inlet, so as to stir and direct airflow over
both surfaces of the leaf (Fig. 3.1). For radiation safety, air exiting the leaf cuvette was
bubbled through KOH solution (50 mM) to remove 11CO>, before passing to the pump. A
fibre-optic light source (Model FL-4000, Walz Mess und Regeltechnik, Effeltrich,
Germany) provided PAR of 926 pymol m-2 s-! at the leaf surface (Fig. 3.1b).

| Reservoir '7 &

Fig. 3.2 Flow schedule of the PET imaging setup. The PET detectors (dark-grey around
the leaf cuvette) were shielded from most of the tubing in which 11CO; was likely
present. Ambient air was drawn by a pump that was placed near the end of the pathway
to prevent leaks of radioactive gas. The air passed through a 30-L buffer vessel, a dew
point generator (DPG), to and from the leaf cuvette via two infra-red gas analyser
channels (IRGA), to a KOH trap. As a final safety measure, all air passed from the pump
through a granular soda lime trap. The excised leaf received non-labelled solution from
a reservoir open to the atmosphere, which was large enough to maintain a constant
pressure at the leaf. Tracer was delivered to a small volume in the junction from the 3-
mL syringe (red) while simultaneously withdrawing unlabelled solution from the
junction into the other syringe (blue). Solution from the reservoir then continued to
supply the leaf xylem.

The leaf petiole was cut under water to avoid air entry. Before leaf excision, the leaf petiole
was collared with polysiloxane material (Xantopren, Heraeus Kulzer, GmbH, Hanau,

Germany) and, immediately after excision, the cut end of the petiole was sealed using the
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polysiloxane to a solution-filled junction (elbow shaped - 1.5 mL volume), thereby
connecting the petiole to two vinyl tubes (Fig. 3.2). The two tubes (inner diameter of 0.6
mm) were connected to the junction using two-component glue (Loctite, Diisseldorf,
Germany). With two tubes connected to the leaf, carrier solution could be continuously
available to the leaf from a reservoir, and labelled solution could be delivered directly to
the petiole via the other. The latter was typically done two hours after leaf excision. To
minimise the delay for decaying tracer to reach the leaf, two 3-ml syringes were used (Fig.
3.2). Simultaneously, carrier solution in the junction was withdrawn into one syringe,
while about 2 mL labelled solution (7.4 MBq) was delivered from the other. After that,
carrier solution from a reservoir, which was connected to the same tubing as the
withdrawing syringe using a three-way valve, was still a source for transpiration. For
trouble-shooting, arrival of the 11CO2 label to the leaf petiole was assessed through the
PET scanner's real-time decay event counter. In order to reduce random coincident
events in the scanner, the syringe of 11C labelled solution, together with the water source
and most of the tubing, were shielded from the PET detector using stackable lead blocks
(Fig. 3.2).

3.3.3 11C-imaging techniques

11C-imaging is based on the radioactive decay of 11C, which occurs with a half-time of 20.4
minutes. 11C decays to 11B through emission of a positron (*-radiation), with a maximum

energy of 0.96 MeV, and a neutrino (ve) (Eq. (3.1)) (Bailey et al. 2005):
1C > 1B+ B* + Ve (3.1)

This positron moves along a random path, suffering collisions by which its energy reduces
until it can annihilate with an electron (Fig. 1.2). In water - and in tissue - that zig-zag path
is about 5 mm long, but the radial range for an 11C-nuclide is less, 1.1 mm, and 90 % of the
positrons stop within 2.2 mm (Cho et al. 1975; Jgdal et al., 2003). Annihilation results in
two high-energy photons, which move off in opposite directions (Fig. 1.2 in Chapter 1)
(Bailey et al, 2005). These photons (y-rays) each have an energy of 511 keV and can easily
penetrate thick layers of plant tissues: e.g. the thickness of wood that is required to reduce
the intensity of a beam by one half is approximately 29 cm as indicated in Chapter 2
(Bailey et al, 2005). In PET, these y-rays are registered, whereas in autoradiography,

mainly the positrons are detected.
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11C-PET analysis

In this study, a LabPET8 scanner (TriFoil Imaging, Chatsworth, CA, USA) was used which
was located at the INFINITY imaging lab of Ghent University, Ghent, Belgium. This scanner
has been designed to image small animals (mice and rats) for preclinical research.
Detectors consist of LGSO (Luo.4Gd1.6Si0s:Ce) and LYSO (Lu1.9Y0.1SiOs:Ce) scintillation
crystals and avalanche photodiodes which are sensitive to a determined range of photon
energy and placed along a cylindrical surface. When an !'C-atom decays inside this
cylinder, and the positron-electron annihilation results into two y-photons, two opposing
detectors register an incoming photon. Dedicated software filters such co-occurring
photons, indicative of a decay event, and generates spatial probability graphs of all decay
events (Fig. 1.2 in Chapter 1) over a certain time frame. Technical advances (such as the
time-of-flight PET or enhanced reconstruction algorithms) are continuously increasing
spatial and temporal resolution of these scanners. A significant portion of 11C-positrons
can escape the leaf lamina and therefore reduce sensitivity and spatial resolution (Alexoff
et al 2011; Partelova et al. 2016). The leaf was therefore additionally fixed between two
circular plexiglass plates (diameter of 85 mm and thickness of 2.5 mm) spaced 0.5 cm
from each other, improving the sensitivity, but reducing the resolution of the images.

These plates were attached concentrically to the cuvette by four plastic screws (Fig. 3.1).

LabPET software version 1.12.1 (TriFoil Imaging, Chatsworth, CA, USA) was used
to reconstruct the PET data with a temporal resolution of 5 min, and the resulting output
was analysed using AMIDE (http://amide.sourceforge.net, GNU General Public License
version 2.0 (GPLv2)). Since radioactivity is characterized by an exponential decay, it is
required to apply decay-correction when evaluating tracer activity over time. This
correction is automatically implemented in the LabPET software for all reconstructions.
Hence, the obtained PET images as well as the derived ROI tracer profiles derived
therefrom are mutually comparable at different time stamps over the course of the
experiment. To avoid ambiguity, we use the term “tracer” to mean “decay-corrected
activity”, reserving the term activity for the detected events. Voxel tracer values were
normalized to the maximum voxel value in the time-series. The PET images map average
tracer density within a slice of specified thickness, centred on the leaf. In this work, we
used a 30 mm thickness, enclosing both leaf and discs, to ensure that all annihilations

were accounted for. A background ROI outside the leaf was used to subtract a background
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count-rate. PET data was recorded for 60 and 100 min for control and treated leaves,

respectively.
11C-autoradiography setup

Atthe end of the experiment, the cuvette was taken out of the PET scanner. After removing
the leaf from the cuvette and from the petiole container, the leaf was wrapped in
transparent cellophane to prevent contamination of the imaging plate while radioactivity
was imaged by positron autoradiography, exposing the adaxial side of the leaf by direct
contact with an imaging phosphor plate for 5 min, after which the plate was digitally
scanned (Cyclone Plus Phosphor imager, Perkin Elmer, Waltham, MA, USA) and visualised
using OptiQuant version 5.0 (Perkin Elmer, Waltham, MA, USA) (Hubeau et al. 2019b;

Mincke et al. 2018). Images are not mutually corrected for radioactivity.

3.34 Manipulation experiments

To test the robustness of our setup and to demonstrate the applicability of both
techniques (PET and autoradiography) to visualise and quantify dynamics of internal CO>
transport and fixation, experiments were conducted on three different leaves: (i) not
treated; (ii) half-shaded, with one half of the leaf lamina (including midrib) shaded by
covering half of the plexiglass plate closest to the light source (Fig. 3.1b), aiming to
minimise photosynthetic activity; (iii) half-greased, with one half of the leaf greased on
both the abaxial and adaxial surfaces using translucent petrolatum (i.e. petroleum jelly or

vaseline) before the leaf was installed in the labelling cuvette to prevent gas exchange.

34 Results

3.4.1 Microclimate

The microclimate of each experiment is characterized by an average vapour pressure
deficit of 3.02 + 0.12, 2.70 + 0.19, and 2.51 + 0.04 kPa in the non-treated, shaded, and
greased leaves, respectively. Average transpiration rates of the non-treated, shaded, and
greased leaf were 1.877 + 0.819, 1.050 *+ 0.526, and 1.483 *+ 0.232 mmol m?2 s,
respectively, and photosynthetic rates averaged around 18.59 + 5.63, 13.10 * 3.96 and
11.42 + 1.48 pmol CO; m2 s1, respectively. The half-shaded and half-greased leaves thus
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transpired 48 % and 21 % less water, and assimilated 33 % and 42 % less carbon,

respectively, compared to the control leaf.

(a) Not treated

(b) Half-shaded

(c) Half-greased

Fig. 3.3 11C PET images of a (a) non-treated leaf, (b) half-shaded leaf, (c) half-greased
leaf. Numbers in the upper right corner show time (minutes) after the start of labelling.
Each image shows the decay-corrected sum of all decay events in the last 5-min (a) or
20-min (b,c) interval. The first PET image of (a) displays the ROIs of the leaf (L), treated
(Tw) and non-treated (NTx) halves that were used to create time-series (Figure 6) for all
conditions (non-treated, shading and grease). Colours varying from black to red
represents no to high tracer activity as indicated by the colour bar.
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3.4.2 Images

The PET image sequence of tracer density for each leaf (Fig. 3.3a-c) shows tracer moving
from the petiole through the leaf to gradually reveal both the main vein and basal
secondary veins in the non-treated regions of all leaves. Little was visible in the shaded
leaf-half (Fig. 3.3b), but surprisingly, there were indications of tracer in the greased leaf-
half (Fig. 3.3c). The PET image sequences showed that most tracer was not fixed, as it
declined steeply after passing a maximum, showing loss of tracer, presumably by

outgassing via stomata.

Autoradiographs showed that some activity remained in each leaf (Fig. 3.4). The
labelling pattern of non-treated regions was similar, and activity extended all the way to
the perimeter of the leaves in minor veins, with little to none in the mesophyll. In the
shaded region, all minor veins were labelled, but density declined towards the leaf
perimeter much more in comparison with the non-treated half. In the half-greased leaf,
the tracer was visible over the greased region, but hardly any tracer reached the leaf
perimeter. The labelling pattern of the non-greased region was more intense compared
to exposed regions in the other leaves, suggesting that tracer was fixed in minor veins and

even mesophyll. However, replications are needed to further confirm our results.

(@) (b) (c)

Fig. 3.4 11C positron autoradiograms for the three differently leaves; (a) non-treated
leaf, (b) half-shaded leaf, (c) half-greased leaf.
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3.4.3 Tracer dynamics

More details of tracer dynamics were derived from the time-series of tracer within
specified regions (regions are shown in Fig. 3.3). Profiles of tracer within each leaf and its
two halves (Fig. 3.5a-c) showed that most of the tracer entering a leaf was in due course
lost from it by the end of the experiments (in particular observable in the longer
experiments of 100 min). It is also obvious that movement was much slower in the half-
shaded leaf than in either the non-treated or half-greased leaves. Tracer concentration
within each ROI reached a peak around 25, 45 and 20 min for the non-treated, half-shaded
and half-greased, respectively. After that, the ROI content was found to be well-described
by an exponential.
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Fig. 3.5 The temporal decay-corrected activity profiles of the ROIs L, Ty and NTy (as
indicated on Figure. 4a) for all conditions: (a) non-treated leaf, (b) half-shade leaf, and
(c) half-greased leaf. The activity was summed per 5 minutes for each ROI.

35 Discussion

3.51 11C-based tracing of xylem CO: transport and fixation

So far, the role of xylem CO; transport in plants has been mainly studied using unstable
14C (Stringer & Kimmerer, 1993; Hibberd & Quick, 2002) and stable 13C (McGuire et al.
2009; Bloemen et al. 2013b, c; Stutz et al. 2017; Stutz & Hanson 2019a, b) isotopes.
Opposed to the destructive sampling procedures to investigate 13C- or !*C-tissue
enrichment, both of these labelling methods allow collecting dynamic data. Specifically, a
combination of 13C-labelling and gas exchange measurements coupled to a tunable diode
laser absorption spectroscope permits to study assimilation and efflux of xylem-
transported CO2 in real-time (Stutz et al. 2017; Stutz & Hanson 2019a). Additionally, it has
been recognised that Bremsstrahlung radiation from 14C-atoms is energetic enough to be

detected in vivo by scintillation detectors (Black et al. 2012). However, these studies suffer
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from a poor spatial resolution as measurements are performed on organ-level. Here, we
have demonstrated that xylem CO; transport in tree leaves can be traced continuously in
vivo and with high spatial resolution (~ 1 mm) when PET-based 11C-analysis is used,
mimicking the transport and fixation of respired CO;. Itis important to gain better insights
into the movement and fixation of respired CO> to develop a comprehensive framework

on carbon cycling and its implications in leaves and plants.

Most of the 11C-label applied at the leaf petiole was distributed throughout the leaf
via the leaf veins. Water and sugar transport mainly occur through the main vein because
of the heterobaric vein structure in poplar, which causes a strong compartmentalization
of the leaf mesophyll by bundle sheath extensions (McClendon 1992). Highest activity is
retained in the petiole and veins which can be explained by the fact that xylem-
transported 11CO2 is being assimilated. These findings correspond with the results of
McGuire et al. (2009) where branches were allowed to transpire water enriched with
13CO2. In that study, 35 % (SE = 2.4) of the label got assimilated via woody tissue
photosynthesis and little was found in the leaves and petioles. Reduction in assimilated
label with distance from the source can be related to assimilation of xylem-transported
CO2 (Ax) in proximal parts and outgassing. After activity curves reached a maximum, there
was a decline, showing that, apart from Ay, CO: in the xylem diffused out of the leaf,
presumably through stomata, which can be related to the slightly acidic pH of xylem sap.
This is safe to assume because the activity profiles are decay-corrected, meaning that a
difference in perceived activity can solely be attributed to metabolic changes, i.e. in- or

outflow of tracer in the ROI.

To test the applicability of the proposed !1C-labelling for studying xylem CO:
transport dynamics, we manipulated xylem CO; transport rates in one leaf half using
shading or grease treatments while keeping the other leaf half untreated as reference.
Both PET and autoradiographic image analyses showed differences in xylem CO:
transport between leaf halves, with a substantially lower amount of label in the treated
leaf half (Tx) as compared with the untreated one (NTx) (Fig. 3.5b-c). Interestingly, the
amount of tracer measured in secondary veins on the autoradiographs was hardly
influenced by the treatments (Fig. 3.4). Further transport to minor veins and mesophyll
was however clearly reduced by both treatments. Shading half of the leaf surface reduced

transpiration by half compared to the control leaf. With half the transpiration and half the
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leaf shaded, transpirational water flow into the leaf reduced, reducing the amount and
flow velocity of 11C-labeled solution into the unshaded half. Accumulation of 11C in the
shaded half (Fig. 3.4b) indicated that water was also flowing into this region despite the
exclusion of light. This can be explained by limited transpiration under dark conditions
comparable to nocturnal transpiration, which is not uncommon and known to occur in
poplar (Caird et al. 2007; Dawson et al. 2007; Zeppel et al. 2014). Transpiration in the
darkened leaf half will even be stronger compared to a nocturnal leaf as atmospheric
conditions in the cuvette were drier than during a typical night. The treatment with grease
completely blocks leaf transpiration (as observed in for example Gribaudo et al. (2001)
and Shackel et al. (1990)) and was therefore expected to stop local convective movement
of 11CO2 into the greased leaf half. According to the cohesion-tension theory, the driving
force for water transport disappears in the absence of transpiration, but interestingly we
observed that the 11C-label did enter the secondary veins of the greased leaf half, but that
import into the minor veins and mesophyll was hampered (Fig. 3.4c). Diffusion within the
secondary veins cannot be the explanation as CO2 would have been able to diffuse only
0.06 mm in one hour, given the diffusion coefficient of CO2 in water of only 1.6 x 102 m2
st (Nobel 2009; Steppe et al.,, 2007), and leaves of poplar are heterobaric, hindering any
gas transport. We suggest three mechanisms that could be responsible. Firstly, the petiole
of the cutleaf was submerged in the label solution that had a water potential close to zero.
This is higher than the water potential present in the transpiring leaf. Given the induced
water potential difference between label solution and leaf blade, the label-containing
solution was most likely transported into the greased half of the leaf. Secondly, any
ongoing phloem loading and transport of sugars from the leaf lamina towards the petiole
would generate a small counter-flow of water in the xylem (Tanner & Beevers 2001;
Windt et al. 2006) explaining the 11C-label in the greased leaf half (Fig. 3.4c). Thirdly, with
no transpiration, but in the presence of light, some locally respired CO: in the cells near
the secondary veins might have been recycled and photosynthesised into sugars,
producing an osmotic gradient, which drove the transport of labelled 11C from the petiole
to the leaf veins (Nikinmaa et al, 2013, Stroock et al., 2014). Fixation of respired CO2 has
indeed been shown to occur in bundle sheath cells, surrounding the vascular bundle, as

has been described by (Griffiths et al. 2013).
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3.5.2 Why should we measure xylem CO: transport in plants?

Within trees, the transport of locally respired CO; via the transpiration stream represents
an additional pathway of carbon transport, counterflowing the phloem transport of recent
photosynthates from leaves to sink tissues (Teskey et al., 2008). Aubrey & Teskey (2009)
measured xylem CO; transport at the bottom of Populus deltoides trees as an estimate of
internally transported belowground respired CO2 and estimated that half of belowground
respired CO; was transported internally instead of diffusing into the soil environment
thereby showing that current soil CO: efflux-based methods underestimate the
autotrophic component of soil respiration. Bloemen et al. (2013b,c) used stable isotope
13Clabelling approaches to trace respired COz in field-grown trees and detached branches,
respectively. They observed that the applied 13C label was assimilated in different tissues,
indicating that xylem-transported CO: can be fixed and hence contribute to tree biomass.
At leaf level, such fixation occurred in the petiole mainly (Bloemen et al, 2013b,c).
However, a fraction of xylem-transported CO; was also transported in the leaf vasculature
and into the leaf mesophyll (Bloemen et al, 2015). This way, photosynthetically active
cells lying adjacent to the transpiration stream might be fed with carbon from a different
source than the atmospheric one (Hibberd and Quick, 2002; Griffiths et al, 2013). In our
study, we also observed patterns in the half-shaded and half-greased leaf that point to the
importance of fixing internally cycled COz. A substantial amount of internally transported
CO; remained in the vasculature where it could be fixed by cells adjacent to the veins. With
PET, it is not possible to detect in what molecular structure 11C is present (e.g. dissolved
CO; or 1C-sucrose). Dirks et al. (2012) therefore used a set-up with a combination of 11C
and 13C labelling to acquire both dynamic tracer images and molecular structure
information (from NMR analysis). Janacek et al. (2009) showed that photosynthesis near
veins, presumably utilising xylem-transported CO2, is important for plant fitness, by
comparing untreated plants with plants with silenced chlorophyll synthase in the veins,
which showed a marked reduction in growth. This process of CO: recycling is receiving
increasingly more attention as more evidence accumulates to support this as an
important mechanism to sustain both carbon supply and hydraulic functioning under
drought conditions (Schmitz et al. 2012; Vandegehuchte et al, 2015; Cernusak &
Cheesman 2015; Bloemen et al., 2016b; De Baerdemaeker et al.,, 2017, Chen et al. 2018).
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3.5.3 The power of imaging 11C-labeled compounds in plant research

The potential of 11C-positron emission tomography (11C-PET) in plant studies remains
largely untapped (Hubeau & Steppe, 2015). In past studies, 11C-tracing has been used to
study the transport speed of phytomolecules such as plant hormones (e.g. methyl
jasmonate in Thorpe et al, 2007) and photoassimilates (Kikuchi et al, 2008), and 11C-
imaging has been used to visualise the phloem pathway for part of the plant (Kawachi et
al. 2006 ; Jahnke et al., 2009; De Schepper et al., 2013; Hubeau et al., 2019b) or the entire
plant (Kawachi et al, 2011). The acquired tracer profiles can be implemented in
mathematical models to study sugar loading, sugar translocation, radial sugar leakage and
sugar unloading (Biihler et al, 2011; Minchin, 2012; Biihler et al, 2013; Hubeau et al.,
2019Db).

Those studies that have applied radio-isotopes to trace xylem CO; transport used
almost exclusively the long-living 14C isotope. For instance, Stringer & Kimmerer (1993)
allowed excised leaves to transpire dissolved 14C label. Using autoradiography, they
confirmed that xylem CO2 was transported in the leaf vasculature to different leaf sections.
In addition, Stringer & Kimmerer (1993) performed light manipulation experiments and
observed that a large amount of the 4C label applied to the leaf diffused into the
atmosphere. Our group performed ''C-based autoradiography to analyse Ax which
resulted in a static autoradiogram (Bloemen et al.,, 2015; Hubeau et al.,, 2019a; Epila et al.,
2018; Mincke et al.,, 2018). In this study, our PET 11CO; imaging method provides the first
continuous in vivo data on xylem CO2 transport, allowing us to study the transport
pathways of xylem CO2 transport in plants at high temporal resolution. With a relatively
simple set of manipulation experiments we could already see detailed differences
between treatments and gathered detailed spatial and temporal carbon distribution
maps. Due to their fine spatial and temporal resolution, and the fast decay of the activity,
the PET images appear noisy and mottled (for the 7.4 MBq activity we used), but signal to
noise was markedly improved for time-series of ROI content (Fig. 3.5), integrating large

volumes of the PET images.

The high energy (511 keV) of the photons resulting from 11C-decay penetrates
tissue and allows in vivo detection of tracer in thick plant tissues. This would allow our
observations of xylem CO> transport at leaf level to be expanded to branch or tree level,

as performed already to study photosynthate allocation in the phloem of small trees
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(Jahnke et al. 1998; De Schepper et al., 2013). Also, since 11C is a short-living isotope with
a half-life of 20.4 min, it allows repeated pulse labelling on the same plant so that changes
in transport properties can be monitored. A next step would be to design a set-up in which
the imaged leaf remains attached to the tree branch or stem (Hubeau & Steppe, 2015),
although higher 11C-activity than the 7.4 MBq that we used in our experiment would be
necessary in order to resolve different tissues. For thicker samples, such as woody stems,
the high energy of y-rays in PET would give useful results, using phantoms to account for

attenuation.

3.6 Conclusion

Our results highlight the potential importance of internal CO: for the plant in the
production of local sugars in the vasculature with an important impact on water transport
in the study leaves. With 11C-PET we were able to extract valuable information, both
qualitative (high-resolution images) and dynamic (tracer profiles), on the movement of
internal CO2. A combination of PET with positron autoradiography, which took little
additional effort, resulted in even more information on the distribution of carbon inside a
leaf under different conditions. Although, more replications are needed to further confirm
our findings, the obtained results yields promising outlooks for future experiments,
potentially in combination with related techniques such as micro-CT for structural
information, SPECT for functional information with heavier isotopes and MRI to visualise

and quantify water flow in xylem and phloem.
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ASSIMILATION OF XYLEM-TRANSPORTED
CO2 BY WOODY TISSUE PHOTOSYNTHESIS
UNRAVELLED THROUGH 11C-POSITRON
AUTORADIOGRAPHY ENFORCED WITH

I3C-LABELLING

Parts of this chapter have been published in:

J. Mincke, M. Hubeau, J. Courtyn, B. Brans, C. Vanhove, S. Vandenberghe and K. Steppe,
Normalization of ''C-autoradiographic images for semi-quantitative analysis of woody
tissue photosynthesis. Acta Horticulturae 2018, 35-42
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Visualising woody tissue photosynthesis via autoradiography

4.1 Abstract

Locally respired CO; in woody species can either diffuse to the atmosphere, dissolve in
the xylem sap to be transported with the transpiration stream or be assimilated via woody
tissue photosynthesis (Pw:). We lack important knowledge about the relevance of Py in
the carbon balance because it is not straightforward to quantify its dynamics within
smaller spatial dimensions. Additionally, assimilation of xylem-transported CO2 (Ax) to
sugars inside woody tissues has mainly been assumed but has never been confirmed. To
assess Pw: we traced xylem-transported 11CO; in detached poplar branches. The
applicability of positron autoradiography was proven to be succesfull in visualising
internal CO; transport (Chapter 3) it was used here to quantify the dynamics of CO»-
transport occurring within the submillimetre range, while manipulating light exposure to
the branch. We evidenced assimilation of internal CO; into sugars by performing 3C-
experiments. Experiments using 8F-fluorine were conducted to study water transport
since 18F-radionuclides are not assimilated and solely transported. The acquired insights
confirmed the results of 11C-experiments performed on light-excluded branches where
CO; was found to be merely transported by the sap. Combination of stable and unstable
isotope experiments led to two main conclusions. We unequivocally showed that xylem-
transported CO; is fixed by photosynthetic cells in both branches and leaves providing
building blocks and energy to woody tissues; and that Py, is highly light responsive along

the pathway of xylem-transport towards the leaves.
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4.2 Introduction

Besides water, xylem cells transport several other compounds throughout the entire plant
like e.g. hormones and nutrients (Lucas et al. 2013; Schuetz et al. 2013). An important
molecule in this respect is carbon dioxide (COz). Mainly through respiration, it gets inside
the tree where it exists in equilibrium with other carbonate species. The proportion of
these species in solution is dependent on the pH with the dominant form being CO2 (aq)
and bicarbonate for woody species (Teskey et al. 2008). In this way, respired COzis piled
up to a substantially higher concentration (often between 3 and 10 % and sometimes up
to 26 %) than the atmospheric CO> concentration (~ 0.04 %) (Teskey et al. 2008; Avila et
al. 2014). Upon dissolution in xylem sap, COz is transported throughout the plant where
it can either diffuse into the atmosphere or be fixed by chloroplasts present in the bark,
xylem rays, and pith tissues (Bloemen et al. 2016b). This latter process may as such be
regarded as a recycling mechanism that contributes to the total carbon budget of the
plant. Photosynthesis performed by these tissues will be referred to as woody tissue
photosynthesis (Pw:), as described by Saveyn et al. (2010). Pw: is, however, often
overlooked with respect to the plant carbon budget. Furthermore, we lack knowledge
about its role in plant survival, especially during drought/changing climatic conditions,
i.e. when uptake of atmospheric CO; is limited (Vandegehuchte et al 2015; De
Baerdemaeker et al. 2017). This may be related to the ongoing debate about whether CO;
is merely accumulating in xylem cells or stripped from them to be assimilated through
woody tissue photosynthesis (Cernusak & Cheesman 2015; Vandegehuchte et al. 2015).
Aside from Py, anaplerotic fixation of COz is described (Berveiller & Damesin 2008; Avila
etal 2014; Hilman et al. 2019), which falls out of the scope of this study and will therefore

not be discussed.

As highlighted in Chapter 1, it has merely been assumed that retention/
accumulation of xylem-transported COz in woody tissues is related to Ax by Pw: through
exposure of photosynthetically active radiation (PAR) as described by experiments using
13C-labelling in branches and leaves (e.g. McGuire et al. 2009; Bloemen et al. 2015; Stutz
& Hanson 2019) or CO; gas exchange measurements (e.g. Wittmann et al. 2001; Salomdn
et al. 2018). Moreover, McGuire et al. (2009) labelled detached branches of sycamore
(Platanus occidentalis L.) by allowing them to transpire an enriched 13CO2 aqueous

solution. An average of 35 + 2.4 % (SE) of the supplied label was taken up from the
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treatment water and accumulated in the woody tissues of the branches, with smaller
amounts in leaves and petioles. Another study focused on detached poplar leaves (Populus
x canadensis Moench ‘Robusta’) and observed higher tissue 13C-enrichment under higher
vapour pressure deficit (VPD) (Bloemen et al. 2015). Among tissues, highest enrichment
was observed in the petiole and the veins, regardless of the VPD treatment. In these
studies, 13C-enrichment of the tissues was observed but actual incorporation of the 13C-
label into 13C-containing sugars was not tested. With regard to CO: gas exchange
measurements, a dynamic 13C-labelling study using tunable diode laser absorption
spectroscopy performed on leaves of Populus deltoides and Brassica napus indicated that
rates of Ax increased with increasing xylem [13CO;"] and transpiration (Stutz & Hanson
2019a). Wittmann et al. (2001) found that apparent CO; respiration (measured as CO:
release) in twigs clearly reduced in the light, which was suggested to be attributed to light-
driven refixation within chlorenchyma tissues. A study performed by Salomén et al
(2018) on Populus tremula L. used a mass balance approach to estimate diel contributions
of Py: (represented as storage flux in the mass balance) and xylem-transported CO> to
stem respiration. Also in these gas exchange studies, Ax has been assumed since
conversion of xylem-transported CO: into sugars was not measured. Only the study of
Stringer and Kimmerer (1993) showed actual assimilation of a xylem-transported 4C-
label into sugars in petioles, veins and lamina of poplar leaves (Populus deltoides Bartr. ex
Marsh) under illumination. However, this study was limited to Ax in leaves, and therefore
extrapolation to woody tissues assimilation might be challenging. Taken all together, each
of the aforementioned studies (based on 13C- and “C-labelling or gas exchange)
contribute to the understanding of the fate of respired CO2 regarding Pw:, but only provide
indications that xylem-transported CO: is fixed in woody tissues as it could equally be

retained in the tissues as CO..

Less detail is available on dynamic processes at smaller spatial scales (e.g.
(sub)millimetre) since either 3C- and 1#C-sample procedures are used, which require a
certain amount of sample mass, or measurements inform on the integrated response of a
branch/stem segment enclosed in a gas exchange chamber. Results of these studies
typically report on integrated responses but neglect underlying short-range dynamics at
finer spatial scale. To this end, radioactive 11CO2-based experiments have been performed
on plants in combination with the positron emission tomography (PET) and positron

autoradiography. However, studies focusing on xylem-transported 11CO; are scarce and

57



Chapter 4

have to date only been performed on leaves (Dirks et al. 2012; Bloemen et al. 2015;

Hubeau et al. 2018, 20193, b).

Positron autoradiography is put forward to study dynamics of Py and xylem
transported COz at branch level (Hubeau et al. 2019a). Detached poplar branches (P.
tremula) were allowed to take up an aqueous solution enriched with radioactive 11C-
labelled CO2. By applying aluminium foil and/or grease on parts of the branches we aimed
at better understanding the short-term response of light exposure and transpiration on
Py at fine spatial resolution. The same treatments were applied on leaf lamina to assess
the possibility whether branch respired CO: is actually fixed in leaves. In addition, 13C-
based measurements were performed and analysed with liquid chromatography-mass
spectrometry (LC-MS) to unequivocally identify whether carbon tissue enrichment under
light exposure is attributed to accumulation or actual Ax by Pw:. Lastly, 18F-labeling
experiments were performed with 18Fluorine being a proxy for water. By visualising both
water and 11CO; transport we aimed at demonstrating that by illumination of branches

with PAR, COz is stripped from the xylem sap to be assimilated by P:.

4.3 Materials and methods

4.3.1 Plant material

For this study, five 40-cm poplar cuttings (Populus tremula L.) were planted on March 23,
2016 in 30-L pots containing commercial potting mixture (Peltracom, Gent, Belgium).
They were grown in a greenhouse for two months at the Faculty of Bioscience
Engineering, Ghent University, Belgium (51.053693°N, 3.706487°E) and had a height
ranging between 90 - 120 cm. All trees (N = 5) were subsequently transported to the small
animal imaging facility of Ghent University (INFINITY lab) at least 24 h before
measurement (Pickard et al. 1993). There, they were placed outside during the
experiments (51.023237°N, 3.725782°E) and were watered every day. The nine branches
used for stable (13C, N = 4) and unstable (11C and !8F, N = 5) isotopic experiments had an
average (* SE) length and diameter at the cut end of 23.2 + 2.3 cm and 2.5 *+ 0.1 mm,

respectively.
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Figure 4.1 Protocol of 11C- and 18F -labelling (a), label administration procedure (b), and
positron autoradiography (c). (a) Schematic of the experimental set-up displaying a P.
tremula branch inside an airtight chamber. A small dark labelling compartment
containing the radioactive isotopes (indicated in orange) and the cut end of the branch
is hermetically sealed from the measurement compartment containing the illuminated
part of the branch. The incoming [CO;] is maintained at 400 ppm by a LI-6400 system
while the water content and [CO:] entering and leaving (green arrows in (b)) the
measurement compartment is analysed by a LI-7000 system, to calculate the
transpiration and photosynthetic rate, respectively. For safety measures, the leaving air
is stripped from all radioactivity by bubbling it through a basic NaOH solution. (b) The
labelling compartment was connected to two syringes. The first syringe,, provided the
tracer to the cut end of the branch (orange arrow). Just before introducing the tracer,
the plunger of the second syringe was pulled to remove the non-labelled aqueous
solution (yellow arrow). While doing so, a needle introduced at the headspace of the
labelling compartment ensured in- and outflow of air (represented by the two-headed
arrow having a yellow and orange colour, respectively) so that no vacuum was created
in the labelling compartment. For safety measures, the outflowing air was directed to a
container filled with soda lime as to strip the 11CO; from the air. (c) Schematic of positron
autoradiography where a P. tremula branch is in close contact with a rectangular
phosphor plate detecting the radioactivity (+ positron and to a lesser extent y-ray)
inside the branch.
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4.3.2 Experimental set-up and radioactive 11C- and 18F-labelling

Carbon transport and water movement in detached poplar branches were imaged
following exposure to a labelled solution containing either dissolved 11CO; (N = 4) or 18F-
fluorine (N = 1), respectively. Both radioactive tracers were produced using a cyclotron
(18 MeV protons, IBA, Belgium) of Ghent University Hospital. For 11C-production, protons
were accelerated towards an N2/Hz (5%) target. The (p, o) nuclear reaction resulted in
the formation of 1:CH4 which was subsequently oxidized via cobalt oxide to yield 11CO> as
described by Landais & Finn (1989). Subsequently, the captured 11CO2 gas was bubbled
through a 40 mM citric acid buffer at a set pH of ~5.8, resembling the pH of xylem sap in
young P. tremula branches (pH ~6.4, which is in the reported range of 4.5 - 7.4 for woody
species (Teskey et al. 2008)). The pH of the labelled solution was slightly more acidic than
the xylem sap favouring the 11C-label being dissolved as COz (aq) (70 %) over bicarbonate
(30 %). Once the tracer is taken up, equilibrium reactions will shift according to the pH of
the xylem sap (Butler 1991). Concerning the 18F-experiment related to water movement,
high energy protons were accelerated inside the cyclotron (18 MeV protons, IBA,
Belgium) to bombard 180-enriched water causing a (p, n) nuclear reaction resulting in an
aqueous solution containing 8F-ions. The half-life of 18F is higher than 11C (109.8 vs. 20.8

minutes) making the former easier to handle with regard to timing.

Radioactive labelling (one branch at a time) was performed in a cylindrical airtight
chamber consisting of two compartments: a polypropylene labelling compartment (6 mL
in volume) in which the cut end of the branch was exposed either the 11C- or 18F-labeled
solution, and a plexiglass measurement compartment (135 mm inner diameter and 200
mm length) containing leaves and light source (Fig. 4.1a). The position of a detached
branch within the chamber was fixed by applying polysiloxane material (Terostat-IX,
Henkel AG & Company, KGaA, Diisseldorf, Germany) around the branch at the intersection
of both compartments to separate them. With respect to the 11C-experiments, extra grease
(Vacuum grease, Dow Corning, Auburn, MI, USA) was added around the branch segment
coming out of the polysiloxane material which ensured airtightness between both
labelling and measurement compartments as to avoid assimilation of evaporated 11CO>
from the solution (11CO2 (aq) to 11CO2 (g)) by leaf photosynthesis. To avoid leaf wilting the
labelling compartment was filled with five mL of non-labelled buffer solution at least 45

min prior to the arrival of the label. A 5-mL volume of this solution was sufficient given
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the averaged transpiration rate (+ SE) of 0.49 + 0.06 mL h-1. Because of the isotope’s decay,
the labelling system was designed to give a minimal time-delay for the tracer to enter the
branch after labelling. Therefore, the labelling compartment was connected to two 5-mL
syringes (Fig. 4.1b). The first syringe, containing the 11C- or 18F-labeled solution, provided
the tracer to the cut end of the branch. Just before introducing the tracer (orange arrow),
the plunger of the second syringe was pulled to remove the non-labelled aqueous solution
(yellow arrow). Five mL of 11C- or 18F-enriched solution was supplied to the branch with
an activity at labelling ranging from 125.8 - 436.6 MBq and 740 MBq, respectively. A
needle introduced at the headspace of the labelling compartment ensured in- and outflow
of air (represented by the two-headed arrow having a yellow and orange colour,
respectively) under these procedures so that no vacuum was created in the compartment.
For safety measures, the outflowing air was directed to a container filled with soda lime
as to strip the 11CO> from the air. The branches were labelled for 1.5 h, after which they
were taken out of the chamber to immediately perform autoradiography. For radiation
safety purposes, the labelling compartment was shielded using lead sheets which

darkened it at the same time (Fig. 4.1a).

The microclimate inside the measurement compartment was characterized by an
average (* SE) relative humidity (RH), air temperature and vapor pressure deficit of 60.8
+6.6%,32.4+0.7°Cand 1.9 £ 0.3 kPa, respectively. Photosynthetic rate averaged (+ SE)
over the labelling periods was 1.09 * 0.31 pmol CO2 m-2 s-1 which is low for poplar leaves
and could be explained by the low PAR intensity of about 250 umol photons m~2 s-1 that
was provided at leaf and branch level by ten red and ten blue LED lights (GreenPower LED
strings 0842 LF Red and WPO 83 LF Blue, Philips, The Netherlands). Common photo-
synthetic rates of Populus tremula range from 10-20 pmol COz m-2 s'1 but are obtained at
1000-1500 pmol photons m~2 s-1 PAR. However, the results found in this study are equally
valid since PAR at crown level of trees is around 300 pumol m2 s1 for a 12 h period (0700-
1900 h) (Saveyn et al. 2010). Additionally, the low flow rate (0.4 L min!) of the air
containing 400 ppm CO: that was supplied using a portable photosynthesis system
(model LI-6400, Li-Cor Inc., Lincoln, Nebraska, USA) was not able to remove the
transpired water properly. Hence high RH (60% vs. 40% in the room) likely hampered
normal photosynthesis. The water content of the air entering and leaving the

measurement compartment was measured with a gas analyser (model LI-7000, Li-Cor
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Inc,, Lincoln, Nebraska, USA). To prevent radioactivity from coming into the atmosphere,

the outflowing air was directed to a 1 M sodium hydroxide solution.

4.3.3 Positron autoradiography

At the end of the experiment, the branch was taken out of the cylindrical chamber and
positioned on an autoradiographic phosphor plate (Super Resolution storage phosphor
plate, Perkin Elmer, Waltham, Massachusetts, USA) of which the crystals are principally
excited by positrons leaving the tissue (Fig. 4.1c). To prevent contamination of the
imaging plate, the branch was first wrapped in transparent cellophane before making
contact with the phosphor plate. After 10 - 20 min exposure, the plate was read-out
digitally (Cyclone Plus Phosphor imager, Perkin Elmer, Waltham, Massachusetts, USA)
and visualised using OptiQuant version 5.0 (Perkin Elmer, Waltham, Massachusetts, USA)
to obtain image files (5806x2995 pixels - 24.58x12.68 cm) (e.g. Fig. 4.2c,d of the

corresponding branches in Fig. 4.2a,b).
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Figure 4.2 Photographs of a poplar branch without (a) and with (b) partially
aluminium- and grease-covered leaves. Autoradiographic image obtained after 11C-
labelling of the corresponding poplar branch without (c) and with (d) partially
aluminium- and grease-covered leaves. In (b, d) the following covering methods were
applied on the leaves starting from the cut-end: grease, aluminium, grease + aluminium.

4.3.4 Image analysis

Information on the acquired autoradiographs was extracted using Fiji software. A line

profile (10-pixel width) of the branch was drawn on the image obtained from each of the
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experiments. The recorded activity (arbitrary units - a.u.) on the line profile was
subsequently plotted in function of the branch length. To allow mutual comparison of the
activity profile plots (e.g. Fig. 4.3a,b;), normalisation was performed according to the
procedure described by Mincke et al. (2018) (Text box 4.1). To indicate the part of the
branch that was in the dark labelling chamber auxiliary grey bars on the x-axis as well as
a dash-dotted line were added to the profile plots. Green diamonds indicate the onset of
petioles on the branch. Note that after each petiole junction, sap flow rate within the
branch is slightly reduced because less leaf area is transpiring from that point onwards.
Hence, the actual 11C-activity in the more distal branch pieces could be higher than the

recorded activity since it took more time for the activity to reach these parts.

Different decay of 11C and 18F isotopes results in positrons with a different energy,
making the normalisation procedure described by Mincke et al. (2018) invalid for direct
comparison of 18F- and !1C-experiments. Therefore, the scale on the Y-axis was manually
set for the 18F-experiment to equal the one of the 11C0Oz-based profile plots to alleviate

comparison between different experiments.
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Figure 4.3 Profile plot of the normalized activity
(expressed in arbitrary units) across the entire
length of a branch without (a) and with (b) partially
covered leaves. Grey bars along the x-axis indicate
part of the branch that was in the labelling
chamber. Branches were illuminated from dash-
dotted line. Diamonds represent starting origins of
petioles. (c) Zoom of autoradiograph of the first
branch (from Fig. 4.2c) where the petiole of leaf 4 is
covering the branch section, preventing close
contact with the detection plate.
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Text box 4.1 Normalisation of 11CO; experiments

The recorded activity in the section of the branch that was inside the dark labeling com-
partment (grey box in Figure 4.3a, b) shows a nearly horizontal line. It was theorized
that this signal should be attributed to transport of 11CO; molecules along with water in
the xylem. However, the intensity of this initial signal was different between the
branches after digital read-out of the phosphor plates (not shown), which can be related
to the time-dependency of radioactivity. Indeed, the starting radioactivity, starting time
and duration of exposure of the branch to the phosphor plate differed for each of the
branches, which had a direct effect on the amount of radioactivity exposed to the phos-
phor plates during autoradiography. Therefore, images were normalised for following

factors to allow semi-quantitative comparison:
Experimental duration time

The total time the branches transpired the radioactive solution was different for each
branch. Because this affects the total amount of activity taken up by the branch, nor-

malization was applied for the experimental duration.
Radioactivity

As radioactivity is dependent on time, other time-related ‘correction factors’ were
considered. The starting activity and exposure time to the phosphor plates was di-
fferent for each branch. The activity exposed to the autoradiographic plates was
calculated by integration of the universal law of radioactive decay (Eq. (4.1)) from start

to end of the exposure of the branch to the phosphor plate.
A(t) = Age™ (4.1)

with A(t) the remaining radioactivity at time t when starting activity was Ao of
radioisotope with decay constant A. The latter can be derived from the half-life (Eq.
(4.2)), where t1/2 = 20.4 minutes for 1C:

In (2) (4.2)
e =T
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Transpiration rate

In addition to these time-related parameters, also transpiration should be accounted
for as has been shown in earlier experiments (e.g. Bloemen et al. 2013c; Stutz et al.
2017). This was accom-plished by calculating the average transpiration rate (difference
in water vapor entering and leaving the treatment compartment per unit of time)

transpired during labeling.

The stem profile plots were subsequently normalized by multiplying the raw
profile activity plots (not shown) with the three above-mentioned factors, where a
higher experiment time, recorded radioactivity or transpiration rate resulted in a lower
normalization factor. After normalisation, the recorded activity of the branch segments
inside the labeling compartment (grey boxes in Fig. 4.3) were at a similar activity levels,
indicating the validity of the described normalisation procedure. This ‘baseline activity’
was subsequently set to ~1 a.u. to allow better visual assessment of the profile plots.
Small discrepancies between the ‘baseline activity’ of each branch might be attributed
to differences in plant architecture and chlorophyll content in the branch tissues. When
not all of the described factors are measured, simple equalisation of the ‘baseline
activity’ could be performed instead. However, the resulting profile plots are subse-

quently not based on physical parameters and could contain masked biological effects.

4.3.5 Manipulation experiments

To investigate the dynamics of woody tissue photosynthesis, experiments with 11CO>
were conducted on four different branches: (i) a non-treated branch (Fig. 4.2a), (ii) a
branch of which one half (both ab- and adaxial surfaces) of leaf one, two and three from
the cut-end (assigning numbers to leaves or petioles in this way will be done throughout
the entire manuscript) were treated with either grease, aluminium foil or a combination
of grease and aluminium foil (on top of each other; Fig. 4.2b), respectively, (iii) a branch
of which sections were covered with either grease, aluminium foil or a combination (Fig.
4.4a), and (iv) a branch that was completely covered with aluminium foil except for
petioles and leaf lamina. Aluminium foil and grease (translucent Vaseline) were applied
to minimize photosynthetic activity and to prevent gas exchange, respectively.
Application of these treatments on leaves and branches were performed to test the

hypothesis whether branch respired CO2 reaches the leaves to be assimilated, and to
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assess the dynamics in light-sensitivity of P, respectively. The treatments were applied
when the branch was still attached to the tree, just before detachment under water.
Subsequently, the branches were cut at least three times under water to prevent
embolism formation in the xylem conduits. To investigate branch water transport, a

labelling experiment with 18F (proxy for H20) was conducted on a non-treated branch.
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Fig. 4.4 Autoradiographic
image (b) and normalised
stem profile plot (c) of a
branch (a) were inter-petiole
zones were covered with
4 (0 grease (white dotted); alumi-
3 nium foil (horizontal lines);
and the combination of grease
and aluminium foil (checker-
. f\_/\m board). Diamonds represent
starting origins of petioles.
A A Vertical lines provide visual

support for the delinea-tion of
the zones.
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4.3.6 Activity profile plot processing

To analyse the correlation between measured activity (a.u.) in the profile plot and branch
position (cm), a linear regression model was fitted in RStudio (R Core Team (2018),
RStudio: Integrated Development Environment for R. RStudio, Inc., Boston, MA, USA,
version 1.1.453) using the Im function, in which the branch position was treated as the
independent variable whereas measured activity was treated as dependent variables.
This approach was performed on profile plots of both non-treated branch segments (Fig.
4.3a,b) from maximum activity to where activity equalled average activity measured in
the dark. To indicate that measured activity in each of the branches had a different

variance, weighted least squares were added in the fitting process. Normality of the
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measured activity was tested and found by the Shapiro-Wilk test (on a 5% significance
level), justifying the application of a linear model. The linear regression model resulted in
an intercept, slope and P-value indicating whether or not the slope and/or intercept were
significant at a 5 % significance level (P < 0.05). The ratio of the slope to the intercept

represents the percentual change in radioactivity (i.e. decrease in this study) per cm.

4.3.7 Experimental set-up 13C-labelling

To investigate whether the xylem dissolved CO2 was actually assimilated by P different
detached poplar branches (N = 4, originating from the same trees as the branches used in
the 11C- and 18F-experiments) were exposed to an aqueous solution containing dissolved
13CO; (Fig. 4.5a). Therefore, a solution was prepared containing 40 mM KCl to facilitate
solution uptake and transfer in the xylem tissue of the detached branches (Zwieniecki et
al. 2001). This KCI solution was appended with [13C]NaHCO3 (98 atom % 13C, Sigma
Aldrich, Overijse, Belgium) to a target concentration of 5.88 mM, which corresponds to
the measured CO> concentration ([CO2]) dissolved in the sap solution previously observed
in Populus spp. (Salomoén et al. 2018, 2019a). The solution had a pH of ~7 which is in the
reported range of 4.5 - 7.4 for woody species (Teskey et al. 2008). This pH is adequate to
minimize the conversion of bicarbonate into CO; and as such limit label loss to the
atmosphere during the course of the experiment. Once the label solution is taken up into
the slightly acidic xylem sap (Teskey et al. 2008), equilibrium reactions will shift toward
the formation of aqueous CO; (Butler 1991). Each of the branches was cut under water to
prevent embolism formation and was placed in a slightly tilted 50 mL Falcon® tube
(Corning, Tewksbury, Massachusetts, USA) containing 10 mL 13C-label solution.
Subsequently, the branches were simultaneously positioned under four 1.5-m-long arrays
of red and blue LED lights (GreenPower LED production module deep red/blue, Phillips,
The Netherlands), which provided about 250 pmol m-2 s-1 PAR at leaf/branch level (Fig.
4.5a). The tubes were packed with aluminium foil to exclude light (and thus Py:) from the
part of the branch that was inside the tubing. This resembled the lead shielding in the 11C-
and 18F-experiments. After 1.75 h labelling, the branches were taken out of the solution
and cut in parts with a scalpel, separating the branch in the part inside (Da) and the part
outside (Li) the darkened tube. The Li part was further subdivided into smaller samples.
Both Li and Da samples were subsequently split in xylem and bark (Fig. 4.5a) and flash

frozen in liquid nitrogen and stored in a freezer at —-90°C before further processing.
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Fig. 4.5 Protocol of 13C branch labelling, sample preparation and LC-MS analysis. (a)
Schematic of the experimental set-up displaying a P. tremula branch inside a darkened
labelling tube. After labelling two samples were taken from each branch (N = 4), one
sample from the darkened labelling compartment (Da) and one that was illuminated
(Li). These Li and Da samples were subsequently split in xylem and bark to end up with
4 samples per branch. After flash freezing and storage, these samples were subjected to
sugar extraction. (b) Schematic of a high-performance liquid chromatography (HPLC)
column separating fructose, glucose and sucrose. Each of these resolved sugar peaks
was subsequently ionised (H-, Na* and H- for fructose, glucose and sucrose, res-
pectively) to be detected by mass spectrometry.

4.3.8 Sugar extraction and LC-MS analysis

Xylem and bark samples were freeze dried, reduced to smaller pieces using a scalpel and
grinded to powder in a mortar. To investigate the sugar content at least 20 mg of each
sample was weighted and was dissolved in 100 % ethanol (Merck KGaQ, Darmstadt,
Germany) to a concentration of 4 mg mL1l. To extract the sugars, samples were

consecutively placed in warm water bath of 75°C and 45°C for 10 min and 160 min,
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respectively. Finally, the samples were centrifuged for 10 min at 8800 g (Quentin et al.

2015).

The sugars (fructose, glucose and sucrose) dissolved in the supernatant were
analysed using liquid chromatography-mass spectrometry (LC-MS). Therefore, the
sugars could be separated using an Acquity UPLC HSS T3 Column (Waters Corporation,
Milford, Massachusetts, USA - 150 mm length, 2.1 mm internal diameter, 1.8 pm particle
size, 45°C column temperature - Fig. 4.5b). A volume of 10 pL was automatically injected
onto the column and pumped around using an UltiMate™ 3000 RS pumping system,
column compartment and autosampler (Thermo Fisher Scientific, Waltham,
Massachusetts, USA). Gradient elution was achieved by using a combination of formic acid
(0.1 %) in ultra-pure water and in acetonitrile as solvents (Thermo Fisher Scientific,
Waltham, Massachusetts, USA). A flow rate of 0.4 mL min-! was maintained during the
separation. Retention time of fructose, glucose and sucrose were 0.95, 0.96 and 1.03 min,
respectively. To be detected by mass spectrometry, the sugar molecules need to be
ionized which resulted in mother ions [M-H]-, [M-Na]* and [M-H]- for fructose, glucose and
sucrose, respectively. Detection of the sugars was done using Q extractive Hybrid
Quadrupole-Orbitrap Mass Spectrometer (Thermo Fisher Scientific, Waltman,
Massachusetts, USA - Fig. 4.5b). Ionized sugar molecules composed of only 2C-atoms
were selected by m/z 179.056, 203.053 and 341.109 for fructose, glucose and sucrose,
respectively (Fig. 4.5b). To detect the sugars having one or two 3C-atoms, 1.003 was

added to m/z once or twice, respectively.

4.3.9 Sugar quantification

To quantify the amount of sugars (glucose, fructose and sucrose) in the xylem and bark
samples calibration curves were constructed using eight points, each containing known
concentrations of these sugars. These concentrations were 1, 3, 4,5, 6,8, 10 and 12 pg mL-
1 for fructose; 0.5, 1, 2, 3,4, 5, 7 and 10 pg mL-! for glucose and 20, 40, 60, 80, 100, 120,
140 and 160 pg mL-! for sucrose. The choice of these calibration concentrations was based
on concentrations measured in preliminary test experiments not included in this study.
Since 13C is the naturally occurring isotope of carbon, each of these calibration samples
include sugar molecules containing one and two 13C-atoms and are denoted as 13C- and

[2x 13C]-sugars (i.e. fructose, glucose or sucrose), respectively. Hence, using the mass
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spectra of the resolved sugars (Fig. 4.5b) the calibration curves for these 13C- and [2x 13C]-
containing sugars could be constructed by searching for the corresponding m/z values
(see previous paragraph). The specific m/z values used to construct the calibration curve
were the same as those used for detection in the wood samples. The concentrations in ng
mL-1 were converted to mg g! dry matter (DM) using the extraction concentration (4 mg
mL1). In accordance with the normalization of the profile plots (Text box 4.1; Fig. 4.3a,b),
the concentrations were normalized for the transpired volume during the experiment.
Student t-test was performed to denote statistical differences between Da and Li samples
on a 5 % significance level (P < 0.05). When no significant difference in sugar
concentration was found between Da and Li samples, a tendency towards a higher/lower

concentration was indicated.

4.4 Results

441 11C  positron autoradiographic imaging to assess woody tissue

photosynthesis and water transport

High detection sensitivity of positron autoradiography was indicated by the profile plot
of the uncovered branch (Fig. 4.3a) where a minimum around 8 cm is observed which can
be attributed to the petiole of leaf 4 covering the branch from the phosphor plate

preventing close contact between them (Fig. 4.3¢).

A pronounced light sensitivity of Py in poplar branches (Fig. 4.2a, b) was observed
when analysing the corresponding autoradiographic images (Fig. 4.2c, d) as indicated by
the bright white spot (arbitrary choice) representing a higher number of detected
positrons. These bright spots were located after petiole two (Fig. 4.2c) and one (Fig. 4.2d),
counting starting from the cut-end, thus representing the branch parts that just left the
darkened labelling compartment and were illuminated with PAR. During the experiment,
11C-tracer accumulated in the illuminated branch parts, suggesting assimilation of xylem-
transported 11CO; by Pw:. Some activity was also found in leaves, with highest activity in
the veins. When leaf halves were covered with grease (leaf 1), aluminium foil (leaf 2), or
a combination (leaf 3), almost no signal was detected in the treated zones. It should be

noted that all leaves were inside the measurement compartment, whereas parts of the
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petioles were sometimes (maximum two per branch as indicated by the green diamonds

on the profile plots - Figs. 4.3, 4.4) inside the 11C-labelling compartment.

Normalised activity profile plots (expressed in arbitrary units) obtained from the
autoradiographs of branches without (Fig. 4.2c) and with (Fig. 4.2d) treated leaves are
shown in Fig. 4.3a and 4.3b, respectively. The activity measured in the branch inside the
dark 11C-labelling compartment remained rather constant as indicated by the nearly
horizontal line, which suggests 11C-transport only. As confirmed by the bright zones in the
autoradiographs (Fig. 4.2c, d), the detected radioactivity reached a maximum where the
branch just exited the 11C-labelling compartment. Averaged (+ SE) over both non-treated
branches, the maximum activity was 3.8 + 0.3 times higher than the averaged activity in
the 11C-labelling compartment. The activity decreased quickly after the maximum was
reached. A linear regression was applied on both profile plots of the uncovered branches
(Fig. 4.3a,b), ranging from where maximum activity was measured to where activity
equalled average activity in the dark, and resulted in a significant (P < 0.05) decrease in

activity of 16% per cm.

To investigate light-sensitivity of Pw, the same treatments as described for leaves
were applied to the branch. Application of grease (white dotted bar on x-axis - Fig. 4.4c)
resulted in a 26% lower activity peak in the profile plot compared to non-treated
branches (Fig. 4.3a, b). Highest recorded activity in this grease-covered segment was 2.8
times higher than the averaged activity measured in the darkened !!'C-labelling
compartment (Fig. 4.4c), whereas the highest recorded activity in the non-treated
branches was ~3.8 times higher than the averaged activity in the labelling compartment
(Fig. 4.3a, b). In contrast, application of aluminium foil (grey horizontal bars) and
combination of grease and aluminium foil (checkerboard-filled bars) marked two minima
in the normalised profile plots (zones around 6.5 and 9 cm - Fig. 4.4c). In these zones, it
appeared that COz is only transported and not accumulated, similar to the branch inside

the 11C-labelling compartment.

To explore the COz-transport only hypothesis under light exclusion, an experiment
was performed where the entire branch was covered with aluminium foil to block light
exposure (Fig. 4.6a). The normalised profile plot showed indeed a nearly horizontal line
indicating CO2 transport without accumulation or refixation. The observed peak around

5.5 cm is related to the starting point of a petiole (green diamond) which prevented tight
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wrapping of aluminium foil around that particular part of the branch segment, allowing
exposure to PAR and thus Py to occur. The lower signal-to-noise ratio of this profile plot
compared to the other profile plots (Figs. 4.3a,b 4.4c) is attributed to the lower starting
activity of the particular experiment. As a result, the normalisation factor (Mincke et al.

2018) was higher, amplifying both activity and noise.
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Fig. 4.6 Normalised stem profile plots of a branch whose stem was completely wrapped

with aluminium foil while being labelled with 11C (a) and a branch that was not covered

and labelled with 18F (b). Both profile plots show a nearly horizontal line indicating that

the radioactive tracer is only transported through the branch, without accumulation.

Diamonds represent starting origins of petioles. Triangles indicate wound tissue on the

branch due to the removal of leaves.
Further confirmation of the CO2-transport hypothesis was sought by performing an 18F-
labelling experiment (Fig. 4.6b). Since 8F-radionuclides are not assimilated and solely
transported (thus representing sap flow) a profile plot similar to the one obtained from
the aluminium wrapped branch was observed. Green diamonds again indicate the
positioning of petioles on the branch whereas red triangles indicate wound tissue on the
branch due to the removal of leaves (with petiole). At these positions, water is able to

evaporate. Fluorine is however not volatile and cumulated, resulting in peaks in the

profile plots.

4.4.2 13C-sugar analysis

The branch experiments with 13C-labelling revealed that illuminated branch parts (Li) had
a significant higher (P < 0.05) concentration of [2x 13C]-fructose and glucose in the bark
compared to darkened parts (Da) (Fig. 4.7 and Table 4.1). Detection of 13C- and [2x 13C]-
sugars in also Da branch sections can be explained by 13C-carbon that is naturally
occurring in the environment. The concentration of all 13C-containing sugars (fructose,

glucose and sucrose) in both bark and xylem and the concentration of all [2x 13C]-sugars
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(fructose, glucose and sucrose) in xylem had a tendency (P > 0.05) to be higher in the Li
parts compared to darkened parts. However, tendency (P > 0.05) towards a lower
concentration of [2x 13C]-sucrose was found in Li branch segments within bark tissue
compared to the corresponding Da segment (Table 4.1 and Fig. 4.7b). The increase in all
[13C]- and [2x 13C]-containing sugars in Li branch segments with respect to Da ranged
from moderate (11.0 %) to very high (307.7 %). Concentration of all sugars was generally
higher in bark tissue compared to xylem tissue, except for glucose albeit neglectable.
Furthermore, sucrose was observed to have the highest concentration of all 13C- and [2x
13C]-containing sugars and mainly affected the total sugar concentration. The increase in
total sugar concentration in Li branch segments with respect to Da branch segments

hereby, ranged from 7.9 % to 22.7 %.
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Figure 4.7 Fructose, glucose, sucrose and total sugar concentration containing one (a)
or two (b) 13C-atoms in both dark (Da) and illuminated (Li) parts of a poplar branch (N
= 4). Samples were further divided in bark and xylem. Error bars are standard errors.
Statistical differences (P < 0.05) between Li and Da branch parts are denoted with lower

case letter.
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Table 4.1 Average enrichment (+ SE) of xylem and bark samples of illuminated (Li)
branch parts with respect to the dark (Da) branch parts for each of the analysed sugars
fructose, glucose and sucrose containing one or two 13C-atoms. Statistically significant
increase of Li branch parts with respect to Da branch parts are denoted with * (P < 0.05).

Sugar enrichment in branch

part Li with respect to Da Xylem Bark

Fructose 36.6+6.0% 17.7+£29 %

a Glucose 269+19% 154+7.7%

© Sucrose 23.7+6.7% 11.0+54 %

Total 22.7+11.3% 10.5+8.2 %
Fructose 34.8+23.6 % 194.8+19.4 % *
i Glucose 89.1+£26.8% 307.7+35.8% *

ne Sucrose 1.8£51% -56.0+£3.1%

Total 7.9+16.0 % -33.9+4.7 %

4.5 Discussion

4.5.1 Assimilation of xylem-transported CO2 in woody tissues

Knowledge on Ax by Pu: through exposure to PAR has merely been deduced from
experiments that described enrichment of a 13C- or 14C-label within branches or leaves
(e.g. McGuire et al. 2009; Bloemen et al. 2015; Stutz & Hanson 2019a), or a reduction in
CO2 concentration when performing gas exchange measurements on PAR-illuminated
twig or stem segments (e.g. Wittmann et al. 2001; Salomén et al. 2018). By means of LC-
MS, we confirmed actual assimilation of internally-transported 13CO2 into sugars (i.e.
fructose, glucose and sucrose) because Li samples contained higher sugar concentrations

than Da ones (Table 4.1 and Fig. 4.7b), with the exception of [2x 13C]-sucrose in the bark.

Specifically, a significant increase (P < 0.05) in concentration of fructose and
glucose containing two 13C-atoms was found when illuminating the branches. Given our

short 13C-labelling period (1.75 h), fructose and glucose are known to be synthetized prior
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to sucrose synthesis (Taiz & Zeiger 2010). Hence, accumulation of these sugars, rather
than sucrose, is expected to contribute most to the activity peak detected in the 11C-profile
plots of the illuminated branch parts (Figs. 4.3 and 4.4). [t might be theorised thatlabelling
for a longer period of time (e.g. 12h or longer) would result in also significant higher
concentrations of [2x 13C]-sucrose in Li samples compared to Da samples. A possible
explanation why no significant increase was obtained for the fructose and glucose in the
bark containing one !3C-atom upon illumination might be found in the high light
sensitivity of Pw:. The rapid rise in detected 11C-activity in the profile plots upon illu-
mination (Figs. 4.3a,b and 4.4c) indicates that the label was stripped from the sap in high
amounts through Py:. It is safe to assume that the same happened for the 13C-labelling,
which increases the probability of [2x 13C]-sugars synthesis over 13C-sugar synthesis.
Additionally, increasing the currently limited sample size (N = 4) would increase the

power of the statistical test to detect a small effect which are now not significant.

With regard to the the higher concentration of [2x 13C]-sucrose in the bark of Da
samples compared to Li samples, two mechanisms are suggested that might take place
simultaneously. First, there is a balance in the synthesis of sucrose and starch (which was
however not measured). Both forms are synthesized from triose phosphate, but their
synthesis is separated in space and time (Taiz & Zeiger 2010; Stitt & Zeeman 2012; Furze
et al. 2018). Synthesis of sucrose occurs in the cytosol of the cell whereas starch, as well
as fructose and glucose, are synthetized inside the chloroplasts . The balance between the
biosynthetic pathway of sucrose and starch is determined by the relative concentration
of metabolite effectors (e.g. orthophosphate and fructose-2,6-bisphosphate). Regarding
the separation in time, surplus sugars produced in leaves during daytime are stored as
starch granules in chloroplasts. During the night, these starch granules are then
hydrolyzed to glucose to fuel growth and respiration or exported as sucrose to other plant
organs via the phloem (Preiss 1984; Stitt & Zeeman 2012; Babst et al. 2013; Furze et al.
2018). It is likely that the same processes take place in woody tisseus favouring synthesis
of starch over sucrose in Li branch segments, whereas sucrose concentrations will
increase for Da segments. Similar results were observed in a study where branches were
exposed to a 14C-labelled solution. Moreover, higher 14C-starch enrichment (70%
increase) compared to 1#C-sugar enrichment (35% increase) was detected in petioles and
major leaf veins upon illumination with PAR (Stringer & Kimmerer 1993). Reversely, a

study investigating the sucrose and starch synthesis in function of light intensity observed

75



Chapter 4

that up to seven times more carbon went into sucrose than into starch when light intensity
was low (Sharkey et al. 1985). To confirm this, starch concentrations should have also
been measured. However, this reasoning does not point out why higher concentrations of
13C-sucrose were found in Li samples compared to Da samples in the bark. Hence, a second
mechanism might be taking place related to the difference in 13C- and [2x 13C]-sucrose
synthesis by sucrose synthase. Enzymatic conversion in plants is described to
discriminate between 13C and 12C carbon isotopes as the overall abundance of 13C relative
to 12C in plant tissues is commonly less than in atmospheric COz (O’'Leary 1981; Farquhar
1989). Variation in the 13C/12C ratio is the consequence of kinetic isotope effects, which
are expressed during the formation and destruction of bonds involving a carbon atom. An
example is the difference between the kinetic constants for the reaction of 12C0O2 and 13CO;
with ribulose bisphosphate carboxylase-oxygenase (RuBisCo) in which the process
discriminates against the heavier isotope (Farquhar 1989). With regard to our results, a
discrimination against 13C-glucose and/or 13C-fructose might have been taken place for
sucrose synthase favouring 13C-sucrose synthesis over [2x 13C]-sucrose synthesis. Note
that the discrimination effect is probably less pronounced with regard to glucose and
sucrose synthesis since both 13C- and [2x 13C]-versions of these sugars are higher in Li

samples compared to Da samples.

A total sugar concentration (sum of all 12C-, 13C- and [2x 13C]-sugars) of 39.4 + 6.8
mg gt DM (# SE) was observed and lies within the range of reported concentrations in
deciduous trees (11-60 mg g-1 DM; Reichenbacker et al. 1996; Sala et al. 2012). Compared
to sucrose, lower concentration of fructose and glucose were detected in both xylem and
bark tissues, which is in correspondence with literature (Landhausser & Lieffers 2003;

Traversari et al. 2018).

4.5.2 11C-autoradiography to visualise assimilation of xylem-transported CO2

So far, the assimilation of xylem-transported COz by Py in plants has been mainly studied
using 13C- and 14C-based experiments (Stringer & Kimmerer 1993; Hibberd & Quick 2002;
Bloemen et al. 2013c, b) or via CO; gas exchange (Salomoén et al. 2018; Stutz & Hanson
2019a; Wang et al. 2019). Both 13C- and 1*C-labelling experiments as well as gas exchange
measurements yield integrated responses from an entire organ (e.g. leaf, stem segment),

making spatial resolution in both experiment-types rather coarse (typically in the order
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of several cm in 13C- and 14C-experiments up to dm for gas exchange measurements).
These methods are, hence, less suitable to study dynamics of xylem-transported carbon
at high spatial resolution compared to imaging-based experiments. This has hampered
our knowledge build-up about the behaviour of xylem-transported carbon with respect
to Pw: across small distances (i.e. submillimetre resolution) within woody tissues. To
address this, positron autoradiography was used in this study because it is a very sensitive
technique obtaining images at high spatial resolution (24 pixels mm ~ 50 pm; in this
study). Compared to other 11C-based studies like PET (~1 pixel mm; Hubeau et al. 2018)
or direct positron images (3 pixels mm-?; Dirks et al. 2012), its resolution is superior.
Positron autoradiography is especially suitable for revealing dynamics of short-time
processes (~1.5 h) like Py This is confirmed by the high detection sensitivity of the
technique (e.g. minimum in the profile plot due to a petiole preventing close contact
between phosphor plate and branch; Fig. 4.3c). Because of its high sensitivity and high
spatial resolution, positron autoradiography has increasingly been employed for analysis
of radioactive samples in e.g. molecular biology, pharmacology and receptor binding
(Sihver et al. 1999; Maguire et al. 2012; Zanzonico 2012) and was proven to be
successfully applied in plant sciences (Chapter 3, Babst et al. 2013, Bloemen et al. 2015).

Autoradiographic images (Fig. 4.2c,d and Fig. 4.4b) revealed that petioles and
leaves contained 11C-tracer, with proximal positioned petioles and leaves having a higher
activity than distal ones. Higher activities (indicated by a black colour) were detected in
petioles and veins compared to parenchyma, which is in line with the findings of Chapter
3 as well as earlier studies (Stringer & Kimmerer 1993; McGuire et al. 2009; Bloemen et
al. 2015; Hubeau et al. 2019b). Results indicate that branch respired CO; dissolved in the
xylem sap can be transported over several centimetres to be assimilated in leaves
(Chapter 3 -Hubeau et al. 2019b). This was confirmed by treating leaf halves with grease
(leaf 1), aluminium foil (leaf 2), or a combination thereof (leaf 3) (Fig. 4.2b). Almost no
signal was detected in the aluminium covered leaf zones because no light could reach the
tissues (Fig. 4.2d). Application of grease inhibited gas exchange with the atmosphere and
thus convective movement of 11CO; with the transpiration stream which, in turn,
prevented the label to reach these leaf zones. However, secondary veins of the greased
half of leaf 1 showed activity which could be attributed to assimilation of some locally

respired CO2 in cells near the secondary veins, which generated a transient influx of water
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to restore cell turgor, drawing water from petiole to leaf veins (Nikinmaa et al. 2013;

Stroock et al. 2014; Hubeau et al. 2019b).

4.5.3 Effect of light on Py dynamics in P. tremula

Autoradiography enabled successfully assessment of the light sensitivity of Py in P.
tremula branches at high spatial resolution (Figs. 4.2, 4.4). The black colour (arbitrary
choice) was associated with higher tracer uptake and thus higher woody tissue
photosynthetic activity, and was observed in all proximal branch segments that were
illuminated. The recorded signal reached a maximum, being ~3.8 times higher than the
activity recorded in the dark and decreased quickly thereafter (i.e. at a rate of 16% per
cm). These results suggest that in the 1-year-old poplar branches a large part of the xylem-
transported CO; (originating from local respiration) is assimilated by P (when exposed
to PAR) within a short range from the point where it was dissolved in the xylem. McGuire
et al. (2009) found comparable results when exposing detached branches to an aqueous
13C0O2-label with higher 13C-enrichment in branch sections in close proximity to the 13C-
source. The observed reduction in enrichment with distance from the source was
attributed to a reduction in concentration of dissolved 13C0Oz-label in the sap as it ascended
in the branch, due to assimilation and outgassing. Our findings confirm that Ay is
responsible for reduced label-enrichment with branch length, regardless the fact that our
study did not measure outgassing of 11C-label. Furthermore, our results complement the
understanding acquired from experiments on leaves (Dirks et al. 2012; Bloemen et al.
2015; Hubeau et al. 2019b; Stutz & Hanson 2019a) and provide new insights on the Ax in

woody tissues by Py on a small temporal and spatial scale.

Differences in recorded activity with application of grease, aluminium foil or the
combination showed that irradiance is an important limiting factor for Pu. Grease
reduced the intensity of the highest activity signal by about one fourth compared to non-
treated branches, which we attributed to light scattering on the grease, resulting in lower
light intensity and reduced Ax by Pwe. Aluminium foil resulted in a distinct drop in activity
(Fig. 4.4), because no PAR could reach the woody tissues. These results are consistent
with 1C-experiments performed on leaves as described in Chapter 3 (Hubeau et al
2019b). We theorized that recorded activity in dark conditions (i.e. in the labelling

compartment or when covered with aluminium foil) was solely attributed to CO»-
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transport in the xylem. This was confirmed by wrapping an entire branch with aluminium
foil, in which Py was prevented by full light exclusion (profile plot Fig. 4.6a). The only
peak in activity was linked to the uncomplete wrapping of the branch due to the presence
of a petiole (green diamond). The recorded ‘baseline’ hence represents COz-transport and
is essentially attributed to sap flow. When a branch was allowed to transpire an 18F-
enriched solution, the same nearly horizontal signal was observed, because 18F-ions are

solely transported within the xylem conduits, which mimics water transport.

4.6 Conclusion

11C-positron autoradiography in combination with the applied labelling method in this
study successfully enabled visualisation of Py in 1-year-old P. tremula branches and
leaves. However, this method is less suitable for thicker tissue types like stems or mature
branches, because 11C-positrons travel an average distance of ~1 mm in condensed matter
upon annihilation (conversion to gamma rays) so that they can no longer be detected by
the autoradiographic phosphor plate. An alternative technique to study larger samples

would be PET (e.g. Hubeau & Steppe 2015).

Furthermore, our results complement previous research performed on leaves and
provided new insights on xylem-transported CO2 in woody tissues on a small temporal
and spatial scale. Upon illumination with PAR, conversion of xylem-transported CO: to
sugars via Py: was unequivocally demonstrated by means of LC-MS, rather than CO:
accumulation or retention within tissues. The 11C-results highlight the importance of
studying the production of local sugars via Pw: at small spatial scales. More specific, Pu:
seems to strip a large part of the COz molecules from the xylem sap within a short range
from where they are released to assimilate them into carbohydrates. Consequently,
respired COq, that is dissolved in the sap, is recycled providing a local buffer of energy.
Given the fast assimilation of CO; and the continuous supply of respiratory CO2, Py may
have a far greater impact than assumed. However, further research on this topic in larger
trees, different species with larger sample sizes would be necessary to assess the
contribution of Py to the carbon budget of species under different environmental

conditions like e.g. drought.
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11C-PET to study dynamics of xylem-transported CO>

5.1 Abstract

Respired CO; in woody tissues can build up in the xylem and dissolve in the sap solution
to be transported through the plant. From the sap, a fraction of the CO> can either radially
diffuse to the atmosphere or be assimilated in chloroplasts present in woody tissues.
These processes occur simultaneously in stems and branches making it difficult to study
their specific dynamics. Therefore, an 11C-enriched aqueous solution was administered to
young branches of Populus tremula L., which were subsequently imaged by PET. This
approach allows in vivo visualisation of the internal movement of CO; inside branches at
high spatial and temporal resolution, and enabled direct measurement of the transport
speed of xylem-transported COz (v,). Through compartmental modelling of the dynamic
data obtained from the PET images we (i) quantified v, and (ii) proposed a new method
to assess the fate of xylem-transported 11CO; within the branches. Specifically, it was
found that a fraction of 0.49 of CO present in xylem sap was transported upwards per
minute. A fraction of 0.38 min'! of the xylem-transported CO; radially diffused from the
sap to the surrounding parenchyma and apoplastic spaces (CO2,pa) to be assimilated (Ax)
by woody tissue photosynthesis. Another 0.12 min! of the xylem-transported CO:
diffused to the atmosphere via efflux (E4). The remaining CO2 (i.e. 0.01 min-!) was stored
(AS) as CO2pa and can be regarded as build-up within the parenchyma and apoplastic
spaces, that is to be assimilated or directed to the atmosphere. Here, we demonstrate the
outstanding potential of 11COz-based plant-PET in combination with compartmental
modelling to advance our understanding of internal CO; movement and the respiratory

physiology within woody tissues.
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5.2 Introduction

As indicated in previous Chapters, cell respiration releases CO; which builds up and
dissolves in the sap solution reaching a substantially higher concentration than that in the
atmosphere. Xylem CO: concentration ([COz]) in the gaseous phase is hereby in
equilibrium with CO; species (COz (aq), HCO3 and CO%) dissolved in the sap solution (sap
[CO2]) (Hari et al. 1991; Levy et al. 1999; McGuire & Teskey 2004). Hereby, CO; is
transported upward with the transpiration stream (Fr) throughout the plant (Stringer &
Kimmerer 1993) while another part can diffuse to surrounding xylem and phloem
parenchyma and apoplastic spaces (COzpa in Fig. 5.1). From there it has two main
pathways: it can either radially diffuse into the atmosphere via stem CO: efflux (E4) which
is facilitated by the [CO:] gradient across the xylem-atmosphere (Teskey et al. 2008) or
be assimilated (A4x) in chloroplasts present in the bark, xylem rays, and pith tissues (van
Cleve et al. 1993; Berveiller et al. 2007; Pfanz 2008; Rentzou & Psaras 2008; Bloemen et
al. 2016b). This latter process will be referred to as woody tissue photosynthesis (Pw:).
The remaining fraction of CO: is stored (AS) and can be regarded as build-up of COzpa that
is to be assimilated or directed to the atmosphere. A schematic representation of these

CO: fluxes in woody plants is given in Fig. 5.1.

Fig. 5.1 Schematic illustrating the fate of
respired CO2 in woody tissues. Internal
transport of xylem-transported CO, (Fr) can
diffuse to the surrounding xylem and phloem
== o parenchyma and apoplastic spaces (COz,pa) from
_ where it can either radially diffuse into the
Fr atmosphere via stem CO: efflux (E4) or be
assimilated (Ax) by chloroplasts present in the
bark, and xylem rays via woody tissue
photosynthesis (Pw:). The remaining part is

TAY
.V

stored (AS) as COzpa. Xylem and outer tissues

b (cambium, phloem and bark) are represented in
wit

- dark and light brown, respectively. The cylinder
4§ A enclo-sing the stem segment represents one ROI
of the model described in Fig. 5.5. Arrows

] L/ indicate model parameters with vy, the

transport speed of CO, (mm min-1) while a, b and

W ¢ represent CO; exchange fractions (min-1).
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Our understanding of xylem-transported CO: in relation to plant respiration is less
advanced than our knowledge of water transport or photosynthesis (Amthor 2000; Atkin
& Macherel 2009; Thornley 2011), although progress has been made. Specifically, the
classic assumption of E4 being a measure of local stem respiration (Rs) has been refuted
as it has been demonstrated that part of the respired CO; dissolves in the sap solution to
be transported upward through the xylem tissue (Hari et al. 1991; Levy et al. 1999; Teskey
etal 2008, 2017; Holtta & Kolari 2009; Angert et al. 2012). However, questions about the
transport of xylem-transported CO2 through the xylem (Fr) still remain, as it confounds
interpretation of CO> efflux measurements from soil (Aubrey & Teskey 2009) and leaves
(Stutz & Hanson 2019a), and it supports the mechanism of internal CO; recycling by P
(Bloemen et al. 2013a). It is expected that assimilation of xylem-transported CO; (4x) via
Py is important for plant functioning, especially for young plant structures as well as
under drought stress conditions (Cernusak & Marshall 2000; Bloemen et al. 2013a;
Cernusak & Cheesman 2015; Steppe et al. 2015; Vandegehuchte et al. 2015). However,
methodological constraints to study internal CO; transport (Fr) in woody tissues at small
spatial scale hinder accurate estimates of its dynamic fate (Teskey et al. 2008). Quan-
tification of Fr is not straightforward. Two methods are described (McGuire & Teskey
2004; Angert et al. 2012; Salomoén et al. 2018, 2019a). First, a mass balance approach has

been proposed (on a volume basis; pmol CO2 m3 s'1) to account for Frin Rs estimates:

Rs = Fr + E, + A4S (5.1)

F, .. Fa L .
HVZOXA[COZ] + 7 *A[C0,] + xA[CO,], (5.2)

where AS is the storage CO: flux which excludes Ax through Py (McGuire & Teskey 2004).
Hereby, gas exchange measurements are performed on a stem segment enclosed in a
cuvette and requires measurements of sap flow Frzo (L s'1), sapwood volume V within the
enclosed stem segment (m3), sap [CO2"] at top and bottom of the segment (A[CO:]), air
flow rate Fir through the cuvette, [CO2] of the air entering and exiting the cuvette (A[CO2]),
length L of the stem segment and [CO:"] at start and end over a time period T (A[CO2"]T).
The second approach consists of simultaneous measurements of CO; and Oz exchanges at
the stem surface (Angert et al. 2012). The ratio of CO> efflux to the atmosphere and O

influx into the stem (defined as the apparent respiratory quotient - ARQ) is used as an
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indication of Fr. Specifically, when assuming carbohydrates as the respiratory substrate
and in absence of Fr, COz production and Oz consumption will be equal, and ARQ close to
one is expected. If respired CO: is transported through the xylem, ARQ will deviate from
unity. In both approaches, the internal CO> fluxes (or a part of them) are either calculated
from measurements (Eq. (5.2)) or indirectly estimated via a proxy (ARQ) using gas
exchange measurements that integrate fluxes across a tree segment (e.g. Teskey &
Mcguire 2007; Salomoén et al. 2018, 2019b; Hilman et al. 2019; Wang et al. 2019). Results
capture net fluxes of internally transported CO; while specific dynamics are described

with a low spatial resolution.

We propose a novel approach to quantify the CO; fluxes (i.e., Fr/COzx, Ea/CO2zx and
AS/CO;x) as well as Ax/CO;x that originate from CO; that is dissolved in xylem sap (CO2x)
based on radioactive 11CO; labelling coupled with PET. To this end, an aqueous solution
of 11CO2 was admini-stered to the cut-end of branches of European aspen (Populus
tremula L.). PET allowed in vivo visualisation of the dynamics of internally transported
carbon with a high temporal resolution (every 2.5 min), resulting in 3D images with a high
spatial resolution (c. 1 mm). Image analysis resulted in direct estimates of v,,. By means
of compartmental modelling, v, estimation was refined, while also the relative
contribution of CO2x to the described carbon fluxes was determined. Revealing the
dynamics of COz at high spatial and temporal resolution is essential to, for instance, better
predict how plants cope with changing climate regimes. Furthermore, we believe that
labelling of trees with radioactive isotopes is one of the most promising techniques to

study plants in vivo.

5.3 Materials and methods

5.3.1 Plant material

For this study, 40-cm cuttings of Populus tremula L. (N = 3) were planted on March 23,
2016 in 30-L pots containing commercial potting mixture (Peltracom, Gent, Belgium).
They were grown in a greenhouse for two months at the Faculty of Bioscience
Engineering, Ghent University, Belgium (51.053693°N, 3.706487°E) and eventually had a
height ranging between 90 and 120 cm. The trees were subsequently transported to the
small animal imaging facility of Ghent University (INFINITY lab) 24 h before measurement

(Pickard et al. 1993) where they were placed outside during the experiments. The cuttings
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were watered every day. The one-year-old study branches (N = 3, one branch per tree)
had an average (+SE) length and diameter at their cut end of 21.17 + 3.63 cm and 1.61 *

0.10 mm, respectively.

5.3.2 Production and formulation of 11CO;

The radioactive 11CO2 was produced using a cyclotron (18 MeV protons, IBA, Belgium) of
Ghent University Hospital where a proton (i.e. H*) was accelerated to a high velocity to
bombard a N2/H2 (5%) target. The (p, o) nuclear reaction resulted in the formation of
11CH4 which was subsequently oxidized via cobalt oxide to yield 11CO; as described by
Landais & Finn (1989). Subsequently, 11CO; gas was bubbled through a 40 mM citric acid
buffer at a set pH of c. 5.8, resembling the pH of xylem sap in young P. tremula branches
(pH c. 6.4, which is in the reported range of 4.5 - 7.4 for woody species) (Teskey et al.
2008). The resulting 11C-labelled solution was supplied to the cut end of the excised
branches (one at a time). Once the solution is taken up by the branch, equilibrium

reactions will shift according to the pH of the xylem sap (Butler 1991).

5.3.3 Experimental set-up and 11C-labelling

Dynamics in internally transported CO: in the poplar branches was imaged following
exposure to the 11C-labelled solution. Radioactive labelling of the branches (one branch
per day) was performed in an airtight chamber (same as described in Chapter 4)
consisting of two compartments, a polypropylene labelling compartment (6 mL in
volume) in which the cut end of the branch was exposed to the 11C-label and a cylindrical
plexiglass measurement compartment (135 mm inner diameter and 200 mm length)
containing leaves and light source (ten red and blue LED lights, GreenPower LED strings
0842 LF Red and WPO 83 LF Blue, Philips, The Netherlands) providing about 250 pumol
photons m~2 s~1 PAR to the leaves and branch (Fig. 5.2). After cutting the branch under
water, its position within the chamber was fixed by applying polysiloxane material
(Terostat-IX, Henkel AG & Company, KGaA, Diisseldorf, Germany) around the branch at
the intersection of both compartments to separate them. Extra grease (Vacuum grease,
Dow Corning, Auburn, MI, USA) was added around the branch segment coming out of the
polysiloxane material which ensured airtightness between both Ilabelling and
measurement compartments to avoid assimilation of evaporated 11CO> from the solution

(*1COz (aq) = 1CO:2 (g)) by leaf photosynthesis. To avoid leaf wilting the labelling

87



Chapter 5

compartment was filled with five mL of non-labelled buffer solution prior to the arrival of
the label. A 5-mL volume was sufficient given the averaged transpiration rate (+ SE) of
0.40 + 0.01 mL h-1. Regarding 11C-labelling, same syringe set-up to provide 11C-tracer was
applied as described in Chapter 4. Five mL of 11CO2-enriched solution was supplied to the
branch with an activity at labelling of 125.8, 340.4 and 358.9 MBgq, respectively, for each

of the experiments. The branches were labelled for one hour.

Air Air controller ) LED light source FOV of PET scanner
(L1-6400)

/  Flow meters

H,0/CO,
gas analyser
(LI-7000)

Atmosphere X
Darkened .-")‘
NaOH|& [ 11C-abelling Branch of P. tremula in
compartment measuring compartment

Fig. 5.2 Schematic of the experimental set-up displaying a P. tremula branch inside an
airtight chamber. A small and dark cylindrical labelling compartment with an aqueous
solution containing the radioactive isotopes (indicated in orange) and the cut end of the
branch is hermetically sealed from the measurement compartment containing the
illuminated part of the branch. The measurement compartment was positioned in the
circular bore of the PET scanner and only a part of it was surrounded by the detector
ring (i.e. the FOV of the PET scanner). The incoming [CO;] is maintained at 400 ppm by
a LI-6400 system while the water content and [CO:] entering and leaving the
measurement compartment is analysed by a LI-7000 system, to calculate the
transpiration and photosynthetic rate, respectively. For safety measures, the leaving air
is stripped from all radioactivity by bubbling it through a basic NaOH solution.

The microclimate inside the measuring compartment is characterised by an average (*
SE) relative humidity (RH), air temperature and vapor pressure deficit of 62.8 + 2.3 %,
32.2+1.3°Cand 1.80 + 0.13 kPa, respectively. During the experiment air containing 400
ppm CO2 was continuously supplied using a portable photosynthesis system (model LI-
6400, Li-Cor Inc,, Lincoln, NE, USA). The H20 and CO; content of the air coming in and out
of the measuring compartment was analysed with a gas analyser (model LI-7000, Li-Cor
Inc,, Lincoln, NE, USA). To prevent radioactivity from coming into the atmosphere, the
outflowing air was directed to a 1 M sodium hydroxide solution. Transpiration rate and
photosynthetic rate averaged (+ SE) over the labelling periods, were 0.69 + 0.14 mmol
H20 m2 s'1 and 1.18 + 0.38 pumol CO2 m2 s, respectively. The obtained photosynthetic
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rate is low for poplar leaves which could be explained by the low photosynthetically active
radiation (PAR) intensity that was provided at leaf and branch level (250 pmol photons
m~2 s~1). Common photosynthetic rates of Populs tremula are within the range of 10-15
umol CO2 m-2 s1 but are obtained at 1000-1500 pmol photons m~2 s- PAR. However, the
results obtained in this study are equally valid since PAR at crown level of trees is around
300 pmol m2 s1 for a 12 h period (0700-1900 h) (Saveyn et al. 2010). Additionally, the
low flow rate (0.4 L min-1) was not able to remove transpired water properly resulting in

a high RH (60% vs. 40% in the room) likely hampered normal photosynthesis.

534 PET scanner, image reconstruction and analysis

In this study, a LabPET8 scanner (TriFoil Imaging, Chatsworth, CA, USA - same as
described in Chapter 3) was used which was located at the INFINITY imaging lab of Ghent
University, Ghent, Belgium. When positioning the measurement compartment in the PET
scanner, only a section was surrounded by the detector ring (15 cm inner diameter and a
depth of 7.5 cm), which results in a relatively small field of view (FOV) for plant imaging.
Twice a year, the detectors are normalized, and the scanner is calibrated. For radiation
safety purposes, the labelling compartment was shielded using lead sheets. The PET
scanner registered activity for one hour after exposing the cut end of the study branch to
the aqueous solution containing dissolved 11CO2. After scanning, the acquired signals
detected by the PET scanner were reconstructed by the LabPET reconstruction software
(Version 1.12.1, TriFoil Imaging, Chatsworth, CA, USA) using the maximum likelihood
expectation maximization (MLEM) reconstruction algorithm to obtain an image showing
11C-distribution within the FOV. Both a static 3D (i.e. x,y,z) and dynamic 4D (i.e. x,y,z,t)
reconstruction were performed per experiment using a 3D- or 2D-MLEM algorithm,
respectively. The static 3D-MLEM reconstructed image has a higher signal to noise (SNR)
ratio compared to the 2D-MLEM reconstructed image and was used during image analysis
for drawing regions of interest (ROIs - see further). On the contrary, 2D-MLEM recon-
struction resulted in a quantitative image (voxels in MBq) which could not be obtained
using the 3D-MLEM algorithm of the LabPET software. 2D-MLEM reconstruction of the
data allowed mutual comparison of experiments and was therefore applied to retrieve
dynamic 4D 11C-images. For both MLEM reconstruction algorithms 50 iterations were
used whereas the dynamic data was reconstructed into timeframes of 2.5 min. Correction

for radioactive decay is performed during reconstruction so that a decay-corrected 3D
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and 4D image were obtained consisting of one (static) and 24 (dynamic) timeframe(s)
with 63 slices of 200 x 200 voxels. Each voxel had a bit depth of 16 bits and a size of 0.50
x 0.50 x 1.18 mm. These images were imported in the open-source software tool AMIDE
(Loening & Gambhir 2003) for image visualisation and analyses. On the static image (Fig.
5.3 - upper left corner), a 3D median filter with a kernel size of 3 was applied to reduce
noise and highlight plant structures. On these images the branch was identified, and
cylinder-shaped region of interests (ROIs) were drawn. Up to six consecutive ROIs (input
ROI, ROI 1-5, Fig. 5.3 - upper left corner) were drawn along the direction of xylem flow
with each ROI having a length and diameter of 4 and 5 mm, respectively. Subsequently the
dynamically reconstructed image was imported into the same file and the cumulative
amount of 11C-tracer in each ROI was calculated per 2.5 min timeframe (in MBq). Since
the reconstructed images are corrected for decay, so are the resulting time-tracer curves
(TTCs). The TTCs (Fig. 5.4) were exported to be used as input for the compartmental
model. An example of a dynamically reconstructed image is provided in Fig. 5.3 with 10

min temporal resolution.

ROl input High "'C |
ROI1 ROI5

Branch of P. tremula

Fig. 5.3 Example of a static (upper left corner) and dynamic PET images with a temporal
resolution of 10 min (timestamp in min shown in the upper left corner of each dynamic
PET image) of a P. tremula branch. An aqueous 11CO;-solution was administered to the cut
end of the branch (not shown) and its internal transport was visualised by dynamic PET
images. The static PET image has highest SNR and is used for image analysis, i.e. drawing
ROIs. These ROIs were applied on the dynamic PET images to obtain tracer concentrations
per ROI over time, i.e. TTCs. Dash dotted ROIs were not used for image analysis since a
petiole originated at that part of the branch. Colour bar indicates tracer content.
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The two dash dotted ROIs in the utmost proximal part of the branch (upper left corner of
Fig. 5.3) were not used because a petiole was present on the branch segment enclosed in
these ROIs. Due to the spatial resolution of the PET scanner (c. 1 mm) the petiole and
branch could not be resolved on the reconstructed image and the 11C-tracer detected in
both branch and petiole was therefore added in these dotted ROIs. This caused an
incorrectly higher tracer concentration (i.e. TTCs - data not shown) with respect to the
distally located ROIs. These TTCs were therefore omitted for modelling because they
would inevitably prompt wrong results upon parameter calibration. Hence, branch

segments were selected without ramifications.

ROl input
o Measurement
1
— Resp. fit
= ROI 1
S os
.E ROl 2
e
= 06 ROI3
8
- ROl 4
- 04 ROI 5
o
e
=
0.2

10 20 30 40 50 60
Time (min)

Fig. 5.4 By extracting the tracer concentrations of six consecutive ROIs (ROI input, ROI
1-5) enclosing a branch segment of P. tremula on the dynamic PET images in Fig. 5.3,
time-tracer curves (TTCs) are obtained (circles). The temporal resolution is here 2.5 min
and time is expressed in minutes after pulse-labelling aqueous 11CO; to the cut end of
the branch. Simulation of the model defined in Fig. 5.5 using the calibrated parameters
(i.e. describing the best model fit to the measured TTCs) resulted in the simulated TTCs
(lines). Input ROI measurements were used as input for the compartmental model.
Tracer concentrations are expressed in MBq.

A first image estimate v, of the CO; transport speed through xylem was derived from
the distance of an ROI from the cut end of the branch and the time at which the tracer was
first detected in that ROI. However, given a temporal resolution of 2.5 min of the dynamic

PET images, CO; transport speed could not be accurately determined. Hence, this

parameter was seen as an initial value and included in the model calibration to be further
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refined. Student t-test was performed to denote statistical differences between the image-

estimated and model-estimated CO: transport speed on a 5 % significance level (P < 0.05).

5.3.5 Compartmental modelling to compute characteristics of xylem-

transported CO:

The goal of fitting a compartmental model to dynamic tracer data through calibration was
to derive specific parameters of xylem-transported carbon that have a physiological
meaning and cannot be easily obtained from direct measurements. Due to the spatial
resolution of the used PET scanner (~ 1 mm) physiological processes like the carbon
fluxes between xylem and phloem tissues are integrated into the measured TTCs (circles
in Fig. 5.4) and therefore compartmental modelling is used to disentangle them. A
compartmental model based on Biihler et al. (2011) and Hubeau et al. (2018) was
implemented in the plant modelling software PhytoSim (Phyto-IT, Gent, Belgium) and fed
with the TTCs (Fig. 5.4) derived from ROIs from the image analysis. Therefore, each ROI
was divided into three compartments (Fig. 5.5), which correspond to the compartments

defined in Fig. 5.1.
Input ROI ROI 1 ROI 5

Vco: 1 Veor 1 Veoz _ 1 Vcor
ﬁ Cl Cdl

—
% 4 4

2 b \cv 2 b \cw 2 1b \cw

3 Vv 3 Vv 3 V

Fig. 5.5 Schematic of the compartmental model used to simulate evolution of tracer

amounts in the six consecutive ROIs (ROI input, ROI 1-5) along the branch segment.
Tracer that enters an ROI is defined by bulk xylem CO: flow v, (mm min-1) and
exchange parameters a, b and c¢ (min-1). Parameter vy, describes the xylem CO:
transport speed in compartment 1. Tracer will move from the xylem to compartment 2
(i.e. surrounding parenchyma and apoplastic spaces) through g, and can enter a storage
compartment 3, via b where it is assimilated by P, or can exit to the atmosphere
(outside the ROI) through c. Parameters are assumed equal in each ROI, and data for the
input ROI data is directly derived from measured activity.

The tracer concentration (T¢ in MBq) of each compartment is described by mass balance

Egs. (5.3-5.5), where superscript denotes compartment number and subscript ROI
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number. Compartment 1 embodies xylem conduits and is characterized by the speed of
the xylem-transported CO2z vy, (mm min-') and the exchange constant a (min1), which
represents the ratio of CO2 that moves from xylem conduits into compartment 2 per
minute, representing the surrounding xylem and phloem parenchyma and apoplastic
spaces (COzpain Fig. 5.1). From compartment 2, the 11C-tracer is either directed towards
chloroplast-containing cells where it is assimilated by Pw: (Fig. 5.1) and potentially
relocated in storage cells (compartment 3 in Fig. 5.5) via b, or radially diffused to the
atmosphere via c. Chloroplast-containing tissues have been found in xylem ray cells
(Rentzou & Psaras 2008) and pith tissue (van Cleve et al. 1993) but mainly in phloem and
bark tissues (Pfanz & Aschan 2001; Saveyn et al. 2010). Exchange parameters b and ¢
(both in min1) thus represent the net tracer fraction exchanged from compartment 2,
which is assimilated via Pw: or alternatively diffuses to the atmosphere via efflux,
respectively, and can be used to estimate Ax and E, of Eq. (5.1). Note that some CO2 can
remain in compartment 2 to be temporarly stored as COz (AS of Eq. (5.1)). The para-meter
search range for v,,, was narrowed around the image-derived initial value vy, (which
differed for each of the experiments). The search range for the other parameters was not

adjusted.

1
d Te;  veo,

e Tl "CIOZ T - a-T! (5.3)
dr?
d_? =a-ch 'b'TCiZ'C'TCl? (54)
dT3
d? b7 (5.5)

Constant/is the length of the ROI (i.e. 4 mm). Parameters a, b and c represent fractions of
CO: flowing across compartments and thus range from 0 to 1. Note that these parameters
are the net result of 1C-tracer flowing forth (e.g. a:z) and back (e.g. az:) to each
compartment because separate parameters (in- and outflow) were not identifiable. This
approach is comparable with the fixed ratio (e.g. az: = h x a;2) implemented by Biihler et
al. (2011). For the first timeframe, we assumed that all measured tracer was present in
compartment 1. This assumption was tested, and it was found that the parameter
outcome was insensitive to whether initial activity was allocated to compartment 1 only

or distributed over all three compartments. Branch material was checked to ensure that
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the dimensions did not change with ROI since all model parameters were assumed to be
constant for each ROI as well as over the entire scan time (i.e. 1 h). Note that this model
allows CO; gas-liquid interconversion (Hari et al. 1991; Levy et al. 1999) but does not
differentiate between phases. Calibrated parameters should be taken with caution given
that other carbon fluxes not accounted for by the model might bias parameter calibration.
However, this model suited our measurements best while other model formulations with
a different number of compartments and/or parameters can be developed in a similar

way (Biihler et al. 2014).

In the model, the input ROI (with all other ROIs being located downstream from it) does
not receive tracer from upstream ROISs. In reality, however, tracer will enter this ROI via
xylem sap upstream, so the tracer concentration in its first compartment was directly
calculated from the total amount of tracer measured in the input ROI (T, , ) for each
time step according to Eq. (5.6). The change in tracer concentrations for the other two

compartments was calculated according to Eqgs. (5.4-5.5) with i = input.

1 _ _m2 _m3
TCinput - TCtotal Tcinput TCinput (5.6)

Model sensitivity and identifiability were assessed according to De Pauw et al. (2008), and
the four model parameters (v, a, b, c) were identifiable, with each parameter having a
high sensitivity in the model output. Simulations were performed by using an adaptive
step size fourth order Runge-Kutta solver (accuracy 10-5, maximum step size 1 min)
(Runge 1895; Kutta 1901; De Pauw et al. 2008). Parameter calibration was done by
applying a shuffled complex evolution (Duan et al. 1993), with 9 complexes (i.e. two times
number of model parameters + 1, which was found to result in a better overall calibration
performance as described by Duan et al. (1994)) and an accuracy of 10 for 5000
evaluations. Calibration was completed when the difference between simulated and

measured TTCs was minimized.

5.3.6 Data processing and terminology

To assess the correlation between v, and the transpiration rate or the computed
exchange parameters (a, b and c), a linear regression model was fitted in RStudio (R Core
Team (2018), RStudio: Integrated Development Environment for R. RStudio, Inc., Boston,

MA, USA, version 1.1.453) using the Im function, in which v, was treated as independent
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variable whereas transpiration rate, a, b and ¢ were treated as dependent variables. To
indicate that each of the variables had different variance, weighted least squares were
added in the fitting process. Normality of the variables was tested and found by Shapiro-
Wilk test (on a 5% significance level), justifying the application of a linear model. The
linear regression model resulted in an intercept (Bo), slope (1) and coefficient of
determination (R?) and P-values indicating whether or not the slope and/or intercept

were significant at a 5 % significance level (P < 0.05).

When 1 was significant, a significant increase or decrease was mentioned (Table
5.1). When B1 was not significant but Bo was, and R was equal or higher than 0.5 a
tendency towards a positive or negative correlation was indicated. When both 31 and Bo
were not significant, and Rz was equal to or higher than 0.5, a tendency towards a positive
or negative correlation was indicated. When both 1 and o were not significant, and Rz

was lower than 0.5 a no effect was reported.

Table 5.1 Determination table of terminology based on slope (f1), intercept (o) and
coefficient of determination (R?) of a linear regression.

B1 Bo R? Terminology
Significant (p < 0.05) - - = Significant
Not significant Significant (p < 0.05) >05 = Tendency to
Not significant Not significant >05 = Tendency to
Not significant Not significant <05 = No effect

5.3.7 Assessing the fate of xylem-transported CO: using PET and

compartmental modelling

Exchange parameters a, b and c describe the fate of the xylem-transported CO2 with
respect to net radial diffusion, assimilation by P.: and efflux to the atmosphere,
respectively. These parameters can be used to estimate the relative contribution of xylem-
dissolved CO2 (CO2x) to each of the carbon fluxes (F;/"/COZX, AS%/COzx and EZ’/COz,x) in
accordance with the model described by McGuire & Teskey (2004) Eq. (5.1). Additionally,
our method allows to identify the relative amount of CO2x that is assimilated by Pw: (i.e.

Aj? /CO:zx). Specifically, parameter a indicates CO; exchange from the xylem conduits to
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the surrounding parenchyma and apoplastic spaces (i.e. COzpa). Hence, fraction (1 - a) of
the 11CO,-tracer was transported upwards on a minute basis representing Fz¢/C0zx. CO2
that is present in the parenchyma and apoplastic spaces (COz,pa) can be assimilated
through Pw (via b to compartment 3 of the model in Fig. 5.5) or be released to the
atmosphere via efflux (via c). Hence, to estimate the corresponding xylem-transported
CO; fractions multiplication of exchange parameters b and ¢ with a was performed, as
these products can be related to the relative CO2 fluxes A¥/COzx (i.e. assimilation flux)
and E (i.e. efflux to the atmosphere), respectively. The remaining COzpa (1 - b - ¢) can
be multiplied with a to retrieve the storage flux AS%. The relative contribution of the each

of the carbon fluxes is given in Eq. (5.7).

l1=01-a+@xb)+(axc)+(ax@A-b—-0)
(5.7)
F{'/CO,x  AY/COyx E}*/CO,x  AS%/CO,x

54 Results

5.4.1 PET images

Tracer transport from the proximal (left) part of the branch to the distal part is shown in
Fig. 5.3. Highest tracer concentration was observed in the proximal part. The normalized
sum of tracer concentrations (+ SE) over the scanning period of one hour per ROI
(averaged over all three experiments) is given in Fig. 5.6. Tracer concentration per ROI

was normalized with the input ROI concentration.

Fig. 5.6 Normalized sum of
tracer concentration per ROI
08 over the scanning period of one
ol hour, averaged over all three 11C-
06 .
expe-riments performed on
branches of P. tremula (error
04
I bars indicate SE). Tracer

- concentrations were normalized

MNormalised tracer concnetration
—

per experiment with respect to
the concen-tration measured in

o |

ROlinput ROI1 ROI2 ROI3 ROI4 ROIS the input ROL
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5.4.2 Modelling xylem-transported carbon dynamics

Time series of tracer concentration within each ROI (Fig. 5.4) showed that 11C-tracer
concentration increased with time. Each distally located ROI showed a lower
concentration with respect to the adjacent proximal ROI, indicating local retention of
tracer through Py and/or tracer efflux to the atmosphere. Measured TTCs were used for
compartmental modelling and closely corresponded with the simulated TTCs (Fig. 5.4). In
the study branches (N = 3), average (+ SE) model-estimated speed of xylem-transported
CO2 vy, (for the compartmental model in Fig. 5.5) was found to be 5.00 + 1.29 mm min-!
and was not significantly different (P > 0.05) from the average (+ SE) image-estimated
V7, (based on the distance of an ROI from the cut end of the branch and the time at which
the tracer was first detected in that ROI), which equalled 5.55 # 2.15 mm min-! (Fig. 5.7a).
The exchange rate parameters a (i.e. tracer fraction from xylem conduits to the
surrounding xylem and phloem parenchyma and apoplastic spaces), b (i.e. the fraction of
COzpa that gets assimilated by Pw¢) and c (i.e. the tracer fraction that diffuses to the
atmosphere via efflux) averaged (+ SE) over the experimental branches (N = 3) 0.51 *
0.06, 0.71 # 0.07 and 0.25 * 0.06 min! (Fig. 5.7b). Note that actual exchange fractions
might be higher than the obtained model-estimates, because our parameters represent

net exchange between tissues/compartments.
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Fig. 5.7 Average estimated parameter values for the compartmental model as defined
by Fig. 5.5, with (a) average PET image-estimation of the transport speed v;,, by means
of the distance of an ROI from the cut end of the branch and the time at which the tracer
was first detected in that ROl and average model-estimation vy,. No significant
difference (P > 0.05) was found between both transport speeds (b) Average model
parameter estimates a, b and c. Average values were calculated over the experiments
performed on branches of P. tremula while error bars indicate SE.
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The average (+ SE) relative contribution of xylem-transported CO: to the fluxes F;" /COzx,
AR /COzx, EJ/COzxand AS%/CO;x equalled 0.49 + 0.06, 0.38 + 0.08, 0.12  0.01 and 0.01
+ 0.01 min’}, respectively, and there sum equals one. Note that the fraction of CO, that
remains inside the parenchyma and apoplatic spaces (AS%/C0Ozx) is neglectable.
Tendency towards a positive correlation was found between the transpiration rate and
the transport speed of xylem-transported COg, i.e. v, (Fig. 5.8a). Tendency towards a
positive correlation was obtained for the exchange parameters g, b and v, (Fig. 5.8b). A

tendency to an inverse correlation was found between parameter c and v, (Fig. 5.8b).
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Fig. 5.8 Estimated parameter values for the compartmental model defined in Fig. 5.5
(a,b) and the calculated relative carbon fluxes (c), in function of the simulated transport
rate of CO2 within xylem (v,). Specifically, (a) the relation between the transpiration
rate and vy, (R? 0f 0.71), (b) the relation between the exchange parameters (a, b and c)
and v, (R? of 0.88, 0.79 and 0.71, respectively). Parameters a, b and ¢ represent the
tracer fractions between compartments defined by Eq. (5.3-5.5). (c) The relation of the
relative carbon fluxes F7* /COzx, A /COzxand EJ® /CO, x (as calculated by Eq. (5.7)) and
Ve, (R2 of 0.79, 0.75 and 0.39). Error bars indicate 95% confidence interval and are
derived from the uncertainty analysis.
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With regard to the relative carbon fluxes, tendency towards a positive correlation
was found between AR /COzx and v,,, whereas tendency to an inverse correlation was
found for F;2/C02x as a function of v, (Fig. 5.8c). Since AS%/C02x was neglectable in all

three branches, no linear model was tested and it was not included in Fig. 5.8c.

5.5 Discussion

5.5.1 Plant-PET to unravel dynamics in woody tissue photosynthesis

Preceding to compartmental modelling, pure image analysis demonstrated that highest
11C-concentrations were found in the proximal branch parts (Figs. 5.4 and 5.6). Part of the
11C-tracer hence accumulated during the scanning period, indicating assimilation of CO2
by Pw:. Comparable results were obtained in detached sycamore branches that were
allowed to take up 13CO2-labelled solution (McGuire et al. 2009). Moreover, highest 13C-
enrichment was found in the lower branch sections due to their proximity to the 13C-
source. Regarding the transport speed of CO;, a first image-estimated v, was obtained
by determining which specific branch segment was inside the FOV of the PET scanner.
This is, to our understanding, the first method to directly determine the speed of xylem-
transported CO> in vivo. Given the temporal resolution of 2.5 min of the dynamic PET
images, this initial value was subsequently used to narrow the search range of model-

estimated v, upon parameter calibration.

The compartmental model was able to simulate the behaviour of internally trans-
ported CO2 in young branches, resulting in a close correspondence between measured and
simulated time-tracer curves of 11C-tracer (Fig. 5.4). No significant difference (P > 0.05)
was found between vy, and v,,,, indicating the validity of the proposed measurement
techniques, i.e. direct image- and model-estimation of CO; transport speed. Since CO: is
transported through the xylem, v, is expected to be linked to the sap flow rate (McGuire
& Teskey 2004; Bloemen et al. 2013c; Salomon et al. 2018). This rationale is also used in
the mass balance approach (Eq. (5.2); McGuire & Teskey 2004) as sap flow is used to
calculate the carbon flux through the xylem. This explains the tendency towards a positive

correlation between the transpiration rate and v, (Fig. 5.8a).

Aside from the COz transport speed v, other dynamic characteristics of xylem-

transported CO; within P. tremula branches were assessed using a combination of PET
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scans and compartmental modelling. Model calibration successfully resulted in the
exchange parameters g, b and ¢ describing the CO; transport fractions with respect to net
radial diffusion, assimilation Ax through P and efflux to the atmosphere, respectively.
Analogous to the mass balance approach described by McGuire & Teskey (2004), we
propose dynamic 11C-PET combined with compartmental modelling yielding the
exchange parameters as a new method to further disentangle the different carbon fluxes
inside woody tissues. Our method results in the relative contribution of CO2x to each of
the carbon fluxes of the mass balance (F7¢/COzx AS%/COzx and EJ°/COzx) as well as
A% /COzx of which the sum equals one. When measuring [CO2"] (umol CO; L-1) inside
branches and branch water content (L m-3), it is possible to quantify each of the relative
carbon fractions in Eq. (5.7) to fluxes expressed in pmol CO2 m-3 min-1. However, note that
the obtained relative carbon fluxes are not comparable with the carbon fluxes of the mass
balance described by McGuire & Teskey (2004) since our study only focusses on the fate
of xylem-transported CO2 (CO2x). Hence, the sum of the relative fluxes does not represent
respiration Rs. To make the comparison with the mass balance fluxes, it comes down to
knowing which part of Rs will dissolve in the sap at small spatial scale. Comparison with

studies which involved labelling the xylem sap is of course justified.

In young branches of P. tremula, it was found that slightly less than half (0.49 min1)
of the 11CO;-tracer was transported upwards on a minute basis representing the
contribution of F%/COz,x. This is plausible as a study where 7-yr-old field-grown poplar
trees were infused with 13C0O2-labeled solution into the base for two days described 3C-
enrichment throughout the entire tree (stem, branch woody tissues and foliage)
suggesting substantial tracer movement (Bloemen et al. 2013b). The same trend was
observed for a similar study on 4-m tall northern white-cedar trees (Powers & Marshall
2011). Additionally, a study where detached 20-50 cm long branches (<1 cm in diameter)
of a 7-year-old P. deltoides tree were labelled with acqueous 13C0Oz-enriched solutions
(having different label concentration) found that at least 29% of the assimilated 13C-label
was fixed in the branches (with the remaining part in the leaves) (Bloemen et al. 2013a).
These results suggest that most of the label was transported to the leaves to be assi-

milated. They can however not be used to predict F?/COzx which is an advantage of 11C-

based PET over 13C-based labelling.
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The relative xylem-transported CO2-fraction contributing to the assimilation flux
A% /CO2x (0.38) lies within the assimilation percentage (35 - 42 %) of young branches of
poplar and sycamore that could take up a 13CO-labelled solution (McGuire et al. 2009;
Bloemen et al. 2013c). However, it is rather low compared to the reported reassimilation
percentage of woody species (40 - 123%) (Teskey et al. 2008; Avila et al. 2014).
Reassimilation higher than 100% are associated with net COz uptake via lenticels in the
stem periderm (Berveiller et al. 2007) but was not taken into account in this study.
Furthermore, parameter b indicates that most of the available CO2pa was assimilated
instead of directed to the atmosphere (0.71 vs. 0.25 - Fig. 5.7b). This is in accordance to
the high Ay efficiency of Py observed in young P. tremula branches and petioles which are
characterised by thin and smooth bark having a high content of chloroplasts (Aschan et
al. 2001; Avila et al. 2014; De Roo et al. 2019). However, upon development of the
periderm, a reduction in light transmittance can be expected, causing a reduction in Ax

efficiency of Pw (Avila et al. 2014).

The relative fraction of xylem-transported CO; that was direct to the atmosphere
via efflux E,° had a limited contribution (0.12) and is related to the assimilation of internal
CO2 by Pw: Specifically, Ax in the light has been estimated to reduce CO: efflux from
branches by about 52% (McGuire et al. 2009). Hence, it is expected that CO2 efflux would

increase when the branches would not have been irradiated with PAR.

5.5.2 Dependency of internal CO: fluxes on transport speed

Since sap flow and thus the transport speed of CO> is found to substantially affect both the
efficiency of Pw: and the efflux to the atmosphere (Teskey & McGuire 2002; McGuire et al.
2007; Teskey et al. 2008; Bloemen et al. 2013c; Avila et al. 2014; Stutz & Hanson 2019a)
the exchange parameter values of each experiment are described as function of v,.
Exchange parameter a had a tendency to increase with increasing v, (Fig. 5.8b) which
might be explained by the fact that more CO2 is delivered to the tissue at a higher transport
speed. The observed trend is similar to the inverse coupling between sap velocity and sap
[CO2] detected in the stem of a Liriodendron tulipifera tree (Teskey & McGuire 2002).
Xylem [CO2"] (similar to 1 - a in our study) in L. tulipifera trees was high during the night,
when sap velocity was zero, and decreased during the morning as sap velocity increased.
During brief periods of cloud cover during the day, sap velocity decreased and xylem

[CO2"] increased concurrently. Similarly, under controlled temperature conditions, xylem
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[CO2"] of Platanus occidentalis branches decreased rapidly as sap velocity increased and
remained low at higher sap velocities (McGuire et al. 2007).

Since assimilation of xylem-transported CO; is dependent on the transpiration rate
(Bloemen et al. 2013c; Mincke et al. 2018), which provides substrate for photosynthetic
reactions, a tendency to a positive correlation was found between b and v, (Fig. 5.8b).
The observed trend is in accordance to a study were the transpiration rate of detached
poplar branches was altered at leaf level, while the branches were allowed to take up
13CO; solution (Bloemen et al. 2013c). Subsequent 13C-analysis of branch and leaf tissues
revealed that woody tissues assimilated more label under higher transpiration, than
when transpiration was low.

Since parameter ¢ has a non-zero value, our results indicate that part of xylem-
transported 11COz radially diffused to the atmosphere which illustrates the error incurred
when Rsis estimated from E4 measurements (McGuire & Teskey 2004; Teskey et al. 2008;
Trumbore et al. 2013). By means of isotopic labelling coupled with isotope ratio laser
spectroscopy, Salomén et al. (2019) disentangled the contribution of locally respired CO>
(Lcoz) and xylem-transported COz (Tcoz) to E4 for P. tremula. When the contribution of
both T¢oz and Lcoz to Es is desired, the current experimental set-up requires mea-
surements of E4 and internal sap [CO2"]. Note that volatile organic compounds (VOCs) like
isoprene and terpenes are created using the same substrate as sugars, i.e. trisose
phosphate and could thus be produced from assimilated 11CO; (Lichtenthaler & Zeidler
2002; Hillier & Lathe 2019). However, only 0.4 % of recently fixed carbon is used for
isoprene production (Ferrieri et al. 2005). Additionally, as these are volatile compounds,
they will be directed to the atmosphere and would contribute to model parameter c which
was small compared to the other parameters. It is therefore safe to assume that the

synthesis of VOCs will not have a tremendous effect on the proposed mass balance.

5.6 Conclusion

Tracing xylem-transported 11CO2 in young P. tremula branches using the medical imaging
technique positron emission tomography enabled visualising its dynamics in vivo with
high spatial and temporal resolution. We demonstrated the applicability of dynamic PET
imaging in combination with compartmental modelling to quantify the transport speed of
internal CO2 (v,) as well as to retrieve dynamics in xylem-transported CO2 with regard

to upward transport with the sap (Fr), assimilation via Pw: (AS) and efflux to the
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atmosphere (E4). Pw: may efficiently reduce respiratory CO: losses, at least in young twigs
and branches, and thus in the outer parts of tree crowns. Hence, refixation of CO; appears
to be of great importance for carbon budgets in e.g. environmentally controlled leafless
states of deciduous trees (although surely different in young and mature trees). However,
increasing the number of replications by including both smaller and bigger sized branches
is needed to further confirm our results and could potentially result in a statistically

significant regression of the model parameters in function of v,.

Nonetheless, our findings indicate the potential of plant-PET since physiological
parameters are obtained regarding the fate of internally transported CO: that are
otherwise challenging to be measured with the same spatial resolution. Therefore, we
believe that in vivo imaging in combination with modelling, both at cell and organ scale,
are necessary to advance our mechanistic understanding of plant physiology, including

Pyt
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What happens with CO2 once it is respired by mitochondrial activity? In view of the threat
of increasing droughts, which is related to carbon starvation, this question might become
of great importance for forests and other ecosystems in many regions on earth. However,
our understanding of respired COz and its dynamics is still far less advanced compared to
our knowledge of e.g. water transport. This might be related to methodological
constraints of the techniques that have been used so far to study xylem-transported CO>
in relation to stem respiration, i.e. mainly 13C- or 1#C-measurements or gas-exchange
methods which both suffer from a limited spatial resolution. Therefore, this PhD thesis
was centred around the investigation of the dynamic fate of internally transported CO2 by
application of medical imaging modalities. Specifically, the possibility of applying positron
emission tomography (PET) and positron autoradiography were explored towards
tracing 11C-labelled CO: in vivo at high temporal and spatial resolution in leaves and
branches of poplar trees (i.e. Populus x canadensis Moench “Robusta” and Populus tremula

L).

The introduction of this thesis was concluded by a list of four main questions, each of

which will be discussed in the following section.

6.1 Can medical imaging techniques be used to study the dynamic fate

of internal CO:

Whereas application of medical visualisation methods is rather narrow in plant science,
these techniques, with the focus on PET, are one of the most common and useful imaging
modalities in both clinical and preclinical settings. Moreover, positron autoradiography is
applied in several fields ranging from molecular biology, pharmacology, receptor binding
and quantitative biopsy analysis (Sihver et al. 1999; Maguire et al. 2012; Zanzonico 2012)
due to its high spatial resolution (~ 50 pm). Additionally, this technique is fairly
straightforward as images are obtained by exposing the labelled tissue to a phosphor
plate which is read out afterwards. Therefore, the potential application of this technique
to visualise assimilation of xylem-transported CO: (Ax) in leaves, petioles and branches
was tested in this PhD thesis (Chapters 3, 4). By performing short 11C-labelling
experiments (~ 1.5 h) it was demonstrated that CO2 was assimilated in these tissues when

they were exposed to photosynthetically active radiation (PAR). Autoradiographic images
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revealed that illumination of the branches resulted in a vast response in the sections
closest to the label-source, indicating that CO: is stripped from the sap to be assimilated.
Opposed to the direct application of autoradiography to visualise tissues in Chapters 3, 4,
it has been used in a creative way to assess carbon partioning to the major non-sturctural
carbohydrates (NSC, i.e. fructose, glucose, sucrose and starch) recently fixed in leaves
(Babst et al. 2013). Hereby leaves were labelled using gaseous 11CO; of which tissue
extracts were analysed by high-performance thin-layer chromatography (HPTLC) to
separate the soluble sugars. The TLC plates were subsequently exposed to an
autoradiographic plate to determine the metabolic partitioning of assimilated IC to
soluble sugars. It would have been beneficial if this method was performed in Chapter 4
on tissues that were illuminated with PAR (Li) and or in the darkened labelling
compartment (Da). Practically, extraction of these samples and HPTLC analysis could
have been done perfectly after direct visualisation of the whole branch and the results
would have validated the ones of the 13C-based experiments. Furthermore, the additional
benefit offered by elucidating carbon partitioning to NSC via 11C-based analysis (HPTLC +
autography) over 13C-based LC-MS is that only the added !!C-tracer is detected whereas

13C is also naturally occurring.

Whereas positron autoradiography has proven its ability to study Ax in the studied leaves
and young branches, it is less suitable for imaging thicker tissue types like stems or
mature branches. Specifically, the phosphor plates detect 11C-positrons which need to
reach them by travelling through the tissue. However, the average distance of !1C-
positrons is only ~ 1 mm in condensed matter upon annihilation (conversion to gamma
rays) so that they can no longer be detected by the autoradiographic phosphor plate.
When larger tissues (with regard to volume) are being studied, it is advised to make use

of PET as an alternative technique.

PET is used worldwide on a daily basis for detection and treatment monitoring of
human diseases because of its high diagnostic efficacy and accuracy (Saha 2016).
Additionally, it is used in preclinical studies on rodents and nonhuman primates for
research on drug development linked to e.g. oncology, cardiology or neurology
(Ametamey et al. 2008; Fleming et al. 2015; Kogan et al. 2018). In this PhD thesis, the
potential application of PET was tested by dynamic visualisation of internal CO2 in leaves
and branches (Chapter 2, 4). In order to allow leaves and branches to transpire an

enriched 11C-solution, first a labelling system was developed (Chapter 2) to prevent
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radioactive CO2 from entering the atmosphere. Dynamic PET imaging combined with
compartmental modelling successfully provided a new method to assess the percentual
contribution of internal CO; (on a time basis) to the carbon fluxes describing its fate (i.e.
upward transport with sap, radial diffusion to the atmosphere and assimilation via Pw).
Each of these fluxes can be quantified (i.e. pmol CO2 m3 min-1) by measuring both the
internal [CO2"] (umol COz L1 - as described by McGuire & Teskey (2004)) and the branch
water content (L m-3) hereby demonstrating the applicability to study the dynamics of

internal COz using PET.

Despite its applicability, the set-up described in Chapter 4 could be further
improved by measuring the radioactivity that ended up in the NaOH solution (i.e,
neutralised 11CO; in the air leaving the measurement compartment), the activity of the
remaining 11C-solution that was not taken up by the branch as well as the activity inside
the branch. Hereby, a direct estimation of the efflux (activity in NaOH solution) and
storage + transport (activity in branch) of CO; could be retrieved. This information can

then be used to validate the results of the compartmental model.

6.2 What is the relevance of xylem-transported CO2?

By performing experiments in which branches were exposed to a 13C-labelled solution
and subsequently analysed using liquid chromatography-mass spectrometry (Chapter
4), this PhD thesis evidenced unambiguously that internally transported CO: is stripped
from the sap to be assimilated into sugars by Pw: under light exposure. By manipulating
the incident PAR to branches (Chapter 4), positron autoradiography indicated that
carbon was mainly transported through the xylem when these were not illuminated. This
hypothesis was confirmed by performing 18F-labelling experiments with 18Fluorine being
a proxy for water. By visualising both water and 11CO; transport we demonstrated that
only with illumination of branches, CO; is stripped from the xylem sap for Pu. These
insights coupled with the firm light-response of P suggest that respired CO: that
dissolves in the sap in stem or branches containing no or limited amount of chlorophyll
(Chl) could be transported upwards until the point it is stripped from the sap to be
assimilated in Chl-containing stem and branch segments or possibly leaves, at least if it is
not directed to the atmosphere via efflux along the pathway. In that respect, young

branches will benefit from Chl-containing periderm and xylem parenchyma cells as they
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might receive CO:z from older branch tissues (containing less Chl) which can be

assimilated.

PET measurements performed on 1-year-old branches (Chapter 5) revealed that
a large part of the internal CO: (i.e. 38 %) is assimilated by Pu: to likely be stored, while
only 12 % was outgassed to the atmosphere via efflux. The remaining part of 49 % was
found to be transported upward with the sap. Since Py was taking place along entire Chl-
containing branches, it might be suggested that a vast part of the transported CO: also
ends-up being assimilated, suggesting that overall only a limited part of the internal CO;
ends up in the atmosphere in young branches. This is in line with the indication that Py
can reduce the loss of respired CO; from woody tissues to the atmosphere by 50 to
> 100 %, suggesting that on a 24 h basis, 20-40 % recovery of respired carbon may be
feasible, at least in canopy branches (Teskey et al. 2008). Continuing on this concept, it
could be suggested that xylem-transported CO; molecules could undergo multiple cycles
of assimilation and respiration before ending up in the atmosphere. According to the great
sensitivity of Pw each ‘recycling’ process could possibly occur within a short distance

from where CO; molecules are dissolved in the sap flow of young branches.

Besides Ax in woody tissues, it was found that the majority of xylem-transported
CO: is assimilated in leaves of poplar (Populus deltoides) while efflux was small compared
to respiration (Stutz & Hanson 2019a). However, Ax within poplar leaves comprises a
small portion of total leaf photosynthesis which is estimated to be between 2 - 10% of
total assimilates (Bloemen et al. 2013c; Stutz & Hanson 2019a). Nonetheless, combined
with the results described in this PhD thesis it is not unlikely that Ax plays a major role in
the growth and development of young Chl-containing branches and leaves. Under high
irradiance and low internal inorganic carbon ([CO2"] = [COz] + [HCO3"] + [CO327]) Ax was
found to be higher (Stutz & Hanson 2019a) indicating that Ax in leaves and branches will

become even more important when COz is limited, i.e. under drought.

In order to make a rough estimation of Ax via Pw: on branch level only [CO2] need
to be known inside the branch. Although this measurement was not preformed, it can be
estimated from stem [CO2] of Populus species and is on average 10% (Teskey et al. 2008;
Salomén et al. 2018). Using Henry’s law, it is possible to convert this CO2 concentration in
the gaseous phase to total dissolved [CO2"] in the liquid phase (McGuire & Teskey 2002)

which results in 6 mmol L-1. Eventual multiplication of this value with the averaged leaf
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transpiration in this PhD thesis (1.5 mmol H20 m2 s'1) results in a total amount of 0.16
umol CO2 m-2 s1 that is transported in young branches. The results obtained in this PhD
thesis suggest that 38% of it is locally assimilated, which is small as this assumes that the
other 50% that is transported (Fr) is not assimilated. This corresponds to 0.06 pmol CO:
m-2 s'1 which is about 0.5 % of outer crown leaf photosynthesis (~1000 pmol PAR m-2 s-1)
but 1 % for inner crown leaf photosynthesis (~300 pmol PAR m-2 s-1). This value is likely
to increase further when CO3 is limited (Stutz & Hanson 2019a). This is however a rough
estimation and more data is needed on the relationship between stem and branch tip
[CO2*] as well as their diurnal and seasonal patterns before a solid prediction can be made

of what the contribution is from one branch up to single tree.

Since the exchange of water and carbohydrates mainly occurs between roots and
leaves (i.e., the main suppliers and consumers of water and carbohydrates, respectively),
itis not surprising that xylem and phloem functioning are coupled in these organs (Holtta
etal. 2006; Taiz & Zeiger 2010; Sevanto et al. 2011; Pfautsch et al. 2015). However, as CO>
is shown to be transported with the xylem sap within (Chl-containing) branches (Chapter
4) and illumination of these branches results in assimilation of this CO2 through Pu.
(Chapter 4 and 5), P.:might be regarded as a coupling between xylem and phloem in
branches, and in a similar way potentially also in Chl-containing stems. Carbohydrates
produced from xylem-transported COz by Pw: represent an alternative and immediate
source of non-structural carbohydrates and can be used for maintenance and growth
processes or osmotic adjustment (Cernusak & Cheesman 2015). Furthermore, local
synthesis of sugars along the chlorophyll-containing stems supports the leakage-retrieval
adaptation to the generally accepted Miinch theory (Miinch 1930; Holttd et al. 2009;
Jensen et al. 2009; Knoblauch & Peters 2010). Down the phloem pathway, considerable
amounts of carbohydrates are lost to lateral sinks. However, a part of these lost
carbohydrates is subsequently reloaded into the phloem tissue, which is referred to as the
leakage-retrieval mechanism. By means of Py, new carbohydrates can be produced, and
provided across the entire Chl-containing stem when exposed to PAR. Hence, this can be
seen as an infinite supply of carbohydrates enabling continuous local buffering of

irregularities in the turgor potential and gradient in phloem tissue.
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6.3 Why should we expand positron-based imaging in plant studies?

Aside its usefulness to study xylem-transported COz, PET has already shown its
applicability to investigate the transport of nutrients, phytohormones and
photoassimilates (e.g. Minchin & Thorpe 2003; Kiser et al. 2008; Jahnke et al. 2009; Hanik
etal 2010; Hubeau et al. 2018). The short half-life of the applied radiotracers (e.g. 2 - 109
min for the most used radioisotopes in plant science) in combination with the non-
invasive nature of PET enable the same plant to be scanned multiple times without
destructive sampling. These features allow to determine plant responses to
environmental changes in the same plant (Kiser et al. 2008). Furthermore, PET is
especially suited to decipher phloem functioning. Since this tissue type is pressure-driven
(De Schepper et al. 2013), it is easily disturbed through transport or displacement,
complicating its investigation (Pickard & Minchin 1990; Turgeon & Wolf 2009).
Radiotracers enable visualisation of the sugar flow without damaging or perturbing
phloem transport (Jahnke et al. 2009; Kawachi et al. 2011; Yamazaki et al. 2015; Hubeau
et al. 2018; Hidaka et al. 2019). Improving our understanding of the mechanisms that
drive phloem transport will undoubtedly lead to new approaches for manipulating

photoassimilate allocation patterns in crops and fruits.

Aside from the abovementioned examples, positron-based imaging has huge
potential to be further expanded in plant science. Its restricted application in plant science
may be related to the complexity of putting together methodological developments from
multiple disciplines, such as radio-pharmacology, physics, mathematics and engineering,
which may form an obstacle for some research groups. Hence, Chapter 2 was composed
to encourage researchers to study plants using PET. The approaches and methodology
described in that particular chapter are applied in the other chapters to unravel the
dynamic character of internal COz and they are the result of trial and error while
addressing technical difficulties. One of these technical difficulties encountered in this
PhD thesis can be linked to working with gaseous 11CO>. This holds especially for the PET
study described in Chapter 5, where a limited number of repetitions (N = 3) were studied
but actually more experiments were carried out. These could not be included in the study
since the labelling and measuring compartment of the experimental set-up were not
hermetically sealed. Dissolved 11CO; from the labelling solution could therefore evaporate
and make its way through the connection of both compartments. This connection

coincided with the branch part that was being exposed to PAR i.e. most interesting part to
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be imaged and used for modelling. Creating a hermetic sealing between both
compartments using polysiloxane material (which was used in Chapter 5) was
challenging but further research (not described in this PhD thesis) indicated that this was
easier to achieve by another sealing method which involves the use of two cylindrical

rubber pieces as described in Chapter 2.

6.4 What are the challenges and future prospects for plant-PET

Unlike human or laboratory animal imaging, where the object size is fairly fixed, the size
of plants may range from several millimetres to meters, indicating that the scanner should
have a large field of view (FOV) for imaging large plants while pursuing a high spatial
resolution. However, most of the PET studies carried out on plants use either PET systems
that were specifically developed for plant imaging (e.g. Kume et al. 1997; Uchida et al.
2004; Jahnke et al. 2009; Beer et al. 2010; Wu & Tai 2011; Weisenberger et al. 2012; Wang
et al. 2014) or laboratory animal PET scanners (e.g. Alexoff et al. 2011; Hubeau et al.
2018), which are both characterised by a limited FOV (i.e. the PET scanner used to
perform the experiments described in Chapter 3 and 5 has a transverse and axial FOV of
15 and 7.5cm). Although these scanning systems benefit from a high spatial resolution (~
1.5 mm and sometimes submillimetre) generally only one or two plant organs (stem,
leaves, fruits, or roots) can be visualised (e.g. Jahnke et al. 2009; Hubeau et al. 2018;
Hidaka et al. 2019). The PET scanner used in this PhD thesis was able to visualise
dynamics of internal COz in young branches but is not adapted to study the dynamics at
stem or mature branch level given its small FOV. Yet, a more comprehensive view of
whole-plant carbon allocation patterns can be gained from mature organs in large plants,
where a quasi-active carbon sink for carbohydrate storage competes with different plant
carbon sinks as growth or respiration (Sala et al. 2012; Hartmann & Trumbore 2016).
These difficulties could be overcome by making use of clinical PET systems, which are
developed for human imaging, as these systems have two main advantages. Firstly, these
imaging devices allow visualisation of larger objects since they are characterised by a
transverse and axial FOV up to 85 and 26 cm, respectively (Vandenberghe & Marsden
2015; Vandenberghe et al. 2016). Additionally, clinical PET scanners are equipped with a
moving bed on which the plant can be placed, which enables visualisation of even larger

plants than the volume of the FOV, by acquiring multiple bed positions that can be stitched
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together into a larger volume. Secondly, clinical PET systems are nearly exclusively used
in combination with structural imaging like computed tomography (CT) or magnetic
resonance imaging (MRI). Consequently, the functional information provided by PET can
be combined with structural data provided by CT or MRI, but only few plant studies have
been reported making use of this multimodal imaging approach (e.g. Jahnke et al. 2009;
Garbout et al. 2012). The structural information is incredibly useful when it comes down
to imaging small structures like leaves and branches with smaller dimensions.
Specifically, in Fig. 3 of Chapter 4, it seemed obvious to start drawing ROIs from the most
proximal point of the branch because of the high measured tracer concentrations (dash
dotted ROIs). However, in these ROIs a petiole originates from the branch and due to the
limited resolution of the PET system (~ 1-2 mm) the tracer inside the petiole and branch
could not be resolved resulting in higher TTCs for these ROIs (not shown). This would

inevitably prompt incorrect parameter values upon calibration.

However, a drawback of clinical PET systems is the lower spatial resolution (~ 3
mm - Vandenberghe & Marsden 2015) compared to the laboratory animal PET scanners
(Espafia et al. 2014; Fine et al. 2014). Additionally, the FOV of clinical PET systems have a
horizontal axis while in some cases where large plants are studied, it might be appropriate
to have a vertical orientation of the PET scanner. Nevertheless, the possibility towards
using a clinical PET system on large plants (70-90 cm in length) has been described (e.g.
Karve et al. (2015)). In this study, photoassimilate transport dynamics were investigated
in sorghum plants whereby the plant was imaged while laying horizontally. As this
position would certainly affect plant function over the long-term, there was little or no
effect of the horizontal positioning in the commercial PET scanner on transport speeds,
11CO; leaf assimilation or photosynthetic CO2 exchange rates (measured with an IRGA)
compared with vertical plants within the 3 h time frame of the experiment demonstrating
the potential application of clinical PET systems to study plants, although for short-time
processes. Despite the intensive occupancy of these clinical PET systems, we believe that
studies making use of these functional imaging devices will make an important
contribution to reveal complex in vivo interactions in plants, like the link between xylem

and phloem tissue.
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Summary

Understanding and characterising variations in plant respiration is of utmost importance
for global change science, as well as fundamental to plant ecology and physiology. This,
because the efflux of CO; from plant respiratory processes is a meaningful yet uncertain
component of plant, ecosystem, and global carbon budgets. As it was previously assumed
that CO; produced by respiration in woody tissues escapes almost immediately to the
atmosphere, observations over the last 20 years have demonstrated that a large quantity
of respired CO2 remains inside trees. This locally produced internal CO; is substantially
higher in concentration (generally between 3 and 10%, and sometimes up to 26%) than
the atmospheric CO2 concentration (~ 0,04%). An emerging understanding of the involved
processes also indicated that a considerable amount of the respired CO2 dissolves in xylem
sap to be transported upwards, away from the site of intake. Subsequently, a portion of
this xylem-transported CO> can escape to the atmosphere via efflux while photosynthetic
active cells in woody tissues or leaves can fix another portion. Although progress has been
made, our understanding of xylem-transported CO; in relation to plant respiration can be
expanded as its dynamic fate at small spatial and temporal scale is still uncertain.
Additionally, it is assimilation of internal CO2 by woody tissue photosynthesis has to date

only been assumed as the actual fixation and conversion to sugars has not been evidenced.

In this PhD thesis, the focus was to unravel the secrets of xylem-transported CO>
by studying its dynamics on a submillimetre scale. This was enabled through application
of medical imaging techniques based on the detection of positron-decaying isotopes. Two
techniques were proposed, i.e. positron autoradiography and positron emission
tomography (PET). Both positron-based imaging methods allow in vivo experiments to
study and even visualise biological processes with high spatial resolution. Compared to
their extensive application in clinical and pre-clinical setting, however, only limited
number of research groups worldwide report positron-based studies which might be
related to the complexity involved in these techniques. As we are confident that these
techniques have immense potential in the way that they could contribute extensively to
plant science, a broad outline was provided in this PhD thesis on how to design and
execute positron-based experiments on plant tissues. Hereby the emphasis was centred
around tracing radioactive 11CO; by PET although some basics on positron

autoradiography are provided.
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Throughout this PhD thesis, research is conducted on 1-year old poplar tree
species, i.e. Populus x canadensis Moench “Robusta” and Populus tremula L.. These species
are characterised by rapid growth and a naturally high bark chlorophyll concentration
making them ideal candidates to study xylem-transported CO2 and its relation to woody
tissue photosynthesis. In this research, four main steps were taken towards unravelling

the dynamics of xylem-transported CO3:

¢ First, possibility of using both PET and positron autoradiography was tested
towards studying internally transported CO; in leaves. Therefore, a method
was developed to label plant tissues with 11CO; in a half-open set-up. Labelling
occurred through supplying an 11CO:-enriched solution to the petiole of
detached leaves. During labelling, air was continuously supplied to the leaves,
as to maintain regular photosynthesis, while taking into account the hazards
concerning radioactive 11CO; that might potentially be released as a gas.
Manipulating intern CO: transport, via light exclusion or prevented
transpiration on leaf level, demonstrated applicability of both PET and
autoradiography towards studying the dynamic behaviour of xylem-
transported 11CO,. With PET both qualitative images and dynamic 1C-tracer
profiles were obtained visualising the movement of internal CO; in leaves
whereas positron autoradiography provided detailed insights on tracer
distribution in the leaves under different conditions.

¢ Second, upon illumination with photosynthetic radiation, conversion of xylem-
transported CO to sugars via woody tissue photosynthesis was unequivocally
demonstrated rather than CO: accumulation within tissues. Therefore,
illuminated and light-excluded branch segments were labelled with 13CO2
which were subsequently analysed by liquid chromatography-mass
spectrometry.

¢ Third, the developed 11C-labelling method for leaves in the first step was
translated to be performed on branches. Visualisation of xylem-transported
11CO2 in branches was realised through application of positron
autoradiography. Vast response of woody tissue photosynthesis was observed
when branches were illuminated. Light-exclusion experiments and 18F-
experiments (with 18F being a proxy for water) confirmed that CO is stripped

from the xylem sap to be assimilated by woody tissue photosynthesis.

140



Summary

¢ Fourth, dynamic PET measurements were performed of which the data was
used for compartmental modelling to successfully reveal the dynamics of
xylem-transported CO; within branches. Two main findings were put forward;
(i) analysis of the PET images allowed direct estimation of the CO> transport
speed, which has not been described so far. (ii) Compartmental modelling
revealed that a great part of the internal CO: (i.e. 38 %) gets assimilated by
woody tissue photosynthesis in young branches while only 12 % was
outgassed to the atmosphere via efflux. The remaining part of 49 % was found

to be transported upward with the sap.
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Samenvatting

Het begrijpen en in kaart brengen van plant respiratie is van groot belang voor de
aardwetenschappen en uiterst fundamenteel voor plant ecologie en fysiologie. Dit omdat
de efflux van CO, bewerkstelligd door plant respiratie processen, een betekenisvolle
maar steeds onzekere component is voor het plant-, ecosysteem- en mondiaal

koolstofbudget.

Vroeger werd aangenomen dat gerespireerd CO2 vrijwel meteen diffundeerde naar de
omgeving. Observaties over de laatste 20 jaar hebben echter aangetoond dat een grote
hoeveelheid van het gerespireerde CO; in de boom achterblijft. Dit lokaal gerespireerd
CO; kan een aanzienlijk hogere concentratie (algemeen tussen 3 en 10 % en in
uitzonderlijke gevallen tot 26%) aannemen in vergelijking met de atmosferische CO2
concentratie (~ 0.04%). Een toenemende kennis van de betrokken processen toonde aan
dat een ruime hoeveelheid van desbetreffend CO2 oplost in het xyleemsap om vervolgens
opwaarts getransporteerd te worden, weg van de plaats van opname. Een deel van het
xyleem-getransporteerd COz kan vervolgens ontsnappen naar de atmosfeer via efflux
terwijl een ander deel geassimileerd kan worden door fotosynthetisch actieve cellen in
houtachtig weefsel en bladeren. Desondanks de reeds verworven vooruitgang, kan ons
inzicht over xyleem-getransporteerd COz met betrekking tot respiratie verder uitgediept
worden. Tot op heden blijft er namelijk een grote onzekerheid bestaan over het
dynamisch lot op kleine spatiale en temporale schaal. Daarnaast werd de assimilatie van
intern CO; door fotosynthese in houtachtige weefsels slechts aangenomen gezien de

eigenlijke fixatie en omzetting naar suikers niet vastgelegd werd.

In deze doctoraatsthesis ligt de focus op het ontrafelen van de geheimen van xyleem-
getransporteerd CO; door het dynamisch gedrag ervan op een submillimeter schaal te
bestuderen. Dit werd mogelijk gemaakt door toepassing van twee technieken binnen de
medische beeldvorming, namelijk positron autoradiografie en positron emissie
tomografie (PET). Beide positron-gebaseerde technieken laten in vivo experimenten toe
voor het bestuderen en in beeld brengen van biologische processen met een hoge spatiale
resolutie. Daar waar deze technieken uitgebreid toegepast worden op Kklinisch en
preklinisch gebied, rapporteren slechts enkele onderzoeksgroepen wereldwijd positron-
gebaseerde studies, hetgeen gerelateerd kan zijn aan de complexiteit ervan. Gezien wij

ervan overtuigd zijn dat deze technieken danig potentieel hebben in hun extensieve
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bijdrage tot de plantwetenschappen, werd in deze doctoraatsthesis een uitgebreid
overzicht gegeven met betrekking tot het ontwerpen en uitvoeren van positron-
gebaseerde experimenten op planten. Hierbij lag de nadruk op het traceren van

radioactief 11CO; in PET hoewel ook de basis van positron autoradiografie voorzien werd.

Het onderzoek doorheen deze doctoraatsthesis werd uitgevoerd op 1-jarige varianten
van populier, namelijk Populus x canadensis Moench “Robusta” and Populus tremula L..
Deze species zijn gekenmerkt door een snelle groei en een hoge natuurlijke
chlorofylconcenctratie in de bast, waardoor dit ideale kandidaten zijn voor het
bestuderen van xyleem-getransporteerd CO: in relatie tot fotosynthese in houtachtige
weefsels. In dit onderzoek werden vier belangrijke stappen genomen voor het ontrafelen

van de dynamica achter xyleem-getransporteerd COz:

¢ Ten eerste, werd de mogelijkheid tot het gebruik van zowel PET als positron
autoradiografie getest voor het bestuderen van intern CO; in bladeren. Hiertoe
werd een methode ontwikkeld om plantweefsel te labelen met 11CO; in een
halfopen systeem. Labelen gebeurde door een aangereikte 11CO2-oplossing te
voorzien aan de petiool van afgeknipte bladeren. Teneinde een normale
fotosynthetische activiteit te behouden werd in deze methode een continue
luchtstroom voorzien aan de bladeren, rekening houdend met de gevaren van
radioactief gasvormig 11CO; dat eventueel kan vrijkomen als gas. Door het
beinvloeden van intern CO: transport met behulp van licht exclusie of het
beletten van transpiratie op bladniveau, werd aangetoond dat zowel PET als
autoradiografie toelaten om het dynamisch gedrag van xyleem-getransporteerd
CO; te bestuderen. Het gebruik van PET leverde kwalitatieve beelden en
dynamische 1!1C-tracer profielen op terwijl positron autoradiografie
gedetailleerde inzichten aanbracht over de tracerverdeling in bladeren bij de
verschillende behandelingen

¢ Ten tweede, door belichting met fotosynthetische straling werd de omzetting
van xyleem-getransporteerd CO tot suikers in houtachtige weefsel
ontegensprekelijk aangetoond. Hiertoe werden belichte en donkere takken
gelabeld met 13CO; om vervolgens geanalyseerd te worden met
vloeistofchromatografie-massaspectro-metrie. In eerdere studies werd de

assimilatie van CO2 in houtachtige weefsels namelijk nooit getest waardoor er
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enkel aangenomen kon worden dat accumulatie van CO2 in deze weefsels te
wijten was aan fotosynthese.

Ten derde, werd de ontwikkelde 11C-labelingsmethode voor bladeren vanuit
stap één aangepast voor het labelen van takken. Door gebruik van positron
autoradiografie kon het xyleem-getransporteerd CO; gevisualiseerd worden. Bij
belichting van de takken, werd een uitgesproken respons van fotosynthese in
houtachtige weefsels waargenomen. Behandeling met licht-exclusie en 18F-
experimenten (met 8F een proxy voor water) bevestigden dat CO2 gestript
werd van het xyleemsap om geassimileerd te worden door fotosynthese in
houtachtige weefsels.

Ten vierde, werden dynamische PET-metingen uitgevoerd. De bekomen data
werd gebruikt in een compartimenteel model teneinde het dynamisch gedrag
van xyleem-getransporteerd COz in takken te ontrafelen. Twee
hoofdbevindingen werden naar voor gebracht. Enerzijds liet analyse van de
PET-beelden toe om op eenvoudige wijze de transportsnelheid van CO: te
schatten, hetgeen tot op heden niet beschreven werd. Anderzijds bracht
compartimentele modellering het inzicht dat een groot deel van het intern CO>
(i.e. 38%) geassimileerd werd door fotosynthese in houtachtige weefsel van
jonge takken, terwijl 12% in de omgeving terecht kwam door efflux. De
overgebleven 49% van het intern COz werd opwaarts getransporteerd met het

sap.
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