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Abstract

MRI was applied to investigate the transport pathways in Morning Glory plant stems. The study was carried out on living plants without
affecting their integrity. The architecture of a dicotyledonous plant was deeply characterized: the root system structure and the vascular
bundle location were identified, the presence of central voids caused by cell maturation and loss were observed in the stem. Molecular
transport components were recognized, by observing the concentration profile of a tracer, which changed with time after its absorption by
the plant roots. MRI analysis revealed the presence of an axial transport as the progress of the tracer front through the vascular bundles and
aradial molecular transport from the vascular bundles toward the surface of the stem. As aresult, the tracer molecular transport formed the
parabolic tracer front (PTF). A model was built up through the analysis of the PTF that consisted of an axia front at the peak position and
aradial front at the width of the parabolic tail. PTF analysis revealed differences between the tracer transport velocities in the axial and the
radial directions in the plant stem. The model revealed that the width of the parabolic tail reflected the magnitudes of diffusion and

permeation of the tracer in the plant stem. © 2001 Elsevier Science Inc. All rights reserved.
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1. Introduction

Water transport through plants, one of the most impor-
tant physiological variables related to plant growth and
reproduction, has been extensively studied [1]. Recently a
model has been proposed for the movement of water across
roots [2]. Although many techniques are available to study
water and molecular transport, few are non-destructive. Nu-
clear Magnetic Resonance (NMR) has been widely applied
to the study of plant materials [3—6]. By means of *H NMR,
the relaxation properties of tissue water were determined in
order to investigate water distribution and water exchange
in plant cell compartments [7,8]. The application of the
NMR imaging technique (MRI) to plants allowed functional
images to be acquired capable of giving simultaneously
anatomic and spatially defined physiological information.
MRI offers the advantage, over other methods such as light
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microscopy, that image information is available from the
surface as well as from the interior of the examined object
without sample damage or destruction. Therefore MRI can
be used to identify and localize the major constituents and
structural details of seeds, fruit or plant organs. Moreover
the non-destructive and non-invasive nature of this method
offers the possibility of monitoring time dependent changes
of variables by collecting repeated images on a single intact
sample. Up to now MRI has been widely adopted to study
plant morphology and development of seeds and fruits [9],
plant histochemistry [10], differences in water content in
plant stems [11], water and lipid content and distribution in
fruits [12] and seeds [13]. Plant characteristics could be
determined by both image contrast and relaxation times.
Differencesin *H relaxation times between vascular bundle
and surrounding tissues were exploited to image pattern of
transport in different plant specimens [14]. Therefore MRI
provides one of the most powerful tools for studying water
and molecular transport inside plants. Molecular transport
in plants is classified into the macroscopic water flow,
which isthe axial water transport through the vascular tissue
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in the stem, and the microscopic molecular motions, which
are diffusion and permeation inside and across cells in the
plant tissue. Paths of flow could be monitored either directly
from flow measurements [15,16], or through the use of
tracers that acted as contrast agents. A non-invasive mea-
surement of xylem and phloem water flow in castor bean
seedlings by MRI has been proposed [17]. A previous work
with NMR spectroscopy has demonstrated that Gadolinium
(Gd) both chelated and unchelated could enter corn roots
and reach the symplast [ 18]. Permeation of water molecules
across plant cell compartments was measured using *H
relaxation times by tracing the transport of Mn®" paramag-
netic ions, which have the effect of enhancing the proton
relaxation rates of the water bound to them [7,19].

The kinetics of the uptake of D,O instead of water by
plants was followed by monitoring the loss of the proton
water signal due to the wash out of the water, as well as by
directly imaging the deuterium signal [20]. Moreover, MRI
revealed the spatial variation of the water diffusion coeffi-
cientsin plant tissues[15,21] and in germinating seeds [22].

In the present work MRI was used to investigate molec-
ular transport in living plant stems by following the uptake
kinetics of tracer molecules. From the experiments collected
on an intact plant growing in the magnet the tracer move-
ment in the stem was clearly visualized. A model was built
up and flow parameters calculated. In particular, the analy-
sis of the tracer front reveal ed the presence of both axial and
radial tracer transport mechanisms. The forces driving the
molecular transport were identified and analyzed by the
model, through the parabolic tracer front (PTF) formed by
the tracer molecules.

2. Materials and methods
2.1 Sample preparation

Morning Glory (Pharbitis nil) seeds were imbibed and
germinated on wet filter papers and hydroponically grown.
Water medium was void of nutrients and the temperature
and the relative humidity of the air surrounding the samples
were kept controlled at 23°C and 50% respectively. After
about 4 days the germinated seeds had four leaves, the
diameter of the stem and the total height were about 2 mm
and 50 mm, respectively. Then aplant sample was carefully
introduced into a 10 mm NMR tube that was kept open
during the experiments (see Section 2.2). Fig. 1 shows the
plant inside the tube at the end of an experiment, as it was
placed into the MRI probe: the stem is located just within
the radio-frequency coils (indicated in the figure) and the
leaves result outside the coil sensitive volume, but inside the
tube to allow the plant to transpire into the tube itself. Two
solutions were prepared, containing the different tracers:
Gadolinium (Gd) and Deuterium. As Gd tracer a 100 uM
aqueous solution of gadolinium-pentaaceticacid (Gd-
DTPA; MW 743) (Magnevist, Shering, Germany) was pre-
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Fig. 1. Photograph of aliving Morning Glory plant sample put into a 10
mm uncapped NMR tube. The amount of pure water visible at the bottom
of the tube allows the plant to continue to transpire and to grow. The r.f.
coils areindicated on the left side so that the leaves stay inside the tube but
outside the sensitive region of the coils. The plant region to be studied is
selected by varying the depth of the NMR tube into the probe-head. Drops
of condensed water transpired by the leaves are visible on the walls of the
tube.

pared [23]. As Deuterium tracer, a pure D,O solution
(99.8% isotopic purity) (Merck, Germany) was employed.
At the time t = 0, the roots of the plant sample were
immersed in a known amount of tracer solution (1 ml of
D,0O or 0.5 mL of Gd-DTPA respectively) located at the
bottom of the NMR tube. The temperature of the inside of
the NMR tube was kept at 23°C, the relative humidity at the
beginning of the experiment was 50%. Extra sources of
illumination were not used.

2.2. MRI experiments

All MRI experiments on Morning Glory plant were car-
ried out on a 4.7 Tesda Bruker AM WB superconducting
magnet (Bruker, Karlsruhe, Germany) with a9 cm diameter
vertical bore, equipped with a probe-head tuned at the *H
resonance frequency (200.13 MHz), a 15 mm insert, accept-
ing 10 mm NMR tubes. Orthogonal field gradient cails,
built into the micro-imaging probe head, were capable of
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achieving gradients up to 50 G/cm, with trigger pulses for
switching the gradients of 5 us. Since in this configuration
the instrument was not provided with field frequency stabi-
lization (lock channel), at the beginning of the experiment
the field frequency was set on the water resonance fre-
guency. MRI experiments were carried out employing a 2D
spin-echo pulse sequence, standardly supplied by Bruker.
Longitudinal (90° tilted) and transverse spin echo images
were acquired. Transverse images: 256 X 256 matrices;
Field of view: (FOV) = 11 mm,; voxel resolution 43 X 43 X
3000 wm? with 8 averages so that the image was obtained in
about 30 min. Longitudinal images (no slice selection):
256 X 256 matrices; FOV = 40 mm; planar resolution
156 X 156 wm?® Acquisition parameters were: spectral
width of 33 kHz; recycle time (TR) of 1 s. Thus al images
were T, weighted in the same way. On the contrary the
images were differently T, weighted, since a longer echo
time is required to reach higher pixel resolution. Indeed all
echo times resulted long, owing to the dead time required to
stabilize the gradients (1 ms). Therefore all images were
strongly T, weighted rather than T, weighted. Selective
radio frequency pulses 2000 Hz bandwidth, Gaussian
shaped, truncated at 5% level, were used. Other acquisition
parameters are reported in the Figure Captions. Bio-effects
of the steady magnetic field on the plant were neglected
[24].

3. Results and discussion
3.1. MRI of Morning Glory after germination

3.1.1. Plant morphology and development

Water transport in most plants is achieved in a vascular
bundle via a pumping mechanism that is driven mainly by
an external force (water vapor pressure gradient) and inter-
nal forces that are osmotic gradients within the plant. The
gradient of water vapor pressure creates a flow trough the
plant and the loss of water by transpiration. It iswell known
that the external force makes a magjor contribution to the
total water flow in transpiring plants [25]. In this respect, in
order to study water transport, all external and internal
forces driving water flow are not to be altered. Indeed, the
cut made for obtaining a plant sample that has to be studied
under a light microscope, interrupts the circulation of the
water within the plant. A non-invasive and non-destructive
method that does not affect the integrity of the whole plant
is therefore required. MRI is particularly suited to study
plant materials, as images can be obtained from an intact
sample growing at constant environmental conditionsin the
bore of a superconducting magnet. Moreover stems are
mostly indicated to study transports, owing to their linear
continuity and longitudinal symmetry.

The present study was carried out on the stem of aliving
Morning Glory plant put in a 10 mm NMR tube with an
amount of pure water to allow the plant to continue to grow.

The main anatomic features of Morning Glory plant were
firstly studied in order to better understand the mechanisms
of water transport upon tracer addition (see Sections 3.1.2
and 3.1.3). Through a series of transversal images, obtained
at different plant levels, from the roots to the stem apex, the
morphology of a dicotyledonous plant was recognized, dis-
tinguishing the various tissues that constitute the roots and
the stem. The differencesin image contrast were mainly due
to the different water content of tissues, while dark regions
were attributable to both rigidified tissues and/or voids.
Figs. 2a, 2b and 2c report MRI images acquired on the intact
plant sample. It should be pointed out that the images are of
rather poor quality (in particular Figs. 2b and 2c) due to the
low pixel resolution and the thick slice chosen to obtain the
images in a short experimental time (afew minutes). In fact,
these images were acquired to get a preliminary overview
by MRI confirming the expected taxonomy and to be sure
that the plant sample was still under physiological condi-
tions. For comparison, a series of optical micrographs of
Cross sections, obtained at about the same plant levels, are
shown in Figs. 2&, 2b’ and 2¢'. Fig. 2a shows the trans-
versal spin-echo section of a young root where the central
bright vasculature appears surrounded by the parenchimal
tissue. The same plant architecture appears in the corre-
sponding optical image (Fig. 2a'). Figs. 2b and 2b’ show
images of a transverse section of the stem. In both of them,
starting from the center, the pith parenchyma, the vascular
tissue, the fibrous sheath, the cortical parenchyma, the epi-
dermal tissue and the four vascular bundles, appearing
bright in the MRI image (b) and dark in the optical one (b’),
can be distinguished.

The distribution of the vascular tissue in a plant stem is
known to be classified into three types: i) uniformly distrib-
uted throughout the cross section; ii) located between the
surface and the central axis of the stem, and iii) concentrated
on the central axis of the stem [26,27]. In the present
sample, like in a dicotyledonous plant, the four vascular
bundles, through which the water absorbed by the roots
flows verticaly upward, are located, as it would be ex-
pected, between the surface and the central axis of the stem
in agreement with the type described in ii).

Figs. 2c and 2¢’ show images of a transverse section
close to the stem apex. The four vascular bundles are till
visible, even if they are blurred due to the thick slice and the
poor alignment of the image dlice. At this stem level, the
central pith parenchyma appears completely dark in the
MRI image (Fig. 2c) and void in the optical section (Fig.
2c¢’). These features indicate that cell maturation occurred
with consequent cell loss. Optical images alow to estimate
the size of parenchyma cells which is about 50 X 70 um?
As well known, the vascular bundle in a dicotyledonous
plant is composed of cells that are long and slender in the
axial direction paralel to the plant stem. A lot of cells are
supposed to constitute the vascular bundle since the diam-
eter of asingle cell, not measurable from the optical images
2b' and 2¢’, is reported to be about 50 wm [6].
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Fig. 2. Images collected at different levels of a Morning Glory plant: MRI spin-echo xy images of the intact sample (a-c); light microscopy cross-sections
of aplant sample cut at about the same levels (a-c’). Theimages show: (aand &): the root system; (b and b’): a cross section of the stem with the four vascular
bundles; (c and ¢’): a cross section of the stem toward the apex showing avoid central pith parenchyma. Spin-echo xy images: (a): 256 X 256 matrix; FOV =
8 mm; TE = 12.7 ms, NE = 8; RG = 200; voxel resolution: 31 X 31 X 3000 um® TR = 1s. (b) and (c): 128 X 128 matrix; FOV = 9 mm; TE = 8.87

ms, NE = 8; RG = 200; voxel resolution: 70 X 70 X 2000 um® TR = 1s.

3.1.2. Heavy water transport in Morning Glory stem

At the time t = 0 an intact plant sample of Morning
Glory was inserted in the NMR tube where 1 mL of pure
D,0 solution had been located at the bottom. Starting from
this time, the kinetics of the D,O uptake was followed for
30 h. A series of both longitudinal (no slice selection) and
transverse images were acquired to monitor the progression
of the tracer front in the stem. The acquisition time of each
image was about 30 min so that the images were collected
every 30 min. Fig. 3 shows the longitudinal xz spin-echo
images of the plant samplein the NMR tube at two (Fig. 3a)
and five hours (Fig. 3b) from the onset of the kinetics,

respectively. The plant is placed in the tube as it appearsin
the sketch shown in the middle of the Figure. Looking at the
sketch it can be observed the tracer amount put at the
bottom of the NMR tube and the Morning Glory plant
sample with roots, cotyledon and stem that appears folded
up. All these, as located in the coil sensitive region, are, in
principle, observable in the images too. On the contrary, the
upper part of the stem and the leaves, located outside the
coil sensitive region, are observable only in the sketch. In
both of Figs. 3a and 3b images the roots are not visible as
they became dark upon D,0 absorption. In both images, as
well, the amount of D,O put at the bottom of the NMR tube
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Fig. 3. Axial molecular transport component in the stem of aMorning Glory visualized by MRI by means of the D,O tracer absorbed by the roots. Increasing
the time, the area of the initially present water (white region) decreases as the D,O tracer (dark region), absorbed by the roots, progresses upward throughout
the stem. The condensed water related to plant transpiration is also visible (see text). The sketch drawn in the middle of the Figure shows the plant located
in the NMR tube: cotyledon, roots, stem and leaves. A continuous line indicates the top of the D,O tracer content in the NMR tube in correspondence of

the meniscus of the D,O in the images.

Spin-echo images collected during the kinetics of D,O uptake. Longitudinal xz images collected: (a) at two hours; (b) at five hours: 256 X 256 matrix; FOV =
40 mm; NE = 8; RG = 16; TE = 12.7 ms, voxel resolution: 156 X 156 X 10000 wm® At the bottom of the Figure, the transversal profiles related to the
stem level indicated by the arrow are shown. They correspond to the top level reached by the D,O tracer at 2h (a) and 5h (b) respectively. The stem profile

results on the left side as a double peak (see text).

appears as a dark region and its dark front in the stem is
clearly digtinguishable: in fact when the water initialy
present in the plant is washed out by the D,O uptake, a
corresponding amount of the proton water signa is lost so
that the stem image becomes dark. Moreover the images
show that the cotyledon keeps being bright, since it does not
absorb directly D,O, owing to the impermeable structure of
its membrane. In Fig. 3a, at the meniscus of the solvent (the
corresponding level is shown in the sketch by a continuous
line) two bright regions on either side of the meniscus are
visible that are not attributable to the isotopic D,O impurity.
This amount of condensed water, not yet completely mixed
with the D,O solution, is a consequence of plant transpira-

tion. In fact the leaves are well located inside the uncapped
NMR tube and then exchanging with the surrounding am-
bient air (see both the sketch of Fig. 3 and Fig. 1).

At the same time (2 h), a spin-echo transverse image
(Fig. 4a) was acquired at a stem level where, as showsupin
the image of Fig. 3a, the D,O tracer front had not yet
arrived. In the middle of Fig. 4, the same sketch of Fig. 3
indicates by an arrow where the images of Figs. 4a and 4b
were acquired: the level was the same for both images while
the beginning of the acquisition was different (2h and 30h
respectively), as reported in the Figure. By comparing the
images of Fig. 3a and Fig. 4a collected at the same time
(2h), it can be pointed out that even if the tracer had not yet
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Fig. 4. Radial molecular transport component in the stem of aMorning Glory visualized by MRI by means of the D,0 tracer absorbed by the roots. Increasing
the time, the area of the initially present water (white region) decreases as the D,O tracer (dark region), absorbed by the roots, progresses radially throughout
the stem tissue. The sketch in the middle of the Figure (the same of Fig. 3) shows the plant in the tube. Transverse xy images collected: at two hours (a)
and at thirty hours (b) at the same stem level. A double arrow starting from the sketch indicates where in the stem the images were made. 256 X 256 matrix;
FOV = 11 mm; TE = 12.71 ms; NE = 8; RG = 200 in (a); RG = 800 in (b); voxel resolution: 43 X 43 X 3000 um*

reached the stem level where the slice of Fig. 4a was taken,
nevertheless this last image shows a surrounding bright
region and a completely dark central part. These features
suggest that the stem of this plant sample presented a void
at the center, ascribable to cell loss (see also Fig. 2¢) and
confirm that water was till flowing in the vascular bundles.

At five hours from the beginning of the experiment, by
comparing Figs. 3aand 3b it can be observed the following:
i) a significant increase of the bright region in the NMR
tube; ii) an upward progress of the tracer front along the
stem and iii) a wide enlargement of the dark region in the
lower part of the tube. These two last findings suggest that
both axia and radial components of D,O tracer transport
were present. As well, the bright region in the NMR tube,
surrounding the unfolded part of the stem, that appears like
a large wedge shaped bright structure in the center of both
Figures, is due to a significant increase of the condensed
water amount and confirms that the plant continued to
transpire.

Asreported previoudly, it is rather difficult to univocally
identify the top level of the stem reached by the D,0, asthe
tracer front moving upward is not sharp. Indeed several
effects such as the Hagen Poiseuille flow, the exchange
between compartments and the diffusion effects smooth it
out [20]. In the present study, the apex of the tracer front
was identified by the analysis of the transversal profiles
carried out column by column in a chosen image. At the
bottom of Figs. 3a and 3b the transversal profiles, at the
stem levels indicated by an arrow, are shown. Both profiles
show adouble peak on the left and a broad peak on the right,
corresponding to the frontal and the rear part of the folded
stem respectively. The arrows indicate that the profiles cor-

respond to the apex of the tracer front at two (&) and five (b)
hours respectively. These levels could be identified as, when
reaching the apex of the tracer front, the intensity of the
tracer profile suddenly lowered, the high proton signal of the
water flowing in the stem being substituted by the much
lower proton signal of the isotopic impurity of the D,O
tracer. It can be also observed that at any stem level the
transversal profiles show the double pesk on the left, indi-
cating the absence of proton signal at the center of the stem
that is the central void region already observed in Fig. 4a. In
conclusion, athough both the void region and the tracer
front would give a dark image due to the loss of proton
signal, nevertheless by the analysis of the transversal pro-
files the top tracer level was identified.

As already reported, a method for determining the aver-
age transport velocity of atracer isto set the position (given
as frequency values) of the tracer front in successive im-
ages. After the appropriate frequency-distance conversion
the position of the tracer front can be determined as a
function of time [20]. By this procedure an average D,O
transport velocity v = 1 mm - h~* was calculated. Indeed,
this low tracer transport value was ascribable to the pure
D,0 whose absorption kineticsis usually slowed down with
respect to pure water. In fact, by replacing H,O by D,0,
changes in reaction and diffusion rates are rather consider-
able, owing to the high relative mass difference between the
two isotopically different waters [28]. Moreover the extent
of these changes is known to strongly depend on their
relative concentrations. These findings are reported also for
animal tissues. Our previous NMR studies on the anaerobic
metabolism were carried out on intact excised muscles
soaked in perdeutered Ringer solution (D,0/H,0 4: 1 viv).
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The proportion of D,O in the Ringer was the greatest
compatible with normal metabolite kinetics, particularly for
lactate production [29,30]. In the present study, the use of
pure D,O allowed the water caused by plant transpiration to
become clearly visible and the position of the tracer front to
be well identified. Nevertheless this concentration probably
did not alow normal tracer uptake by the roots and flow in
the plant stem. Moreover it iswell known that water flow in
plants mainly depends on environmental parameters such as
temperature, humidity, illumination and aeration. A corre-
|ation between the evaporation rate of the water from 6 days
old castor bean seedlings and the relative humidity is re-
ported in the literature: a relative humidity of 100% would
stop transpiration and flow almost completely [17]. Indeed
for our samples, the relative humidity was 50% at the onset
of the kinetics, but increased during the experiment, owing
to the little exchange surface between the uncapped NMR
tube and the surroundings. Therefore the poor illumination
and the high humidity did not allow a hormal tracer uptake
and transpiration. These last are the major causes of the
extremely slow rates of transpiration and consequently of
the estimated slow tracer transport velocity. However the
amount of condensed water shown in Fig. 3a that greatly
increased in Fig. 3b proved that not all stomata were closed
and the transpiration pathway existing through the leaf sur-
face would not be completely interrupted. Thus it can be
concluded that the forces driving the flow were present but
probably the tracer flow resulted slowed down by both the
tracer concentration and the aforementioned environmental
conditions.

Fig. 4b shows the spin-echo transversal image of the
stem at thirty hours at the same stem level of Fig. 4a as
indicated by the arrow in the sketch. The image was ac-
quired using a receiver gain of 800, instead of 200, as the
proton water signal was almost completely lost. Thus 30 h
later, the D, O tracer had reached the upper part of the stem.
From the image it appears that not only the vasculature, but
also amost al surrounding regions are dark, indicating that
the tracer was flowing both axialy upward in the vascular
bundle, and radially through the stem tissues. Only the
cortical layer is still visible. Thus the conclusion could be
drawn that the D,O does not only flow vertically upward,
but that a radial mechanism of water transport also occurs.

3.1.3. Gadolinium transport in Morning Glory stem
Before t = 0, the roots of a Morning Glory plant were
immersed in pure water. At t = 0, the intact plant was
carefully introduced in the NMR tube and the roots im-
mersed in 0.5 mL of Gd-DTPA solution (see Section 2.1),
previously located at the bottom of the NMR tube. The
kinetics of Gd tracer uptake was followed for thirty hours.
The interaction of molecules with paramagnetic ions is
known to cause an increase in the relaxation rates by short-
ening both T; and T, In the present study Gadolinium
chelates enhance the relaxation mechanisms mainly of tis-
sue water, proportionally to the ion concentration [5,18].

Thus by spin-echo MRI experiments water signal can be
increased or decreased by using short TR or long TE values
respectively. In the present study a good planar resolution
was achieved by using a relatively long echo time (TE =
12.7 ms). Thus a low Gd concentration of 100 uM was
chosen to reduce the loss of water signal resulting from the
shortening of T, and to guaranty an increase in the proton
signal through T, weighted images while following the
paramagnetic ion uptake. Therefore T,-weighted MRI ex-
periments could distinguish the Gd tracer absorbed by the
roots from the water initially present in the plant stem.
Test experiments were previously carried out on a phan-
tom consisting of a10 mm NMR tube filled with pure water,
containing a coaxial 5 mm NMR tube filled with 100 uM
Gd aqueous solution. Images of the phantom (not shown)
were collected with the acquisition parameters used for the
experiments on Morning Glory samples, by changing only
the recycle time (TR). For TR = 1s the maximum contrast
enhancement was reached between the tube containing the
pure water and the inner tube containing the Gd solution.
Fig. 5 shows the longitudinal xz spin-echo images (no
slice selection) collected at two (a) and five hours (b) from
the beginning of the experiment. The sketch drawn in the
middle of the Figure reports the plant located in the NMR
tube, showing the amount of Gadolinium solution at the
bottom of the tube, the roots and the lower part of the stem,
that, as located inside the coil sensitive region, are observ-
ablein the imagestoo. The sketch shows also the upper part
of the stem and the leaves that are located inside the un-
capped NMR tube but outside the coil sensitive region. In
both images of Fig. 5, owing to the chosen contrast level,
the Gd solution at the bottom of the tube and the region of
the stem containing the tracer appear bright, while the part
of the stem not yet reached by the tracer appears completely
dark. At the bottom of Figs. 5a and 5b, the transversal
profiles, at the stem level indicated by the arrow, are re-
ported. They correspond to the top level reached by the
tracer at the given time. Here the profiles result in a single
peak as the stem of this sample is straight, without folding,
and does not present any void in the central region (see aso
Figs. 6a and 6b). Thus, asfor the D,0O tracer, the stem level
reached by the Gd front was determined by analyzing the
transversal profiles column by column in the image. Indeed,
in correspondence of the apex of the tracer front, the profile
signal intensity suddenly increased since it passed from the
region where water was flowing (low T, weighted proton
signal) to the region where Gd was flowing (high T,
weighted proton signal). By following the calculation pro-
cedure adopted for the D,O tracer (see Section 3.1.2) an
average Gd-DTPA transport velocity v = 0.7 mm- h™* was
calculated. Thislow value, similar to that calculated for the
D,0 tracer, is mainly to be ascribed to the high molecular
weight (MW = 743) of the chelated Gd molecule. It should
be emphasized that the transport velocity of Gd-DTPA and
not of water, probably higher, was measured. Moreover the
same remarks made in the previous section (see Section
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Fig. 5. Axial molecular transport component in the stem of a living Morning Glory visualized by MRI using Gd-DTPA tracer absorbed by the roots. The
Gd tracer (white region) progresses upward through the stem after its absorption by the roots. The sketch drawn in the middle of the Figure shows the plant
located in the NMR tube: cotyledon, roots, stem and leaves. A continuous line indicates the top of the Gd-DTPA tracer amount in the NMR tube in
correspondence of the meniscus of the tracer in the images. Spin-echo images collected during the kinetics of Gd uptake: longitudina xz images (no slice
selection) collected at two hours (a) and at five hours (b): 256 X 256 matrix; FOV = 40 mm; NE = 8; RG = 4; TE = 12.7 ms; planar resolution: 156 X
156 um? At the bottom of the Figure the transversal profiles at the top level reached by the Gd tracer front are also shown. The stem is a single peak.

3.1.2)) concerning environmental parameters like poor illu-
mination, high humidity and low aeration must be taken into
account in evaluating the causes of the assessed low trans-
port velocity.

Fig. 6 shows the spin-echo xy images collected at the
same time (thirty hours) at two different stem levels. An
arrow starting from the sketch (the same of Fig. 5) shownin
the middle of the Figure indicates the stem levels of Fig. 6a
and Fig. 6b respectively. Looking at the sketch, it can be
pointed out that the dlice of Fig. 6ais the section of a low
part of the stem, while the dlice of Fig. 6b is the section of
an upper part of the stem. Both images show the four bright
vascular bundles assuring that the Gd front advanced in the
axial upward direction with respect to the stem levels
reached at two (Fig. 5a) and five (Fig. 5b) hours respec-
tively. Moreover the surrounding tissue was reached by the
tracer, in particular the central pith parenchyma of Fig. 6a,
confirming that a radial water transport mechanism exists.

Difference in image contrast can be noticed between paren-
chymal and vascular tissues as well as between endodermis
and cortical parenchyma cells mainly due to difference in
the relaxation times among tissues. In conclusion the use of
Gd as tracer molecule highlighted the presence of both
radial and axial water transport pathways.

3.2. Analysis of tracer motion in the stem of Morning
Glory

3.2.1. Parabalic tracer front formed by axial and radial
tracer transports in plant stem

MRI and optical images (see Fig. 2) assured that, like in
a primary eustele, the vascular bundle of a Morning Glory
stem is localized around the central pith parenchyma that
sometimes becomes void in proximity to the stem apex.

Images collected during the D,O and Gd uptake kinetics
well evidenced an axial transport mechanism (see Figs. 3
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Fig. 6. Radial molecular transport component in the stem of a living Morning Glory visualized by MRI using Gd tracer absorbed by the roots. The sketch
shown in the middle of the Figure (the same of Fig. 5) shows the plant in the tube. Transverse xy images collected: at thirty hours at the stem level indicated
by a continuous line (a) and a dotted line (b) arrow: 256 X 256 matrix; FOV = 11 mm; TE = 12.71 ms; NE = 8; RG = 4; voxel resolution: 43 X 43 X

3000 pm®

and 5). The tracer absorbed by the roots, flowed in a vertical
direction through the vascular tissue. Indeed through MRI
experiments the axia transport through the vascular tissue
was recognized as the progress of the tracer front from the
time (t > 0) the roots absorbed the tracer instead of water.
Beside the axial transport, aradial molecular transport from
the vascular tissue toward the surrounding parts of the stem
showed up mainly from Figs. 4 and 6. The diffusion of the
water and the tracer from the vascular bundle through the
stem tissue in the radial direction was expected. In fact the
presence of the Brownian motion and water diffusion in
plant cells was confirmed by NMR [6,21]. Moreover it was
reported that small vessels might contribute significantly to
radial water transport into surrounding tissue. In fact small
vessels exhibit high resistance to axial flow and relative low
resistance to radial flow [31].

The progress of the tracer through the vascular bundle
was recoghized as a cone -shaped peak, henceforth referred
to as parabolic tracer front (PTF). Fig. 7 shows the PTF that
consists of a peak position and a parabolic tail. The tracer
front observed in Figs. 3, 4, 5 and 6 comprises an axial front
at the peak position and a radial front at the width of the
parabolic tail. Analysis of the PTF suggests here that in the
stem there are two molecular transport mechanisms in the
axial and radial directions.

In order to design a model describing the two kinds of
molecular transports the following assumption have been
made:

i) both the stem and the vascular tissue are straight
cylindrical, coaxial tubes;

ii) the parabolic tail of the PTF hascylindrical symmetry
as shown in Fig. 7, where the stem coordinates z and
r are the axial and radial directions;

Vascular tissue

D
Stem tissue
Peak /A
position
and tail of — Upward axial
parabolic transport
tracer front z
! “«—r—»
Radial
transport
) 1
I 1
' 2a | :
« -y ! v I-;ﬂ-’
*-------- »
2r,

Fig. 7. Scheme of the parabolic tracer front (PTF) in the plant stem. The
motion of the peak position is determined by the axial tracer transport
component (z), and the width of the parabolic tail is determined by the
radial transport component (r). In the figure and in the text, r indicates the
vector of radia transport while a indicates a scalar value. Following such
criteria it results:

2a,: diameter of the vascular bundle;

r.. theradial transport vector between the boundary surface of the vascular
bundle (a,) and the boundary surface of the stem (ay);

r< the maxima value assumed by the radia transport vector when it
reaches the boundary surface of the stem.
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iii) the vascular tissue responsible for the axial water
transport is localized on the central axis of the stem
at r = 0. The central pith parenchyma is neglected;

iv) thediameter of asingle vascular bundleis very small
(about 100 wm) if compared to that of the stem
(about 2 mm);

v) the stem tissue surrounding the vascular tissue has a
uniform structure, that is, the diffusion coefficient
(D), representing the diffusion motion of water mol-
ecules, and the hydraulic conductivity (k), represent-
ing the permeation of water molecules, are uniform

throughout the stem tissue.

At t = 0, the upward motion of the tracer front due to the
axial transport through the vasculature starts at z = 0 at
constant velocity v. The height of the tracer front increases
with an increase of z. Coordinates r and z are measured in
m, time t and velocity in s and m/s, respectively.

Diffusion of the tracer starts from the vascular bundles at
t = 0and z = 0, and expands the width r4 of the tracer front
with cylindrical symmetry. At z = 0, the radial position r
of the width of the tracer front is given by:

rg=(2D 1) @

The start of the diffusion from the vascular tissue is delayed
at heights z > 0 since the axia tracer front arrives at such
heights at t = z/v so that diffusion starts at t = z/v. In the
stem for v t > z > 0, where the tracer front has already
passed, ry is given by:

rq = (2D (t-z/v)) V2 2

Therefore, the form of the PTF can be expressed by a
parabolic curve as:

z = vit-vry?(2D) ©)

Thus, in the stem the axial water transport and the diffusion
motion of tracer molecules form the PTF for t > O, as
observed in Figs. 3, 4, 5, 6.

Besides molecular diffusion, permeation across plant
cells has the potential to cause radial water transport in the
stem since water transport across plasma membrane is me-
diated by water channels: narrow pores which alow for the
passage of water across the cell membrane [32]. Therefore,
a permeable water flow from the vascular tissue toward the
stem surface is expected in the plant stem so as to expand
the width r,, of the tracer front if the pressure in the vascular
bundle is greater than that around the stem surface. We
assumed that the vascular tissue radially discharges water
including the tracer at a flow rate of Q m%s per unit length
for t > 0 and the discharged tracer is endowed with the
radial transport velocity v, (r) which is a function of the
radial position r, as shown in Fig. 7. Conservation of the
tracer relates v, r and Q as 2 w r v, = Q. Therefore, the
radial transport velocity v, (r) and the radial position r, of
the width of the tracer front can be expressed as.

Vi () =Ql(2mr) 4

where:
dr/dt = v, (r).
Then:
r2-a? = (Q2mt 5)

where 2 a, corresponding to 2 (rer,) is the diameter of the
vascular bundle and 2 &, is the diameter of the stem, as
shown in Fig. 7 and defined in the caption. The water
pressure p (r) in the plant stem is a function of radia
position r. When aradial pressure gradient dp/dr exists, the
radial water transport v, = (dr,/dt) is formed as permeable
flow, obeying Darcy’s law [33] and expressed as.

dr /dt = -k dp/dr (6)

where « is the hydraulic conductivity. When « is uniform
throughout the stem tissue, the pressure p at the position r,,
of the width of the tracer front is derived from Eqg. (6) as:

dp = -(Q/2 7 k) dr/r, (7
by defining:

P = Db

the pressure at the radial level r, = &, where a, corresponds
to the boundary surface of the vascular bundle and:

P = Ps
the pressure at the radial level r, = a; where a; corresponds

to the boundary surface of the stem, then p, can be derived
from Eq. (7) as:

Ps = Pv-(Q/2 7 k) loge (a/a)

Therefore, if the pressure in the vascular tissue is greater
than that around the stem surface that is ps < p,, the
vascular bundles can discharge tracer and the radial position
rp, of the width of the tracer front is given by Eq. (5). When
r,> >> a° is satisfied, Eq. (5) is approximated as:

r, = ((Q2mt) "> (8)

For t > O, the tracer permeates from the vascular tissue
through the stem tissue in the radia direction as shown in
Fig. 7. The permeable flow of the tracer startsat t = 0 and
z = 0, and increases the radial position r, of the width of the
tracer front. At z = 0, the width r, of the tracer front is given
by Eq. (8). The start of the permeable flow from the vascular
tissueisdelayed at heights z > 0, since the axial tracer front
arrives a such heights at t = z/v and the permeable flow
startsat t = z/v. Inthestem for vt > z > 0, where the tracer
front has aready passed, r,, is given by:

rp = (Q2m) (t-z/v)) ©)

Therefore, the form of the PTF is expressed by a parabolic
curve as.

z = vt-vr?(27Q) (10)
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Thus, the axia transport and the permeable flow of the
tracer in the stem forms the PTF for t > 0, as shown in Fig.
7.

3.2.2. Evaluation of axial and radial water transport by
analysis of parabolic tracer front

Since Eqg. (3) and Eq. (10) were similar, both diffusion
and permeation were found to contribute to the formation of
the PTF. An attempt was made to extract parameters, which
congtitute Eq. (3) and Eq. (10), by analyzing the progression
of the Gd tracer front. Assuming that the PTF was formed
only by diffusion motion of the Gd-DTPA in the stem, the
diffusion coefficient D = 1.0 - 10~ ** m?/s was calculated.

Water diffusion coefficients in wheat grain obtained by
echo attenuation were found to be half that of the free water
value [15,21] and those in germinating seeds of Morning
Glory [22] were close to that of free water of 2.5+ 107° m?
/s at ambient temperature [6]. The diffusion coefficient of
the Gd-DTPA in the Morning Glory stem evaluated from
the PTF was found about 1/100 of that of free water. The
molecular sizes of D,O and H,O are similar, and smaller
than that of Gd-DTPA, the molecular weights being 20, 18
and 743 respectively. Hence, the discrepancy of the diffu-
sion coefficients among the three molecules is expected to
be due to the difference in their molecular sizes.

One vascular bundle can be modeled as a series of long
and slender cells rather than as one hollow duct. Neighbor-
ing plant cells exchange elements, water and molecules
through channels in the cell membrane. According to the
changes in the environment, metabolic activities of the plant
vary the inner pressure in order to regulate the water trans-
port velocities. While diffusion is independent of pressure
as shown in Eqg. (1), permeable flow is dependent on pres-
sure gradient in the plant tissue as shown in Eqg. (6). Since
Eg. (3) and Eq. (10) indicate that the PTF is formed by both
diffusion and permeation, and the diffusion coefficient of
water in plant tissue is considered not to be affected by the
environment [3,15,21], the anaysis of the PTF has the
potential to determine the time variation of the pressure
gradient in the radial direction of a plant stem, which is
caused by changes in the environmental conditions sur-
rounding the plant. Indeed, in the present study, measure-
ments have been made under environmental conditions so
that we were unable to distinguish the effects of diffusion
and the pressure driven radial flow. At the same time, as it
was aready pointed out, the rate of transpiration and the
tracer flow were extremely slowed down mainly owing to
poor illumination and high humidity. Nevertheless the
tracer transport mechanism through the axial and radial
components could be visualized. Therefore by means of our
experimental results, the analysis of the PTF can neither
provide the exact concentration profile of the tracer, nor
evauate the pressure gradient in the stem tissue.

4. Conclusions

MRI has been applied to the study of molecular transport
in living Morning Glory samples, by independently using
D,0 and Gadolinium chelate as tracers. The plant morphol-
ogy has been characterized in a non-invasive and non-
destructive way. Image analysis allowed the parenchyma
tissues and the vascular bundles, both in the roots and in the
stem to be visualized, as well as the presence, in some
samples, of void regions in the central part of the stem. In
particular, the vascular system appeared completely undif-
ferentiated in the roots, while four vascular bundles were
well visible along the stem, located between the surface and
the central axis. The condensed water produced as a con-
sequence of plant transpiration has been imaged in the
experiments performed in D,O: as shown by spin-echo
images, the transpired H,O was observed at the solution
meniscus, in a very slow exchange regime with D,0.

In the present paper, molecular transport mechanism has
been investigated by analyzing the progress of tracersin the
stem, as measured in spin-echo images. MRI experiments
carried out on living plants growing in the magnet were
combined and a model able to describe the pattern of trans-
port in the stem built up. In the absence of internal cavities,
the water transport has been interpreted on the basis of a
simple model in which the parabolic tracer front (PTF),
formed by the concentration profile of the tracer molecules,
was rationalized in terms of axial and radial components.
The tracer absorbed by the roots was axially transported
through the vascular tissue and radialy discharged toward
the stem surface at the peak position and at the parabolic tail
of the PTF respectively. Analysis of PTF revealed that the
width of the parabolic tail increased as a function of the
square root of time by the radial molecular transport, caused
by both diffusion and permeation.

By following the kinetics of the D,O uptake an average
transport velocity of 1 mm - h™* was calculated. This value,
low if compared to that found in experiments with H,0, was
mainly ascribed to the pure D,O employed and to the
ambient conditions in which the plants were held, particu-
larly poor illumination and high humidity. Nevertheless not
al stomata were closed so that transpiration could occur
even if at a low rate, so that the forces driving the water
flux were still present. Indeed, an average transport vel ocity
of 0.56 mm - min~* in the ivy stem and of less than 1 mm
- h™ in the cactus were previously calculated by using the
D,0 tracer in a concentration D,O/H,0 4: 1 v/v [20].

By following the kinetics of the uptake of 100 uM
Gd-DTPA agueous solution, an average transport velocity
for the Gd tracer of 0.7 mm - h~* was cal culated. Assuming
that the width of the parabolic tail was only to be attributed
to the diffusion of Gd-DTPA in the stem, a diffusion coef-
ficient of 1 - 10~ ** m?/s was calculated for Gd-DTPA, i.e.,
1/100 of that of the water (2 - 10~° m?s) in plant tissue
observed using proton MRI. The discrepancy in the diffu-
sion coefficients as well as in the average transport vel ocity
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between Gd-DTPA and H,0 in plant tissues was estimated
to be mainly due to the difference in the molecular weight
of the two compounds.

In the model, the analysis of the PTF revealed that the
width of the parabolic tail could be attributed to diffusion as
well as permeable flow due to pressure gradient in the radial
direction of the stem. Indeed, by means of the results of the
present paper the effects of diffusion and of pressure driven
radial flow could not be distinguished so that the analysis of
PTF did not allow evaluation of the pressure gradient in the
plant stem. Nevertheless, comparison of the PTF under
different environmental conditions surrounding the plant
could suggest changesin theinner pressure of the plant. The
present study clearly showed the movement of tracer mol-
ecules in plant tissue and their movement through the stem.
This may prove to be a useful techniquein the study of plant
biology for more focused studies.
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