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Abstract: Seasonal changes in the dynamic state of water for cherry (Prunus lannesiana), a deciduous broad-leaved tree, were
studied by combined k-space and g-space imaging using dedicated magnetic resonance imaging (MRI) with a 1.0-T permanent
magnet. Water amounts, diffusion coefficients and transpiration were examined for excised branches cut from a tree with and
without weak light (100-140 pmol m™ s™) throughout the year. The water amount in the cambium was large in spring and
summer, decreased in autumn, and decreased further in winter. There were three components in the diffusion coefficient of the
branch. The second component of the diffusion coefficient ascribed to the cambium did not fluctuate notably throughout the year,
despite marked alternation in water amounts. However, diffusion coefficients in the secondary xylem, the primary component,
were elevated in summer and decreased in winter. Upward water flow was restricted in the secondary xylem, and the positions
where large flow was detected coincided with places exhibiting high diffusion coefficients and the arrangements of vessels. Total
transpiration exhibited a tendency similar to that of the diffusion coefficients; however, total transpiration declined to zero when
the plant had no leaf, whereas the diffusion coefficient decreased to 60 % of the maximum but did not decrease further.
Light-enhanced transpiration related to potential photosynthetic activity increased in spring as the leaves sprouted and grew,
considerably decreased in summer, decreased to one third of the maximum in autumn, and was not detected in winter.
Measurement of the dynamic state of water for the excised branches will provide useful information for better understanding of
the phenological changes of tree physiology.

Keywords: Cherry Tree (Prunus lannesiana), Dedicated MRI, Dynamic State of Water, Excised Branches, Seasonal Changes,
Transpiration

1. Introduction

The status of water changes in tree branches in different
seasons due to fluctuation of temperature, moisture, and other
climate conditions; it may also be influenced by intrinsic
conditions of plants growth [1-4]. The amount and movement
of cell-associated water are related to metabolic rate and
growth [5-7]. Transpiration of water is essential for organizing
the system of plants (e.g., transport of water between tissues,
uptake of nutrients and other materials, and cooling of the
plant body) and is related to photosynthesis [8]. Magnetic
resonance imaging (MRI) has been used to investigate water
in tree plants [9-14]. Based on studies of water in plant tissues
using MRI, distribution of water is presented using 'H-NMR
images [15], spatial movement of water is measured as

diffusion coefficients [16-17], and flowing water and flow
velocity are examined by dynamic imaging methods [18-23].
The combined k-space and g-space imaging method [23] has
been used to investigate xylem and phloem flow in plants
stems [24-26]. Probes for inspecting the physiology of plant
tissues, amounts and diffusion coefficients of cell-associated
water in tissues, and flow rates of water in the plant
vasculature are simultaneously obtained using this method.
The dynamic state of water in differentiated tissues was
studied by combined k-space and q-space imaging for excised
Ligustrum lucidum branches in the previous paper [27]. A
small, dedicated MRI with a permanent magnet and an MRI
spectrometer, the operation system of which was written by



61 Hiromi Kano and Mika Koizumi:

Seasonal Changes in the Dynamic State of Water for Excised Cherry Branches

(Prunus Lannesiana) Observed Using Dedicated Micro-Magnetic Resonance Imaging

Windows for personal computers [28-29], was used.
Repetition time (TR) for radiofrequency of the spin-echo
sequence was shortened in order to obtain a set of data within
the available measurement time, as a result, calibration using
standard phantoms was necessary for quantitative estimation.
In the current investigation, this method was applied for
excised cherry branches (Prunus lannesiana) to examine the
phenological changes in tree physiology. This study provided
useful information about the properties of cell-associated
water in the cambium corresponding to the annual growth of
trees, as well as in the parenchyma of the secondary xylem
concerning long-distance transport of water.

2. Materials and Methods
2.1. Plant Materials

Similar branches were taken from a cherry tree (Prunus
lannesiana) on the campus of Waseda University from June 23,
2012 to June 1, 2013. Table 1 lists the dates of experiments,
the weight of leaves, and the amount of water uptake
measured using a measuring cylinder. The tree flowered in
early April with simultaneous sprouting of leaves; the leaves
grew from April to June and had fallen with browning by the
last of November or the beginning of December. Excised
branches were trimmed and incubated in distilled water for an
hour to acclimate them to room conditions and were then used
for the measurement.

Table 1. Dates of experiment, leaf weight, and water uptake

Date Serial day Leaf weight (g) Water uptake Light (ml) Water uptake Dark (ml)
June 1 1 - - -

June 23 23 145 28.0 17.5

July 7 37 118 27.5 15.5

September 8 100 120 21.5 11.0

October 27 149 111 19.0 11.0

November 24 177 128 29.0 18.5

February 2 247 0 0 0

April 20 324 89 20.0 10.0

June 1 365 153 27.0 12.0

2.2. Observation of Morphology Using Optical Microscope

Cross-sections of a young branch 8 mm in diameter were
stained with toluidine blue and observed with an optical
microscope (Olympus, Tokyo, Japan). Micrographs were
taken using a digital camera (Nikon, Coolpix 995, Tokyo,
Japan).

2.3. MRI Apparatus and Measurements

The branch was inserted into a measuring cup under the
magnet through the detector of an MRI apparatus.
Measurements were carried out with and without light. Three
light sources holding three LED lamps of different light
qualities were used. The light intensity ranged from 100 to
140 pumol m” s™ on the center leaves of the branch. Light
stands were made of wood, vinyl rope, and packing tape by
adjusting the geometry of the lamps to the shape of the branch
in each experiment. A dark room was made using black
curtains.

A dedicated MRI equipped with a 1.0-Tesla (T) permanent
magnet with a 60-mm pole gap (Neomax Engineering Co.,
Ltd., Gunma, Japan) and a spectrometer based on a Windows
personal computer (MRTechnology Inc., Tsukuba, Japan) [28,
29] were used. The detector had a 30-mm diameter solenoid
coil, and the temperature of the measurement cell was
controlled at 28°C.

Diffusion coefficients were obtained by the equation of
Stejskal and Tanner [30]. NMR flow imaging was carried out
by the combined k-space and g-space imaging method [23]
with  appropriate modifications. A short TR for
radio-frequency projection was employed to reduce

measurement time. Diffusion coefficients and flow velocities
were determined with calibration curves using standard
phantoms because the signals of high-mobility water might be
saturated due to the short TR. Experiments were conducted
according to the procedures described in the previous paper
[27].

A data set of 2D images applied with 16 stepping
magnitudes of pulsed-field gradients (PFG) from -G to +G
was collected; a PFG pair was applied before and after the
180-degree radio-frequency pulse at each image acquisition
by the spin-echo 2D-FT method. TR was set at 1 s, TE at 40.4
ms, duration of PFG application (8) at 8 ms, and diffusion
period (A) at 25 ms. Data were acquired using a 128 x 64
matrix, and images were recreated on a 128 X 128 matrix. The
resulting spatial resolution was 234 um with a 3.6-mm-thick
slice. Diffusion coefficient images were calculated using the
set of 2D images. The series of image data applied with PFG
was then compiled into a 3D-image datum and Fourier
transformed after zero-filling to obtain a flow-encoded image
and dynamic displacement profiles.

Images were analyzed using the Image] program (a
public-domain JAVA image-processing program (version
1.43u), available on the Internet at http://rsb.info.nih.gov/ij/).

3. Results

3.1. Morphology of a Cherry Branch

Cross-sections of a young cherry branch are presented in
Fig. 1. (A) Around the epidermal layer. (B) At center of the
secondary xylem. (C) Near the pith. A large number of vessels
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were observed in the secondary xylem (c), and radial strands
passed through the secondary xylem to the cortex in the
epidermal layer (a) outside the cambium (b) in Fig. 1 (A and
B). In addition, concentric circles with continuing vessels (d)
were observed just under the cambium (Fig. 1A) and across
the radial strands with uneven separations in the secondary
xylem (Fig. 1C). It is noteworthy that many cavities were
irregularly dispersed between the circles in the secondary
xylem (c).

Fig. 1. Morphology of a cherry branch. (A) Around the epidermal layer. (B)
Center of the secondary xylem. (C) Near the pith. (a) The epidermal layer: (b)
The cambium. (c) The secondary xylem. (d) Continuous concentric circle of
vessels. (e) The primary xylem near the pith. Scale bar is 250 um.

3.2. Seasonal Changes in the 'H-NMR Image and the
Diffusion Coefficient Image of Branches

Figure 2 presents changes in the 'H-NMR image (top row)
and in the diffusion coefficient image (bottom row) with
experiment times during the different seasons. Leaves fell
until the beginning of December and sprouted during the first
week of April; therefore, the sample on February 2 had no
leaves. The results in the "H-NMR and diffusion coefficient
images of cherry branches in spring and summer were similar
to those of Ligustrum lucidum branches reported in the
previous paper [27]. Marked change in signal intensity in the
'H-NMR images representing the water amounts was
observed for the cambium; however, no definite fluctuation
was observed for the secondary xylem throughout the seasons
(Fig. 2 top). Water was unevenly distributed by forming
concentric circles in the secondary xylem for all branches.
Signal intensities per area in the cambium and the secondary
xylem were measured separately (Fig. 3). Water amounts in
the cambium were high in spring and summer but had
decreased to 50 % of the maximum by September 8§ and then
further declined below 30 % by February 2. In contrast, water
amounts in the secondary xylem were rather constant at 50 %
of the maximum in the cambium except for a slight increase in
spring.

Fig. 2. Seasonal changes in 'H-NMR images (top row) and in diffusion coefficient images (bottom row). The color bar above the images indicates experiment
periods. Red is summer, light blue is autumn, dark brown is winter, and green is spring. Figures are months, and the first day is June 1. Experiment dates: A and
1, June 23; B and J, July 7; C and K, September 8; D and L, October 27; E and M, November 24; F and N, February 2; G and O, April 20, and H and P, June, 1.

Attenuation of averaged signals in the images was plotted
against the square of PFG on a logarithmic scale for the
experiment on July 7 (Fig. 4). A straight line was obtained for
the standard phantom, the slope of which corresponds to the
diffusion coefficient of pure water (2.3 x 10 cm” s™). The
plot for the branch broke into three lines, indicating the
existence of three components in the diffusion coefficient. The
values were very low in the epidermal layer, and values for the
cambium were lower than those for the secondary xylem in
the diffusion coefficient images (Fig. 2 bottom). The diffusion
coefficients in the secondary xylem varied with position, and
high-value signals drew concentric circles just under the

cambium and in the middle of the secondary xylem.

The first and second components of the diffusion
coefficients are graphed with experiment times in Fig. 5. The
first component ranged from 1.5 x 10™ cm” s™' in winter to 2.5
x 107 cm” s in summer, the second component ranged from
0.6 %107 em®s™ to 1.0 x 10° cm® s, and the third component
was omitted because of very low values. The first component
reached higher value than that of pure water (2.3 X 10” em’s™)
in summer but declined to 60 % of the maximum in winter.
The second component did not exhibit a direct response to
seasons.
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Fig. 3. Seasonal changes in signal intensities of the cambium and the
secondary xylem in 'H-NMR images. Signal intensities were measured (Fig.
2) and divided by areas of the cambium and the xylem. Blue squares with a
dashed line denote the cambium. Red circles with a solid line denote the
secondary xylem. Experiment times are the same as in Fig. 2. The horizontal
axis is serial day as indicated in Table 1.
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Fig. 4. Effects of pulsed-field gradients on the logarithmic plot of signal
attenuation for the stationary phantom and a tree branch. Plotted data of July
7. (a) The stationary phantom. (b, ¢ and d) A tree branch. The slope of the
logarithmic plot for the stationary phantom is 2.3 x 10° cm’ s™ at 28 °C, the
diffusion coefficient of pure water.
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Fig. 5. Seasonal changes in diffusion coefficients for cherry branches. Three
components were detected in Fig. 4, and the first and the second components
were plotted. Red circles with a solid line denote the first component. Blue
squares with a dashed line denote the second component. Experiment times
are the same as in Fig. 2, and the horizontal axis is serial day as indicated in
Table 1.

3.3. Seasonal Changes in the Flow-Encoded Image of
Branches

Flow-encoded images in the light (top row) and
light-enhanced flow images (bottom row) are presented in Fig.
6. The flow-encoded images represent whole transpiration
where signals were restricted in the secondary xylem (Fig. 6
top). Strong signals formed concentric circles that roughly
coincided with those observed in the diffusion coefficient
images in the bottom portion of Fig. 2. The areas without
signals in the flow-encoded images were probably due to
branching.

Fig. 6. Seasonal changes of flow-encoded images in the light (top row) and light-enhanced flow images (bottom row). Light-enhanced images were calculated by
subtracting a flow-encoded image in the dark from that in the light. The experiment times are the same as in Fig. 2.

Whole transpiration (Fig. 6 top) per area of the xylem
increased from spring to summer, and decreased to two thirds
in autumn. No flow was detected in winter, as leaves had
fallen (Fig. 7). Dark transpiration was calculated based on
flow-encoded images in the dark, which did not coincide with
that of whole transpiration in the light (Fig. 7). Changes in
flow amounts measured using MRI tended to be similar to
that obtained using a measuring cup; however, the reason for
the discrepancy between light and dark conditions was
unclear. Light-enhanced flow images (Fig. 6 bottom)

representing flowing spins stimulated by light were calculated
by subtracting the flow-encoded images in the dark from the
flow-encoded images in the light; then the images were
normalized by the amount of leaves (Table 1). Concentric
circles were also observed in the light-enhanced flow images.
Flow velocity was calculated using dynamic displacement
profiles [23] (Fig. 8) at positions where intense signals were
observed on the flow-encoded images (Fig. 6 top). Flow
velocities are presented together with light-enhanced flow per
area of the secondary xylem in Fig. 9. Light-enhanced
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Fig. 7. Seasonal changes in flow amounts of whole transpiration and that in
the dark. Red circles with a solid line denote flow amounts indicated by spin
populations per area in the light. Blue squares with a dashed line denote flow
amounts indicated by spin populations per area in the dark. Experiment times
are the same as in Fig. 2, and the horizontal axis is serial day as indicated in
Table 1.
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Fig. 8. Dynamic displacement profile for the branch on July 7. Dynamic
displacement profile (solid line) in q-space at the upper center of the second
circle with intense signal in Fig. 6B is presented. The displacement shifts to
the left, so the flow is upward. The right-side curve from the peak top was
reversed (blue dashed line) and then subtracted from the left-side curve (red
solid line) to obtain the dynamic displacement of the flow water molecules
(green dotted line)

Relative flowing spins
N w
~
‘:(
u)
1/

1
o
Flow velocity (mm s1)

0 50 100

150 200 250 300 350
Measurement time (day)

Fig. 9. Seasonal changes of light-enhanced flow amounts and flow velocity.
Red circles with a solid line denote light-enhanced flow amounts indicated by
spin populations normalized by area of the secondary xylem and leaf weight.
Blue squares with a dashed line denote flow velocity calculated using dynamic
displacement profiles as presented in Fig. 8. Experiment times are the same as
in Fig. 2, and the horizontal axis is serial day as indicated in Table 1.

transpiration was high in spring when leaves sprouted and
decreased to two thirds with full expansion of the leaves in
summer [2]. Light-enhanced transpiration was maintained
while the leaves were green, decreased when the leaves turned
brown, and stopped when the tree had no leaves. In contrast,
flow velocity ranged from 0.65 £ 0.1 to 0.85 + 0.2 mm s™' and
did not fluctuate regardless of changes in flow amount (Fig. 9)
while the tree had leaves.

4. Discussion

The dynamic state of water was analyzed for cherry
branches in regard to phenology (Figs. 2 and 6). 'H-NMR
images representing water amounts (Fig. 2 top) indicate the
mass of matrix for metabolism or protoplasm, while diffusion
coefficient images (Fig. 2 bottom) correspond to the rate of
metabolism [7, 17]. Flow-encoded images (Fig. 6) related to
transpiration are involved in maintaining a plant system as an
organic whole [20, 21, 24]. Therefore, these parameters are
thought to be suitable probes for investigating the physiology
of tree plants [26, 31].

The cambium and the secondary xylem exhibited
phenologically different tendencies in water amounts and
diffusion coefficients. Observed alterations in water amounts
in the cambium (Fig. 2 top) were characteristic of the annual
cycle of tree growth [1, 3, 32]: large in spring and summer,
less in autumn, and even less in winter (Fig. 3). The second
component of diffusion coefficient (Figs. 4 and 5) is water in
the cambium based on the profile and histogram of the
diffusion coefficient image of the branch on July 7 (Fig. 10).
The dividing cells and enlarging cells in the cambium are
filled with functional structures and macromolecular
compounds such as starch grains required for synthesizing
biomaterials [4], and obstacles for the movement of
cell-associated water [5, 31]. Thus, water mobility was not so
high that the metabolic rate seemed low even in summer;
nevertheless, the cambium is active enough to grow.
Reduction of water in autumn and winter indicates that control
of cambial activity is accompanied by retardation in the mass
of matrix for metabolism or protoplasm, which is interpreted
by the facts that solid materials accumulate in the phloem cells
while cell-walls are lignified to generate secondary walls in
xylem-side cells during dormancy [4, 32].

Water amounts were rather constant in the secondary xylem,
except for a slight increase in spring (Fig. 3), when the
light-enhanced transpiration increased greatly (Fig. 9) [2]. The
first component of the diffusion coefficient (Figs. 4 and 5) is
ascribed to water in the xylem (Fig. 10); therefore, the
metabolism of parenchyma cells in the secondary xylem is
high in summer and low in winter (Fig. 5). The metabolic rate
was a few times higher than that of the cambium but not
uniform in the secondary xylem. Superposition of the
diffusion coefficient image and the flow-encoded image on the
'H-NMR image of the branch on July 7 (Fig. 11) indicated that
the concentric circles of water signals (Fig. 11A) coincide
with positions exhibiting high diffusion coefficients (Fig. 11B)
and large water flow (Fig. 11C). Circles with high signal



65 Hiromi Kano and Mika Koizumi:

Seasonal Changes in the Dynamic State of Water for Excised Cherry Branches

(Prunus Lannesiana) Observed Using Dedicated Micro-Magnetic Resonance Imaging

intensities were suited with the arrangement of vessels:
concentrated cavities just under the cambium (Fig. 1A) and
continuous chains of cavities with unequal radial separations
(Fig. 1C) in the secondary xylem. The vessels include active
parenchyma cells to sustain transpiration. However, there was
no direct connection between the water flow (Fig. 7) and the
metabolic rate in parenchyma cells (Fig. 5). One obvious
discrepancy is that the diffusion of cell-associated water did
not stop (Fig. 5) even when no upward flow of water was
detected (Fig. 7), probably due to intra- and inter-cellular
transport of water.

B 2
0 06s

Fig. 10. Diffusion coefficient image, signal profile, and histograms of signals
of the area including the cambium and the area without the cambium. (A)
Diffusion coefficient image on July 7. (B) Signal profile taken at a yellow line.
(a) Stationary phantom. (b) The cambium. (c) The secondary xylem. (C)
Signal histogram of the area including the cambium, indicated by a yellow
circle. (D) Signal histogram of the area without the cambium, indicated by a
blue circle.
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Fig. 11. 'H-NMR image depicting morphology, and superposition of a
diffusion coefficient image and a flow-encoded image in the light for a branch
onJuly 7. (4) A'H-NMR image. (a) The epidermal layer. (b) The cambium. (c)
The secondary xylem. (B) Strong signals of the diffusion coefficient image in
Fig. 2J, denoted by red, and (C) strong signals of the flow-encoded image in
Fig. 6B, denoted by yellow, were superposed on the 'H-NMR image.

Physiological involvement in changes of flow-encoded
images (Fig. 6 top) including both transpiration driven by light
and that in the dark (Fig. 7) cannot be clearly interpreted
because the flow in the dark is affected by internal conditions,
growth stage, nutritional supply [2], and the endogenous
physiological situation [3] of the branches. However,
light-enhanced flow or transpiration stimulated by light
characteristically tended to be dominated by leaf conditions:

high in spring when leaves were developing, reduced with
saturation in leaf growth until summer, low when leaves
turned brown in autumn, and diminished in winter without
leaves (Fig. 9). In the current investigation, weak light
(100-140 pmol m™ s) was used in a mildly air-conditioned
room to avoid severe environmental stress. Therefore,
light-enhanced water flow is thought to be regulated by
potential  photosynthetic  activity  through  stomatal
diffusion-resistance [8]; thus, photosynthetic capacity is
closely related to leaf growth [2]. Flow velocities from 0.65 to
0.85 mm ™' (Figs. 8 and 9) are at the level of those determined
for excised Ligustrum lucidum branches [27], the seasonal
change of which was not parallel to whole transpiration (Fig. 7)
and light-enhanced transpiration (Fig. 9).

This result was obtained in a room with low light intensity
and a set temperature using excised cherry tree branches. Thus,
seasonal changes in the dynamic state of water for tree
branches in natural conditions were not determined, and these
results are not suitable for direct analogy with other plants.
Nevertheless, 'H-NMR images, diffusion coefficient images,
and flow-encoded images obtained by a combined k-space and
g-space imaging method, using a small, dedicated MRI
apparatus equipped with a permanent magnet and controlled
on a Windows system, provided useful means for examining
the phenological physiology of trees such as changes in the
cambium activity (Fig. 3), and the fluctuation of metabolic
rate (Fig. 5) and transpiration in the secondary xylem (Figs. 7
and 9). This method can be used for intact plants in the field.
Approaches have already begun [26, 33-36]; however, some
problems remain. A matter of most importance is the drastic
reduction of magnet weight. A low-field MRI equipped with a
0.2-T magnet with a 160-mm pole gap usable for standing
trees was stable enough to attain good quality images [37].
However, the 500-kg magnet is heavy enough to pack the
ground and thus harm root growth. In this context, devices
lighter than several-ten kg, the level of human weight are
desired for applying MRI to intact trees in open fields [38].
Another issue is the high stabilization of low-field magnets
with large pole gaps against the fluctuation of ambient
conditions, which is essential for obtaining quantitative
images required for combined k-space and g-space imaging
[23].
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