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CHAPTER 1

Introduction

The interest of the food and energy industries in oilseed and cereal plants has been
growing for years. Despite the wide variety of mostly invasive analytical methods based
on sectioning and extraction, the transfer of the obtained results to the living plant
organisms is challenging if not impossible. Typically, a large number of plants or seeds
is analysed for retrieving significant results from the measured data. The examined
samples are destroyed during the process, thus the personnel involved has to work
thoroughly during the preparation, sectioning and staining procedures to ensure the
unambiguousness of the obtained results. Yet, the data gained remains a snapshot of
the sample’s status - if it wasn’t truncated by the invasiveness of the applied methods
itself.

Nuclear magnetic resonance (NMR) offers a variety of means for noninvasive imaging
and analysis of living organisms. The specific manipulation of nuclear spins enables
the encoding of different information into the NMR signal. In the well-known clinical
application of magnetic resonance imaging (MRI), two- and three-dimensional images
of human organs can be acquired with a sufficiently high resolution within a few min-
utes.

The plant as an MRI research object usually requires less precautions than humans
in clinical measurements. The application of higher magnetic field strengths, which in
MRI experiments leads to an increase of signal, allows for the acquisition of datasets
with increased spatial resolution typically in the range of tens of micrometers. This
advantage is accompanied by influences on the magnetic homogeneity of the sample
leading to an accelerated decay of the NMR signal during acquisition. Conditioned by
the plant’s anatomy, the utilized MR imaging analysis protocols have to be adjusted to
the sample in order to obtain reliable information about anatomy, growth, metabolite
transport, and metabolism. By adaption of MRI protocols developed for clinical appli-
cations or for the spectroscopic analysis of samples, dynamic measurements containing
chemical information about the living organism can be acquired. The measured object
is not destroyed, metabolism can take place uninfluenced. The results gained can be

used to validate the results from the previously and invasively acquired data. Since



1 Introduction

MR imaging is capable of acquiring three-dimensional data, the sectional plane in a
dataset can be adjusted at any time, thus answers to questions can be addressed in
retrospect.

Starting in 1986 with the investigation of the root system of Vicia faber [Bot86], sev-
eral research groups, typically consisting both of biologists and physicists, worked on
the development of various NMR and MRI applications on plants. While some groups
mostly focus on the visualization and quantification of flow in plant stems [VA84], other
groups concentrate on the analysis of plant roots [Pfl17] via MRI. Some cooperations,
such as the one between the Department of Experimental Physics V (University for
Wiirzburg) and the research group Assimilate Allocation and NMR (IPK Gatersleben),
investigate the accumulation and spatial distribution of lipid in plant seeds.
Metaphorically speaking, in the map of MR plant imaging, some areas are well-explored
while other regions still remain blank spots. This work aimed to fill some of these un-
explored areas by developing methods for both physiological and metabolical magnetic
resonance imaging of plants and seeds. Some of the experiments are based on projects
previously conducted in the Department of Experimental Physics V [Kau08; Mel09a;
Winll; Fucl3]. The main focus lied on the chemical shift-selective imaging of lipid-rich
seeds, such as the rapeseed seed and the soybean. The spatial distribution of lipids in
the seeds allows for direct comparison between different seed types and a 3D visualiza-

tion of the outcome of plant breeding.

After a short overview of the basics of MRI and the anatomy and functionality of
plants, the challenges regarding plant imaging via magnetic resonance are discussed.
Limitations are mostly caused by the susceptibility differences in plant tissue. For this
reason, most plant experiments are performed with a standard MR sequence, the spin
echo [Hahb50], since it can compensate the signal loss induced by the inhomogeneities
in the plant tissue.

An overview of lipid-imaging in plants within the last decade is provided in Chap.
4, presenting the recent developments in this area. Unsurprisingly, most experiments
were performed with pulse sequences based on the spin echo imaging.

The re-awakening of a plant seed during germination is one of nature’s many little won-
ders, understanding the temporal and spatial pattern of this process was the aim of
Chap. 5 in this work. Chemical shift-selective imaging was applied for high-resolution
analysis, both in temporal and in spatial dimension. Combined with 3D rendering and
visualization techniques, major questions in biological research, such as the entry point
of water into the germinating seed and the pattern of re-awakening were addressed.

By adapting this MRI sequence and including a selective saturation module [Haa85],
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chemical shift-selective 3D datasets of seeds were acquired for spatial localization of
different fatty acid components in the plant tissue. The results are presented in Chap.
6.

The direct imaging of plant tissue with short relaxation times was performed in Chap.
7 by adjusting an ultrashort echo time sequence (UTE, [Ber91]), in order to obtain an
improved visualization of dry seed tissue.

In Chap. 8, the dynamic imaging of transport processes in living plants was conducted
by applying a contrast agent to the plant and using it as a tracer. For this experiment,
T-maps had to be acquired with an improved temporal resolution, thus providing the

means to determine longitudinal and horizontal transport velocities in the plant tissue.
The results obtained underline the capabilities of magnetic resonance imaging in plant

science and demonstrate the variety of questions that previously could not be addressed

in living organisms.
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CHAPTER 2

The plant fundamentals

The anatomy of the plant is very different to the mammal’s, thus many challenges
and restrictions regarding the imaging capabilities of MRI appear. In this chapter, a
short overview of the plant’s anatomy and its organs is provided to explain the major

challenges and limitations of MRI on plants.

Preface

On our planet, approximately 310,000 species of plants exist; the majority of them
(approx. 270,000) reproduce via seeds [Int17]. Plants produce most of the molecular
oxygen in the atmosphere and the human diet is entirely dependent on plants - either
via direct nutrition or as a feed for the animal meat industry.

Typically, plant research is based on invasive analytical tools, such as microscopy, mass
spectrometry, and FTIR (Fourier-transform infrared spectroscopy). These technologies
have produced detailed insights into the plant’s anatomy. The investigation of dynamic
processes, such as the uptake of water, with these techniques is hampered by the in-
vasiveness. In most cases experiments rely on staining dyes that are taken up by the
plant and which can be detected in the sections. When using a staining protocol, the
results obtained on different plants have to be interpolated for the estimation of dy-
namic processes.

While magnetic resonance imaging cannot, however, reach the detailed image reso-
lution of advanced microscopy analyses, MRI can, in contrast, provide the dynamic
information of one individual plant sample. Since the sample is not destroyed during
an MR experiment, further analyses of the object investigated can still be performed.
In plant imaging via MRI, some restrictions and difficulties appear, which are related
to the physical properties of the plant tissue. Before a detailed explanation of the
physical processes leading to a decay of the NMR signal is provided, the basics of the

plant’s anatomy and its organs is explained.
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2 The plant fundamentals

2.1 Plants - anatomy and functionality

The body of the plants consist of the root, the leaves, the stem, and the fruits contain-
ing the seeds.

The plant’s life cycle starts with a single seed. During the germination process, the
root breaks through the seed coat and starts to provide the growing plant with nu-
trients and water taken up from the soil. A filtering system in the root’s surface
determines the uptake of components dissolved in the ground’s water. The roots serve
the plant as a footing to the ground and a support.

The plant produces nutrients via photosynthesis in the leaves; these nutrients are
transported through the vascular system towards the root and the reproductive or-
gans, thus the flowers and the seeds.

The vascular system connects all plant organs and mediates the water and metabolite
exchange at the level of entire organs. This transport process is typically called translo-
cation. The main components dissolved in the water are sucrose and amino acids. In
the plant, two different vascular subsystems are present: the xylem and the phloem.
The xylem’s main function is the transport of water from the roots towards the shoots
and leaves, replacing the water being lost due to transpiration and photosynthesis. In
the xylem sap, inorganic ions and some organic chemicals can be present, yet it mostly
consists of water. The phloem transports soluble organic compounds built during the
photosynthesis in the source locations (leaves) towards the consumption places in the
plants (sinks).

Any plant organ consists of various tissues, as for example the epidermis (border-
ing tissue), the chlorenchyma (supporting tissue), the storage parenchyma, and others.
The individual function and specialisation of the tissues is reflected in their structure
and tissue heterogeneity. Within all tissues, the individual cell types are each charac-
terised by different thicknesses of the cell walls, the sclerenchyma for example contains
thick and lignified cell walls in order to provide structural support for the plant.

In this work, the focus was set on the crop plants rapeseed (canola), wheat and barley.
Further plants, such as pea, soybean, maize, and olives have also been investigated via
MRI, yet the plant’s structure will be explained in detail for the crop plants.

The rapeseed (Brassica napus), also known as rape, oilseed rape or canola, is one
of the most important crops worldwide [Bor13b|. This plant’s yield contains about
forty percent oil and serves as a high-protein animal feed, rendering it an important
plant for the agricultural industry. It is also used for the human nutrition, e.g. in the
production of vegetable oils.

The rapeseed plant (Fig. 2.1 A) consists of the roots in the soil, the stem with the

14



2.1 Plants - anatomy and functionality

Figure 2.1: A The rapeseed plant, first siliques are growing while flowers are blooming
at the top of the branches. B A closed silique and three seeds in a silique,
attached to the replum via the funiculus. C Section through a silique,
showing two halves divided by the replum and a funiculus. In the silique’s
tissue, the vascular bundles for nutritional support of the silique can be
seen. D Section through a maturing rapeseed. The seed coat (sc) protects
the embryo growing in the liquid endosperm (en). The embryo consists of
the radicle (ra) and two pairs of cotyledons, the outer (oc) and the inner
(ic). E Mature rapeseeds.

leaves and the fruit-producing branches. In this plant, the first siliques are already
growing while the plant is still producing flowers at the end of the branches. The rape-
seed silique (Fig. 2.1 B and C) consists of two halves that are divided by the replum,
a thin layer in the centre of the silique. The seeds are maturing inside the silique (see
Fig. 2.1 B, right), they are connected via the funiculus to the replum. Depending
on the number, size and features of the seeds, the yield is determined [Ayt08; Che07;
Die00].

The rapeseed (Fig. 2.1 D) exhibits a seed coat protecting the embryo during and af-
ter maturation and the embryo itself;the aleurone, a small lipid-rich layer, is located
between them. The embryo is already equipped with the parts essential for starting a
new life; it consists of two pairs of cotyledons (leaves), the inner and the outer, and the
radicle (root). During maturation, the embryo grows inside the liquid and sucrose-rich
endosperm that can still be detected in Fig. 2.1 D. Mature rapeseeds are shown in Fig.
2.1 E.

The crops wheat (Triticum aestivum) and barley (Hordeum wvulgare) are two of the
most cultivated cereals in Germany, with a per capita consumption of more than 65 kg
in 2014 [Bunl16]. Both cereals originate from wild grasses. The present-day cultivated
species have been bred by humans since approximately 8,000 B.C. [Kis84].

The hollow stem of the wheat plant is enveloped by the long and narrow leaves, the

15



2 The plant fundamentals

Figure 2.2: A Stem of a wheat plant with leaf and ear. B Section through a maturing
seed, the embryo is located at the bottom tip. C Cross-section through a
seed, the indentation is relatively deep. D Mature wheat seeds, the shape
is round and short. E Cross-section through a wheat stem with a leaf
wrapped around.

ear is located at the top of the stem (see Fig. 2.2 A and E). The seeds are produced
in the ear, short photosynthetically active awns are attached to the seeds. Figures 2.2
B and C show sections through a maturing seed, its volume is mostly defined by the
starch-containing endosperm. The small embryo in Fig. 2.2 B (bottom tip of the seed)
contains the majority of the seed’s lipid-reserves.

The seed’s appearance is (compared to the barley seed) round and short. In Fig. 2.2
C, the relatively deep indentation of the seed is distinct.

The vascular bundles in the wheat leaf are visible in Fig. 2.2 E (light green spots), in
the stem tissue they can be identified by the larger cell size.

The barley plant’s structure is similar to the wheat plant (Fig. 2.3 A), noticable
differences are the long awns attached to the seeds (Fig. 2.3 B) and the shape of the
seeds, which are longer and thinner than the wheat seeds. Fig. 2.3 C shows sections
through maturing barley seeds. The indentation of the seed is smaller than in the
wheat seed.

The lipid-rich embryo is visible in the section of Fig. 2.3 C. It is located at the top of
both seed halves. Here, two mature barley seeds are shown.

In a section through a barley stem, the vascular bundles in the stem tissue can be
identified (dark green spots), in the leaf they appear as holes close to the dark green
regions (Fig. 2.3 D).

Two representatives of the legumes are pea (Pisum sativum) and soybean (Glycine
maz). While both legumes are mostly cultivated for their high protein content, the

soybean also possesses a high oil content.
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2.1 Plants - anatomy and functionality

Figure 2.3: A Barley plant B Stem of a barley plant, the awns are relatively long.
C top: Cross-section through a seed, the indentation is relatively small.
Bottom: Section through a maturing seed, the embryo is located at the
top tip of the halves. D Cross-section through a barley stem with a leaf
wrapped around, the vascular bundles are distinct. E Mature barley seeds.

Figure 2.4: A Pod of a pea plant and B cross-section through a developing pod, show-
ing two pea seeds connected vie the funiculus to the pod. C Cross-section
through a pea seed, showing the seed coat, the radicle (top) and the cotyle-
don. D Cross-section along the radicle and the funiculus (bottom).

Fig. 2.4 A shows an intact pod of a pea plant. In Fig. 2.4 B a section through the
pod is presented. The developing seeds grow inside the pod. Both are connected to
the pod via the funiculus.

The section in Fig. 2.4 C shows the pea embryo, surrounded by the seed coat. The
embryo is divided in the radicle (top) and the cotyledon, which is also visible in Fig.
2.4 D.

17



2 The plant fundamentals

2.2 Lipid in Plants

Plants convert light through photosynthesis into chemical energy in the form of the
complex organic compounds proteins, carbohydrates, and lipids. In the plant cell,
carbohydrates are present in the form of polysaccharides (starch within the plastids,
and cellulose in the cell wall). Storage proteins and lipids are accumulated in specialized

inclusions, separated from the cytoplasm by a single layer membrane [Chal2].

2.2.1 The accumulation of lipids in plants

The energy density of the fully reduced carbon bonds present in lipid molecules is
higher than that of the partially oxidized carbon bonds common in carbohydrate and
protein molecules. Lipid molecules contain few carbon-oxygen bonds, making them
weight for weight more energy dense than carbohydrates. Many plants have evolved
the capacity to store energy in the form of lipids, particularly in the seed, since the
lipid molecules require a smaller volume to store the equal amount of energy. In most
plants the storage lipid content is present in the form of triacylglycerides [Hil93], but
also waxes can be encountered [Sim16].

The lipid content of seed varies tremendously; it can reach up to 70% in some nut
species. For the germinating seed, a ready source of available energy is particularly im-
portant as a support until it has established its own photosynthetic apparatus. During
the germination process, triacylglycerides are converted into carbohydrates through
the uptake of water.

Mature seeds typically consist of three major components: carbohydrates (sugar), pro-
teins and lipids, the residual moisture of seeds is low. In liquids, proteins and carbo-
hydrates can be detected via NMR, while in dry seeds, the signal decays too fast for
imaging applications.

The highest amount of lipid is found in the embryo, serving as an energy resource
during the early growth phase, and in the aleurone, a thin layer directly underneath
the seed coat, protecting the embryo like a barrier from external influences. Typically,
the concentration of lipid is higher in the cotyledons than in the radicle.

Lipids are located in small lipid bodies in the plant tissue [Wan81], in these the lipid ac-
cumulates in liquid form. Thus, its relaxation times are long enough for high-resolution

imaging, as will be further explained in Chap. 4.
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2.2 Lipid in Plants

2.2.2 The value of lipid imaging in plants

Destructive sampling has long dominated plant sciences and advances in technology
have concentrated on tissue dissection and extraction methodology. The achieved levels
of chemical resolution and sample throughput of these analytical methods are impres-
sive, yet the reconstruction of a living environment from data derived from destructive
sampling can be extremely difficult and is based on a set of suggestions [Bor12].

For the manipulation of oil content and the composition in vegetative and seed tis-
sues of plant, various metabolic engineering strategies were developed [Napl4]. The
progress in at least three different areas requires the implementation of a non-invasive
measurement of lipids in plants:

Technical improvements in the productivity of established oil crops, in particular oil
palm (FElaeis guineensis), soybean (Glycine maz), oilseed rape (Brassica napus) and
sunflower (Helianthus annuus), will increase the interest in a more detailed under-
standing of how the accumulation of lipids is regulated. The generation of such data
prohibits a disturbing of the metabolism and structure of living plant tissue caused by
sampling.

The promotion of new candidate plant species as lipid factories, especially targeting
growing environments not used for arable crop production. This includes drought tol-
erant plant species such as Jatropha curcas, but also various algae which can be grown
in a closed system [Hu08] and species such as Camelina sativa which produce unusual
forms of lipids in their seed [Ban16].

Advances in molecular biology create opportunities to design entirely novel cropping
systems: Plants could be engineered to accumulate lipids in their vegetative tissue, not
only in their seed [And10; Durll]. An alternative is the redirection of assimilates from
their deposition (for example as starch or proteins) into the synthesis and deposition
of lipids [Bar12]. The study of lipid synthesis and deposition will require a complete
approach in order to evaluate the success of these strategies, especially the tracking of
these processes in living tissue.

Driven by the medical sector, the need to develop the means to non-invasively de-
tect lipids led to the elaboration of a number of NMR based protocols [Ber04]. The

challenge is located in the adaption of those for plant applications.
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CHAPTER 3
The basics of MRI

This chapter aims to provide the reader with a basic understanding of the principles
of nuclear magnetic resonance imaging. After the introduction and explanation of the
chemical shift, NMR pulse sequences suitable for chemical shift imaging are presented.
A more detailed explanation of the basics of magnetic resonance imaging can be found
in [Lev08; Brol4].

Preface

In this work all experiments were performed on 'H-nuclei. For reasons of simplicity
they will be denominated as spins. There are NMR applications for detection of other
nuclei, such as 2H, 13C, N etc. Whenever a measurement of that kind is spoken of,

the so-called “X-nucleus” will be mentioned explicitly.

3.1 From spin to signal

The sample contains a large number N of nuclear spins that possess a magnetic mo-
ment . Their individual orientations in space are equally distributed in all directions
[Han08].

In most experiments based on magnetic resonance, the sample is placed in the isocentre
(the homogeneous area of the magnetic field éo = Byé., created by the superconduct-
ing coils of the NMR scanner) of the magnet.

When looking at the behaviour of individual spins, the following property can be ob-
served: each spin precesses around the magnetic field vector By with its individual
Larmor frequency wy, which is dependent on the external field strength By and the
spin’s gyromagnetic ratio o = v/27 (for protons: 42.57747892 MHz/T [COD17b] 1):

wp =—v- By (3.1)

Lor v = 2.675221900 -108 rad/s-T [COD17a] respectively
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3 The basics of MRI

In the magnetic field of the NMR scanner, the sum of all magnetic moments, the mag-
netization MO of the sample builds up and alligns parallel to the external field. The
individual orientation of single spins is no longer equally distributed, a slight abundance
towards the direction of the external magnetic field is present [Han08]. By looking at a
large ensemble of spins (approximately 10%3/cm? in water), the transversal components
of the spins’ magnetic moments cancel out, only the net magnetization M, remains.

This magnetization is the basis for all consecutive NMR experiments. The NMR coil
can, by applying adjusted RF- (radio frequency) pulses, tip the magnetization out of
its initial state and thus create a transversal magnetization ]\7[xy (orthogonal to the
main magnetic field B%). At the end of the so-called excitation pulse, the transversal
component of the magnetization vector precesses in the x-y-plane (which is orthogonal
to the external field Eo) with the Larmor frequency wy. The rotation of the magneti-
zation induces a voltage in the NMR coil: the NMR-signal, also referred to as the FID

or free induction decay (see Fig. 3.1).

t w

Figure 3.1: NMR signal: FID (left) in the time domain and spectrum (right) in the
frequency domain. Both are linked via the Fourier transform.

A fast Fourier transform (FFT) of the FID signal acquired in the time domain reveals
the spectral information about the sample: the spectrum. Its centre frequency is the
Larmor frequency of the spins in the sample, the bandwidth of the spectral peak is
proportional to their transverse relaxation parameters.

The proper selection of the centre frequency wg, of the excitation pulse and its band-
width BWp, determines the chemical compounds being subject of manipulation. The
pulse’s strength (B;) and duration determine the flip angle of the magnetization.

The application of magnetic field gradients during the RF pulses leads to spatially
dependent Larmor frequencies of the spins in the sample [Lau73|, thus the RF pulses
can selectively excite a predetermined slice within the object [Man73]. For the spatial
encoding of the NMR signal within the excited slice, further magnetic field gradients
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3.2 Relaxation

have to be applied. After the excitation pulse, phase encoding gradients encode the
spatial information in the phase of the spins, during data acquisition, a read encoding
gradient alters the frequency of the precessing spins depending on their location in the
sample [Kum75]. In imaging sequences, the read gradient’s strength remains constant
while the phase encoding gradients are stepped through during the experiment. For
the acquisition of a 128 x 64 matrix, 128 points are sampled during read encoding
and 64 phase encoding steps are applied, one within each repetition interval TR. The
sampled data is stored in the so-called k-space, a 2D-FF'T applied on the k-space yields

the associated image.

3.2 Relaxation

The precession frequency of an individual spin depends on two values: the constant
gyromagnetic ratio v and the magnetic field By,. at the location of the spin (see Eq.
3.1). In an ideal experiment, the magnetic field is completely homogeneous and the
interaction of the spins is zero, thus the magnetization vector would precess infinitely
in the transversal plane.

From experimental observations the decay of the transversal magnetization vector with
the simultaneous return of the longitudinal components to equilibrium are known.
Both processes are caused by two factors: (1) the coherences between the spins are not
infinite, they decay to zero, and (2) the populations of the spins in the two eigenstates
are not time independent [Lev08].

The sample itself consists of a large amount of molecules at a certain temperature T,
leading to various thermal motion processes of the molecules. Spins included in these
molecules are subject to this thermal motion - they change location and orientation
continuously. Each of the spins contributing to the magnetization M possesses its own
magnetic moment ji. Thus, each spin also acts as a source of magnetic dipole field
which is seen by the neighbouring spins, and since the spin is moving in space, its
magnetic field is not static. These time-dependent dipolar fields are limited to spins
in close vicinity, yet have a large contribution (called non-secular) to the relaxation of
the magnetization [Keell].

Additionally, local field inhomogeneities are present in most samples, e.g. caused by
air inclusions in the tissue or caused by the dia- or paramagnetic ions (e.g. after
application of a contrast agent). They are called the secular contribution to transverse
relaxation.

For all spins, the experienced local magnetic field By, differs slightly from the external

magnetic field By, in direction, amplitude and also over time.
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3 The basics of MRI

3.2.1 Spin interactions

Figure 3.2: Overview of relative magnitudes of spin interactions, describing intramolec-
ular (gray) and intermolecular (blue) components. Abbreviations: DD
dipole-dipole, CS chemical shift, J J-coupling. Sizes according to [Lev08§],
p- 189

The non-secular variations of the local magnetic field B,,. originate from different
effects and interactions of spins. In Fig. 3.2 the different relative magnitudes of each
effect contributing to the transverse relaxation are represented. In the following the
interaction mechanisms will be examined in more detail.

The direct dipole-dipole coupling describes the interaction of a spin’s magnetic
moment 4 with the magnetic moment pip of a second spin. This interaction may be
either intramolecular or intermolecular. The magnetic field created by spin A interacts
with the magnetic moment of spin B and vice versa

The interaction energy of both spins I, and Ip via dipole-dipole coupling can be

represented by the following term [Lev08]:
HEE(045) = dap - (3Ladp. — 14 Ip) (3.2)
dap is the secular coupling constant, given by:
1 2
dAB = bABé(chS 9,43 - 1) (33)

where 0 45 is the angle between the unit vector é 5 parallel to the line connecting both
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3.2 Relaxation

Figure 3.3: Dipole-dipole interaction of two spins I, and I5. The interaction is mutual,
the magnitude of the interaction between both spins is identical.

spins and the external magnetic field, i.e.
coslap = éap - €, (3.4)

and with the dipole-dipole coupling constant bsp

Mo yavBh
4T rip

bap = (3.5)
which is independent of orientation of the spins. v4 and g are the gyromagnetic ratios
of the nuclei, g the vacuum permeability and r 45 the distance between the spins. The
energy of the two coupling spins is minimized when the orientation is parallel. The
direct dipole-dipole coupling is used for estimation of the internuclear distance r 45 and
also the geometric form of the molecule [Lev08|.

The relaxation caused by the dipolar coupling is proportional to the square of the

coupling itself, thus it goes as [Keell]

1
VAVE—— (3.6)
TAB

The secular dipole-dipole coupling is exactly zero, when the angle 6 45 between the axis
through both spins and the magnetic field vector satisfies the equation [Lev08§]

3cos*(0ap) —1 =0 (3.7)
thus when its solution, the magic angle 6,44 is exactly [Lev08§]

Ormagic = arctany/2 = 54.74° (3.8)
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3 The basics of MRI

This solution finds its application in the so-called magic angle spinning (MAS), where
the sample is rotated at relatively high frequencies (up to 111kHz [Brul7]) around
an axis tilted by the magic angle 8,,44ic away from the magnetic field. This leads to
a minimization of relaxation effects caused by dipolar coupling and thus maximizes
the transversal relaxation times, which furthermore causes a narrowing of the spectral
linewidths by /5 of the NMR active components [Fril3]:

1
s

(3.9)

bij2 =

In isotropic liquids, the secular components of the dipole-dipole coupling average to
zero, meaning it is uniform in all directions. This leaves the MAS technique an impor-
tant tool for solid state spectroscopy.

The J-coupling (also scalar coupling) is an indirect dipole-dipole-coupling. It is trans-
mitted via the electrons inside of a molecule. This coupling mechanism is strongly
dependent on the number of chemical bonds between the coupling nuclei.

In contrast to the previously described interaction mechanisms, the J-coupling is inde-
pendent of the molecular orientation and independent of the field strength, the inter-

action energy of the isotropic J-coupling is proportional to [Lev08§]

Wiy =2mdapla-Ip (3.10)

Jap is the coupling constant, also referred to as the isotropic J-coupling or the scalar
coupling, it is mutual for both nuclei (J4p = Jpa). It is always reported in Hz, thus
describing the distance of the two coupling peaks in a spectrum.

A detailed explanation of the origins and applications of the chemical shift can be
found in chapter 3.3. In brevity, the electrons in a molecule produce a small local field
at the nucleus. The spatial field variation induced by the chemical shift is anisotropic
for most molecules, which means, it is dependent on the orientation of the molecule
(chemical shift anisotropy) [Keell].

In liquid molecules the tumbling rates are high enough to produce an average field
for the NMR active spins, thus an average or isotropic chemical shift is observed.
Nevertheless, for a single spin, its local magnetic field By, is not time-dependent,
this effect increases the loss of coherence after the excitation pulse and thus causes

transversal relaxation.
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3.2 Relaxation

3.2.2 The transverse relaxation

The above-mentioned effects all influence the local magnetic field élow- of a single spin
I;. This leads to a decrease of the precessing magnetization’s coherence, since the
temporally and spatially varying magnetic fields affect the spins’ Larmor frequency
directly (Eq. 3.1).

The signal acquired immediately after an excitation pulse is called free induction decay
(FID), as seen in Fig. 3.1. The overall decay of the transverse magnetization M,,, thus

the loss of coherence, over time t can be summarized by [Keell]

Moy (t) = My, (0) - /% (3.11)
with the transversal relaxation time T3. In some cases the transversal relaxation rate
RS = 1/T5 is used.

In detail, the transversal relaxation time constant consists of two components [Keell]:

1 1 1

212 3.12
T Ty (3:12)

whereby Ty describes the internal field variations, which are related to the local (and
random, non-secular) time-dependent field variations, and TY is related to the external
influences, such as the field inhomogeneities (secular).

The effects caused by the random field fluctuations are irreversible, as discussed in
section 3.2.1. The static contribution of the field inhomogeneities is constant over
time, enabling the user to compensate this signal loss by application of suitable pulse

sequences (as for example the spin echo, discussed in section 4.2.1).

3.2.3 The longitudinal relaxation

The previously described local fields vary randomly in their magnitude and orientation,
interacting with the individual spin’s orientation. The spectral density function J(w)
describes the amount of motion at a certain frequency experienced by a spin [Keell]:

— 27,

J(w) = B?

— 1
loc 1+W27};2 (3 3)

If the spectral density contains frequencies at the Larmor frequency wy, the direct
dipolar interaction between the spins causes them to interact and change orientation.

The correlation time 7. describes the average amount of time required for a spin to
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3 The basics of MRI

achieve an orientation 1 radian away from its starting position [Keell].
Over time, the bulk magnetization is driven back to the equilibrium state Z\7[0 by the

transverse components of the spectral density.

3.2.4 Image contrast

For the analysis of an MR image, the applied sequence parameters always have to be
regarded. Each setting of imaging parameters (e.g. the repetition time TR and the
echo time TE) can suppress or highlight signal from compounds, depending on their
relaxation rates.

In MRI, three major contrasts or weightings (and various compositions of them) can
be adjusted:

e The Ty weighting is induced by a relatively long TE, thus enabling the spins
to interact (Ty relaxation). After this time interval, regions with high spin-spin
interaction (short Ty, dark) and with low spin-spin interaction (long Ts, bright)

show a high contrast in the acquired image.

e A T, weighting is achieved by reducing TR. Regions with different 7T values
differ in their relative signal intensity, since their individual magnetizations are
driven in different steady states by the excitation pulses. A T, weighting is

minimized by setting the shortest possible echo time.

e Proton density weighting reveals information about the spin density in the
sample, thus both previously described weightings have to be avoided: This is
achieved by minimizing the echo time and maximizing the repetition time, typi-

cally in the range of 2-5 times the sample’s T time.

While in living plant samples, a Ty weighting can help separate different tissues, in
dry objects (seeds) the relaxation times are typically relatively short. For avoidance of
signal loss, the echo time and thus the Ty weighting is usually minimized.

For improvement of the SNR in the microscopic images, signal averaging has to be
applied. In order to avoid overlong measurement times, the repetition time TR is

usually set in the range of 1-2 times TR, thus inducing little or no T; weighting.

3.3 The chemical shift

The assumption, that all *H-nuclei possess the same Larmor frequency, only holds true
in first approximation. In different substances (e.g. water and lipid), the resonance

frequencies of the spins are not equal.
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3.3 The chemical shift

3.3.1 Origin of the chemical shift

The origin of the peaks is the direct molecular environment of the observed nucleus,
mostly caused by the presence of electrons. The electrons in a molecule contribute to
local variations of the magnetic field. Currents induced by the external magnetic field
By in the electron cloud of the molecule generate a magnetic field Bj,q = 04-By. Its
strength is directly proportional to the external field.

The chemical shift tensor 6 is a 3x3 matrix of real numbers, it takes into account that
the external field and the induced field have different orientations [Lev08]. In isotropic
liquids, the tensor 6 is isotropic, mostly being simply referred to as the chemical shift.
Its principal values 8% v, 04y, and d7, are identical.

The electronic contributions to the magnetic field can be of diamagnetic nature: if the
electrons are in the ground state (preferably s-electrons) or of paramagnetic nature, if
they are in excited electronic states. Since most electrons occur paired in the electron
shells, their paramagnetic contributions cancel out and only the diamagnetic property
remains. This is the reason for the attenuation of the external magnetic field at the
location of the nucleus, thus resulting in an altered Larmor frequency, see Eq. 3.14.
Usually, this frequency shift is represented in Eq. 3.1 by including the shielding con-
stant o in the term for the local magnetic field B;,.=By-(1—0) [Fril3]

Wy, = —’)/B() . (1 — O’) (314)

The parameter o is independent of the external magnetic field. For better handling in
calculations, its unit is given in ppm (parts per million).

When looking at the individual Larmor frequencies of two different substances, one
can observe that the higher the magnetic field strength used for magnetic resonance
experiments, the larger the Larmor frequency differences between the substances be-
come. Even when looking at a single substance (lipid), several NMR peaks may be
distinguished within the NMR spectrum [Vig03].

The typical value for the chemical shift between water and fat (to be exact: the (CHs),
components of the fatty acid in the lipid molecule, see Fig. 3.4) equals 3.5 ppm [Cal93].
This means, that at a magnetic field strength of 1.0 T and thus a Larmor frequency of
42.58 MHz, the maximum of the lipid signal is shifted by 149 Hz from the maximum of
the water signal.

The effect of the chemical shift becomes even more distinct, the higher the magnetic
field strength is: at 17.6 T the chemical shift Aw between water and fat rises to approxi-
mately 2,600 Hz. This enables the chemical selective investigation of objects containing

more than one compound (e.g. water and lipid), and thus the acquisition of chemical
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3 The basics of MRI
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Figure 3.4: Top: Schematic visualization of the TAG molecule (lipid) and a water
molecule. The strength of the shielding effect of the electrons in the
molecule is dependent on the electron distribution. Thus the resonance
frequency of the individual 'H nuclei within the molecule differs.
Bottom: NMR spectrum of vegetable oil. The individual resonance peaks
are highlighted as the molecular components in the molecules. The reso-
nance peak of the water molecule would appear at position -4.7 ppm (blue).

shift selective datasets.

When an NMR spectrum is acquired, the convention is that the axis of the chemical
shift is assigned from right to left. The reference for each measurement is the fre-
quency of the TMS molecule (tetramethylsilane) [Lev08], leading to the definition of
the absolute chemical shift §:

Wsubstance — WTMS
5substance - (3 15)
wrms
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3.3 The chemical shift

This value is used to distinguish several NMR-active components.

3.3.2 The chemical shift in plant MRI

Plants mostly consist of water and, to some extent, they contain lipids. These are, as in
the human body, primarily a storage compound reserved for future processes requiring
a large amount of energy. Especially in oilrich seeds (such as for example rapeseed
seeds, olives, and soybeans), these lipids are present in large quantities. Two NMR

spectra, acquired in soybean oil and a soybean seed, are shown in Fig. 3.5.

Intensity [a.u.]

7 6 5 4 3 2
& [ppm]

Figure 3.5: NMR spectra of soybean seed (gray) and soybean oil (blue). The local in-
homogeneities in the soybean seed broaden the linewidths of the individual

peaks. Amplitudes were scaled for better visualization.

In each spectrum, the different molecular components at certain chemical shifts provide
a semi-quantitative visualization of their portion within the molecule. The resonance
peak of the water protons can be found at -4.7 ppm, the protons attached to the (CHy),,-
components are found at -1.2 ppm. Around this lipid peak, further components of the
TAG molecule are located: The protons attached to the CHs-group of the fatty acid
and also the protons close to those being attached to a double-bond in the alkene-chain
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3 The basics of MRI

[Vig03], see Fig. 3.4.
In the range of the increased Larmor frequencies (related to the water resonance) the

resonance of the protons attached to a double-bond HC=CH can be found.
Depending on the homogeneity of the sample and the relaxation parameters, the in-
dividual lipid peaks can be merged into one single, broadened peak. In this case, a

further distinction of the components is inhibited, see Fig. 3.5 and [Borl3a).
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CHAPTER 4
Plant Imaging via MRI

The major challenges of plant NMR imaging are explained in this chapter. Since the
focus of this work was the investigation of the lipid distribution and metabolism of
plants and seeds via MRI, the major adaptions and developments for the detection of
lipid in plants within the last decade are presented to provide a detailed overview of the

current state of the art of lipid imaging.’

4.1 Challenges for MRI posed by plant tissue

The focus of the development of nuclear magnetic resonance still lies on clinical diag-
nostics, although MRI is gradually finding uses in food science [Can16]. Plant biology
is a relatively new field for both MRI analysis and associated computer visualization
[Bor12; VA13]. The monitoring of the entire developmental cycle is an application

unique to plants.

4.1.1 Biological challenges

The means of acquiring MR datasets is similar for both plant and non-plant subjects,
yet a direct application of most protocols developed for animal/medical subjects on
plants is not possible.

First, plants are immobile organisms, requiring the NMR user to either bring them
into the MR scanner or the build an NMR spectrometer around the plant.

The demand of living plant objects for the continuing support with light and water
has to be considered for the experimental setup. As long as the plant is supported with
those, it will remain intact. Hereby the plant must remain capable of respiration and
in some cases of photosynthesis. Otherwise, dehydration may occur which can cause a
loss of tension in the plant tissue during the experiment, which leads to an undesired
movement of the plant sample.

IThis section refers to the article “The potential of nuclear magnetic resonance to track lipids in
planta” previously published in Biochimie 130 (2016): 97-108 by Munz et al. [Munl6)

33



4 Plant Imaging via MRI

The metabolism and growth of the plant is significantly slower than in humans, thus
functional measurements (e.g. flow) are planned on longer time scales (hours or even
days). Unfortunately, growth and movement can lead to a failure of the experiment, if
these occasions are not considered. Plant samples have to be fixated in order to sup-
press the possible movement, caused by slow descent due to gravity or the previously
mentioned dehydration.

The diversity of plants in size and shape requires the adaption of the NMR scanner’s
hardware to the measured object. Small seeds in the size of approximateley 1 mm have
to be measured in small coils, while large fruits with diameters in the range of several
10 cm can be measured with NMR coils designed for human applications. The choice
of the NMR spectrometer used for the experiment is also dependent on the sample
size, since the NMR coils of ultra-high field scanners typically have relatively small
diameters, see Chap. 10.4.2.

A major difference between the human and the plant organism can be found in the
chemical composition: Plant tissue contains chlorophyll which is required for the
photosynthesis. Its product, the sucrose, is the main solute in the plant’s vascular
system.

In the plant, a large amount of dead tissue is present, e.g. in the stem as a supportive
tissue (chlorenchyma) or in seeds as the seed coat. Within lengths in the submillime-
tre range the tissue composition changes rapidly and in addition, many plant tissues
contain a significant intracellular space filled with either air or fluid. The homogeneity
of the magnetic field suffers from the air inclusions in the tissue, which can give rise to

artifacts during NMR experiments [Cal94].

4.1.2 MRI related considerations

A high flexibility is provided by chemical shift protocols to the experienced user, but
where the presence of more than one NMR visible component is ignored, chemical
shift artifacts can compromise image quality. The water and the lipid images overlap
in the frequency encoding direction (read direction), the lipid signal is slightly shifted,
as can be seen in several publications [Hon09; Borl3a; Maz15] and [Munl6].

The relatively long Ty value associated with liquid compounds leads to high intensity
MR images in tissues which have a high water content. As a result of high spin-spin
interactions and a high longitudinal relaxation rate, the imaging of tissues with a low
water and /or low lipid content is hindered by a too rapid decay in signal. For imaging
these tissues, short echo time sequences and signal averaging may be necessary.

The aforementioned heterogeneity of the plant is also present on the macroscopic
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scale, for instance in the fruits of crop plants. Siliques are characterized by a distinct
structure - their seeds are attached to the septum, the inner wall in a silique. While the
pod tissue protects the maturing seeds from external influences, the seeds themselves
are surrounded by air. Thus, the measurement of a complete silique is impeded by its
structure’s heterogeneity which strongly deforms the local magnetic field By,..

The shim procedure before each experiment is supposed to compensate this influ-
ence, yet in measurement of siliques, this tool reaches its limits. Chemical shift selective
measurements of seeds within a silique can be performed, yet are restricted to relatively
small regions along the elongation direction of the fruit.

Chemical shift selectivity is achieved by longer RF pulses, yet, when elongating the
echo time, the resulting image contains a reduced SNR. Therefore, the bandwidth of
the pulses has to be set in a rational range, mostly 500 to 2,000 Hz, in order to keep
the echo time as short as possible.

In general, magnetic resonance imaging of plants is limited by the heterogeneity of
the tissues. Adjusted pulse programmes can compensate influences of local inhomo-
geneities, e.g. air inclusions, but some tissues require advanced imaging techniques.
When the combination of NMR hardware, NMR protocol and the object of interest
are well-considered, in vivo resolutions close to the cellular level have been reached in

lipid imaging (6 pm in-plane resolution in the M. flabellifolia plant [Sch03]).

4.2 Plant imaging: MRI pulse sequences

For the successful MR imaging of plants the diligent selection and adaption of pulse
sequences to the sample is required. For coping with the challenges posed by the
inhomogeneous tissue of plants, the spin echo sequence is usually the method of choice

for standard imaging.

4.2.1 Spin echo

In Fig. 4.1, an example for a slice-selective spin echo sequence is provided, recognizable
by the gradients in slice direction during application of the pulses. The initial excita-
tion pulse, usually a 90° pulse, tips the magnetization (of the selected slice) into the
transversal plane. After the end of the pulse, the precessing magnetization dephases
(FID) with the time constant T%, caused by the inhomogeneities in the sample. This
FID is not acquired, but for reasons of completeness, it is mentioned.

The rephasing component of the slice selection gradient is supposed to compensate

phase effects on the magnetization induced by the gradient.
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Figure 4.1: Scheme of the 2D spin echo sequence. Both RF pulses are applied in combi-
nation with a slice selection gradient. The induced NMR signals are shown,
although only the spin echo at time t=TE is relevant. For image acqui-
sition, a phase encoding gradient and a read gradient are necessary. The
latter gradient, as well as the slice selection gradients, require a dephasing
component.

During the interval TE/2, a phase gradient (in phase direction) is applied, encoding
the magnetization with locally dependent phase information required for image recon-
struction.

At the time t=TE/2, a refocusing pulse (180°) is applied, inverting the complete mag-
netization of the sample. Notably and in contrast to the gradient echo sequence, for
each spin the phases induced by local field inhomogeneities are also inverted by the
pulse.

At the time t=TE, the spin echo can be acquired, the gradient required for read encod-
ing (and its dephasing component for compensation of phase effects) is applied in such
a way, that at the time of the echo formation, the phase induced by the gradient is
zero. A signal loss due to spin-spin-interactions has appeared, but the signal intensity
of the echo depends on the transversal relaxation time constant T, which is always
larger than or equal to the previously mentioned time constant T73.

This sequence is repeated for each phase encoding step with an individually calculated
phase gradient. Three-dimensional datasets require a second phase gradient applied

orthogonally to the first phase gradient and the read encoding gradient.
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4.3 Tracking lipids in plants via nuclear magnetic

resonance

The focus of this work was the detection and localization of chemical compounds in
plants, especially referring to the separation of the almost omnipresent water from the
lipid. As will be shown in chapters 5 and 6, the adjustment of the RF pulses is re-
quired for the acquisition of chemical selective datasets. Over the years, the variety
of MRI applications in lipid imaging in plants has grown, a complete overview cannot
be given in this work. Nevertheless, the following sections provide the reader with a
review of the major advances and application in plant lipid imaging performed in the
last decade. A more detailed review was published under the title “The potential of
nuclear magnetic resonance to track lipids in planta” in Biochimie 130 (2016): 97-108
by Munz et al. [Munl6]

The application of magnetic resonance imaging on plants started in 1986, more than a
decade after the first publications of MR imaging [Lau73; Man73]. First experiments
of plant imaging concentrated on the water distribution in root systems of Vicia faber
under undisturbed and light stress conditions, the uptake of water by using a con-
trast agent was also observed, the in-plane resolution was 600 um [Bot86]. Further
experiments also focused on the water content in roots of Pelargonium hortorum, the
three-dimensional images were acquired with an in-plane resolution of 100 ym [Bro86).
The changes in pixel intensity during the period of relatively rapid transpiration were
assigned to changes in water content, the authors also discussed the possibility of a
change of the relaxation parameter T, instead of spin density p.

In the following year, in measurements of stems of Pelargonium hortorum, T-values
and spin density p in transpiring plants were determined, differences in proton density
and apparent spin lattice relaxation time T; enabled the distinction of tissues within
the stem [Joh87]. The 3D measurement reached a resolution of 100 um in-plane with
a slice thickness of 1,250 pm.

An improvement of resolution (50 um in-plane, slice thickness 560 ym) was reached
on the imaging of seeds, roots and stems of maize (Zea mays) [Con87|. Within the
experiments, uptake of a contrast agent (Mn?*) was monitored, enabling the detection
of the xylem vessels in the root. The illustration of structural changes in a germinating
mung bean (Phaesolus aureus), first implications to the separation of the compounds

water and lipid via chemical shift selective imaging were given.
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4.4 Applications of NMR spectroscopy to plants

The requirements for a successful isolation of the lipid signal from the “background”
signal necessitates the knowledge of the overall constitution of the sample in the NMR
experiment. This information can be acquired non-invasively after the setup of the
sample in the NMR scanner with spectroscopic NMR methods.

NMR Spectroscopy started after the discovery of the NMR effect by Bloch and Purcell
[Blo46; Pur46]. Since then a variety of spectroscopy sequences have been developed.
All spectroscopic sequences have in common: excitation pulses with relatively high
bandwidth that manipulate the magnetization and that signal is acquired without a
gradient required for imaging. Before excitation and signal acquisition, various prepa-
rations and manipulations of the magnetization are possible. While their description
fills complete books [Fril3], a closer look on basic spectroscopic NMR applications in

regard to plant imaging is given in the following sections.

4.4.1 Global spectroscopy

The optimal choice for deriving the chemical constitution of a sample is global spec-
troscopy. The experiment can be performed within a short period of time and provides
the information about the NMR active compounds present in the sample. An estima-
tion of the global relaxation times can also be performed when sequence parameters
such as TR and TE are modified. This information is the basis for the selection of
appropriate NMR protocols for further measurements. The settings of the excitation
pulse determine the content of the global spectrum, which can show both, water and
lipid, or water only and lipid only. Further components, such as sucrose and amino
acids, typically are not visible in the globally acquired spectrum.

The experimental design enables the detection of several nuclei, recent applications
have featured 'H NMR, [Vig03; Sat09], *C NMR and 3'P NMR [Day08].

A system for assessing the quality of oilseeds, based on a continuous wave free pre-
cession '"H NMR sequence, was proposed several years ago [Col07]. Hundreds of large
and heterogeneous seeds carrying a range of lipid content, from soybean (Glycine maz)
(22% lipid) through physic nut (Jatropha curcas) (35%) and peanut (Arachis hypogaea)
(45%) to the macadamia nut (Macadamia integrifolia) (65%) could be monitored. The
non-invasive quantification of lipids of up to 24,000 seeds per hour was enabled by a
short measurement time of ca. 150ms. The only limiting factor for analysis of dif-
ferently sized seeds was the size of the NMR coil (in this case 18 mm). In principle,
this method does not require a high field or large bore magnets, and could be easily

adapted to measure classes of compounds other than lipids in either seeds/fruits or
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food/feed.

With pulsed-field gradient (PFG) techniques, where a short timed pulse of spatially-
variable field intensity is applied, the estimation of the diameter of oil bodies harboured
by a range of seeds by assessing the extent of diffusion of lipids was enabled [Grol5).
The determined values agreed well with conclusions based on optical methods.

The study of lipid accumulation and composition in the J. curcas seed via PFG-
methods revealed various free fatty acids, fatty acid methyl esters and triglycerol esters,
along with small quantity of sterols [Ann08]. The initial stage of lipid accumulation
and an estimation of the proportion of the different compounds present could be de-
fined.

The potential of *C NMR was demonstrated in an in vivo metabolite profiling exper-
iment carried out on conifer seeds [Ter05al. An accurate quantification of the seeds’
lipid content and the fatty acid composition of the major storage lipids present was pro-
vided. During both germination and early seedling growth, free amino acids (arginine
and asparagine) were detectable. The prediction of seed viability and the detection of
the presence of developmental aberrations in conifer seed was successfully performed
by 'H and 3C NMR.

When the sample is a solid material, the magic angle spinning (MAS) NMR technique
is a frequent choice. In highly heterogeneous structures (such as seeds), the NMR
spectrum tends to comprise a number of broad, overlapping spectral lines, thereby
obscuring the isotropic chemical information. Magnetic anisotropies within the sample
are dealt with in MAS NMR by rotating the sample at high frequencies, see Chap.
3.2.1. This leads to a reduction of the line broadening and an improvement in spectral
resolution. Spinning frequencies typically lie in the range a few hundred to 70,000 Hz
[Lev08].

Differentiation of Arabidopsis thaliana wild type plants with a cellulose-deficient mu-
tant was enabled by the application of 'H and *C MAS NMR, [Whel5].The iden-
tification of signal from molecules with restricted diffusion, such as lipids, was car-
ried out on basis of diffusion-weighted spectra. The acquisition of two dimensional
HSQC (heteronuclear single quantum coherence) spectra delivered information about
the molecular connectivity between 'H and *C, and provided a metabolite fingerprint.
A comparison of the fatty acid composition of the wild type vs mutant seeds could be
produced by combination of these methods, and also revealed differences in the way
in which stored energy was processed. The use of further NMR methods (e.g. 1D 3C
Cross Polarization and 1D solid-state *C NMR spectroscopy, both for detection of the
rigid compounds such as starch, cellulose, and lignin), the identification of differences

in the content of glutamine, phenylalanine, starch, lignin, methanol, and nucleic acid
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was enabled.

4.4.2 Localized spectroscopy

Plant samples usually consist of several distinct components and organs; a seed consists
of seed coat, endosperm and embryo. Each organ influences the seed’s size, composition
and metabolism/growth, and each also has its specific set of functions. It is of both
fundamental and applied interest to observe the behaviour of these discrete structures
in vivo (e.g. distinct pattern of lipid accumulation in embryo and endosperm) dur-
ing the course of the seed’s development, germination and response to environmental
influences. The necessary data cannot be supplied by global spectroscopy, instead,
the selective excitation of a defined portion of the sample is required for a localized

spectrum.

Single pulse

The single pulse sequence consists of one single excitation pulse and an immediately
started acquisition window for the NMR signal. The parameters of the pulse (e.g.
bandwidth, pulse shape and flip angle) can be adjusted. The resulting FID contains
the spectroscopic information about the sample. Usually, this sequence is used for a
simple overview of the sample, regarding its chemical composition.

In the endosperm of a pea seed (Peasum sativum), several metabolites, such as sucrose,
alanine, glutamine and lactate could be detected [Mel09b]. In further experiments,

these metabolites could be further quantified.

PRESS: Point-resolved Spectroscopy

For obtaining a localized spectrum from a sample, the point-resolved spectroscopy
(PRESS) method is commonly used [Bot84]. In this method, the signal originates
from the intersection (typically a cube) of three orthogonal slices. After the excitation
of a single slice in the sample, the following two refocusing pulses are applied to each
single slice orthogonal to the previous slice(s).

The PRESS method is applied when a spectroscopic comparison of different regions
in a sample is desired and the measurement time has to be kept short, in contrast to
Chemical Shift Imaging.

By applying Point-resolved spectroscopy (PRESS), consisting of one slice excitation
pulse and two orthogonal slice refocusing pulses, voxel-specific spectra can be acquired.

This method enabled the tracking of lipid content in the embryo of the areca palm fruit
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(Areca catechu) and demonstrated its increase over time [Sril6]. Simultaneously, data

regarding the water, sugar and alkaloid content of the seed were acquired.

Chemical Shift Imaging (CSI)

Unlike the other imaging sequences, Chemical Shift Imaging (CSI) relies on phase
encoding only [Poh97] (in combination with a slice selection gradient during the pulse

application), as is shown in Fig. 4.2.
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Figure 4.2: Scheme of the CSI sequence, which relies (except for the slice selection) on
phase encoding only. The course of the pulse programme is in this case
analogue to the spin echo sequence.

In the reconstructed images, each voxel contains the NMR spectrum of said voxel. This
enables the user to decide after the acquisition of the dataset, whether to select a single
voxel (or region) and analyze the associated spectrum - or to select a spectral region
in all spectra and analyze the associated distribution within the sample.

This advantage is paid for with a highly increased measurement time, typically the
acquisition of a 2D CSI dataset with a matrix of 128 x 64 is as time-consuming as a 3D
spin echo dataset with a matrix of 128 x 128 x 64; if a repetition time TR of 2000 ms
is assumed, the duration is 4 h 33 min for both experiments.

Chemical shift imaging can be performed in two acquisition modes: in the “FID mode”,
the signal is acquired after the excitation pulse with a hardware-dependent delay. Here,
the signal is T3-weighted.

In the “spin echo mode”, a second refocusing pulse generates an echo which then is
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acquired. A CSI experiment on plants benefits from utilization of the “spin echo mode”,
since at the time TE the signal loss caused by the T3 relaxation is compensated.

On plants, several experiments were performed with the CSI sequence: Quantification
of metabolites in the endosperm of pea seeds was achieved by using a CSI sequence in
combination with a water suppression scheme. A gradient of sucrose within the seed’s
embryo, falling from the inner regions down to the outside was detected [Mel09b).
In the endosperm vacuole, the distribution of the metabolites sucrose, alanine and
glutamine was homogeneous.

A CSI sequence adjusted to measure the allocation of 3C-labelled sucrose enabled the
visualization of the distribution of the sucrose within a barley caryopsis [Melll]. The
labelling front’s velocity inside the imaging plane was determined to be 145 um/h in
dorso-ventral direction and 72 um/h in lateral regions of the pericarp. An anatomic
'H image of the seed was captured by using a double-resonant coil.

The monitoring of a barley grain’s development via CSI enabled the generation of
separate images for water, lipids and sugars [Gli06]. At a series of developmental stages
and focused on specific regions of the caryopsis, NMR spectra were captured. They
showed the accumulation of lipid in the embryo over time, while the content of soluble
carbohydrate declined in the endosperm. It was possible to model the distribution of
water and lipids over the course of the grain’s development, by combining the data

with three-dimensional images illustrating the local water content.

4.5 Chemical shift selective imaging of plants

When the detailed chemical information about the NMR spectrum is not available
or required, the Chemical Shift Selective Imaging (CSSI) method can provide a high-
resolution dataset from the compound of interest within a moderate measurement time.
In contrast to the previously described spectroscopic sequences, the chemical shift se-
lective imaging (CSSI) relies on the setting of the excitation and the refocusing pulses.
They are adjusted in such a way that only the spins of a chosen chemical compound
(e.g. water or lipid) are selected.

This technique requires a sufficiently large chemical shift between the desired com-
pound’s spins and the spins of other present compounds. For this reason, this imaging
technique is usually restricted to high field MR experiments. A requirement of the
chemical selection is the absence of slice selection gradients, thus global RF pulses
have to be used. A read encoding gradient is applied during data acquisition, which
separates this imaging technique from the localized spectroscopy techniques.

3D CSSI datasets of a complete seed or a large portion of a plant can be imaged in
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approximately the same time as a 2D CSI dataset with similar in-plane resolution,

first applications in plants started in 1991 [Pop91]. Chemical shift selective imaging

_ N N\

w w w

Figure 4.3: Scheme of CSSI techniques:

Left: Only one component is NMR active, the pulse bandwidth (gray) can
be chosen freely. In this case, no preparation is required.

Centre: Solvent suppression. The undesired component (blue) is subject
to a solvent suppression scheme (highlighted blue) before excitation of the
desired component is performed.

Right: Interleaved CSSI. Both substances (blue, orange) are excited in an
interleaved acquisition scheme. For avoidance of combined excitation, the
bandwidths of the pulses have to be diligently adjusted.

(CSSI) can be achieved with a variety of pulse sequences, the most important imaging

schemes, visualized in Fig. 4.3, are exemplified in the following sections.

4.5.1 CSSI without preparation module

A simple way of detecting and imaging one component only can be achieved when the
other NMR-active components are present in small amounts or not detectable due to
short relaxation times (Fig. 4.3, left). In dry plants, bound water does not contribute
to the resulting images since its relaxation time is very short (in the order of 1 ms and
below). This enables the data acquisition of lipid without any major preparation, since
it is the predominating signal source in the plant object. With this method, the highest
in-plane resolution in lipid-imaging in plants (6 um) was achieved when analysing the
lipid distribution in the xylem tissue of the resurrection plant (Myrothamnus flabelli-
folia) [Sch03].

The examination of assays of several seed lots of the western red cedar (Thuja pli-
cata) indicated that non-viability is associated with a markedly reduced “liquid” lipid
content, a conclusion which could not be drawn from X-ray images [Ter08].The ger-

mination capacity seems to be dependent of the “liquid” lipid content, since when the
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seed is damaged, the oxidation of the “liquid” fraction tends to promote lipid polymer-
ization.

The influence of ageing on the lipid distribution in the barley and wheat grain showed
no perceptible effect on either the spatial distribution or the quantity of lipid present.
For the standard spin echo sequence, no suppression of water or chemical shift selection
was needed because the moisture content of the grain was low [Borll].

Virtual models of the tobacco seed (Nicotiana spp.) could be derived based on measure-
ments made from more than 200 seeds from both a wild type cultivar and a transgenic
line [Fucl3]. The seeds were measured in bulk using a standard spin echo sequence.
This was possible as no water signal was detectable in the dry seeds. Clear differences
in the pattern of lipid accumulation in the seeds, both the endosperm and the embryo,
were revealed by the comparison of the lipid models of the wild type and transgenic
seed. Furthermore, a correlation between seed size and lipid content was detected in

the transgenic, but not in the wild type line.

4.5.2 Selection via solvent suppression

The utilization of an adjusted solvent suppression scheme is necessary when more than
one compound is NMR active (Fig. 4.3, centre). Especially the detection of sugars or
the measurement of protons attached to lipid molecules within fruits requires a reliable
suppression of the water signal. Signal from the other compound(s) is suppressed
by saturating the particular protons prior to excitation of the desired magnetization,
e.g. with a CHESS suppression module [Haa85]. This facilitates the acquisition of
a CSSI dataset more rapidly than is possible by using CSI, but only one component
can be detected during the experiment. A scheme of this imaging sequence is shown
in Fig. 4.4. In an exploration of soybean and groundnut seeds, without an adjusted
solvent suppression scheme, the image quality was severely deteriorated due to phase
cancellation created by the sum of the two complex signals (in the overlapping regions
of water and lipid signal) and “shadow” artifacts. These artifacts could be reduced by
the inclusion of the suppression scheme [Hon09).

The NMR imaging of a tobacco capsule [Fuc13] could produce both an improved level of
resolution over light microscopy-derived ones, while also providing a semi-quantitative
measure of the capsule’s and seeds lipid content. Datasets were acquired by applying

a solvent suppression scheme able to produce both water- and lipid-selective images
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Figure 4.4: Scheme of a CSSI sequence combined with a CHESS module. The sol-
vent suppression module (blue) is applied with selective RF pulses prior to
(global) excitation of the desired compound (orange)

4.5.3 Improved CSS-imaging techniques

The ultra-high magnetic fields used in some NMR imaging experiments allow the user
to include frequency-selective excitation and refocusing pulses. A requirement for this
method is an accurate shim of the magnetic field, thus an optimization of its homo-
geneity.

Depending on the sample’s composition, each compound’s spectral peak bandwidth
typically is in the range of 100 Hz (wet sample) to 1.000 Hz (dry sample). For the
successful selective excitation of one single component, the centre frequency and the
bandwidth of the RF pulse have to be adjusted to match the component’s resonance
frequency and bandwidth.

The pulse’s duration depends on the bandwidths of the pulse. For this reason, nar-
row and thus chemical shift-selective pulses increase the minimal echo-time. In most

imaging experiments, this restriction has no major effect on image quality.

Simultaneous CSSI measurement of multiple components

When applying the CSSI technique with component-selective pulses, only the magne-
tization of one chemical component is affected. Thus, during the setup of the MRI
experiment, additional imaging volumes with identical sequence parameters (spatial

and temporal) can be included in the measurement protocol, but each with an individ-
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ually selected offset frequency (O;) for the RF pulses, as is shown in Fig. 4.3 (right).
Typically, in plant imaging this technique is used for the simultaneous measurement
of two different chemical compounds for monitoring dynamic processes in plants. A

scheme of an interleaved CSSI spin echo sequence is shown in Fig. 4.5.
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Figure 4.5: Interleaved CSSI spin echo sequence. The utilization of the interleaved
option in the measurement protocol enables the simultaneous acquisition
of two chemical compounds. Here, two spin echo sequences for two differ-
ent compounds (blue and orange) are applied in succession. The chemical
selective RF' pulses are applied without slice selection gradients.

The use of (interleaved) CSSI measurements in seeds enables the assay of the lipid
content and at the same time, it provides information about the overall seed topology.
Furthermore, this imaging technique has a number of potential applications: among
other things providing a means to test and optimize transgenic strategies aimed at the
manipulation of seed size, seed number, and lipid content in fruits of various species.
Two chemical-shift selective images of a maize seed are shown in Fig. 4.6

By imaging the distribution of water and lipids using frequency-selective pulses, the
ripening process of olive fruits has been studied. While the lipids accumulated in the
pulp, water movement from the inner to the outer mesocarp was detected [Bre(7].
Using CSSI, the development of the barley grain has been characterized through inde-
pendently acquired water and lipid datasets [Neu08]. The internal anatomy and the
mechanics of lipid storage of the grain could be clarified based on the resulting high
resolution images. For selected dissected areas of a target seed a calibration procedure
involving the gas chromatography could be achieved. The complete 3D dataset then
could be used for quantification regarding the absolute lipid content of the whole sam-

ple, assessing lipid concentrations in the micromolar range within the grain. Transfer-
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Figure 4.6: Chemical shift selective imaging of a maize seed. Left: 3D-visualization of
water (blue) and lipid (orange) distribution in a maize seed during mat-
uration. Right: Selected 2D-slices of the 3D dataset, showing the lipid

(orange) and water (gray) in the maturing seed (previously published in
[Mun16]).

ring this approach to a soybean resulted in a high level of agreement with the outcome
of destructive gas chromatography.

The identification of the endosperm of the oat grain as being the predominant site for
lipid accumulation was performed using a frequency-selective CSSI sequence [Hay11].
The spatially resolved MRI could distinguish between two closely related oat cultivars
which differed in their grain lipid content.

Results previously acquired with mass spectrometric imaging (MSI) were compared
with three dimensional MR imaging of lipids in cotton seeds. Against expectations,
the obtained distribution of the lipids was found to be non-uniform [Horl12]. A com-
parison with the output of matrix-assisted laser desorption/ionization (MALDI)-MSI
analysis showed that ion suppression may occur in mass spectrometry, thereby weak-
ening the reliability of any quantitative conclusions.

When aiming to visualize lipid distribution in C. sativa seeds at a high level of reso-
lution in 3D, some putative differences between genotypes with respect to metabolic
processes underlying lipid production within the embryo were identified [Hor13].

The application of a water-suppression scheme prior to the high resolution lipid imaging
of oilseed rape (Brassica napus) enabled the visualization of steep gradients in oil de-
position within the tiny embryo under in vivo and in vitro growth conditions [Bor13b].
The spatial and temporal relations of lipid topology were defined to those established

for the accumulation of starch and storage proteins, cellular growth, photosynthetic
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activity, and metabolite pattern. By this study it was shown how the embryo is able to
make local metabolic adjustments to its environmental and growing conditions, and a
mechanistic view on the role of seed architecture for embryo metabolism in living seed
was provided.

The three dimensional distribution of lipids in the oat grain was determined by using
a frequency-selective spin echo sequence [Rol15]. Volume and lipid content of the vari-
ous seed organs could be estimated on basis of the data.A further comparison between
the lipid fraction in both the embryo and endosperm of a single bread wheat grain
(Triticum aestivum) showed that the embryo and aleurone layer together represent the
major storage site for grain lipids.

Differences in the distribution of lipids as well as in grain organ size between a wild
type and a transgenic barley could be detected; these alterations were associated with
metabolic perturbation induced by the presence of the transgene [Kov16].

The interleaved measurement of two or more components is an elegant use of the CSSI
method. By applying component-selective pulses in a distinct time sequence, which is
designed so that one component is excited during the interval reserved for the relax-
ation of other component, measurement time can be saved. With this method, high
resolution MR imaging provided interleaved selective measurements of water and lipid.
Analyzing the imbibition and germination of seeds (see also chapter 5) represents a
major application of frequency-selective pulses in combination with interleaved volume
acquisition.

In hourly intervals, imbibed seeds of Pinus monticola were imaged. The water uptake
and changes in the lipid content both inside and at the surface of the megagametophyte
could be studied [Ter05b].

The interleaved CSS imaging of a tobacco capsule delivered information regarding the
hydration of the capsule and identified the vascular bundles, along with the placental
stalk and bundles, as being the most strongly hydrated portions of the capsule in the
water dataset. The high resolution lipid dataset in addition, containing hundreds of
simultaneously imaged seeds, provided the means to non-destructively estimate the
number of seeds harbored by the capsule, and to assess lipid gradients inside of indi-

vidual submillimetre seeds [Fucl3].

Advanced Imaging Techniques

The requirement for short measurement times of high-resolution datasets can only be
fulfilled when the signal to noise ratio (SNR) is sufficient. An improvement of signal

can be reached with different approaches, e.g. by shortening the echo time, TE, or
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elongating the repetition time, TR. Typically, these parameters are already optimized
as a compromise between measurement time, chemical selectivity and matrix size.
Thus, the noise acquired in an MRI dataset has to be reduced, which can be achieved
by the application of a cryo probehead: An NMR coil combined with a closed cycle
helium cryocooler. Here, the NMR coil(s) as well as the electronic circuits are cooled
down to a very low temperature for reduction of noise contributions resulting from
the random thermal motion of electrons in the conductors. Also, the resistivity of
the metal components is reduced at lower temperatures, which additionally leads to a
decrease of noise. Further components, such as the preamplifier, the filters, and the
transmit-receive-switch are also cooled for reduction of noise.

Subsequently, the sample inside the NMR coil hast to be tempered to an ambient tem-
perature; this is achieved by an additional air conditioning of the sample during the
experiments.

The NMR scanner recently installed at the IPK Gatersleben (see Data 10.4) is equipped
with a double resonant 'H-'3C-CryoProbehead (see Data 10.12) which is cooled down
to a temperature of approximately 18 K. Compared to non-cryogen cooled NMR coils,
an improvement of SNR by a factor of 7 to 8 can be reached with this experimental

setup (data based on the manufacturer’s specifications).

Figure 4.7: Chemical shift selective dataset (left: water, right: lipid) of a germinated
rapeseed, acquired with a cryogen cooled probehead. The isotropic resolu-
tion of 20 um was only reachable due to reduction of the noise created by
the hardware.

This coil was used for high-resolution chemical shift-selective datasets of a germinated

rapeseed (see Fig. 4.7). An isotropic resolution of 20 um could be achieved with the
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measurement parameters shown in Tab. 4.1.

TR | 750 ms FoV | 4.5 x 4.5 x 4.5mm?
TE | 10.1ms Matrix | 225 x 225 x 225
NA | 2

NE |1 Tacq | 21h S5min

Table 4.1: Measurement parameters for the cryoprobe experiment of a germinated rape-
seed. Abbreviations: TR: Repetition Time, TE: Echo Time, NA: Number
of Averages, NE: number of Echoes, FoV: Field of View, T 4.,: Total du-
ration of the experiment.

The experimental setup is more complicated when a cryogen cooled probehead is uti-
lized for signal acquisition, yet the advantages gained in signal and /or image resolution
are obvious: With the cryoprobe, the image resolution could be doubled in all three
dimensions, compared to typical image resolution of germinated rapeseeds acquired
with standard room temperature coils. This NMR coil will also be used for the detec-

tion and localisation of 3C-labelled molecules in plant samples, as was performed by
Melkus et al. [Melll].
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4.6 Outlook

In the following part, the four major projects of this PhD-thesis are presented:

In chapter 5, a chemical shift selective imaging technique was developed for the monitor-
ing of a germinating rapeseed and the visualization and localization of the water entry
point in the seed coat. Both temporal and spatial resolution, as well as the chemical
selectivity of the RF pulses had to be adjusted to acquire high resolution MRI datasets,
which could be further analyzed with 3D rendering software tools. Based on the MRI

experiments, further experiments were performed to underline the obtained results.

Chapter 6 focuses on the spatial distribution of saturated and unsaturated fatty acid
components, visualized in seeds and fruits with an adjusted CSS-Imaging technique.
Developmental and species-typical differences were found in the investigated plant sam-
ples. The method can be used for the monitoring of the seed status under different

storage conditions and may be used as a characterization for seed phenotyping.

With the development of a plant imaging method based on a sequence typically used
in clinical imaging, the fast-relaxing compounds in plants and seeds (starch, bound wa-
ter) were visualized for the first time. In chapter 7 the advantages of this non-invasive
method are presented, it provides new insights into plant objects at the microscopic

level.

The transport characteristics of a contrast agent in living plant samples was inves-
tigated in chapter 8: A method was developed to acquire information non-invasively
about dynamic features of the contrast agent. Its concentration in the living plant

tissue and translocation velocity could be determined with this approach.
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CHAPTER 5
Fat- & water-selective dynamic

microscopic imaging of germination

Since one of the first studies of MRI on plants, the germination of seeds was of interest
to both, the physicist designing MRI methods, and the biologist, now getting new insights
into the beginning of a new life [Con87]. Here, a novel approach was developed to
ivestigate the restart of life in a germinating rapeseed. By combining a non-invasive,
compound-selective imaging technology and the invasive, but high-resolution analytical
tools microscopy, mass spectrometry, and respiration mapping, the pathway of water
i the germinating seed could be tracked and the restart of a new life in each of the
seed’s organs could be correlated to the presence of water. Simultaneously, the restart
of the embryo’s metabolism could be tracked in the residual endosperm, being located
underneath the seed coat and between the cotyledons - opposed to previous assumptions
of a metabolism in the seed’s organs. A predetermined gap in the aleurone layer, being
permeable for the water and thus working as an entry-point of the water into the seed,

was identified.”!

Preface and Motivation

The germination, the process of a dormant seed springing to life, has been a focus
of plant biologists for many years. Yet still, the early events of the water uptake
(imbibition), during which’s the embryo’s metabolism restarts, remain unknown. By
adopting a comprehensive in vivo approach designed for characterization of both the
structural changes occurring during germination and entry and redistribution of water,
and the the catabolism of the lipids, the source for the rebooting in oilseed rape/canola
(Brassica napus) seed has been investigated. The capacity of dynamic MRI to show
non-invasively provided insight into the imbibition process, showing that the seed’s

architecture and especially the embryo’s vasculature directly determine the temporal

IThis chapter refers to the article “A functional imaging study of germinating oilseed rape seed”
previously published in New Phytologist 216 (2017): 1181-1190 by Munz et al. [Mun17]
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5 Fat- & water-selective dynamic microscopic imaging of germination

pattern. In the endosperm, the respiratory oxygen consumption is initiated first and
only later spreading in the embryo. by capturing the metabolic signatures and imaging
of lipids together is was possible to to resolve where and when specific metabolic path-
ways are re-activated. The whole germination process is guided by the spatiotemporal

sequence of tissue hydration.

5.1 Introduction and Overview

Crop establishment strongly depends on seed germination [God10; FS15]. The im-
bibition (the uptake of water) marks the beginning of the process, it ends with the
protrusion of the seedlings radicle (root) [Bew97; FS06]. The physiological, molecular,
and biochemical basis of the process has been elucidated by the long-standing interest
of the plant biologists in germination [Weill; Néel7; Rajl2]. The rate and timing
of germination are influenced by endogeneous (hormone status, dormancy, genotype)
and exogeneous (availability of oxygen, moisture, and ambient temperature) factors.
During the process, storage proteins and other nutrients are catabolized.The more com-
plete the picture of the germination is becoming, the more attention is turned to the
processes and events occurring in vivo in the seed.

Many attempts to trace the water into and within the germinating seed have been made,
mainly because the the rebooting of the seed’s metabolism requires water. in conven-
tional experiments, this is achieved by imbibing the seeds in the presence of tracers,
which can be dyes or compounds small and inactive enough to eliminate a disruption
of the imbibition process [Salll; Mus05]. Non-invasive imaging of the germination
process was promoted at a high level of spatial resolution by radiation platforms which
either rely on neutron beams [MAT97] or X-rays [Niel7]. However, such platforms are
rendered unusable for long-term observations by the excessive energy intruduced into
the sample. The nuclear magnetic resonance technology does not rely on high energy
radiation, it was designed to capture many of the physical, dynamic, and biochemical
properties of living tissue. The potential of NMR to monitor living objects such as
plants over long periods of time has been shown [Bor12; VA13]. A number of novel in-
sights have been produces by it’s application to the non-invasive study of germination,
as can be seen in in Tab. 5.1.

The conclusion was that the permeability of the seed’s coat (testa) plays a central
role to the control of water uptake. Furthermore, the process of imbibition differs
significantly between different seed tissues and between species [Stel6]. The dynamic
visualization of the germination process in any of the leading crop species is a challenge

due to the relatively small size of most seeds and due to the heterogeneity of the tissue
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5 Fat- & water-selective dynamic microscopic imaging of germination

within them.

5.2 Material and Methods

5.2.1 Experimental setup and preparation of seeds

In all experiments seeds of oilseed rape (Brassica napus L. var. Reston) grown in green-
house were used. By placing seeds inside of 5mm NMR-tubes containing either agar
or water, or on wet filter paper in Petri dishes germination was tested. For destructive

assays, the seeds were taken at regular intervals for each particular experiment.

5.2.2 Long time MRI experiment

For the MR-imaging experiments of the germination, 2% agar (Agar-Agar, danish,
Carl Roth GmbH, Germany) with a firm, fine texture was used. It provided good
seed-to-exterior contact, minimization of seed displacement during the experiment and
it allowed for oxygen/water-supply during the long time monitoring of the germination
process.

Materials like teflon as a holding device could not be used, since the transition water-
teflon could cause artifacts in the resulting images. Tissues like cotton wool or sponges
tend to include small air bubbles or can cause their formation. The Bruker AMX NMR
scanner? and a custom made Helmholtz-type resonator® were used for the long time
monitoring of the germination. For the simultaneous measurement of the alteration of
water and lipid a Multi-spin echo sequence was adjusted (see Fig. 4.5) with frequency
selective hermite pulses (2,000 Hz bandwidth). The detailed measurement parameters
for achieving a temporal resolution of 27min and an isotropic spatial resolution of

94 pym are presented in Tab. 5.2.

TR | 400 ms FoV | 12.0 x 6.0 x 6.0 mm?
TE | 7.2ms Matrix | 128 x 64 x 64

NA |1 Ngap | 110

NE | 8 Tacq | 50h 03 min

Table 5.2: Measurement parameters for the long time monitoring experiment. Abbre-
viations: TR: Repetition Time, TE: Echo Time, NA: Number of Averages,
NE: number of Echoes, FoV: Field of View, Ng,,: Number of individual
experiments, T 4.,: Total duration of the experiment.

2For details see Data 10.1 in the appendix
3For details see Data 10.5 in the appendix
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5.2.3 Localization of water gap

The microscopy measurements for analysis of the water gap in the aleurone layer were
performed with the hardware as described above and with the measurement parameters
as in Tab. 5.3.

TR | 1,000 ms FoV | 10.0 x 5.0 x 5.0 mm?
TE | 8.2ms Matrix | 200 x 100 x 100

NA | 4 Npop | 1

NE | 1 Taey | 11h 06 min

Table 5.3: Measurement parameters for analysis of the water gap in the aleurone layer.

5.2.4 Imaging of non-germinating seeds

The measurement of the non-germinating seeds was performed with the measurement
parameters shown in Tab. 5.4. The experiment was performed on the Bruker 750er?

and with an in-house built saddle coil (i.d. bmm).

TR | 250 ms FoV | 12.0 x 6.0 x 6.0 mm?3
TE | 5.2ms Matrix | 128 x 64 x 64

NA |1 Ngzp | 70

NE | 1 Tacqg | 190 54 min

Table 5.4: Measurement parameters for measurement of the non-germinating seeds.

5.2.5 Microscopy of the vascular tissue

In order to validate the in vivo-imaging, high resolution microscopy experiments were
performed on an Agilent 400 MHz NMR scanner® and the custom-built ceramic res-
onator with an inner diameter of 5 mm®. At different stages of imbibition/germination,
seeds were fixed and immersed in fully-fluorinated liquid (FC-43, 3M, St. Paul, MN,
USA) for susceptibility-matching. For imaging, a standard spin echo sequence with
an adjusted solvent CHESS [Haa85] suppression scheme was used, the sequence was
set up to acquire signal from the protons attached to the (CHy),, molecules only. The
global Ty value of the sample was measured for adjustment of the repetition time

TR. Minimization of the echo-time TE was performed for suppression of influence of

4For details see Data 10.2 in the appendix
SFor details see Data 10.3 in the appendix
SFor details see Data 10.9 in the appendix
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5 Fat- & water-selective dynamic microscopic imaging of germination

the transverse relaxation. The use of a partial-Fourier-acquisition scheme, the mea-
surement time could be reduced by 25% to approx. 21h. The detailed measurement

parameters are shown in table 5.5.

TR | 683 ms FoV | 21.0 x 4.5 x 4.5mm?
TE | 7.6 ms Matrix | 526 x 84 x 112

NA | 12 Nezp | 1

NE | 1 Taeq | 210

Table 5.5: Measurement parameters for the long time monitoring experiment. Abbre-
viations: see table 5.2

5.2.6 Data processing

The processing of all raw NMR data was performed using in-house written Matlab
scripts (MathWorks, Natick, MA, USA). A zero-filling by a factor of 2 was performed,
after Fourier-transformation to image-space, the multiple echoes (if acquired) were used
for To-correction of the measured datasets. The relative proton density was calculated,
based on a Least-Squares-Algorithm, for each voxel individually thus minimizing the
transverse relaxations influence.

The 3D-visualization and segmentation of the resulting image data was performed using
AMIRA software (FEI Visualization Sciences Group, Mérignac, France).

Furthermore, the 4D monitoring data was used for dynamic modelling.

5.2.7 Non-MRI Methods

The descriptions of non-MRI methods supporting the work in this chapter can be found
in the Appendix, Chap. 10.3.

5.3 Results

5.3.1 Location of water entry and hydration pattern

The embryo, consisting of the radicle and the two cotyledons, is encased by the testa
(Fig. 5.1), between its outer surface and the testa a few air-filled spaces can be found.
As a result of tissue shrinkage occurring during tissue dehydration, additional spaces
can sometimes form in the centre of the seed. After maturation, only the lipid-rich
aleurone layer remains from the endosperm, it is located between the testa and the

embryo and in contact with the radicle and the inner cotyledon. like a “second skin”,
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Figure 5.1: Seed expansion during imbibition. (A) Mature rapeseed. (B) Schematic
view of a mature and dry seed, showing the individual organs: en en-
dosperm, ic inner cotyledon, oc outer cotyledon, sc seed coat, al aleurone,
ra radicle. (C) Volume of embryo at the start (red) and end (gray) of the
germination process. (D) Volume of selected organs at time of imbibition
and 20 h after imbibition.

the embryo is enveloped by the oil-containing endosperm. During the imbibition, the
volume of the seed increases rapidly due to the rise of the seed’s water content from
~5% to ~30%. This swelling leads to the rupture of the testa by the expansion of the
radicle.

An explanation of the oberserved pattern of swelling can be given due to the time-
lapsed images Fig. 5.2. Water enters the seed at a very small region of the testa (0.07
mm?, representing less than 1% of the overall seed surface) in close proximity to the
hilum, indicated by the arrow. During the process, water entered neighbouring regions
of the testa and hydrated them from the inside. Meanwhile, the embryo remained dry,
since it was protected by the lipid-rich aleurone layer.

Only in the region around the micropyle, a hydration front moving in the centripetal
direction was formed. The first water signal could be detected at the radicle apex, most
of its flow was present in the central stele (asterisk in Fig. 5.2) and can be assigned to
xylem vessels. Meanwhile, water was moving into the space formed between the axis
and the inner cotyledon thereby filling the centre hole in the embryo. Until both the
endosperm (micropylar and central portion) and the radicle had become fully hydrated
(Fig. 2G and H), the water content of the parenchyma tissue in both cotyledons did
not increase. After that the flow of water through the central stele of both the radicle
and the hypocotyl increased further reaching first the inner and eventually the outer
cotyledon. This pattern was observed in other measurements and it occurs in an almost
fully synchronized fashion within seedlots in the same experiment (see supplemental
movies in [Munl17]).

The micropylar region was found in seeds of other species as the location of the water
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5 Fat- & water-selective dynamic microscopic imaging of germination

Figure 5.2: 3D Visualization of the water uptake in germinating B. napus seed based
on continuous MRI-monitoring. The top and centre line show 3D-models
of water uptake taken at distinct time intervals during imbibition; The
bottom line shows the scheme of water allocation for subsequent stages of
imbibition with blue colour indicating local high water level and red arrows
indicating direction of water movement; gray arrow indicates the place of
radicle protrusion

entry, which was attributed to an apparent water gap in the seed coat [Stel6]. By
investigating the lipid-selective 3D datasets an additional control point could be found:
generally, the lipid-rich aleurone layer serves as a hydrophobic barrier between the
embryo and the seed coat. In the region of the radicle apex, the lipid deposits are
partially reduced (Fig. 5.3), thereby forming a water gap which channels the water
directly towards the radicle apex. This leads to the conclusion that the pattern of
water uptake during imbibition cannot be described as a continuous process of diffusion
through the testa from the outside to the inside. Apparently, it is controlled by features

of the seed’s architecture. The permeability of the testa is not uniform, the water

60



5.3 Results

73
.

Figure 5.3: Localization of lipid-gap in the endosperm of mature, dry seed. Left panels
show lipid distribution within the micropylar region of seeds measured using
non-invasive MRI. Scheme on the right shows visualization plane (a, b, c)
used for lipid imaging across the seed. The lipid-rich aleurone layer (double
arrowed) covers the cotyledons. The white bold arrow indicates aleurone
where lipid deposits are omitted, leaving a water gap in close proximity to

the radicle’s tip. Abbreviations: al — aleurone; cot — cotyledon; ra — radicle.
Bars: 500 ym

can only enter the seed through a narrow gate which is located at a region in direct
proximity to the radicle’s tip. The hydration of the seed is triggered by the radicle’s
hydration.

5.3.2 Vascular arrangement in embryo

The water-conducting tissues inside the could be reconstructed based on the high-
resolution MRI datasets. As described above, the water entered the seed through a
predetermined passageway in the seed coat and was guided through the radicle via
separate vessels towards the inner and outer cotyledons, see Fig. 5.4. The observed

properties of the vascular tissue correspond well with the reconstructed vascular ar-
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5 Fat- & water-selective dynamic microscopic imaging of germination

Figure 5.4: 3D reconstruction of vascular tissue inside rapeseed embryo, as revealed by
MRI. (A) Location of vascular system inside of imbibed seed (left), and its
three main strains (right): the central vein within radicle branches in two
supplying the two cotyledons; (B) Vascular arrangement just after radicle
emergence; vasculature of both inner (left) and outer (right) cotyledon has
evolved into network structures; (C) Vascular arrangement approximately
two days after germination: location inside of seed and branching.

rangement. The analysis of the model revealed a doubling in volume of the vascu-
lar system between the initiation of imbibition and the protrusion of the radicle. A
highly anastomosed structure had formed within both cotyledons at the end of the
germination, which later developed into the familiar vascular system in the expanded
cotyledon with its central and secondary veins (Fig. 5.4). In the mature embryo
of seeds of many plant species, the predetermined vascular architecture is already in
place [DR16]. Thus, any subsequent expansion of the vascular system requires only
the extension and maintenance of an existing vascular network. During imbibition, the
preformed vascular system was activated, allowing the embryo to perform the same
mode of water and assimilate transport which can be observed in the adult plant:
water is directed “upwards” (towards the cotyledons), metabolites are simultaneously

transported “downwards” (towards the hypocotyl and the radicle).
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5.3.3 Lipid dynamic during germination

Figure 5.5: Changes in the lipid content of the oilseed rape seed during germination, for
full sequence see Supporting Movie in [Munl7]. MRI-based visualization
of the distribution of lipids before, during and 23 h after imbibition. The
lipid level is colour-coded. The gray arrow indicates site of the radicle’s
protrusion. The gray shaded region indicates the outer seed structure.
Right: The various components of the seed. Abbreviations: ra-radicle;
hy-hypocotyl; ic-inner cotyledon; oc-outer cotyledon. Bar: 1 mm.

In the B. napus seed, lipids (triacylglycerols) are an even bigger carbon source than
sugars [Bor13b|. The localization of the lipid degradation within the germinating seed
was the focus of this experiment. The high-resolution 3D datasets were acquired to
display the 3D dynamic of lipid distribution during germination. The mature and dry
seeds have their lipid deposits in cotyledons and less in radicle/hypocotyl [Bor13b]. A
fast, local decrease in lipid levels within all embryo tissues could be observed during
the first hours of imbibition (lipid maps in Fig. 5.5). The watering of the tissues lead
to a drop in lipid signal intensity, which was not caused by by lipid degradation but
due to swelling (volume increase of tissue).

Measuring the total lipid levels in dissected embryo organs confirmed that lipid content
per organ was not changed (Fig. 5.6). A statistically significant reduction in lipid con-
tent was first detectable after germination, starting in hypocotyl/radicle and followed
later on by cotyledons. The lipid degradation in the lipid-rich endosperm-seed coat
fraction of seed showed a continuous decrease of lipids, which started already during
imbibition (Fig. 5.6). This suggests, that the mobilization of lipids starts here, as was
evidenced by the lipid mapping, showing that lipid disappears from endosperm first
(Fig. 5.6). The degradation of lipid has an organ-specific sequence starting at imbibi-

tion in endosperm, later on followed by hypocotyl/radicle and eventually cotyledons.
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Figure 5.6: Left: MRI-based imaging of lipid distribution at (top) the early stages of
imbibition, (middle) germination, (bottom) root elongation. Lipid levels
are colour-coded and the arrows point to the lipid-containing endosperm.
Right: Changes in lipid and biomass during imbibition and subsequent
seedling growth phase. Component-specific changes in lipid content (solid
line) and biomass dry weight (DW, dotted line). Values given as mean +
SD (n=5). Abbreviations: ra-radicle; c-cotyledon. Bars: 250 ym

5.4 Summary

In the years since domestication by intensive breeding, the seed quality of oilseed rape
has been greatly improved, yet still yields are compromised by uneven crop establish-
ment and uneven seedling vigor. Improving the understanding of the events occurring
during the germination process of this important oilseed crop could be a contribution
to improve its productivity. The seeds, measuring only a few millimetres in diameter,
take up the water unlike a sponge, its mode rather resembles that of a water clock.
Via the premature vasculature bundle, a structure which goes on to develop into the
seedling’s vascular system, the water enters the embryo. The rehydration of the embryo
is an organized procedure and largely predetermined by the seed’s architecture. The
spatiotemporal sequence of tissue rehydration is followed by metabolic re-activation,
starting the full range of molecular and metabolic processes required for germination

[Non10; Weill]. The initial energy and intermediates required for respiration and
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localized metabolic rebooting (e.g., 3-PGA around the vasculature) are provided by
carbohydrate pools, until the mobilization of lipids is initialized. This leads to the
question whether the lipids deposited in tissue are also involved in directing the flow of
water. This behaviour is known from certain resurrection plants such as Myrothamnus
spp. in which a rapid switch from a dehydrated and quiescent state to a fully hydrated
one occurs [Can00]. It was proposed, that the lipid-rich key transport tissues in M.
flabellifolia and their spatial arrangement influence water movement [Sch03]. It seems
plausible, that seeds and resurrection plants have much more in common regarding
their strategic orientation. Current genome studies on Xerophyta viscose strongly sup-
port the hypothesis that by redirection of genetic information from desiccation-tolerant
seeds the vegetative desiccation tolerance arose [Cos17].

For many years, germination, the process whereby a dry, quiescent seed springs to
life, has been a focus of plant biologist. Nevertheless, the early events following water
uptake, during which metabolism of the embryo is restarted, remained enigmatic. In
this chapter, the nature of the cues required for this re-awakening process in oilseed
rape (Brassica napus) seed has been investigated.

A non-invasive in vivo approach was designed to visualize the link between the entry
and allocation of water, metabolic events and structural changes occurring during ger-
mination. For this, functional magnetic resonance imaging was combined with Fourier
transform infrared microscopy, fluorescence-based respiration mapping, computer-aided
seed modelling and biochemical tools.

An endospermal lipid gap, which channels water to the radicle tip, from whence it is
distributed via embryonic vasculature toward cotyledon tissues, was discovered. The
resumption of respiration restarts first in the endosperm, only later spreading to the
embryo. Sugar metabolism and lipid utilization are linked to the spatiotemporal se-
quence of tissue rehydration.

As a conclusion, this imaging study provides insights into the spatial aspects of key
events in oilseed rape seeds leading to germination. It demonstrates how seed architec-
ture predetermines the pattern of water intake, which sets the stage for the orchestrated

restart of life.
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CHAPTER 6
Localization of unsaturated fatty
acids by chemical shift selective

imaging

In this chapter, a method was developed for the non-invasive detection and visualization
of the spatial distribution of saturated and unsaturated fatty acid components in plants
via chemaical shift selective MRI. The method can be used for the non-invasive evaluation

of storage conditions of seeds, for seed profiling and phenotyping.

6.1 Unsaturated fatty acids in plants

Lipids generated in the plants mostly consist of triglycerides (or triacylglycerols, TAG),
which are three fatty acids connected as an ester derived from glycerol (Fig. 3.4). Each
of these individual fatty acids is a chain of carbon atoms with hydrogen atoms attached
to it. The metabolic function of the plant influences the number of carbon atoms in a
fatty acid. TAGs made of identical fatty acids are called simple” while TAGs which are
a combination of different fatty acids are called 'mixed’. One further detail enabling a
differentiation between the various fatty acids, besides their length, is the number and
position of double bonds between the carbon atoms. Fatty acids that contain one or
more double bonds between carbon atoms are referred to as unsaturated fatty acids,
with the differentiation between mono- (one double bond) and poly- (more than one
double bond) unsaturated.

Due to the incapability of the human body to produce a sufficient amount of unsat-
urated fatty acids, they represent an important component in the human diet. The
determination of the content of unsaturated fatty acids, also referred to as w-3, w-6,
and w-9 fatty acids, in a lipid-containing seed or fruit provides the knowledge about
its dietary value.

For many years, the influence of the composition of human diet on the fatty acid com-

position in adipose tissue has been a research topic [Gru70; Tho96; Hwa03]. New
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insights for medical examinations are provided by the capability of MRS and MRI to
acquire information about the amount and distribution of unsaturated FACs in human
tissue. By using Chemical Shift Imaging (CSI), the visualization of unsaturated fatty
acid components in vivo can be performed. Due to its non-invasiveness, the acquired
data can be used for mapping of the FACs [Lun01] or as an indicator for oncolytic ade-
novirus treatment [Hem14]. By using two-dimensional MRS, the correlation of tumor
grade and mitotic activities with the accumulation of unsaturated lipid in leiomyosar-
coma has been shown [Sin96]. Localized magnetic resonance spectroscopy was applied
to detect a lowered level of unsaturated fatty acids in human breast carcinoma, in
coincidence with histology, ultrasound and mammography [He04; He07].

A variety of information can be provided by the localization and quantification of
unsaturated fatty acids. Both 'H and '3C magnetic resonance spectroscopy (MRS)
provide the means to determine the fatty acid composition of vegetable oils and thus
to classify them [Shi89; Miy98; Vig03]. Furthermore, the fatty acid profile and the free
fatty acid content of oils could be performed by using MRS [Kno04; Sat09].

When single-component acquisition is desired, the broadened resonances of the protons
attached to the individual components in plant tissue such as seeds and fruits can lead
to challenges [Gus93]. Through application of chemical shift selective pulses, the direct
imaging of olefinic protons in an Afzelia cuanzensis seed could be performed [Gus94].
By using static and Magic Angle Spinning (MAS) '3C spectroscopy on different seed-
lots of western redcedar ( Thuja plicata Donn ex D. Don) seeds, a correlation between
germination capacity and the amount of unsaturated FACs in the seeds was detected
[Ter08]. The monitoring of the lipid profiles of Jatropha curcas seeds during their
development revealed that the percentage of unsaturated FA increased during matura-
tion. A more detailed distinction between mono- and polyunsaturated FAC showed an
increase of the monounsaturated and a decrease of the polyunsaturated FACs [Ann08|.
While growing a rapeseed embryo in planta but in darkness, the absence of light had
an influence on the photosynthetic contribution of lipid accumulation: the contribution
of the unsaturated fatty acids was lowered [Bor13b].

The natural diversity of seeds of one plant type is tremendous and breeding even
further increases the variety of seeds. The ratio of unsaturated:saturated fatty acid
components is a characteristic that can be used for seed phenotyping.

The investigation of the plant object should be performed within a short range of time
or non-invasively, since oxidation of the lipid leads to a deterioration of the lipid quality
and a destruction of the double bonds in the lipid chains.

Thereby, the degree of unsaturation in the TAG chains can help determine the storage

condition of the seed, i.e. the seed quality, since the double bonds can be affected

68



6.2 Material and methods

by oxidation when the plant part is damaged and oxygen can enter through the seed
coat. The genebank at the IPK Gatersleben requires non-invasive monitoring of the
stored seeds; the determination of the oxidation status would be a meaningful method
for evaluation of storage conditions and germination capability; about its age or the
seed coat’s integrity.

The noninvasive localization of the spatial distribution of unsaturated fatty acids in
plant objects can support the screening procedure and analysis of transgenic seeds.
Spatial variations in the lipid distribution, regarding both saturated and unsaturated
fatty acid components between transgenic and wildtype seeds may occur and can be

visualized non-invasively via CSS-MRI.

6.2 Material and methods

The NMR spectra containing the required information about the chemical compounds
present in plant fruits and seeds were acquired at the beginning of each experiment.
The spectrum’s characteristics (i.e. the individual peaks and their respective linewidth)

helped determine the appropriate measurement protocol for each plant object.

6.2.1 Analysis of vegetable oils and olives

Both analysis of the chemical constitution and visualization of the spatial distribution
of saturated and unsaturated fatty acid components in a sample can be performed
with the CSI sequence (see Chap. 3). With this technique, the chemical composition
of a selection of plant oils, i.e. coconut, olive, rapeseed, and soybean oil, was analysed
in detail. Commercially available oils were filled in 5mm NMR tubes and placed in
a 5mm saddle coil (see Data 10.7) in the Bruker Avance 750 MHz (see Data 10.2)
spectrometer.

After the tuning/matching procedure of the NMR coil and the shimming of the By
field, the measurements were performed with the following parameters as shown in
Tab. 6.1.

In objects with a high degree of liquid compounds (as for example in fruits), the
CSI sequence provides high resolution datasets with narrow linewidths in the spectral
dimension. Inhomogeneities of the local By field which result in a lineshift of the
spectral peaks can be corrected in the data processing and analysis step, thus for each
chemical compound, a spatial distribution can be calculated.

For the visualization of the unsaturated FACs in a fruit, an olive was chosen. The

CSI sequence parameters were adjusted to the spectral resolution desired for resolving
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TR | 1,500 ms FoV | 10.0 x 10.0 x 1.0 mm?
TE | 22.75ms Matrix | 13 x 13 x1 (reco: 128 x 128 x 1)
NA | 4 Nslices 1
NE | 1 BWgr | 15,000 Hz
SpecMatrix | 2024 SpecRes | 7.35Hz
SWH | 14,881 Hz Tacqg | 16min 54

Table 6.1: Measurement parameters for CSI experiment of oils. Abbreviations: TR:
Repetition Time, TE: Echo Time, NA: Number of Averages, NE: num-
ber of Echoes, SpecMatrix: Spectral points, SWH: Spectral bandwidth,
SpecRes: Spectral Resolution, FoV: Field of View, Ngjes: Number of
slices, BWgp: Bandwidth of the RF pulses, T 4.: Total duration of the

experiment.

the resonance peaks of the compounds in the fruit. The CSI sequence was applied in
the “spin echo mode” to compensate T5-induced signal cancellation in the plant tissue.
The spectral resolution was set to 29 Hz, sufficient for distinction of several compounds.
The detailed sequence parameters are listed in Tab. 6.2.

Measurements were performed at room temperature and in the dark. A birdcage
resonator (i.d. 20mm) (see Data 10.8) was used for imaging the olive in the Bruker
Avance 750 MHz (see Data 10.2) spectrometer.

TR | 2,000 ms FoV | 20.0 x 20.0 x 1.0 mm?
TE | 28.16 ms Matrix | 32 x 32 x1 (reco: 128 x 128 x 1)
NA | 4 Nslices 3
NE | 1 BWgr | 8,000 Hz
SpecMatrix | 504 SpecRes | 29.52 Hz
SWH | 14,881 Hz Tacq | 2h 16 min

Table 6.2: Measurement parameters for CSI experiment on an olive. Abbreviations as
in Tab. 6.1.

Since this sequence is typically applied for the acquisition of 2D datasets (see Chap.

4.4.2), further experimental approaches were performed.

6.2.2 Chemical Shift-selective Imaging

As mentioned before, the linewidths of the NMR signal peaks in a dry seed are too
broad for a detailed analysis (see Fig. 3.5). Via the CSS- (chemical shift-selective)
Imaging (see Chap. 4.5), the acquisition of 3D datasets of one chemical compound is
enabled.

For the distinct acquisition of the unsaturated FACs, a CSSI sequence combined with
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a CHESS solvent suppression module [Haa85] was chosen, as shown in Fig. 4.4.
Compound-selective datasets of saturated and unsaturated FACs were acquired by set-
ting the RF pulses of a 3D spin echo (SE) sequence to be compound-selective (narrow
bandwidth), i.e. without slice selection gradients during the pulses. A proper chemi-
cal selectivity of the solvent suppression and compound excitation pulses was achieved
by adjusting the suppression pulses prior to the start of the experiment during the
setup procedure. For this, the sample’s spectrum was acquired and the effect of the
solvent suppression module and of the selected RF pulse parameters was immediately
discernible.

The solvent suppression module is applied compound-selectively, thus most of the un-
wanted signal can be eliminated. Local inhomogeneities in the By field impede a perfect
solvent suppression, yet for the broad resonance peaks of the present compounds, this
suppression method is sufficient.

In the dataset of the saturated FACs, the solvent suppression was adjusted to suppress
the signal from the residual water and the unsaturated fatty acid components. This
was furthermore supported by a component-selective excitation of the proton spins in
the methyl- and (CH,),,-groups. Likewise, in the dataset of the unsaturated FACs, the
signal from the water protons and the spins in the (CH,),,- and the methyl-groups was
suppressed, the spins in the HC=CH-groups were excited with frequency selective RF
pulses.

This imaging scheme was applied to a variety of seeds, to present a method for:
e a large seed model (soybeans)
e a small seed model (rapeseeds)
e the diversity of fruits (coconut flesh and pine nut)
e the storability of seeds (soybeans)

The measurement parameters of the FAC-selective measurements are shown in Tab.
10.1 and Tab. 10.2 in the appendix.

Measurements were performed with resonators fitting to the sample geometry: A
solenoid coil (see Data 10.10) for the rapeseeds and the nuts; a saddle coil (see Data
10.11) for the two soybeans of different developmental stage; a Helmholtz coil (see
Data 10.5) for the two soybean seeds stored for 1 and for 36 years (same develop-
mental stage). Furthermore, the measurements were conducted on two different NMR
scanners, a Varian 600 MHz (see Data 10.3) and a Bruker Avance 500 MHz (see Data

10.1) spectrometer.
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The samples were fixated in the resonators, either within an NMR glass tube or a
sample holder. The measurements were performed at room temperature and in the
dark.

The nuts (coconut and pine nut) were too large to fit into the resonators, thus small
pieces of the fruits were cut in shape to be measured simultaneously in one NMR coil.
In all experiments all measurement parameters, including the hardware settings ”‘re-

29

ceiver gain”’ and the power of the pulses, was identical for both measurements (sat.
and unsat. FACs), thus a direct comparison of both datasets was enabled.

In the experiment of two soybeans from different developmental stages, the images
were acquired with different spatial resolutions. Here, the resolution of the “unsatu-
rated” dataset was deliberately decreased in order to avoid a loss of SNR within the
voxels. The matching image resolution of both datasets was achieved by conducting a

zero-filling by a factor of 2 for the “unsaturated” dataset only.

6.2.3 Data processing

Prior to the CSI dataset, a B; mapping was performed for the olive measurement,
based on multi-spin echo imaging with additional bipolar Bloch-Siegert pulses applied
before the echo train [Stul2]. With an in-house written script, the B;-map of the res-
onator could be calculated and was used for correction of the signal amplitudes. For
the CSI dataset, an implemented data interpolation was used (available in the sequence
protocol), the resulting CSI dataset was imported into MATLAB.

In the olive CSI dataset, the peaks were localized and quantified via a peak-fitting
algorithm [O’H12] using Lorentzian shape peaks. After this procedure, the individual
peaks were automatically identified and based on the location of the (CH;),-peak. The
lineshift of all peaks induced by local field inhomogeneities in the plant tissue was ret-
rospectively corrected.

As a result, the area of the peaks from the sat. and unsat. FACs was stored in indi-
vidual distribution maps. The ratio of both components was calculated in MATLAB,
a mask was applied for suppression of the noisy background.

The CSSI datasets were Fast Fourier-transformed via in-house written scripts in MAT-
LAB as during the procedure, a zero-filling (factor 2) was applied. The resulting 3D
datasets were exported to AMIRA for an advanced 3D visualization and adjustment
of oblique slices through the object. Identical slices within each seed or tissue were

selected and exported.
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6.3 Results and Discussion

6.3.1 Chemical composition of plant oils

The spectra of the plant oils acquired with the CSI sequence are shown in Fig. 6.1. The
main peak, located at -1.2 ppm is attributed to the saturated FACs of the triglyceride
molecules. As was explained in Chap. 3.3, the relative intensity of the individual peaks

permits an identification and evaluation of the plants oils. The coconut oil is rich in

Intensity [a.u.]
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Figure 6.1: CSI spectra of plant oils, from left to right: Coconut, Olive, Rapeseed,
Soybean. The saturated fatty acid components are mostly located in the
region of -1.2 ppm, the unsaturated components can be found at -5.4 ppm.

saturated FACs and the amount of unsaturated FACs is very low. The content of
saturated fatty acids was determined to 92 % [Vig03], thus the peak of the unsaturated
FACs at -5.4ppm is barely distinct.

For the remaining plant oils, the amount of unsaturated FACs is higher than in coconut
oil. The amount and type of the fatty acids determines the peak value of the FAC peaks
in Fig. 6.1.

In Vigli et al. [Vig03], the Iodine value, IV, was calculated as a measure of the degree of
unsaturation. In detail, Tab. 6.3 shows the determined IV values for the four presented

oils.

IVoeomut = 6.12 & 0.47 Ve = 80.58 & 1.93
IWVyapesced = 112.99 £ 0.88 IV gpean = 127.35 & 2.27

Table 6.3: Todine values of plant oils, determined by [Vig03].

In Fig. 6.1 the peak of the unsaturated FACs, located at -5.4 ppm, increases from
the left spectrum to the right. Furthermore, the signal of the protons adjacent to
the double bond, located at -2.1 ppm also increases from left to right, underlining the
low degree of unsaturation in coconut oil and the high degree of unsaturation in the

soybean oil. The protons located between two double bonds in a fatty acid molecule
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6 Localization of unsaturated fatty acids by CSSI

appear at -2.8 ppm in the NMR spectrum. Polyunsaturated fatty acids contain more
than one double bond. The peak at -2.8 ppm reflects the degree of polyunsaturation of
the lipidmolecules, in Fig. 6.1 this peak increases significantly from left to right. Here,
the soybean oil is the plant oil with the highest amount of unsaturated fatty acids and

concurrently with the highest degree of polyunsaturation.

6.3.2 Degree of unsaturation in different seed types

Both MRI datasets (”‘saturated”’ and ”‘unsaturated”’” FACs) provide spatial informa-
tion about the particular fatty acid component, enabling a direct comparison between
individual seed organs or between simultaneously measured seeds. The ratio map uti-
lizes the previously mentioned datasets to calculate a quantitative parameter (”‘ratio”’)
which can be used to compare ratio-maps acquired in different experiments.

For analysis and comparison of the seeds, in the following the spatial distribution of
the saturated and unsaturated FACs are shown, as well as the ratio of both, wherein
the ratio of unsat./sat. was calculated.

The distribution of the fatty acid components in the olive follows a distinct pattern:
From the outside of the fruit towards the seed in the centre, the amount of both FACs
rises. In an outer ring of the olive, the signal from the FACs is slightly increased.
The signal from the unsaturated FACs is significantly lower than the saturated FACs’
signal, but for reasons of visualization, both distribution maps are scaled individually
in order to contain the full range of the signal (see Fig. 6.2).

The ratio of both FACs in contrast shows a rather homogeneous distribution of values:
no gradient within the fruit is detectable. In the centre region of the fruit a few spots
with a decreased ratio (thus less unsaturated FACs) appear, however they are only
visible on the left side of the seed.

Figure 6.2: Distribution of saturated (left) and unsaturated (centre) FACs, and ratio
of both (right) in an olive. Units of colourbar of ratio represent signal ratio
of unsaturated to saturated FACs.!
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In the soybean seeds, the lipid is mostly concentrated in the cotyledons, with a dis-
tinct gradient towards the centre of the bean. In the radicle, the lipid concentration is
reduced compared to the cotyledons, whereby the vascular tissue strand in the radicle
posseses a higher concentration of lipid. This distribution holds true for both compo-
nents, the saturated and the unsaturated FACs, as can be seen in Fig. 6.3.

While the ratio of both components is rather homogeneous within the cotyledons, the
developmental stages “premature” (top) and “mature” (bottom) can be distinguished
by the higher ratio of unsaturated FAcs in the radicle. The soybean from the ”‘ma-

ture”’ developmental stage can be clearly identified by a completely homogeneous ratio

of both FACs in the whole bean.

Figure 6.3: Distribution of saturated (left) and unsaturated (centre) FACs, and ratio of
both (right) for two soybean seeds of different developmental stages (top:
“premature”, bottom: “mature”. Units of colourbar of ratio represent
signal ratio of unsaturated to saturated FACs.!

In direct comparison of two rapeseeds, the different amount of lipid in both seeds
is visible in both datasets of the components (see Fig. 6.4). Within both seeds, the
amount of FACs in the outer cotyledons is higher than in the inner cotyledons. The
radicle contains typically less or an equal amount of lipid as compared to the inner
cotyledon.

Within the individual seed, the ratio of both FACs is constant. Deviations at the edges

'The colour range of the unsat. FACs was adjusted for a better visualization.
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6 Localization of unsaturated fatty acids by CSSI

of the seeds can be attributed to small imhomogeneities of the magnetic field being
caused by the change of susceptibility at the transition seed to air.
The ratio of the FACs differs clearly between both seeds, enabling a clear distinction

of both seeds in these parameters.

Figure 6.4: Distribution of saturated (left) and unsaturated (centre) FACs, and ratio
of both (right) for two different types of rapeseed seeds. Units of colourbar
of ratio represent signal ratio of unsaturated to saturated FACs.!

The overall amount of saturated fatty acid components in both coconut and pine are
comparable, as can bee seen in Fig 6.5. In contrast, the amount of unsaturated FACs
in the pine nut is significantly higher than in the coconut tissue, which can be seen
best in the ratio map of both components. While the degree of unsaturation is on a
constant level in the pine nut, in the coconut it is close to zero.

The fact that coconut oil contains a fairly reduced amount of unsaturated FACs can
also be seen in the NMR spectrum of coconut oil (see Fig. 6.1). Thus, in the calculated
ratio map, the pine nut possesses a higher ratio of unsaturated to saturated FACs.
The parameter “Ratio” enables the distinction of different seed types (e.g. coconut &
pine nut) and seeds from different lines (e.g. two different rapeseeds). When stor-
ing seeds, as is done for example in the genebank of the IPK Gatersleben!, the seeds
may be exposed to disturbances such as light, temperature, and moisture, leading to

a deterioration of the seed quality. Investigating the seed quality and its germination

'TPK Gatersleben, Corrensstrafie 3, 06466 Gatersleben
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Figure 6.5: Distribution of saturated (left) and unsaturated (centre) FACs, and ratio
of both (right) in coconut (bottom) and pine seed (top). Units of colourbar
of ratio represent signal ratio of unsaturated to saturated FACs.!

capability non-invasively is a major concern of the storage facility.

For the investigation of the storage condition of seeds, two soybean seeds taken from
the genebank at the IPK Gatersleben: one harvested in 1980 and since then stored in
the genebank, and a second seed harvested in 2015. Both seeds were individually mea-
sured as described above and their individual FAC distribution maps are shown in Fig.
6.6. Within each soybean two different ROIs were used for further calculations. One
ROI was selected in the centre region of the bean (i), where a high concentration of
lipid is present. The second region of interest was selected in the cotyledon (o). In
both ROIs, the mean ratio (of unsaturated to saturated FACs) was calculated with

standard deviation.

R1980,0 - 01921 :]: 00512 R201570 - 01936 Zl: 00418

Rigsoi = 0.1968 £ 0.0366 Roo15; = 0.1878 £ 0.0350

The results indicate, that no significant change of the ratio unsat:sat FACs has ap-
peared over the range of 35 years. The genebank of IPK Gatersleben is supposed to
store the seeds at optimized storage conditions, regarding moisture, air pressure, tem-
perature etc. Thus, the fact that the ratio is unchanged, leads to the conclusion that

the storage conditions for this soybean seed had been ideal.
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6 Localization of unsaturated fatty acids by CSSI

Figure 6.6: Distribution of saturated (left) and unsaturated (centre) FACs, and ratio
of both (right) in old (top) and recently harvested (bottom) soybean seed.

Units of colourbar of ratio represent signal ratio of unsaturated to saturated
FACs.!

6.4 Summary and Outlook

Magnetic resonance imaging based on the chemical shift enables a detailed non-invasive
analysis of oils, fruits and seeds. The chemical shift selective imaging of the saturated
and unsaturated fatty acid components was performed on different seeds and fruits,
varying both in lipid content and in size. High-resolution maps of both fatty acid
compounds were generated. Within these maps, gradients of both FACs are distinct.
Except for the olives, all datasets were acquired in 3D, enabling an analysis of the
entire plant object.

The individual FAC maps were used for calculation of the ratio-maps which illustrated
the homogeneous ratio of unsaturated:saturated FACs in mature plant tissues. It
could be shown that the relative amount of the unsaturated FACs differs in different
maturation states of soybean seeds. This fact indicates that the degree of unsaturation
of the TAGs is determined during the last maturation stage of the seeds.

The direct comparison of two types of rapeseed seeds uncovered an unequal total lipid
amount in both seeds. The more detailed look at the distribution of the FACs revealed

that one type exhibits a significantly lower ratio of unsat:sat fatty acid components,
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which indicates this property as a characteristic applicable for phenotyping of seeds.
The same explanation holds true for the comparison of two small pieces of fruits, pine
nut and coconut, both containing a high amount of total lipid. However, the amount of
unsaturated FACs differs strongly between both fruits, which is a relevant information
about the nutritional value.

The presented method for determining the ratio-maps was used to evaluate the storage
conditions of seeds. Identical ratios in long-term stored seeds and recently harvested
seeds confirmed ideal storage conditions, since no oxidation of the unsaturated FACs
could be detected.

Determining the relative amounts of saturated and unsaturated FACs in plant tissue
via chemical shift selective MRI is a technique that provides both nutritional value and
information about the sample’s storage condition. The calculated ratio map may serve
as a phenotypical characteristic since it can be acquired non-invasively. Depending on
the plant tissue’s composition, different levels of chemical selectivity can be achieved
as the linewidths of the spectral peaks correlate with the relaxation times and thus the
homogeneity of the plant tissue.

In plant samples with very short relaxation times, different imaging approaches have

to be used, as are described in the following chapter.
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CHAPTER 7
Plant imaging with ultrashort

echo-times

MRI imaging of plant tissue in ultrahigh magnetic fields is impeded by the short re-
laxation parameters of some compounds, thus in most imaging sequences they remain
unseen. The utilization and adaption of an ultrashort echo-time pulse sequence provided
the means to acquire signal from dry and magnetically inhomogeneous plant samples. A
variety of new information could be accessed; applications are found, amongst others,
in the non-invasive analysis of the starchy endosperm of cereal grains and the imaging

of a living venus flytrap.’

7.1 Introduction

The water content in various living tissues can be different: some tissues of the human
body, such as muscles and kidneys, comprise 79 % of water, whereas bones have only
31 % [Mit4d5; Piv94].

With the start of clinical imaging it was apparent that tissues with short transverse re-
laxation times, e.g. the lung tissue, tendons, bones, etc. bear a challenge for magnetic
resonance imaging. Little or no signal was accessible with standard NMR protocols
such as gradient echo or spin echo, thus these tissues contribute no signal to the MR im-
age acquired with these protocols. The UTE sequence’s fast signal acquisition scheme
allows for the immediate detection of components with fast transverse relaxation rates.
After the publication of the UTE sequence (ultra-short echo time) [Ber91] with its first
breakthrough in lung imaging, further applications were soon found in the characteri-
sation of atherosclerosis in the human aorta [Gol93], tendons [Gol95], the human brain
[Nay00], the liver [Cha03] and many more organs. The focus in clinical imaging lies on

tissues with transverse relaxation times below 2 ms, such as tendons, the cortical bone,

!This chapter refers to the article “Insect hapto-electrical stimulation of Venus flytrap triggers ex-
ocytosis in gland cells” previously published in Proceedings of the National Academy of Sciences
114.18 (2017): 4822-4827 by Scherzer et al. [Sch17]
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7 Plant imaging with ultrashort echo-times

dentine and protons bound in proteins [Rob06].

In the department of Experimental Physics V of the University of Wiirzburg, the UTE-
sequence was successfully applied and enhanced for the imaging of the human lung,
see [Hem15; Trilbb; Trilba).

Living plants have relative water contents of around ~85% to 100 % under actively
growing conditions and do not survive if the water content falls below ~59 to 30 %
[H6f41]. Within the same organism, the tissue water content can differ 10-fold, while at
the same time the plant—water relations are tightly controlled [Phi66; Lan12]. Changes
in water content of tissues represent physiologically relevant processes, occurring for
example during tissue differentiation, development, ageing and seed maturation. While
the young plant seed comprises ~ 80% of water, it dries toward maturation (e.g. ma-
ture healthy grains of wheat possess 14.5 %, pea 14.0 % and clover 11.0 % of water).
Seeds can dry out without dying [Lepl7].

MRI is one of the best technologies for investigation of seed development [Borl2]. In
the last three decades since the first imaging of plants via MRI [Bot86], a variety of
clinical protocols have been transferred to plant imaging. These always required minor
or major adaptations. However, reduction of water content, high tissue heterogeneity
and other plant features (e.g. cell walls, gaseous inclusions) cause various suscepti-
bility artifacts. Thus, imaging of seeds at a mature stage is nearly impossible or less
informative, if using standard MRI protocols. A diligent approach is required for the
successful imaging of such tissues and for detection of metabolites in the living plant
at any developmental stage [Melll; VA84].

The development of a technology which is capable of looking inside dry seeds could
provide solutions for various problems in seed science. Seed quality control, for
example, is an important issue for breeders. An intact seed coat, a well-developed
endosperm and the embryo inside of a seed are important prerequisites for high seed
quality. Seed quality is largely dependent on the seed’s internal structure and
composition. In the dormant seed, the focus so far has been on the detection and
quantification of lipid in the embryo and endosperm [Neu08; Fucl3]. Crossing between
breeding lines can cause substantial alterations and disproportions in seed structure,
affecting yield and seed quality. Seed quality is also an important issue for ex situ
gene banks (which are large stocks of seeds with different genetic backgrounds stored
in cold storage rooms). Such gene banks represent an important component for food
security for the human population as well as feed stock for animals. Thus, relevant
MRI technology could both, assist breeding and contribute to seed quality control
in gene banks.

Plant productivity is greatly affected by abiotic stress [Boy82]. A relevant approach in
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breeding and biotechnology is therefore the generation of stress-resistant crops [Alel2].
For example, a large proportion of yield from wheat, barley and rye is lost due to
logging, and the mechanisms involved are still unknown. Application of non-invasive
technology, like MRI, could be a great support for approaching architecture and phys-
ical properties of logging-resistant versus sensitive plants, thereby to identify key
aspects of logging resistance. Some plants are able to survive adverse environmental
conditions. For example, resurrection plants can lose over 95 % of their water content
and return to full activity upon rehydration [Farll]. Development of methods, like
UTE, could contribute to study of mechanisms of resurrection and improvement
of drought tolerance [Fit15] by visualization of structural and dynamic processes in
these plants.

On account of imaging of very fast-relaxing compounds, a technique capable of ac-
quiring the fast decaying NMR signal was required. A reduction of the echo time,
compared to spin echo sequences (with echo times of approximately 3 to 7ms), can be
achieved by applying a gradient echo sequence (TE approx. 1 to 3ms). Nevertheless,
for the imaging of dry components such as starch, the echo time has to be further
reduced. By omitting time-consuming components in the NMR pulse programme (e.g.
phase encoding and read dephasing gradients), the echo time can be reduced towards

the limits of the hardware, typically in the range of 10 to 100 us.

7.2 Material and methods

The need for spatial encoding during data acquisition results in an imaging technique
with the data acquisition starting immediately after the excitation pulse. At the same
time the imaging gradients are turned on and rise to their respective amplitude, see
Fig. 7.1. The read encoding is now applied radially, thus data acquisition in k-space
starts in the centre and it is only limited by the echo time TE.

The contrast in the UTE images can be T;- or spin density weighted. Different to the
implication by the name UTE, no echo is generated by pulses and/or gradients and the
acquisition is focused on the fast-decaying NMR signal. Typically, the TE is ranged be-
tween 10 to 100 us, depending on the hardware specifications. Signal suppression from
compounds with relatively long relaxation times (moisture, lipid, etc.) is achieved by
selecting a repetition time of about 50 to 100 ms, thus inducing a strong T,-weighting
for those compounds.

Multiple applications for the UTE sequence are found, in clinical imaging, the sequence
is mostly used for the investigation of tissues with short relaxation times due to strong

spin-spin-interaction (e.g. bones [Rob03]) or in magnetically rather inhomogeneous tis-
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Figure 7.1: Pulse programme of the UTE sequence. After a hardware dependent
echo time TE, the gradients required for spatial encoding acquire the fast-
decaying NMR signal created by the excitation pulse.

sues, caused by susceptibility changes due to air inclusions (e.g. lung [Ber91; Trilbal).
A disadvantage of the UTE sequence is its non-selectivity: The excitation of fast-
decaying components requires a relatively short pulse in the time domain, so the mag-
netization is not decaying while the pulse is being applied, as would be the case with
component-selective pulses which are typically applied to compounds with low relax-
ation rates. Thus, the short RF pulse is wide in the frequency domain.

On the other hand, the imaging with UTE offers a variety of possibilities, the applica-
tion of the UTE sequence to the imaging of plants is presented in this chapter.

The UTE experiments were performed on the Bruker 500 MHz scanner?. The measure-
ments were conducted with custom-built coils (5 mm Helmholtz coil (see Data 10.5)

and 15 mm birdcage coil (see Data 10.6)) suitable for the sample’s dimensions.

7.2.1 Sample preparation

The UTE sequence is capable of acquiring an NMR signal from fast decaying com-
ponents, thus the handling and the fixation of the sample has to be well-considered.
Undesired artifacts can be caused by the utilization of adhesive tapes for fixation of
the sample, since the adhesive component is visible in the UTE dataset. Even some
plastics and rubbers, depending on their treatment with softeners, may contribute to
the NMR signal [Fab14].

Fixating the sample in the coil requires dry materials such as paper or cotton wool.

2For details see Data 10.1 in the appendix
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The dry samples (wood, seeds, powders) were placed in glass NMR tubes and plastic
tubes that were found to cause no severe image degradation. Experiments were con-
ducted with the 5 mm Helmholtz coil in the Bruker AMX spectrometer.

While the seeds were simply placed within dry materials, the venus flytrap was taken
out of the soil and the other flytrap leaves were removed from the stem. The separated
venus flytrap then was placed in a 15mm i.d. plastic tube filled with a nutrient so-
lution to avoid dehydration of the living plant. After the application of coronatine, a
hormone capable of triggering the plant’s closing and digestion mechanism, a reference
spin echo experiment and the consecutive UTE measurements were started. In this

experiment, the 17 mm Birdcage coil and the Bruker AMX spectrometer were used.

7.2.2 Method adjustments for application in plants

The implementation of the UTE sequence on the Bruker scanners in the Department
of Experimental Physics 5 at the University of Wiirzburg was performed by P. Winter
during and after his diploma thesis [Win11].

The sequence features an anisotropic Field of View, enabling a reduction of the mea-
surement time for elongated objects. To achieve an effective coverage of k-space data
a cone-based trajectory designed for anisotropic FoVs was used [Lar08].

Detailed information about the applied sequence parameters are shown in Tab. 10.3,
Tab. 10.4, and Tab. 10.5 in the appendix.

Measurements were conducted using a custom UTE sequence with a 10 us block pulse
and an TE of Ous or 10 us delay time between the excitation and the start of the
acquisition. For excitation, a flip angle a of 15° was used. The frequency encoding was
conducted by acquiring 128 readout points with a sampling bandwidth of 200 kHz and
a repetition time of TR=50ms. Depending on the sample geometry a set of 54,500
(barley seed) to 63,000 (pea seed) radial projections was acquired. The ramp time of
the encoding gradient was 100 us.

3D images of the plant material were reconstructed at a resolution of 65 um (barley
seed) to 125 um (proteins and starch) with convolution gridding [Fes03] using the tool-
box proposed by Fessler et al. [Fesl7]. For this, the radial trajectory was measured
before all experiments [Duy98].

The measurement time of one dataset was in the range of 1.6 h (Venus flytrap) to 19.5h
(wheat seed).

For the separation of components in the barley seed based on the calculation of a two
component T% map, multiple datasets with varying TEs were acquired, ranged between

20 ps and 1250 us. Here, the repetition time, TR, was set to 100 ms and the number of
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averages, NA, was set to 2.

Spin echo datasets for comparison to UTE-imaging were acquired with a standard
Multi-Slice Multi-Echo (MSME) spin echo Sequence with the following parameters:
TR = 500 ms to 1,000 ms, TE = 4.4ms to 9.3 ms, isotropic resolution 65 pm to 120 pm.
The measurement time was in the range of 1.4h (Venus flytrap) to 12.5h (Thistle
stem).

All reconstructions were done in MATLAB (The Mathworks, Inc., Natick, MA, USA)
and zero-filled in order to provide a higher effective spatial resolution. The three-
dimensional segmentation of the wood was achieved with Amira (Mercury Computer
Systems, Chelmsford, USA). The bi-exponential T} fit was performed based on a least-

squares-algorithm, the resulting datasets were visualized in AMIRA.

7.3 Results

In this section, the datasets acquired with the UTE sequence are presented. As a
comparison to the standard imaging capabilities, spin echo datasets with comparable
measurement parameters (measurement time and/or image resolution) are shown. The
spin echo datasets represent the 'gold standard’ of plant imaging, since the least amount
of plant imaging experiments are performed with gradient echo sequences. Accelerated
sequences, such as the RARE? [Hen86], which use the following echoes after the first
spin echo for imaging, suffer from the relatively short relaxation times in plant tissue

and thus are rarely used.

7.3.1 Seed imaging at quiescent stage

The magnetic resonance imaging of seeds has been performed since 1987 [Con87], yet
most experiments concentrate on the localisation of the distribution of water or lipid
within the seeds. In the latter experiments, the acquired information about the relative
amounts of lipid in the embryo, the endosperm, and the aleurone layer was sufficient
for comparisons between wildtypes and cultivars [Kov16] or different developmental
stages [Wool7]. Further substances (starch, sugars, proteins, etc.) could not be im-
aged directly and were thus ignored.

The UTE sequence is now capable of detecting more information originating from the
sample, as is demonstrated in Fig. 7.2. The gain of information is clearly visible: the

structure of all seeds is now distinct and accessible in the three-dimensional dataset.

3Rapid Acquisition with Relaxation Enhancement; also: Turbo Spin Echo, TSE; Fast Spin Echo,
FSE; or Rapid Spin Echo, RSE
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Figure 7.2: Dry seeds (top row), acquired with spin echo (center row) and UTE (bottom
row) sequence. A Barley seed, B pea seed, C and D wheat seed (section
shows normal wheat seed and cross section). The spin echo sequence can
only detect and visualize the lipid-rich tissues, while the UTE sequence can
acquire signal from the endosperm and the seed coat.

Even though the 3D spin-echo (SE) sequence was set up for the shortest possible echo-
time TE (wheat: TE = 4.3ms), in the SE-images (see Fig. 7.2, top row) only the
lipid stored in the seed’s embryo and the aleurone layer is visible. The endosperm and
the pericarp contribute no detectable signal to the final image. A quantification of the
lipid is possible [NeuO8] but further analyses cannot be performed. Information about
the volume of the seed, the inner structure or the seed’s organs are inaccessible and
require other analytical methods like mass spectroscopy imaging, histological staining
procedures etc.

The UTE sequence in contrast delivers a detailed insight to the dry seeds’ anatomy
(Fig. 7.2, bottom row). The images show the endosperm of the seeds, which mostly

consist of starch. The seeds’ outer layers are recognizable and rich in contrast to the
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background. In all seeds, the individual components (endosperm, aleurone layer, and
the seed coat) are distinct.

The advantage of the acquisition with ultra-short echo times is most clearly observed,
when analysing the wheat seed with a cavity: this seed was selected for the NMR
experiment, since it attracted attention in routine seed analyses. Its volume is signif-
icantly increased as compared to other Triticum seeds, yet the weight and thus the
density were both too low compared to the expected values. The spin echo imaging,
focusing on the lipid distribution in the seed, revealed no interesting details, except of
the unusual shape.

The non-destructive application of the UTE sequence uncovered the cavity inside the
seed’s endosperm. This was created during the maturation process, whereby the seed
ripens from the outside towards the centre. Since this seed was from a special breeding,
the starch producing process was terminated prematurely, thus the cavity inside the
seed remained. This feature was inaccessible for most analytical methods, since this
seed was not supposed to be destroyed. In this case, the non-invasiveness of the MRI

method could reveal the effect of an unfinished ripening process in the seed.

7.3.2 Leave dynamics of carnivorous plant

The utilization of the UTE sequence in the imaging of living plants was required for
the venus flytrap (Dionaea muscipula). Although impressive high-resolution datasets
of plants can be acquired with MRI, some tissues cannot be imaged with a standard
sequence such as spin echo or gradient echo. As previously mentioned, the imaging of
plants is impeded by susceptibility artifacts caused by the inhomogeneous tissue. The
magnetic inhomogeneity in the plant’s trap leaves is responsible for the deteriorated
image quality in the spin echo dataset, see left image in Fig. 7.3. After adaption of
the UTE sequence, the full structure of the venus flytrap is distinct, even the hair-like
cilia at the end of the trap’s leaves can be seen (see right image in Fig. 7.3).

With this sequence at hand, the digestion process of the venus flytrap was monitored.
Over the course of the experiment (in total 11 days), the closing of the flytrap and
the filling of the trap cavity with the digestive fluid were monitored, as seen in Fig.
7.4. Since this process was not triggered by a living insect but through application
of a hormone, the closing of the trap leaves starts after approximately two days and
is completed after approximately three days after the start of the experiment. The
secretion of the digestive fluid start after the closing procedure and fills the cavity of

the trap. The venus flytrap was continuously monitored for the duration of 11 days.
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Figure 7.3: MSME (left) and UTE (right) images of a venus flytrap plant. The spin
echo image suffers from the fast signal loss in the plant tissue. The hair-like
cilia at the outer end of the leaf are only distinct in the UTE dataset.

Figure 7.4: Axial images of a closing and digesting venus flytrap, acquired with the
UTE sequence. After the complete closing of the trap leaves, the digestive
fluid fills up the cavity. The time-lapse images comprise a period of 11
days. A video of the digestion sequence was published in [Sch17].
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7.3.3 Wood imaging

The potential of the UTE sequence can be demonstrated on the imaging of a piece of
dried wood taken from radiata pine (Pinus radiata D. Don). The wood was cut in
a cubic shape in order to fit into the sensitive volume of the coil. For demonstration
purposes, a hole was drilled in one side.

While the Spin Echo sequence was not able to acquire an image of the dry piece of

wood, the UTE sequence can display its complete structure, see Fig. 7.5.

Figure 7.5: UTE imaging of dry wood containing a drilled hole, shown are three slices
through the cube and a three-dimensional rendering. Latewood and Ear-
lywood can be differentiated and the drilled hole is distinct.

In the two-dimensional slices, the wooden cube and the drilled hole are discernible;
the outer shapes of the object are clearly visible. Inside of the wood, the two different
tissue materials can be identified as latewood (bright) and earlywood (dark). The
three-dimensional rendering of the acquired object provides a detailed overview of the

wooden cube.
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7.3.4 Tissue composition

In order to answer the question, which compounds contribute to the signal in the UTE
dataset and which compounds don’t, three major constituents of plant seeds, proteins,
sugar and starch, were analysed separately. First, all substances were measured with
the UTE sequence (humid dataset). After a period of 48h within a desiccator to
remove residual moisture from the protein crystals, the sugar crystals and the starch
powder, a set of dry samples was measured again (dry dataset). The results of starch

and proteins are shown in Fig. 7.6. no signal could be acquired from the sugar crystals.

Figure 7.6: UTE images of starch (left) and proteins (right). The top row shows the
samples before the drying procedure, the bottom row after 48h of drying
in a desiccator. The dry starch still provides sufficient NMR signal while
the proteins are no longer detectable.

For a better visualization, the data reconstruction matrix had to be reduced in order
to improve the SNR in the images. In the humid dataset, in contrast to the protein
crystals, the starch powder provides enough contrast. Both substances can be detected
and the shape of the glass tube can be estimated.

After the 48 h drying period, the dry starch is still detectable in the UTE image, yet

with a significantly reduced signal, recognizable in the lower SNR. In the image of the
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dried proteins, only noise can be seen, the sample itself no longer contributes to the
NMR image.
This result indicates that the major contribution in the UTE datasets, except from

residual moisture, is the starch contained in the endosperm of the crop seeds.

7.3.5 Separation of components based on T mapping

The results of a bi-exponential fit calculated from a barley seed dataset are displayed
in Fig. 7.7.

Figure 7.7: Separation of components based on T3-mapping. Two components could
be identified, a short-relaxing component (top row) and a component with
a relatively long relaxation time T35. The left column shows the MO map
of both components, the right column the T; maps. The My map of the
components with the long T% value had to be scaled in intensity by a factor
of 10.

Two components could be separated with this T% mapping, their My maps are shown in
the left column of Fig. 7.7. While both components possess a comparable distribution
in the seed, their T3 times are significantly different. The components with the long
relaxation time present in the seed are presumably water and lipid, while the starch, as
the previous measurements in Sec. 7.3.4 indicate, is characterized by a relatively short

relaxation time. Thus, the component in the top row of Fig. 7.7 is identified as starch,
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while the component(s) shown in the bottom row is identified as (bound) water and/or
lipid, which are only present in a relatively low concentration since the intensity in the
My map had to be scaled by a factor of 10 to match the other component’s intensity.
Thus, in the dry barley seed, the UTE signal mostly originates from fast relaxing

components.

Figure 7.8: Histology of a fresh barley seed. (A) Cross section through a fresh seed. (B)
Lipid staining with Sudan III showing the lipid (red) distribution within
the seed. (C) Iodine staining of starch, which appears dark blue / black.
(D) Fragment of a semi-thin section of the barley seed (inset in A) shows
the three regions of the seed: the starchy endosperm (en) which is followed
by the aleurone layer (al) containing lipid. The seed coat, the pericarp
(pe), consists of multiple cell layers with a small fraction of lipid.

The staining of plant material can only be accomplished on fresh, thus water containing,
samples. Performing a dissection on a dry seed would cause the sample the sample to
be destroyed; thin slices cannot be produced. In Fig. 7.8 a section of a fresh barley seed
is shown, with the according stainings of the lipid and the starch distribution within
the seed. A high-resolution microscopy image provides a more detailed insight into
three regions of the barley seed. The endosperm containing most of the starch and,
in its outer region, also some lipids. The aleurone is a thin coating layer around the
endosperm, in the inset three cell layers can be distinguished, all of them containing a
large amount of lipid. The outer seed layer, the pericarp, consists of several layers and
by a small fraction also of lipid and starch.

The comparison of the histology of a fresh seed (Fig. 7.8) and the results from the
T3 mapping (Fig. 7.7) underline the capabilities of the UTE imaging protocol; the
distribution of the starch calculated with the UTE T% mapping method matches the
starch distribution visible in a fresh seed. The lipid layer in the outer region of the
endosperm contributes signal in both T% maps, which might be caused by fast and
slow relaxing fatty acid components present in a singular TAG molecule. The starch

accumulated in the pericarp is also clearly visible in the map of short T% times.
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The slowly relaxing components, identified as bound water and lipid, both appear
bright in the map of long T3 times. The semi-thin section in Fig. 7.8 shows the high
concentration of lipid in the aleurone layer and, to a lesser extent, the accumulation of

residual lipid in the endosperm tissue.

7.4 Discussion

Even though magnetic resonance imaging of plants has been performed for three
decades, the UTE sequence has, to my knowledge, not been applied to plants and
seeds.

In dry seeds, the unambiguous advantage is the visualization of the starchy endosperm
and the pericarp.

The magnetically inhomogeneous plant tissue, as seen in the venus flytrap, impedes
the imaging with standard sequences, yet the UTE sequence is able to acquire high-
resolution datasets in an acceptable amount of time. This enabled the visualization of
the digestive process of a venus flytrap, triggered by a hormone that was applied in
advance.

In dead plant material, such as wood from a radiata pine, the UTE sequence pro-
vides sufficient information to distinguish the two types of wood present in the sample
(latewood and earlywood). Furthermore, the hole drilled into the wooden piece could
clearly be seen. This technique provides the means to investigate materials usually not
visible with standard MRI protocols. One application for the imaging of wood could
be the quantification of woodworm infestation in antique furniture.

The identification of the formerly unseen signal in the UTE images could be attributed
to two major components; firstly, residual moisture present in most organic materials.
While this bound water content in dried wood is in the range of ~15% [Ratl5], it is
a major contribution when the main component is typically not visible in magnetic
resonance imaging. Secondly, the starch could be identified as a predominant source
of the acquired NMR signal in dry seeds.

Further signal contributions originate from free water and lipid in tissues; these con-
tributions can easily be identified when a standard imaging sequence is used.

The utilization of a T% mapping technique enables the separation of multiple compo-
nents present in the sample based on their relaxation times. In the resulting My maps,
the spatial distribution of these components can be visualized and thus identified.
This technique is, in contrast to common visualization techniques, a non-destructive

approach.
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7.5 Conclusion

In this chapter, it has been shown that the application of the UTE sequence in plant
imaging offers a more detailed insight into the plant anatomy, as compared to standard
magnetic resonance imaging. The decreased chemical selectivity of the UTE sequence is
a major drawback. In the first experiments, it could be shown that the signal acquired
in a dry seed mostly originates from protons attached to bound water molecules and
starch. In further analyses, namely the Tj-mapping, the individual distribution maps

of two components provided a more detailed insight into the investigated plant tissue.
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CHAPTER 8

Dynamic T{-mapping and
determination of translocation
velocity of a contrast agent in

planta

Important information about the properties of water/metabolite allocation in plants
and animals 1s provided by the noninvasive identification and evaluation of vascular
tissue. By adaption and transfer of distinct medical nuclear magnetic resonance (NMR)
approaches to plant science, the vascular anatomy and functionality of plants can be
obtained. Here, the novel botanical application of a contrast agent for ascertaining
reallocation-processes via dynamic-contrast-enhanced magnetic resonance imaging tmi-
tation (BACARDI) is presented. It is tailored to the challenges posed by plant imaging
and takes advantage of the in clinical imaging widely used non-toxic Gd-DTPA contrast
agent (CA). Ti-maps with improved temporal resolution at a consistently high spatial
resolution, sufficient for the investigation of living plants, are calculated by analysing
changes in NMR signal induced by uptake of the CA. !

Preface

The vascular system delivers assimilates produced by photosynthesis in leaves to the
developing fruits/seeds. It largely connects all plant organs and also delivers hormonal
signals and protein- and RNA-based messages. Thereby it enables the coordination of
physiological and developmental processes at the whole organism level [VB13]. With

the water flow, organic molecules of different size and features are forced along the

!This chapter refers to ’'Kontrastmittelgestiitzte T;-Messungen zur Untersuchung des
Nahrstofftransportsystems von Pflanzen’ (Zulassungsarbeit fiir die Staatsexamenspriifung)
written by S. Hammer in the department EP5 of University Wiirzburg under supervision of E.
Munz [Ham15]
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vascular vessels and channelled from the point of origin toward the location, where
they are accumulated or enter the metabolic process.

Although the molecular basis of metabolite allocation has been studied intensively,
little is known about dynamic of various individual compounds traveling with the wa-
ter flow. Existing models characterize the main forces determining nutrient transport
[Miin30], but they are incapable of answering the questions about the velocity of dis-
tinct substances (e.g. proteins, carbohydrates and etc.) along the vascular system
and in relation to functionality (metabolism), architecture or developmental stage of
tissues/organs. It is shown, that the structural-functional characteristics of the vas-
cular system differ among the species, alter during the development of plant organs
(and especially fruits) and thus require rather specific approaches [Kel06; Nob00]. The
allocation pattern of distinct metabolites, the direction of translocation and intensity
of flow are largely determined by the sink-source interactions [Cho09].

In plant sciences, the most popular technologies for non-invasive survey are X-ray,
PET, and NMR. The potential for detection of metabolites using X-ray is extremely
limited and thus renders x-ray based approaches less appropriate for metabolite anal-
yses. The most powerful tool is PET, it has shown to be able to visualise sucrose
in plants and various compounds in animals. This technique requires radioactive la-
belling of molecules and thus excludes long term experiments on developing organisms
and especially on developing fruits or seeds. For the long time observation and dynamic
survey of both plant and animals, NMR-based appear to be most appropriate due to
minimal deposition of energy in the observed tissues.

For a long time, the lack of suitable technology has hampered systematic in vivo in-
vestigations of nutrients allocation inside of vascular system and understanding plant
metabolism and adaptations to changing environmental conditions [Knol0]. Thus,
further developments of NMR for plant are required, which enable to visualize the
specific distinct metabolite in context of tissue structure, measure their concentration

and characterise the dynamics in living plants.

8.1 Introduction

In animal and medical sciences, functional imaging and various measurements tech-
niques for vascular survey and measurements of solute dynamic are available for many
years. MRI-based angiography evolved to a fast developing branch of noninvasive di-
agnostics. A direct technology transfer between the medical- and the plant-biological
applications field are prevented by substantial differences in physiology, metabolism

and structure of plant and animal tissues [Bor12; Ko6c01; Sta05; Narll].
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In higher animals and human for example, the forces causing fluid to move inside of
vascular system are generated by specialised organ —heart- and flow velocities are high.
In the normal human cava, it is ranged from 10 to 45 cm/s [Wex68]. To the best of my
knowledge, the flow velocities in plants are up to thousands-fold lower (!) and thus are
measured in milimeters per second (mm/s) or per hour (mm/h) [Rol15b]. Transpiration
and sink-source exchange and other interrelated processes drive the movement of fluids.
Some processes are also light dependent or environmentally controlled (e.g. tempera-
ture, water availability and etc.). The prediction of the dynamic of distinct/individual
metabolic compounds is nearly impossible, due to the number of unknown mechanisms
involved in controlling the metabolite allocation (e.g. exporter and importer activities,
existence of channels, sieves and pores) and acting along the metabolite translocation
route.

The translocation of sucrose between maternal and filial organs was visualized just
a few years ago in grain using '*C-labelled sucrose [Melll; Rolll; Fucl5]. In plant
biology, using an isotope-labelled molecule is a widely used approach. Besides 3C,
other isotopes are used, as for example 15N, 225, and etc. Unfortunately, detection
sensitivity of NMR for these isotopes is very low [Lev08; Fril3].

In the praxis of magnetic resonance imaging, various other types of labelling can be
used which could be useful for applications on plants, but are not experimentally tested
or considered as not appropriate (review). By Dean et al. [Deal7] the indirect observa-
tion of paramagnetic manganese (Mn) ions in mature grape berries via relaxation MRI
recently was performed. Mn is considered as a toxic ion and thus is less appropriate
for long time experiments. Nevertheless, the paramagnetic gadolinium (Gd) ion both
in its chelated and unchelated forms is non-toxic for plants [Qui90]. It could enter
the root cell symplast and it moves in conjunction with the solute flow which enables
tracing it in living plants [Gus01; Zha09; Gril7].

In this chapter, a Gd-based tracer was applied to trace the dynamic of transport pro-
cesses in two different plant models: barley (Hordeum vulgare) and canola (Brassica
rapa). The experiments resulted in the development of a new NMR-based method for
plants, called BACARDI (Botanical Application of a Contrast agent for Ascertaining
Reallocation-processes via Dynamic-contrast-enhanced magnetic resonance imaging
Imitation). Some basic features of BACARDI originate from Dynamic Contrast-
Enhanced (DCE) magnetic resonance imaging [Tof91], a technique well-known in clini-
cal diagnostic. It relies on the paramagnetic features of a contrast agent and, in contrast
to PFG (pulsed field gradient) NMR experiments, BACARDI possesses a feature ad-
vantageous for plant applications: It is capable to operate in a very low velocity range,

and furthermore provides the means for concentration measurements. Thus, BAC-
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ARDI represents an original solution for the investigation of the dynamic of molecules

travelling with water flow inside of living plants.

8.2 Material and Methods

8.2.1 Magnetic resonance imaging

The experiments were performed on the Bruker 750 MHz scanner?. The determination
of the contrast agent’s relaxivity and the plant MRI experiments were performed with
a custom-built 20 mm inner diameter birdcage coil, all experiments were conducted at

room temperature and under illumination of the plants.

8.2.2 Preparing the plant for the MRI measurement

Via the peduncle, the upper region of the stem, the allocation of water and metabolites
to the spike in barley plant occurs, it is driven preferentially by transpiration (green
husk) and sink activity of growing grains [Roll5b]. Inside of the stem tissues, the
vascular bundles are hidden and become visible by dissection of the stem (Fig. 8.5).
For observation of the tracer’s movement in this region, two stems of barley were cut
off approximately 15cm below the peduncle and immediately placed into5 mm NMR
glass tube filled with liquid media; as a reference point during the experiments, an
additional 3mm glass tube (filled with water) was inserted. The setup was fixated
using Teflon tape and positioned inside the NMR coil, the injection of the contrast
agent was performed via a tubing without touching the setup, see Fig. 8.1. The canola
seeds grow inside a silique, it is in elongated fruit (Fig. 2.1B and Fig. 8.1), its internal
structure is shown in Fig. 2.1. Inside the silique, two compartments may be observed,
its wall is not entirely uniform and consists of two halves, which are large, green, and
photosynthetically active and one thin middle wall (septum), which bears the seeds.
The seeds are attached to the septum by stalks (funiculi), which are located along the
merging of the septum. The approximately two cell layers wide dehiscence zone spans
the length of the silique between the valve and the replum (for review, see [Fer(02]).
The vascular net transfers solutes, it is embedded inside the parenchyma tissues and
thus only visible after dissection of the silique Fig. 2.1C. For localization of the vessels
inside of the intact silique via MRI, the silique was separated from the stem and placed
in an NMR-tube filled with liquid media, as described above.

2For details see Data 10.2 in the appendix
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Figure 8.1: Experimental setup for the BACARDI measurements. Left: rapeseed
silique, right: barley stems. Centre: scheme of setup, exemplified in de-
tail for the barley stems: The two stems (green) are attached to the water
reference (blue), the tubing from outside (orange) is for the injection of the
contrast agent. After positioning in the glass tube filled with the media, the
5 imaging slices (gray) are acquired. In the fotos, the teflon tape (white)
and the sample holder (white) are visible.

8.2.3 Plant-specific adjustments of the MRI-method

The majority of clinical protocols used in DCE-imaging are based on gradient echo
sequences, which enable a fast acquisition of the datasets and a shortening the mea-
surement time, therefore maximizing patient comfort. The FLASH-sequence [Haa85]
is preferred in clinical imaging, where the tissues are magnetically rather homogeneous,
since the sequence is based on small flip angles and thus enables an accelerated imag-
ing compared to the SE-protocol. Plant tissue, on the contrary, is magnetically very
heterogeneous, in particular due to air inclusions, compared to animal or human tissue
[Borl12; Ko6c01]. In the presence of rather short T% times, the spin echo sequence is
the method of choice for application in plants. By adaption of Tofts’ approach, the
measurement times for the Ti-mapping via the rather slow spin echo sequence could

be significantly reduced for measurement in plants.

8.2.4 Effect of the contrast agent on T,

Gd-DTPA, the contrast agent used in the experiments, is based on Gadolinium. The
molecules diameter is approximately 8.8 A, its molecular weight is 938 amu [Otol2].
These features enable a comparison of its transport characteristics with the sucrose

molecule (molecular diameter 9 A [Ram85], molecular weight 342 g/mol [Dat18]). Gadolin-
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ium is strongly paramagnetic, since it contains seven unpaired electrons. Thus, the
relaxation process is accelerated in the presence of the contrast agent compared to the
natural relaxation process. The shortened relaxation parameter T ; itself is dependent
on the initial value T o and the concentration c of the contrast agent within the sample
[Tofa1].

— =—+c-Roa (8.1)

The relaxivity Rca of the contrast agent at 17.6 T was determined by measuring T,
of different dilutions (in the range of 50 umol/1 to 10 mmol/1) of the contrast agent in
distilled water. For the measurements, an Inversion Recovery Spin-Echo-Sequence with
varying Inversion Times (TI) was used, the slope of a linear fit through the measured
values of Rj=1/T; plotted over the concentration ¢ enabled the determination of the

relaxivity Roa at the given field strength.

8.2.5 Probing experiment vs theory by Dynamic
Contrast-Enhanced MRI

contrast agent

I I I I I -
Figure 8.2: Scheme of the BACARDI protocol: After the first, time-consuming T;-map
of the sample, the contrast agent was added. The consecutive, T;-weighted

acquisitions (S(t;)) were started immediately. As a reference, a second,
time-consuming T;-map was acquired at the end of the experiment.

T, map

S(ty)
S(ty)
S(ts)
S(ty)
S(ts)

time t

In Fig. 8.2, the scheme of the BACARDI method is shown. At first, a reference T;-
map was acquired, based on a slice-selective Spin-Echo (SE) Sequence with various
repetition times (TR). The contrast agent was added to the sample after the measure-
ment of the time-consuming full T4-parameter map (measurement time approximately
2h 13min), and adjustments for the consecutive measurements were performed (coil
tuning, shimming). The following 383 (barley stem) or 549 (rapeseed silique) acqui-

sitions for monitoring the translocation dynamics were started immediately. These
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Ti-weighted images were acquired with a fixed repetition time of TR=700ms and in a
timespan significantly reduced to the initial Tj-map. The increased temporal resolu-
tion of 6 min was sufficient for the following dynamic analysis.

The concentration of the added contrast agent was 50 mmol/l, thus in the water reser-
voir of the plants, an approximative concentration of 20 mmol/l was present. In order
to verify the correct Ti-calculations, a second T;-map was acquired at the end of the
canola experiment using the same sequence and parameters as the initial T'1-map, see
scheme in Fig. 8.2. For an optimization in SNR, the T;-weighted images were acquired
with a number of averages NA=4, also enabling a dynamic sliding-window analysis of
the consecutive T;-weighted images. For the estimation of vertical transport veloci-
ties, all experiments were set up with five parallel slices (thickness 0.5 mm (rapeseed),
2.0mm (barley stem), distance between slices 2.0 mm). The detailed measurement pa-

rameters are shown in Tab. 8.1. For the first T;-weighted images, the assumption was

Ti-map T:-weighted

TR varying TR 700 ms

TE 4.2 TE 4.2

NA 2 NA 4

FoV barley: 11 x 11 mm? FoV barley: 11 x 11 mm?
rapeseed: 8 x 8 mm? rapeseed: 8 x 8 mm?

Matrix 128 x 128 Matrix 128 x 128

Slices 5 Slices 5

Ngzp 10 NEzp barley: 383

rapeseed: 549
T Acq 2h 13 min T acq 5min 58s

Table 8.1: Measurement parameters for the BACARDI measurements. Abbreviations:
TR: Repetition Time, TE: Echo Time, NA: Number of Averages, FoV:
Field of View, Ng,,: Number of individual experiments, T 4.,: Acquisition
duration of a single image.

made, that the contrast agent’s concentration in the plant tissue remains zero, and,
as in Tofts” approach, that signal changes were not caused by instrumental influences.
By using an in-house written MATLAB (The MathWorks Inc, Natick, MA, USA) al-
gorithm using a least-squares fit, the initial (time consuming) T;-map was calculated.
Based on the initial Ti-map and the T,-weighted images, the dynamic T1-maps of
the plant tissue were calculated. The calculation of the CA’s concentration maps was
enabled by the dynamically changing T1-parameter in the plant tissue. The transport
velocities of the tracer could be calculated for vertical (xylem/phloem) and horizontal
(out of the transporting strand) direction by determining the Gd-DTPA concentration

value in the plant tissues. In most cases, a reduced T, parameter leads to a higher
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NMR-signal S in a T;-weighted image. This dependency can be described for every

voxel by:
S(TR,Ty) = My - (1 — e”TR/T) (8.2)
Eq. 8.2 has to be distinguished before (Sp) and after (S;) injection of the contrast
agent:
S() X M(),() . (1 - S_TR/Tl‘()) (83)
SO 0.8 M(),l . (1 — €7TR/T1’1) (84)

which leads to a ratio x of both signals:

Sy 1—eTH/Tio

Tr = S—l = —1 — e*TR/Tm (85)
The equation can now be solved for the new dynamic Ty ;:
TyA(TR, Tig, ) = TR [In (1 — 2 (1 — e TR/TL0))] 7 (8.6)

Within the DCE-image, the parameter T ; can be calculated for every voxel. It is
dependent on the measurement parameter TR, the initial value T, and the ratio of
the signal intensities x in each voxel. The concentration ¢ of the contrast agent can be
calculated with the now known parameter T, o, based on Eq. 8.1:

Tho—Ti, 1

c= . 8.7
Tio-Ti1 Rai-prra (8.7)

These equations can be written in this simple form, unlike in other studies utilizing
DCE-MRI, since a standard SE sequence is used; i.e., approximations for small flip
angles are not necessary.

Since the ratio x (Eq. 8.5) is dependent on the measured signal amplitudes at different
time points, influences of noise or movement can affect the calculation of a correct T1-
value, this effect is common in DCE-experiments. The ratio x in a previously ‘empty’
voxel can be significantly changed by a growing or moving part of the plant, thus the
Ti-values calculated in these areas will be too high to be physically correct and must

therefore be ignored.

8.3 Results

In this chapter, Tofts’ method was modified for application in living plants to: (1)

evaluate the dynamic features of the vascular system and to (2) determine local con-
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centrations of the contrast agent for (3) calculation of translocation velocities.

8.3.1 Estimation of the relaxivity of the contrast agent

The relaxivity of the contrast agent Gd-DTPA at 17.6 T was estimated from a concen-

tration series as described above:

Ry ¢a-prra = (3.7831 £ 0.0085)
mmol - s

In order to evaluate this result, this value can be compared to relaxivities determined
at different field strengths: Sasaki et al. [Sas05] found a value of 4.79 (1/mmol-s) at a
field strength of 1.5 T and 4.50 (1/mmol-s) at a field strength of 3T in water phantoms
containing dilutions of Gd-DTPA.

The value obtained at 17.6 T is located within a reasonable range and will be used for
further calculations within this experiment. Since the relaxivity was measured in a
water phantom, it can differ in plant tissue. Should this fact cause any possible errors,

it will only concern the quantified concentrations and not the transport velocities.

8.3.2 Detection of the area of active vascular tissue

The contrast agent was taken up by the plant over the course of the experiment, which
lead to an increase of signal in the tissue containing the CA, as exemplified for the
barley stems in Fig. 8.3. These dynamic T;-weighted images allowed, in combination
with the initially Ti-map, acquired with a SE sequence with various TR values, the
calculation of the DCE-T-maps, as shown in Fig. 8.4.

For a better overview, Ty-values that clearly exceed the reasonable range (e.g., caused
by noise or movement of the plant) are set to zero. The presence of the contrast agent
can be shown in detail in Fig. 8.5, which is a difference image between two images (i)
acquired directly after application of the CA and (ii) at the end of the experiment. In
this image, the reference sample is not visible since no change in signal was induced.
In the stem tissue, a high intensity in the difference image represents a high change of
signal over the course of the experiment and thus a high uptake of the contrast agent.
In the vascular bundles, the high concentration of the CA leads to a reduction of signal
and thus, they appear dark in the difference image.

The experiment with the canola plant is shown in Fig. 8.6, selected T;-weighted images
depict the uptake of the contrast agent over time. Based on these images and with the

initial T1-map as a reference, the calculation of the dynamic Ti-maps (Fig. 8.7) and
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Figure 8.3: Magnitude images of the barley stems (bottom) over time and the reference
sample (top). The experiment starts in the top row on the left and ends
in the bottom row on the right. The allocation of the contrast agent in
the plant tissue leads to a change of the acquired NMR signal, based on
these magnitude images and the initial T;-map, the dynamic T;-maps can
be calculated.

3500

T,/ ms

Figure 8.4: Dynamic DCE-T;-maps of the barley stems for selected points of time. The
contrast agent is taken up by the plant and is allocated in the plant tissue.
The relaxation parameter T; decreases due to the presence of the CA.

the associated concentration maps (Fig. 8.11) was performed.

During the experiment, the seeds were growing which by itself leads to a change in
signal behaviour in the voxels monitored, thus the concentration maps are valid only
for the pod tissues but not for the seeds. It was not possible to distinguish this change
from the effects of the CA. In this area, the voxels must be ignored since the apparent
increase in signal is not caused by the contrast agent.

In the T;-maps, the active vascular tissue strands can easily be identified within the
surrounding plant tissue as their Ty values decrease during the experiment.

The uptake of the contrast agent in the plant tissue leads to a decrease of the T;-
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o

Figure 8.5: Left: Presence of the contrast agent in the barley stems. The difference
of two T;-weighted images, one from the beginning of the experiment and
one from the end reveal the areas of the plant tissue, where the contrast
agent accumulated. Right: light microscopy images; slice of barley stem
(bottom) and staining of lignine with phloroglycine (top). The vascular
bundles are visible in the stem tissue.

Figure 8.6: Magnitude images of the rapeseed silique (bottom) over time and the ref-
erence sample (top). The experiment starts in the top row on the left and
ends in the bottom row on the right. The allocation of the contrast agent
is visible.

parameter, as can be shown for two selected ROIs within the rapeseed silique, see Fig.
8.8.
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3500

T,/ ms

Figure 8.7: Dynamic DCE-T;-maps of the Rapeseed silique for selected points of time.
The contrast agent is taken up by the plant and is allocated in the plant
tissue. The relaxation parameter T decreases due to the presence of the
CA. Regions of growth have been set to zero.
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Figure 8.8: Dynamic Ty-values in the vascular strand (left) and the surrounding tissue
(right). The uptake of the contrast agent leads to a significant decrease of
T, in both tissues.

Upon administration of the contrast medium the course of a vessel can be observed,
and a closer look (in Fig. 8.7) at the T;-value of a selected transporting strand and
its surrounding tissue shows a clear decrease in the relaxation parameter in both ROIs
over time, shown in Fig. 8.9. The spin-lattice relaxation time T falls within the time
of measurement to (28.4 + 4.4) % of its initial value.

In Fig. 8.10, the T course of the water sample is shown. Within the error bars, the
values remain constant over the duration of the measurement. This underlines that
the dynamic T, estimation provides reliable values over time and is not affected by

external influences due to signal instabilities of the MR scanner.

108



8.3 Results

Figure 8.9: Location of ROIs within the rapeseed silique: blue: water sample, red::
vascular strand, green:: silique-tissue.
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Figure 8.10: Dynamic T; values of the water sample (reference) - Within the error bars,
the values are consistent and underline the assumption, that no external
influences affect the dynamic T; estimation.

8.3.3 Evaluation of concentration range of the contrast agent in
plant tissues

On basis of the dynamic T;-maps, the determination of the time-dependent contrast
agent concentrations is performed. Compared to the surrounding tissue, the transport-
ing strand exhibits a higher concentration of the CA than the surroundting tissue, see
Fig. 8.11 and 8.12. Concentrations of up to (0.55 + 0.12) mmol/l were calculated,

a minimal concentration of 0.01 mmol/l was found in the transporting strands at the
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beginning of the experiment.

¢/ mol/l

Figure 8.11: Dynamic DCE-concentration-maps of the rapeseed silique for selected
points of time. The contrast agent is taken up by the plant and is al-

located in the plant tissue. The vascular bundles contain the highest
concentration of contrast agent.
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Figure 8.12: Concentration of CA in the vascular strand (left) and the surrounding
tissue (right). The contrast agent allocates in both tissues, while the

concentration in the vascular strand is significantly higher than in the
surrounding tissue.

The quantification of the contrast agent’s concentration in pod tissue around the vas-
cular tissue strand showed the following behaviour: The T; parameter decreased with
delivery of the contrast agent from the vascular tissue into the surrounding tissue dur-
ing the experiment. Throughout this process, the concentration of the CA increased
up to (0.282 £ 0.098) mmol/1. In the liquid media, the concentration of Gd-DTPA was
adjusted to 20 mmol/1, in the plant’s vascular strands and tissue the concentrations are
significantly lower. As can be seen in Fig. 8.12, a saturation effect in the plant tissue
can be observed. All transporting strands visible in the image are behaving in a com-

parative manner, as can be seen on basis of the calculated maps of CA concentration
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in the pod. All strands in the pod investigated are functioning, since the concentration
values reached are comparable. After approximately 2.5 hours after insertion of the

CA, the first distinct identification of the active strands can be performed.

8.3.4 Determination of transport velocities using BACARDI

The BACARDI method can now be applied for the estimation of vertical and horizontal
tracer velocities inside the barley stem and canola silique. By comparing the points
of time when the T,-parameters in the same transport fibre in different slices start
to decrease, the estimation of the transport velocity in the vertical direction can be
performed. The method is exemplified in canola:

It is necessary for a correct estimation to follow a vascular tissue strand through the
various slices. The assumption, that the vascular tissue strands are not crossed, was
made. Within each slice, the point of time of the contrast agent’s first appearance in
the vascular strand was determined. By calculating the difference in the delay time t, ¢
between the upper and lower slices the time required for the contrast medium to pass
through the slices can be estimated. The slice distance is known from the measurement

parameters.

Barley stem

Three transporting strands could be identified in different slices, this enabled the cal-
culation of the tracer’s transport velocity in the barley stem. Through the arithmetic
mean and standard error calculations, the vertical allocation velocity v, erticar Was ob-
tained:

Uvertical == (243 + 6]_)m

Canola silique

The estimation for the canola silique was performed analogously. Alongside the replum

of the silique (Fig. 8.11), well pronounced vascular strands are present. In the MRI

dataset, it was possible to clearly identify two vascular tissue strands, as shown in

detail in Fig. 8.9.

In the rapeseed silique, the vertical transport velocity vyerticar Was determined as
Veertical A (7.48 % 0.50) 0

This values does not match the water flow velocity, it is only valid for the translocation
of the tracer itself. The molecular weights of water and Gd-DTPA differ significantly.
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For studies on the translocation of molecules of similar (chemical/physical) properties
inside of plant tissues, this tracer can potentially be used.

A leakage of the contrast agent from the vascular tissue strands into the surrounding
tissue was observed. In this region, the contrast agent moves a certain distance per-
pendicular to the main (vertical) strand. Thus, the speed determined is therefore an
estimate of the horizontal velocity of the contrast agent. For determination of this
horizontal velocity, different vascular tissue regions of interest (ROIs) with a thickness
of one voxel, thus being rings around the strand, were examined. The distance As
travelled by the contrast medium was As ~ 63 pum, thus identical to the isotropic in-
plane resolution.

The determination of the time required for the contrast agent to penetrate from the
vascular tissue into the pod tissue was performed as follows: looking at the graph
of concentrations, it appears that some time passes until the concentration increases
from 0 mmol/l to a value cc > Ommol/l in the pod tissue. The time required for the
contrast agent to penetrate from the vascular tissue into the surrounding tissue is thus
the difference between the time in which the increase is initiated in the vascular tissue,
and the time at which the increase starts in the surrounding pod tissue.

The translocation velocity Viorizontar from the vascular tissue into the plant tissue can

be estimated:
As
Vhorizontal ~ (88)
tsiliquetissue,cc - tt’/‘anspov“tingstrand,cc

An estimate of the horizontal translocation velocity (followed by arithmetic mean and
standard error calculations) is obtained by analysing the vascular tissue strands and

their surrounding tissue
uwm

h

In the next step, a classification of the horizontal transport as a driven or passive

Uhorizontal =~ (1050 + 95)

transport mechanism is performed. To solve this question, a comparison with free
diffusion can be used. The estimation of the diffusion coefficient D is enabled by an
evaluation of the level of mobility of molecules. In free diffusion, Eq. 8.9 is applied,

based on [Tof91].
(As)®
2dt

As? is the mean square displacement of a particle in time t, and d is the dimensionality.

As® =2dDt <> D = (8.9)

Gussoni et al. [Gus01] measured the diffusion coefficient of Gd-DTPA in a morning

glory stem as

2
Dgi-prpa =1.0- 0~
s
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Hereinafter, this will serve as a reference value for the classification of horizontal trans-
portation properties.
The transportation out of a vascular tissue strand can be regarded as a two-dimensional
problem (d = 2). The average displacement As and the time interval t are defined as
the radius of the directly surrounding tissue and time difference, respectively. Including
the standard error, the time interval for the CA concentration to reach the value cc in
the vascular bundle and its surrounding tissue is calculated as t = (2178 £ 198) s. With
the assumption, that the transport observed is completely diffusion-driven, the diffu-
sion coefficient can be calculated from Eq. 8.9, thus the diffusion coefficient Dyjorizontar
is obtained:

m2

Diorizontar = (4.56 £0.14) - 1071 —

In comparison to the value Dgg_prpa, this coefficient is two orders of magnitude
smaller. Therefore, the assumption that the contrast agent is directionally transported
from the vascular tissue into the pod tissue is questionable. The transport occurs to
be based solely on diffusion, which must be significantly impeded, for example, by cell

membranes.

8.4 Discussion

In the past, various tracers (usually isotope-labelled and fluorescent probes) were used
successfully to track water and metabolite allocation in plants [Zam04; Hub15; Sugl6).
For the application in living tissues, the tracer should be biologically inert, non-toxic

and non-invasively detectable.

8.4.1 Advantages and restrictions of BACARDI

The method BACARDI is based on the application of a clinically used contrast agent.
Thus, the minimization of interference with the plant’s functionality allows for nonin-
vasive determination of transport characteristics.

Additional microscopic examination of tissues, as it is common by application of fluo-
rescent tracers and dye in experimental botany [Bor02; Sta05], is not required for the
localization of the Gd-tracer in the vascular system. Gd-DTPA is a non-hazardous sub-
stance that can be applied for long lasting experiments, which is an advantageous fea-
ture compared to radioactive labelling, which is required for PET experiments [Hub15].
Regarding the infrastructure, the performance of PET experiments is certainly more
complex (cyclotron, radiochemistry laboratory, and PET camera) than performing an

MRI experiment. Via MRI, the paramagnetic component can be non-invasively traced
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in living (plant) organism, similar to medical diagnostics. BACARDI represents an
enabling technology, first because it’s capability for survey of the fluxes in a low range
of velocity (pm/h), which is not accessible for standard MRI DCE-based procedures;
second, because the method provides a means to determine the local concentration of
the tracer inside of tissue.

Due to the peculiarity of plant tissue, structure and metabolism, and in contrast to
clinical measurements that are usually limited to a duration of one hour, the duration
of the entire plant experiment was planned on a time scale of days. Since in Gd-DTPA,
the Gd-ion is enclosed in a chelate complex, the paramagnetic effect of the Gd is still
active, but the cell-damaging effect is suppressed. By Gd-DTPA, the metabolism of
living systems is not affected [Gus01; Zha09], it could be the contrast agent of choice

for various plant experiments in combination with BACARDI.

2500
2000

1500

T, [m

1000

Figure 8.13: Dynamic DCE-T;-map and reference T1-map of the rapeseed silique. The
obtained T;-values are comparable to the reference values, the dynamic
method can only be applied for non-moving tissue.

For the adaption of Tofts’ approach to plant imaging no approximations typically used
in standard DCE-based Imaging techniques, e.g. flip angle approximations were re-
quired. Compared to the standard T;-mapping sequence, high-resolution maps of the
physical NMR parameter T; can be acquired dynamically and within a highly reduced
time span. In Fig. 8.13, the final T;-map recorded with BACARDI is shown side
by side with the saturation recovery control measurement. The reliability of the T,
values obtained with BACARDI is evident based on the good match of the Ty values
in both maps.In a direct comparison, the time-consuming T;-map acquired with the
various TR values provides information about the complete plant visible in the image
and contains less noise. The relatively long measurement time for this map (2h 13 min
for canola and barley) underlines the advantage of the BACARDI method: by using

BACARDI, a Ty-map is acquired within 6 min, which could increase the resolution in
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time (by a factor of 22 in canola and barley) significantly while maintaining the spatial
resolution of the image.

The dynamic T;-maps enable the calculation of the concentration of the contrast agent,
this information can then be used for identification and evaluation of the vascular bun-
dles. With this method, it could be shown that the transport strands in silique are
intact and functional. One of the major features of the BACARDI method is the
direct and unambiguous identification of active transport tissue due to the fast and
high-resolution Ti-maps of plant tissue. The application of the BACARDI method
was exemplified on two different plants (barley and canola), and it was demonstrated
how the tissues, which are instantly involved in solute allocation in the stem and fruit,
can be identified using the new method (Fig. 8.11). The approach however is unable
to determine T;-times in moving or fast growing tissues, which is a disadvantage of
DCE methods which rely on an initial T;-map, compared to other time-consuming

Ti-mapping methods.

8.4.2 Tracer-specific velocity and water flow

Most of the variety of reliable flow measurement methods provided by MRI directly
measure the flow of water and rarely measure the velocity of molecules, which are allo-
cated in the water flow. For example, a phase contrast encoding method used by Peuke
et al [Peu01] and the utilization of a pulsed field gradient (PFG) method by Rokitta et
al. [Rok99] enabled the measurement of the phloem velocity in the Ricinus communis
plant, both provided comparable results at approximately 900 mm/h. The flow veloc-
ity can respond to the experimental condition, e.g., an increase from 36000 mm/h to
51000 mm /h in response to watering, as shown in cucumber plants by flow encoding
method [VA84]; (ii) could vary in the same plant during development, e.g., in tomato
from 1500 mm/h to 2100 mm/h [Win09]; (iii) could substantially differ between plant
species, as for example the flow velocities reach up to 3600 mm/h in the stem of a small
tree [Karl4], and be much lower in the stem of wheat and barley [Rol15b].

Via the vascular system, the differently sized tracers are translocated with distinct
velocity (which could differ from that of water) and target different tissues in the plant
[Bor(02; Zam04; Niull]. Compared to the measurements of water flow, measurements
of their dynamics are a much more difficult task, thus, the size and types of trac-
ers need careful consideration. It was shown by using fluorescent tracers, that small
molecules such as the Lucifer Yellow LYCH (molecular mass Mr = 0.5kDa) are highly
permeable [Wan94], whereas small proteins (Mr = 15-30 kDa) are generally less mobile

[Wil99]; in plant tissues, movement of large molecules (e.g., dextran Mr = 500 kDa)
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is even more restricted [Arm04]. The molecular weight of GAd-DTPA (Mr=0.94 kDa)
and sucrose (Mr = 0.342 kDa) are in the same range, the Gd-tracer may therefore be
an appropriate tracer for the investigation of transport kinetics in plant tissue.

Hall et al. [Hal71] measured an average velocity of *C-labelled assimilates in castor
bean plants as 820 mm/h, comparable to the velocity water flow [Peu0l1]. Measure-
ments by the real-time radioisotope imaging system (RRIS) for mineral compounds in
Arabidopsis taliana found translocation velocities of other compounds between 5 mm/h
and 60 mm/h [Sugl6].

Via DCE-MRI in T;-weighted images, the transport velocity of Gd-DTPA in the stems
of morning glory was measured to 0.7mm/h [Gus01]. Compared to the values deter-
mined with BACARDI, this value seems rather slow; the translocation in the barley
stem and the rapeseed silique was determined during the seed filling stage. At this
time, the transport towards the seeds is expected to be highest in both plants.

In combination with the Gd-tracer, BACARDI is able to monitor flow velocity in
range of um/s in plants. The method is thus well appropriate for detection of tissues
involved in molecular trafficking and for observation of vascular system activity in liv-
ing plants. Nevertheless, features of Gd-tracers are still not fully understood [Erm10;
Hal61; Bou82]. By integration of BACARDI with other state of the art technolo-
gies such as fluorescent tracers [Zam04], PET [Hub15] radioisotope-imaging [Sugl6], or
IBC-MRI [Mell1], more confidence in the interpretation of experimental data could be
achieved. In respect to metabolite allocation, these methods could provide additional

information about the structure and composition of tissues.

8.4.3 Biological relevance of the BACARDI outcome

In both plants, the images provided by BACARDI allow for the detection of GA-DTPA
directly in the tissues: in the stem of barley (Fig. 8.5) and in the silique of oil rapeseed
(Fig. 8.11). The allocation of CA can be monitored and related to distinct tissue
structures with a high temporal resolution. Detailed investigation of the silique shows,
for example, that the tracer is first detectable in the small regions of the silique walls
that correspond to the main vascular vessels (xylem diameter 10-16 pm and phloem
diameter of approximately 2-6 um) and then detected in the surrounding parenchyma
tissue (Fig. 8.8). The ability of BACARDI to visualize vascular tissues of the silique
in a noninvasive way is indicated by the co-localization of the Gd-tracer with vascular
bundles.

The experiments indicate, that the direction of Gd-flow is along the long axis of the

stem (barley) and silique (canola), which is reasonable in both cases. First, the stem in
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barley (peduncle region) is the main transportation route for supplying nutrients and
water to the grooving spike, which is located at the top of stem. Second, the young
rapeseed silique is the growing organ (sink organ). Its length increases approximately
seven times regarding to its initial length towards maturity [Leb89; Wan16]. The seeds
are connected to the pod sept (Fig. 2.1B), they are also localized along the longitudinal
axis and involved in solute/water uptake. In the BACARDI experiment, the highest
velocity of Gd-flow in the silique reached 7.48 mm/h, and it is registered along the
elongation vector. The direction of flow and the high velocity, both measured with
BACARDI, correspond well with the growth pattern of the silique (described above).
In the tissue surrounding the vascular vessels (horizontal direction), Gd was also de-
tected by BACARI, as demonstrated in canola silique. From an anatomical perspective,
this observation could be explained by the influx of the Gd-tracer from the vascular
tissue to the parenchyma. this influx could include the symplastic pathway (direct
cytoplasm-to-cytoplasm) and the apoplastic pathway (passage through the cell mem-
brane). Such a route for metabolite translocation (e.g. sucrose and small proteins) is
in general expected to be very slow because the size of plasmodesmata, the activity of
involved transporters, etc. are the limiting factors. The Gd-tracer used here (8.2 A)
and sucrose are distinct in structure and dynamic features. Nevertheless, the measured
value of the horizontal transport velocity of Gd-DTPA in the canola silique (Viorizontal
~ (8105.0 + 9.59) um/h) is comparable to the transport velocity of *C-labelled sucrose
in the barley cariopsis (145 pm/h dorso-ventral, 72 ym/h lateral) [Mell1].The transport
velocity of the Gd-complex is almost identical to the sugar molecule’s, at least within
the imaged area of tissues. This method could enable the the investigation of sucrose
transport characteristics by utilization of Gd-DTPA.

The experiments indicate that the Gd enters the plant cell symplast and moves in
conjunction with the flow of solutes. A similar observation was made using other non-
invasive methods in the roots and stems of morning glory plants [Qui90] and in tomato
[Zha09]. Compared to the connecting cell plasmodesmata, the diameter of the vascu-
lar tissue is several-fold larger. The tracer’s restricted movement within the tissue’s
compartments, as was observed in the BACARDI experiments, is caused by this fact
and the absence of transporters in the synthetic molecule of the tracer in plants. The
BACARDI method is well applicable for evaluation of the transport-mechanisms in
plants, but membrane permeability of Gd-DTPA as a tracer must be considered in

experiments using living plants.
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8.5 Conclusion

The presented BACARDI method provides the means for investigation of molecule/solute
allocation in plants. The utilization of a Tj-mapping protocol in conjunction with a
sliding-window analysis of the T;-weighted images allowed to capture high-resolution
Ti-maps of intact silique of B. napus and the stem of H. vulgare plants. In the plant
objects, the active vascular tissue (vessels and surrounding cells) were identified. With
BACARDI, the temporal resolution of the Ti-mapping has been improved to allow for
the dynamic in vivo analysis of transport processes in the living plant. Concentrations
of the contrast agent within the plant tissue could be estimated. These estimations
further allowed for the determination of the tracer’s translocation velocity, both in
vertical (along the vascular tissue) and horizontal (out of the vascular strand into the
plant tissue) direction.

Thus, this method is well applicable for evaluation of the transport-mechanisms (local-
ization, dynamic, concentration measurements) in plants. In living plants, it could be
a versatile instrument for various experimental designs, where paramagnetic features

of Gd can be used as a label for molecules.
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CHAPTER 9

Conclusion & Perspectives

I never expected this to happen in my lifetime and shall ask my family to put some

champagne in the fridge.

Peter Higgs (about the discovery of the Higgs boson)

The noninvasive magnetic resonance imaging technique allows for the investigation of
functional processes in the living plant. For this purpose during this work, different

NMR imaging methods were further developed and applied.

Selective Imaging of a germinating canola seed

For the localisation of the intrusion of water into the germinating rape seed with the
simultaneous depiction of the lipid-rich tissue via a 3D rendering, in Chap. 5 the tech-
nique of interleaved chemical selective acquisition of water and lipid was used in the
germinating seed. The utilization of high-resolution MR images of germinated seeds
enabled the localization of a predetermined water gap in the lipid-rich aleurone layer,
which resides directly under the seed coat. The for a long time in biology prevalent
discussion, whether such a gap exists or the seed soaks up the water from all sides,
rather like a sponge, could hereby, at least for the rapeseed seed, be answered clearly.
Furthermore, the segmentation and 3D visualization of the vascular tissue in the rape-
seed seeds was enabled by the high-resolution datasets, a multiply branched structure
preconstructed in the seed could be shown. The water is directed by the vascular tis-
sue and thus awakens the seed gradually to life. This re-awakening could as well be
tracked by means of invasive imaging via an oxygen sensor. In the re-awakened seeds,
the lipid degradation starts, other than expected, not in the lipid-rich cotyledons but
in the residual endosperm remaining from seed development and in the aleurone layer
which previously protected the embryo. Within this layer, the degradation could be
verified in the high-resolution MR datasets.
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Visualisation of unsaturated fatty acid components

The method presented in Chap. 6 provides a further characteristic trait for phenotyp-
ing of seeds and lipid containing plants in general. The visualization of the compounds
of fatty acids in plant seeds and fruits could be achieved by the distinct utilization
of chemical shift-selective imaging techniques. Via the application of a CSI sequence
the fatty acid compounds in an olive were localized in a 2D slice. In conjunction with
an individually adjusted CHESS presaturation module [Haa85] the high-resolution 3D
visualization of saturated and unsaturated fatty acid compounds in different seeds was
achieved. The ratio maps calculated from these datasets allow to draw conclusions
from the developmental stage or the type of seed. Furthermore, it could be shown that
the storage condition of two soybean seeds with different storage time durations lead

to no degradation of the fatty acid content.

Plant imaging with ultrashort echo times

Additional structural information from inside of dry seeds are now accessible via MRI.
In this work the imaging of cereal seeds could be significantly improved by the appli-
cation of the UTE sequence. The hitherto existing depictions of the lipid distribution,
acquired with the spin echo sequence, were always sufficient for examinations of the
lipid content, yet defects in the starchy endosperm or differences in the starch concen-
tration within the seed remained constantly unseen with this technique. In a direct
comparison of the datasets acquired with the previous imaging technique (spin echo)
and with UTE imaging, the advantage of data acquisition with UTE could be shown.
By investigating the potential seed compounds (starch, proteins, sugar) in pure form,
the constituent parts contributing to the signal could be identified as bound water
(residual moisture) and starch. The application of a bi-exponential fit on the datasets
of the barley seed enabled the separate mapping of magnetization and of relaxation
time of two components contributing to the NMR signal. The direct comparison with
histological stainings verified the previous results, thus this technique can be used for

the selective imaging of starch in dry seeds.

Dynamic determination of translocation velocities

Conclusions on the translocation characteristics in plants can be drawn by the tech-
nique proposed in Chap. 8. The associated translocation velocities can now, even in the
range of several ym/h, be determined in the living plant. Based on calculated concen-
trations of an MR contrast agent, which was taken up by the plant, these translocation

velocities were estimated both in longitudinal direction, thus along the vascular bundle,
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and in horizontal direction, thus out of the bundle. The latter velocity is located below
the contrast agent’s velocity value of free diffusion. By adjusting a dynamic contrast-
enhancing imaging technique (DCE-Imaging, [Tof91]) the acquisition duration of a
T,-map was significantly reduced. By means of these maps, local concentrations of the

contrast agent in plant stems and the siliques of the rapeseed plant could be determined.

Outlook

Numerous questions in plant science can only be answered by non-invasive techniques
such as MRI. For this reason, besides the experimental results achieved in this work,
further NMR methods were tested and provided for the investigation of plants.

As an example, the study on the imaging of magnetic exchange processes are men-
tioned, which provided the groundwork for a possible transfer of CEST experiments
(Chemical Exchange Saturation Transfer) to the plant. The results are presented in
the bachelor thesis of A. Jager [J&17], which was performed under my supervision, they
find great interest under biologists.

The development of new technologies, which extend the possibilities for the inves-
tigation of living organisms, is of great importance. For this reason, I have con-
tributed to the development of the currently unpublished method RACETE (Refocused
Acquisition of Chemical Exchange Transferred Excitations [Jak17], [Reul7], [Gut18a).
By rephasing the transferred magnetization the utilization of properties which have not

2

been available in chemical ”‘exchange”’ experiments is enabled. With this method a
positive contrast is generated, thus a reference experiment is not mandatory. Further-
more, the image phase, which in classical experiments contains no information about
the exchanged protons, can be used for the distinct identification of multiple substances
which have been excited simultaneously.

This recently at the Department of Experimental Physics V developed method can
be used in particular for the identification of lipids and for the localization of sugars
and amino acids, thus it can serve the enhancement and improvement of non-invasive

analytical methods.
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Zusammenfassung & Ausblick

Die nicht-invasive Bildgebungstechnik der Magnetresonanz erméglicht es, funktionelle
Prozesse in Pflanzen am lebenden Objekt zu untersuchen. Hierfiir wurden im Rahmen
dieser Arbeit verschiedene NMR-Bildgebungsmethoden weiterentwickelt und angewen-
det. Da Pflanzen ein magnetisch sehr inhomogenes Gewebe besitzen, bedingt durch
Lufteinschliisse und das Vorhandensein verschiedenster geloster Stoffe im Pflanzenge-

webe, wurden daher hauptsachlich Spin-Echo-Methoden fiir die Bildgebung verwendet.

Selektive Bildgebung der Keimung eines Raps-Samens

Um das erste Eindringen des Wassers in den keimenden Raps-Samen bei gleichzeitiger
Darstellung des lipid-reichen Gewebes mittels einer 3D-Visualisierung zu lokalisieren,
wurde in Kapitel 5 die Technik der verschachtelten, chemisch selektiven Aufnahme von
Wasser und Lipid im keimenden Samen verwendet. Durch Verwendung von hochaus-
gelosten MR-Aufnahmen an gekeimten Samen konnte weiterhin in der lipid-reichen
Aleuron-Schicht, die sich direkt unter der Samenschale befindet, ein gezielt angelegter
Einlass fiir das Wasser verortet werden. Die in der Biologie lange Zeit verbreitete
Diskussion, ob es einen solchen Einlass gibt oder der keimende Samen das Wasser eher
wie ein Schwamm von allen Seiten aufsaugt, konnte hierdurch, zumindest fiir den Raps-
Samen, eindeutig beantwortet werden. Weiterhin konnte durch die hoch-aufgelosten
Aufnahmen das vaskulare Gewebe in den Raps-Samen segmentiert und in 3D veran-
schaulicht werden, es zeigte sich eine mehrfach verzweigte Struktur, die bereits im
Samen angelegt ist. Das Wasser folgt hierbei dem vaskularen Gewebe und erweckt
hierdurch den Samen schrittweise zum Leben. Dieses Wieder-Erwachen konnte eben-
falls durch die invasive Bildgebung mittels eines Sauerstoff-Sensors nachverfolgt wer-
den. Im nun erwachten Samen selbst beginnt der Lipid-Abbau, anders als zunachst
angenommen, nicht in den lipid-haltigen Kotyledonen sondern im von der Samen-
Entwicklung verbliebenden Endosperm und in der den Keimling vormals schiitzenden
Aleuron-Schicht. In dieser konnte der Abbau an gekeimten Samen durch hochaufgeloste

MR-~Aufnahmen nachgewiesen werden.

123



9 Conclusion & Perspectives

Darstellung ungesattigter Fettsaure-Bestandteile

Die in Kapitel 6 vorgeschlagene Methode liefert ein weiteres Merkmal zur Phenotyp-
isiserung von Samen und lipidhaltigen Pflanzenbestandteilen im Allgemeinen. Die
Darstellung der Bestandteile ungesattigter Fettsauren in Pflanzensamen und -Friichten
konnte durch gezielte Verwendung von chemisch selektiven Bildgebungstechniken erre-
icht werden. Durch die Anwendung einer CSI-Sequenz konnten die Fettsaurebestand-
teile in Oliven in einer 2D-Schicht lokalisiert werden. In Verbindung mit einem jeweils
angepassten CHESS-Vorséttigungsmodul [Haa85] wurde die hochaufgeloste 3D-Dar-
stellung von gesattigten und ungesattigten Fettsaurebestandteilen in unterschiedlichen
Samen erreicht. Riickschliisse tiber das Entwicklungsstadium sowie die Sorte der ver-
wendeten Samen konnen aus den Verhéltnis-Karten, die aus den jeweiligen Datenséatzen
berechnet wurden, gezogen werden. Dass in diesem Fall die Aufbewahrungsmethode
zu keiner Degradation der Fettsaurezusammensetzung gefiihrt hat, konnte weiterhin

am Beispiel von zwei Sojasamen mit unterschiedlicher Lagerdauer gezeigt werden.

Pflanzenbildgebung mit ultrakurzen Echozeiten

Zusatzliche strukturelle Informationen aus dem Inneren trockener Samen sind nun mit-
tels MRT zugénglich. In dieser Arbeit konnte durch die UTE-Sequenz die Bildgebung
von Getreidesamen deutlich vorangebracht werden. Die bisherigen Darstellungen der
Lipid-Verteilung, aufgenommen mit einer Spin-Echo Sequenz, waren zwar fiir die Be-
trachtung des Lipid-Gehalts stets ausreichend, Defekte im stirkehaltigen Endosperm
oder Unterschiede in der Starke-Konzentration innerhalb des Samen blieben mit dieser
Technik jedoch stets verborgen. Im direkten Vergleich der mit der bisherigen Technik
(Spin-Echo) und der UTE-Bildgebung aufgenommenen Datensétze konnte der Vorteil
der Datenaufnahme mit UTE gezeigt werden. Durch die Untersuchung der moglichen
Samenbestandteile (Starke, Proteine, Zucker) in Reinform konnten die zum Signal
beitragen Bestandteile als gebundenes Wasser (Restfeuchte) und Stérke identifiziert
werden. Die Verwendung bi-exponentiellen Fits and die Messdaten ermoglichte es
im Gersten-Samen, zwei zum Signal beitragende Komponenten in getrennten Karten
beziiglich ihrer Magnetisierung und Relaxationszeit zu trennen. Der Vergleich mit his-
tologischen Farbungen bestétigte die bisherigen Ergebnisse, somit kann diese Technik

zur selektiven Darstellung von Stéarke in trockenen Samen verwendet werden.

Dynamische Berechnung der Transportgeschwindigkeiten
Riickschliisse auf das Transportverhalten in Pflanzen konnen durch die in Kapitel 8
vorgestellte Technik gezogen werden. Die zugehorigen Transportgeschwindigkeiten im

lebenden Pflanzenobjekt konnen nun, selbst im Bereich von wenigen pm/h, bestimmt
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werden. Diese wurden anhand von berechneten Konzentrationen eines von der Pflanze
aufgenommenen MR-Kontrastmittels sowohl in longitudinaler Richtung, also entlang
des Leitgewebebiindels, als auch in horizontaler Richtung, also aus dem Leitbtindel her-
aus, abgeschatzt werden; Letztere Geschwindigkeit liegt deutlich unter dem Wert der
freien Diffusionsgeschwindigkeit des Kontrastmittels. Hierfiir wurden durch Anpassung
einer dynamischen Kontrast-erh6henden Bildgebungstechnik (DCE-Imaging, [Tof91])
die Aufnahmedauer einer fiir die weiteren Berechnungen benotigen T,-Karte deutlich
reduziert. Mittels dieser Karten konnten die lokalen Konzentrationen des Kontrast-

mittels in Pflanzenstangeln und Schoten der Rapspflanze bestimmt werden.

Ausblick

Zahlreiche Fragen in der Pflanzenforschung konnen nur durch nicht-invasive Techniken
wie MRT beantwortet werden. Deswegen wurden, neben den experimentellen Ergeb-
nissen, die mittels dieser Arbeit erreicht wurden, auch weitere NMR Methoden fiir die
Untersuchung von Pflanzen getestet und zur Verfiigung gestellt.

Als Beispiel seien hier die Untersuchungen zur Bildgebung von magnetischen Aus-
tauschprozessen genannt, welche eine Vorarbeit zur méglichen Ubertragung con CEST-
Experimenten (Chemical Exchange Saturation Transfer) auf das Modell Pflanze liefern.
Die Ergebnisse sind in der Bachelor-Arbeit von A. Jager [Ja17], an deren Durchfithrung
ich als Betreuer mafigeblich beteiligt war, dargestellt und finden grofies Interesse bei
Biologen.

Von besonderer Wichtigkeit sind auch die Entwicklungen neuer Technologien, die die
Moglichkeiten zur Untersuchung von lebenden Organismen erweitern konnen. Deswe-
gen habe ich zu der Entwicklung der bislang unveroffentlichten Methode RACETE
(Refocused Acquisition of Chemical Exchange Transferred Excitations [Jak17], [Reul7],
[Gut18a]) beigetragen. Durch das Rephasieren der transferierten Magnetisierung kénnen
Eigenschaften, die bislang in chemischen ”‘Austausch”’-Experimenten nicht zur Ver-
fiigung stehen, ausgenutzt werden. Mit dieser Methode wird ein positiver Kontrast
erzeugt, sie ist deshalb nicht zwingend auf ein Referenz-Experiment angewiesen. Weit-
erhin kann die Bildphase, welche in klassichen CEST-Experimenten keine Information
iiber die ausgetauschten Protonen enthalt, zur eindeutigen Identifizierung mehrerer
parallel angeregter Substanzen verwendet werden.

Diese erst vor Kurzem am Lehrstuhl Experimentelle Physik V entwickelte Methode
kann im Speziellen fiir die Identifizierung von Lipiden und fiir die Lokalisierung von
Zucker und Aminosauren genutzt werden und damit der Erweiterung und Verbesserung

nicht-invasiver Analysemethoden dienen.
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CHAPTER 10
Appendix

10.1 Supervised Projects

During the work of this PhD-thesis, several projects have been supervised by me. In

this section, the projects and their results are presented.

Sebastian Hammer: Kontrastmittelgestiitzte T,-Messungen zur

Untersuchung des Nahrstofftransportsystems von Pflanzen

Sebastian Hammer performed the research for his “Zulassungsarbeit fiir die Staatsexa-
menspriifung” [Ham15] at the Department of Experimental Physics V at the University
of Wiirzburg under my supervision. Some results of his work are presented in Chap.
8. The focus was set on the development of the BACARDI method and its first appli-
cation in plants.

As a first step, the relaxivities of two contrast agents, Gd-DTPA and GdCl;, were
determined and first applications of both contrast agents on plants were tested. As
research objects the stems of rose plants and the fruits of the rapeseed plant were used.
Both plants showed a distinct uptake of the contrast agents, for reasons of toxicity and
handling, the contrast agent used for clinical imaging, Gd-DTPA, was chosen for the
following experiments.

The initial idea of acquiring a time-consuming Tymap before adding the contrast agent
to the plant and then using rapidly acquired T;-weighted images for the calculation of
Ti-maps proved to be feasible in plant tissue. Sebastian Hammer developed an algo-
rithm for the data analysis and created the name of the method: BACARDI.

After the setup of the experimental design, the BACARDI scheme was tested on rape-
seed siliques and the translocation velocities were determined, both in longitudinal and
in horizontal direction. In order to understand the obtained results, a comparison with
the free diffusion of the CA molecule indicated a driven translocation in longitudinal

and a hindered translocation in horizontal direction.

129



10 Appendix

Based on the results created in this research project, I applied the BACARDI method

successfully on barley stems, as shown in Chap. 8.

Andreas Jager: Magnetresonanz-Bildgebung von chemischen

Austauschprozessen

During his research for his Bachelor Thesis [Ja17], Andreas Jager was supervised by
Fabian T. Gutjahr and me. The aim of this work was the measurement of chemical
exchange processes on lopamidol and glucose molecules with the CEST (Chemical
Exchange Saturation Transfer) method.

Andreas Jager built the phantoms required for these measurements and applied data
analysis algorithms. For the evaluation of the CEST effect in Iopamidol, z-spectra of
various dillutions of Iopamidol were acquired at three magnetic field strengths: 7.0'T,
11.7T, and 17.5T. Furthermore, the tranverse relaxation rate, Ry, of both Iopamidol

and glucose dillutions was determined.
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10.2 Measurement Parameters

In this appendiz, the measurement parameters of the NMR experiments performed in

this work are presented.

10.2.1 FAC-selective measurements

Soybean? Soybean! ~Parameter Rapeseed Rapeseed
(sat.) (unsat.) (sat.) (unsat.)
875 ms 875 ms TR 685 ms 685 ms
6 ms 6 ms TE 4.5ms 4.5ms
18 x 8x 8 18x8x8 FoV/mm?® 8x4x4 8x4x4
360 x 160 x 180 x 80 x 80 Matrix 192x96 x 96 192 x 96 x 96
160
2 8 NA 4 8
12h 26 min 12h 26 min T Acq 7h 1 min 141 2 min
2670 Hz 187THz  Awsowsupp  2670Hz -280 Hz
2.0ms 1.5ms  tyuiseSowsupp  2.0ms 1.4ms
76.0 ms 74.0 ms TSolvSupp 76.0 ms 73.6 ms
110° 104° QSolvSupp 105° 108°

Table 10.1: Measurement parameters for FAC-selective measurements. Abbreviations:
TR: Repetition Time, TE: Echo Time, FoV: Field of View, NA: Number
of Averages, T 4.,: Total duration of the experiment, t,,se sowsupp: duration
of solvent suppression RF pulses, Awgorpsupp: offresonance frequency of
solvent suppression RF pulses, Tgowsupp: duration of solvent suppression
RF pulses, agowsupp: flip angle of solvent suppression RF pulses.

1Soybeans of different developmental stage (same storage duration).
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Nuts (sat.)

685 ms
4.49ms
8x4x4

192 x 96 x 96
4

7h 1min

2670 Hz
2.0ms

76.0 ms
105°

Nuts (unsat.)

685 ms

4.49 ms
8x4x4

192 x 96 x 96
8

14h 2 min

-502 Hz
1.2ms

72.8ms
107°

Parameter

TR
TE
FoV/mm?
Matrix
NA
TAcq

AQ‘-’Solmﬁ’upp

tpulse SolvSupp
BWSoleupp

TSolvSupp
A SolvSupp

Soybean?
(sat.)

600 ms
12.75ms
75x75x 7.5
125 x 125 x125
4

10h 25 min

2000 Hz
3000 Hz

217.05ms
95°

Soybean?
(unsat.)

600 ms
12.75ms
75x75x 75
125 x 125 x125
8

20h 50 min

-1550 Hz
3000 Hz

101.35ms
95°

Table 10.2: Measurement parameters for FAC-selective measurements. Abbreviations:
TR: Repetition Time, TE: Echo Time, FoV: Field of View, NA: Num-
ber of Averages, T s Total duration of the experiment, t,uiseSoivSupp:
duration of solvent suppression RF pulses, BW g,5up,: bandwidth of sol-
vent suppression RF pulses, Awgosupp: Offresonance frequency of solvent
suppression RF pulses, Tgowsupp: duration of solvent suppression module,
QSolvsupp: Hip angle of solvent suppression RF pulses.

2Soybeans stored for 1 and for 36 years (same developmental stage).
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10.2.2 UTE and MSME measurements

Parameter

Sequence
TR

TE

FoV / mm?
Matrix

NA
TAcq

Barley seed

Spin Echo
750 ms
7.3ms

13 x6.5x6.5
200 x 100 x
100

4

8h 20 min

Barley seed

UTE

50 ms

0 us

13 x6.5x6.5
200 x 100 x
100

4

3h 1min

Wheat seed

Spin Echo
500 ms

4.3 ms
10x5x5H
96 x 48 x 48

6
3h 50 min

Wheat seed

UTE

100 ms

10 ps
15x5x5
150 x 50 x 50

6
19h 35 min

Table 10.3: Measurement parameters for UTE & SE measurements of barley and wheat
seeds. Abbreviations: TR.: Repetition Time, TE: Echo Time, FoV: Field
of View, NA: Number of Averages, T 4.,: Total duration of the experiment.

Parameter

Sequence
TR

TE

FoV / mm?
Matrix

NA
TAcq

Pea seed

Spin Echo
1,000 ms
5.1ms

12x 12 x 12
133 x 133 x
133

2

9h 49 min

Pea seed

UTE

50 ms

10 ps
12x12x 12
133 x 133 x
133

12

10h 27 min

“cavity seed”

Spin Echo
500 ms

6.9 ms

20 x 10 x 10
200 x 100 x
100

4

5h 33 min

“cavity seed”

UTE

50 ms

10 s

20 x 10 x 10
200 x 100 x
100

8

5h 19min

Table 10.4: Measurement parameters for UTE & SE measurements of pea seed and the
seed with the cavity. Abbreviations: see Tab. 10.3
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Parameter

Sequence
TR

TE

FoV / mm?

Matrix

NA
TAcq

Venus flytrap

Spin Echo
500 ms

9.3 ms

18 x12x 12

150 x 100 x
100

1

1h 23 min

Venus flytrap

UTE

50 ms

10 s
20x 15 x 15

167 x 125 x
125
2
1h 38 min

Proteins &
Starch

UTE

50 ms

0 us

15 x11.3x
11.3

80 x 60 x 60

4
3h 26 min

Wood

UTE

50 ms

10 s
15x15x 15

133 x 133 x
133

16

13h 57 min

Table 10.5: Measurement parameters for UTE measurements of the venus flytrap, pro-
teins and starch and dry wood. Abbreviations: see Tab. 10.3
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10.3 Non-MRI Methods

For verification of the MRI experiments, further analyses were performed on the plant
samples. The description of the methods and the corresponding results are presented in

this appendiz.

10.3.1 The analysis of total lipid and total protein using low-field
NMR instruments!

Time-domain nuclear magnetic resonance was applied for the compositional analysis of
germinating seeds. The mq60 instrument (Bruker GmbH, Rheinstetten Germany) has
a magnetic field strength of 0.5T and allows high throughput analysis of major seed
traits [Roll5]. It was used for the analysis of total lipid content in either intact seeds
or parts thereof. Material from germination experiments (either intact seeds or freeze-
dried hand-dissected material) was measured by standard procedures, as described in
[Bor11].

All samples were dried at 60 °C overnight. Metabolic intermediates were extracted with
chloroform/methanol /water [Sch14]. The analysis of soluble sugars was performed by
ion chromatography using pulsed amperometric detection (ICS-3000, Dionex, USA).
Separation of the sample extract was carried out on a Dionex PA1 column (2 x 250 mm)
and a guard column (PA1 2 x 50 mm) at 25 °C by applying an isocratic run with 100 mM
NaOH at constantflow rate of 0.35 mL/min over 40 min. Authentic standards (Sigma,
Germany) were used for external calibration.

All other metabolic intermediates were analyzed using capillary electrophoresis (CESI
8000, SCIEX, USA) coupled to mass spectrometry (ABI4000, SCIEX) [Gull6]. Injec-
tion time was set to 15s (corresponding to ~14nl injection volume); the mass spec-
trometer was used in negative ion mode. Ions were detected using multiple reaction
monitoring (MRM). The following MRM transitions were used: substance/Q1 mass/Q2
mass/declustering potential /collision energy for sucrose-6-phosphate/421/79/-95/-98,
for 3-PGA/185/97/-35/-20, and for phosphoenolpyruvate/167/79/-35/-14. Nitrogen
was used as a curtain gas, nebulizer gas, and collision gas. The ion spray voltage was
set to 1,200V, the capillary temperature was set to ambient (20°C), and the dwell

time for all compounds was 100 ms.

!The measurements and analyses were performed by Sabine Herrmann (IPK Gatersleben).
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10.3.2 4D Volume-Rendering?

A visual investigation based on volume renderings of the 4D NMR-monitoring data
[Kau05] was conducted. Generation of the rendering could be performed by using the
software framework MeVisLab (MeVis Fraunhofer, Bremen, Germany) in combination
with an integrated Giga Voxel Renderer (GVR), a GPU-accelerated, high-quality ray
casting approach. Manual adjustment of the transfer functions for mapping data val-
ues to colour and opacity emphasized regions exhibiting high signal intensities due to
incoming water.

Due to the uptake of water, the seed’s volume increases over time. For quantification
of the overall change in volume, a segmentation at each point in time was performed by
employing an active contour approach. It was used since it requires no edge information
but is instead based on the Mumford—Shah functional for segmentation [Cha01l]. The
approach is able to cope with very noisy data and extract objects whose boundaries
are not necessarily defined by a strong gradient.

For the segmentation of the seeds, the agar surrounding the seeds was cropped by
employing the software ITK-SNAP [Yus06]. While this is a time-consuming process
that has to be carried out for all points in time, it is still much faster than manually
segmenting the entire seed. The segmentation of each seed results in a closed surface
per point in time whose enclosed volume is computed.

An initial spherical contour is positioned by the user in the centre of the seed at time
t0. Since the location of the seed varies only slightly over time, the same position is
employed to segment the remaining points in time. In an iterative process, the sphere
is inflated, considering a weighted combination of external image and internal forces,
until it touches the bordering agar medium. The weights and the number of iterations
have been fine-tuned based on a sample of points in time. A visual verification showed

that the obtained values yielded adequate results for all 110 points in time.

2The analyses were performed by Steffen Oeltze-Jafra (ICCAS, Innovation centre Computer Assisted
Surgery, University of Leipzig).
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10.4 Hardware

In this appendiz, the technical information of the NMR scanners and resonators used

i this work are provided.

10.4.1 NMR Scanners

Complete Name Bruker AMX 500

Manufacturer Oxford Instruments, Abingdon, UK
& Bruker Biospin, Rheinstetten,
Germany

Field strength 11.74T

'H NMR frequency 500.132 MHz

Gradient strength 660 mT/m

Operation software ParaVision 4.0

Location Department of Experimental
Physics 5, University of Wiirzburg

Data 10.1: Technical information of the Bruker AMX in Wiirzburg

Complete Name Bruker Avance 750 WB

Manufacturer Bruker Biospin, Rheinstetten, Ger-
many
Field strength 176T

'H NMR frequency approx. 747 MHz

Gradient strength 1,000 mT/m

Operation software ParaVision 4.0

Location Department of Experimental
Physics 5, University of Wiirzburg

Data 10.2: Technical information of the Bruker Avance 750 WB in Wiirzburg
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Complete Name
Manufacturer

Field strength
Gradient strength

Location

'H NMR frequency

Operation software

Agilent 14T 600 MHz

Varian Inc., Palo Alto, California,
USA & Agilent, Santa Clara, Cali-
fornia, USA

14.0T

599.719 MHz

1,000 mT/m

VNMRJ 4.0 A

Huck Institutes of the Life Sci-
ences, High Field Magnetic Reso-
nance Center, Penn State Univer-
sity, Pennsylvania, USA

Data 10.3: Technical information of the Varian 14T at Penn State University

‘ 1| | . Complete Name
L = Manufacturer

[ﬂ

b w2

et

Field strength

Ascend™ acows '{é\' h

Gradient strength

Location

'H NMR frequency

Operation software

Bruker Avance 11T HD 400 WB
Bruker Biospin, Rheinstetten, Ger-
many

9.39T

400.132 MHz

1,000 mT/m

ParaVision 6.0

Leibniz Institute of Plant Genet-
ics and Crop Plant Research (IPK),
Gatersleben, Germany

Data 10.4: Technical information of the Bruker Avance III HD 400 WB at IPK Gater-

sleben
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10.4.2 NMR Resonators

Name
Manufacturer

Type
'H NMR frequency
inner diameter

'H 5 mm Helmholtz coil

'H 5 mm Helmholtz

[. Kaufmann, EP5, University of
Wiirzburg

Helmholtz coil

500.132 MHz

5 mm

Data 10.5: Technical information of the 'H 5 mm Helmholtz coil

Name
Manufacturer

Type
'H NMR frequency
inner diameter

'H “YF 17 mm birdcage coil

'H 9F 17 mm Birdcage

A. Vilter, EP5, University of
Wiirzburg

Birdcage coil

500.132 MHz

17 mm

Data 10.6: Technical information of the 'H F 17 mm birdcage coil
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'H BC 5 mm saddle coil

Name 'H BC 5mm Saddle

Manufacturer F. Fidler, EP5, University of
Wiirzburg

Type Double-resonant saddle coil

'H NMR frequency  747.000 MHz

inner diameter 5 mm

Data 10.7: Technical information of the 'H ¥C 5mm saddle coil

'H 20 mm birdcage coil

Name 'H 20 mm Birdcage
Manufacturer EP5, University of Wiirzburg
Type Birdcage coil

'H NMR frequency 747.000 MHz

inner diameter 20 mm

Data 10.8: Technical information of the 'H 20 mm birdcage coil

'H 5 mm ceramic resonator

Name 'H 5mm ceramic resonator

Manufacturer The Huck Institutes of Life Sciences,
The Pennsylvania State University

Type Ceramic resonator

'H NMR frequency 599.719 MHz

Inner diameter 5 mm

Data 10.9: Technical information of the 'H 5 mm ceramic resonator



10.4 Hardware

'H 4 mm solenoid coil

Name 'H 4 mm solenoid coil

Manufacturer The Huck Institutes of Life Sciences,
The Pennsylvania State University

Type solenoid coil

'H NMR frequency 599.719 MHz

Inner diameter 4 mm

Data 10.10: Technical information of the 'H 4 mm solenoid coil

'H 9 mm saddle coil

Name 'H 9 mm saddle coil

Manufacturer The Huck Institutes of Life Sci-
ences, The Pennsylvania State
University

Type saddle coil

'H NMR frequency 599.719 MHz

Inner diameter 9mm

'H-3C-CryoProbehead

Name 'H-13C-CryoProbehead

Manufacturer Bruker Biospin, Rheinstetten,
Germany

Type saddle coil

'H NMR frequency 400.132 MHz

Inner diameter 5 mm

Data 10.12: Technical information of the 'H-'3C 5 mm CryoProbehead
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