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Abstract

Water movement between cells in a plant body is the basic phenomenon of plant solute transport; however, it has

not been well documented due to limitations in observational techniques. This paper reports a visualization

technique to observe water movement among plant cells in different tissues using a time of flight-secondary ion

mass spectrometry (Tof-SIMS) cryo-system. The specific purpose of this study is to examine the route of water

supply from xylem to stem tissues. The maximum resolution of Tof-SIMS imaging was 1.8 mm (defined as the three
pixel step length), which allowed detection of water movement at the cellular level. Deuterium-labelled water was

found in xylem vessels in the stem 2.5 min after the uptake of labelled water by soybean plants. The water moved

from the xylem to the phloem, cambium, and cortex tissues within 30–60 min after water absorption. Deuterium ion

counts in the phloem complex were slightly higher than those in the cortex and cambium tissue seen in enlarged

images of stem cell tissue during high transpiration. However, deuterium ion counts in the phloem were lower than

those in the cambium at night with no evaporative demand. These results indicate that the stem tissues do not

receive water directly from the xylem, but rather from the phloem, during high evaporative demand. In contrast,

xylem water would be directly supplied to the growing sink during the night without evaporative demand.

Key words: Deuterium, Glycine max (L.) Merr. Münch’s counterflow, pressure–flow hypothesis, soybean, time of flight-

secondary ion mass spectrometry, water recycling, water uptake.

Introduction

Soil water absorbed by crop roots is mainly transported

through the xylem to stem tissue by transpirational pull.

During sunny days, most of the absorbed water is lost by
transpiration and only some of the water is used for cell

enlargement and metabolism. According to Münch’s hy-

pothesis (1930), a fraction of the transported water in the

xylem would flow into the phloem tissue in leaves and

would be used for pressure flow. In other words, a fraction

of absorbed soil water has been hypothesized to be

redistributed to the cells in roots and stems through phloem

tissue. This has been studied extensively (e.g. Hölttä et al.,

2006a, b), but only limited evidence (such as Windt et al.,

2006) has been reported so far due to the difficulties in the
experimental technique. Due to the lack of quantitative

evidence of water movement among plant cells, it is not

known whether soil water is mainly supplied to the growing

cells in the plant body by the xylem or the phloem tissue.

Experimental techniques such as stem flow measurement

(Higuchi and Sakuratani, 2006; Helfter et al., 2007), dye

tracer method (Varney et al., 1993; Sano et al., 2005; Keller
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et al., 2006), hydrostatic pressure measurement (Gould

et al., 2004, 2005), neutron beam analysis (Nakanishi et al.,

2003), and the latest nuclear magnetic resonance imaging

(MRI) (Peuke et al., 2006; Windt et al., 2006; Van As, 2007;

Scheenen et al., 2007) have been used to observe water

movements in plant bodies. These techniques make it

possible to analyse not only the water flow inside the

vascular bundle tissues but also plant water uptake. For
example, an apoplastic tracer dye is an indicator of plant

water uptake; water fluxes can be estimated by the rate of

accumulation of dye (sulphorhodamine G) at the root

surface (Varney and Canny, 1993). The symplastic pathway

for water transport can also be evaluated by the dye

concentration in the cells in each tissue (Varney et al.,

1993). The xylem-mobile dye basic fuchsin has been widely

used to monitor xylem flow (for example by Keller et al.,
2006), and phloem transport has been investigated by the

use of Oregon Green (Liu and Gaskin, 2004).

MRI techniques are now used to study the water flow of

plant species in addition to obtaining anatomical informa-

tion (Van As, 2007). For example, this technique can be

used to determine the diurnal changes in flow-conducting

areas of phloem and xylem (Windt et al., 2006; Scheenen

et al., 2007). Although MRI techniques have been used to
visualize plant water status, their resolution is generally not

high enough to examine the structures of xylem and phloem

pathways (Windt et al., 2007).

Water movement from phloem cells to growing paren-

chyma cells is not easy to detect by the techniques discussed

above. The dye tracer method is limited to the apoplastic

water uptake or water movement along xylem or phloem

tissues because the dye will not move from the vascular
tissues to the parenchyma tissues. Currently, the best

possible resolution of the MRI microscopic technique to

analyse the lateral water movement among different tissue

levels is ;14 lm (Köckenberger et al., 2004), except for the

analysis of high resolution lipid distribution images of

6 lm, which requires trimming of the sample plane to the

dimensions of the micro-coil (Fig. 7 of Schneider et al.,

2003). Although a cellular level of imaging was possible by
this technique (eg. Van As 2007; Sibgatullin et al., 2010),

imaging of water movement between the xylem (and/or

phloem) and growing cells may be difficult. A much higher

resolution technique to trace the water movement is

necessary for detailed analysis of water movement, such as

that posited by Münch’s counterflow hypothesis (water

movement from xylem to phloem).

This paper describes a technique to visualize water
movement from xylem to stem parenchyma cells by a time

of flight-secondary ion mass spectrometry (Tof-SIMS) cryo-

system. Tof-SIMS determines the surface chemical structure

as the positional image and/or mass spectrum information.

When a pulsed primary ion beam is bombarded onto the

surface of a solid specimen, the secondary ions from the top

2–3 atomic layers (10–20 Å) are emitted from the surface

and are detected as the positional image. The maximum
resolution for the positional image of Tof-SIMS used in the

present study was 1.8 lm (defined as a three pixel step

length to distinguish two separate dots); thus, it was

possible to perform cellular level analysis once the surface

structure of the plant was rigid enough under a high

vacuum. Tof-SIMS has been used to identify the surface

constituents of non-organic materials (e.g. semiconductors),

but recently it was also used to analyse organic materials

such as lignin polymer (Saito et al., 2005a, b, 2006), pulp

fibre (Matsushita et al., 2005, 2007), and heartwood tissue
(Imai et al., 2005; Tokareva et al., 2007). Tof-SIMS requires

a high vacuum to observe the surface structure, and thus is

limited in its ability to analyse water-rich materials such as

herbaceous annual crop species; it can be applied only to

dried wood materials, which will not be disturbed under

high vacuum conditions. Recently, a Tof-SIMS instrument

equipped with a cryo-stage was used for the analysis of

macronutrients in plants (Metzner et al., 2008) and in-
organic materials (Nair et al., 2004), which are difficult

to analyse under high vacuum environments without

surface treatments of water-rich and/or volatile compounds.

Metzner et al. (2008) first traced the transport routes of

macronutrients in plants at the level of cells and tissues and

measured their chemical distributions. Just very recently

they also reported the dynamics of water and mineral

nutrients in bean stem tissue using H2
18O and D2O as the

stable isotope for water (Metzner et al., 2010). A similar

techniques was used here to trace the water itself, using

deuterium-labelled water as the tracer. The specific purpose

of this study is to examine the route of water supply from

xylem to stem parenchyma cells by a technique to visualize

the cellular level of water movement using a cryo-Tof-

SIMS.

Materials and methods

Plant growth

As the test plant for this study, a soybean [Glycine max (L.) Merr.]
cultivar, ‘Fukuyutaka’ which is widely cultivated and is a recom-
mended commercial cultivar in Japan, was used. Pre-germinated
seeds (in darkness at 30 �C for 60 h) in a Petri dish were grown in
an aerated water culture (container size, 20319316 cm; volume,
6.0 l) for 14 d up to the second and third leaf stage inside a growth
chamber (16 h day length, 30 �C during the day and 25 �C during
the night). At this stage soybean stem shows rapid secondary
expansion growth, and therefore it should be easy to detect water
movement from roots to growing parenchyma cells in the stem.

Deuterium uptake and sample preparation

Deuterated (heavy) water was used as the tracer for plant water
uptake (Ijima et al., 2007; Zegada-Lizarazu et al., 2007). At 14 d
after planting, plants were transferred to the aerated water culture
with 99.9 atom% deuterium-labelled water (D2O). In experiment 1,
the deuterium labelling was conducted during the morning,
starting from 09:00–10:00 h on sunny days with photosynthetically
active solar radiation of 1300–1400 lmol m�2 s�1 at 30–32 �C
inside an open glasshouse with good ventilation. The relative
humidity was ;53–67% during the experiment. Plants were
harvested at 1, 2.5, 30, 60, and 120 min after transfer. In
experiment 2, the deuterium labelling was conducted inside the
growth chamber (30 �C during the day and 25�C during the night)
during the afternoon starting from 13:00 h and continued up to
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sunset hours (4 h of labelling, harvested at 17:00 h just before the
night period starts) or night hours (8 h of labelling, harvested at
21:00 h) inside the growth chamber. The plant shoot samples of
;4 cm length and 2 mm diameter were quickly excised with
a scalpel blade below the cotyledon and were rapidly shock-frozen
by plunging into liquid nitrogen (–196 �C). Frozen shoot samples
were kept in a deep freezer at –85 �C until sectioning. Clean and
even surfaces, as needed for ToF-SIMS analysis, were obtained by
sectioning the samples with a cryo-microtome (OT/FAS; Bright
Co. Ltd, UK) at –20 �C. Frozen samples were quickly moved into
the cryo-chamber for sectioning. The cryo-sectioning procedure
did not cause the visible local thawing of the soybean young stem
samples judging from the Tof-SIMS images used for the present
study. Samples of 30 lm thickness were mounted on a silicon plate
with the aid of carbon tape and again kept in the deep freezer until
ToF-SIMS measurement.

Cryo-Tof-SIMS measurement

Analysis was conducted using a Tof-SIMS spectrometer (TRIFT
III; ULVAC-PHI Co. Ltd, Japan) equipped with a cryo-stage
(Physical Electronics Co. Ltd).

Mass resolution at the deuterium peak (2.027 m/z) was 8000.
Samples were fixed in a cryo-holder immersed in liquid nitrogen
and then inserted into a sample chamber maintained below
–130 �C. The chamber vacuum was kept below 1310�5 Pa after
transfer and operated with a pulsed mass-filtered 22 keV Au1

+

primary ion beam at a raster size of 2003200 lm (for surface
analysis) or 1503150 lm (for enlarged image analysis). The pulse
frequency was 8430 Hz and pulse duration was 15.18 ns. Primary
ion current for the measurement was DC 600 pA. The total ion
counts were >2.03106 for both spectrum and image analysis.
Accumulation of >3.03106 total ions did not improve the images
of deuterium distribution (data not shown). Ion accumulation
took ;5–15 min depending on the sample conditions. Only
negatively charged ions were analysed for the deuterium ion peak.
The measurement was conducted in the static SIMS mode. Total
doses were 3.3431011–1.7831012 ions cm�2. Similar conditions
were used in the studies analysing the plant materials by the same
Tof-SIMS set-up published elsewhere (eg. Imai et al., 2005;
Matsushita et al., 2005, 2007; Saito et al. 2005a, b, 2006). The
theoretical resolution depends on the beam size used for the cryo-
Tof-SIMS analysis. A beam size of 0.3 lm was used, and the
maximum pixel step size was 0.59 lm in the enlarged images.
Following the resolution concept, the actual resolution of the
present work was defined as three pixel step length¼1.77 lm to
distinguish two separate dots at maximum in order to observe the
lateral water transport of young soybean stem sections.

Bright-field microscopy

The semi-ultrathin sections of stems were observed with a bright
field microscope to identify the tissue structure in the Tof-SIMS
images. The samples were excised from about the same positions in
the stems. The segments were fixed in 0.05 M sodium phosphate
buffer (pH 7.2) containing 1% glutaraldehyde and 2% paraformal-
dehyde at 20 �C for 5 h. They were washed with 0.1 M sodium
phosphate buffer, and post-fixed in 0.1 M sodium phosphate buffer
containing 1% osmium tetroxide at 4 �C for 8 h. Fixed samples
were dehydrated through a graded series of acetone and permeated
by propylene oxide. The samples were then embedded in Spurr’s
resin and polymerized at 70 �C for 24 h. Semi-ultrathin sections
(1 lm in thickness) were cut with a glass knife on an ultramicro-
tome (EM UC6; Reichert). Sections were stained with toluidine blue
O and observed with a bright field microscope (BX51; Olympus).

Scanning electron microscopy

Frozen samples of the soybean stems were also observed with
a scanning electron microscope (low-vacuum reflection electron

method; Natural SEM/WET-SEM; S-3000N Hitachi) to identify
the tissue structures in the Tof-SIMS images. The samples were
imaged at an acceleration voltage of 1.50 keV at a stage tempera-
ture below –20 �C and a pressure of 30 Pa.

Quantification of deuterium ions

Accumulation of deuterium ions in each tissue was quantified to
analyse the water flux from the root to the stem. The deuterium ion
counts in cells of different stem tissues, which can be clearly
identified within the field of view, were all analysed by the Win
Cadence Tof-SIMS software (ULVAC-PHI). The cells or regions in
each tissue, which can be easily identified in the images of total ions,
were manually selected and the deuterium ion counts of selected
area were measured. The values were expressed as the average
number of deuterium ion counts per 1 lm2 of cells in each tissue.

Statistical analysis

In total 38 plants and 56 samples were used for the surface analysis
from >200 soybean plants grown for this study. Fisher’s protected
least-significant difference (PLSD; a post-hoc test) test was used
for the comparisons of the secondary ion counts per unit area of
the Tof-SIMS images among the different tissues. At least three
replicates plants were observed for each analysis of the time course
measurements in both experiment 1 and 2. The number of
observations for the statistical analysis was from four (two
replicate plants3two different positions in stem) to eight (three
replicate plants3two–three different positions in the stem).

Results and Discussion

Water distribution pathways from plant roots to the

growing cells have not been well documented so far due to

the experimental difficulties in tracing water movement

along vascular tissues to parenchyma cells. It may be

directly distributed from xylem vessels to the parenchyma

cells or it may be distributed through phloem counter-flow
as hypothesized by Münch (1930). This study presented the

visual and circumstantial evidence for both day and night

by the use of cryo-Tof-SIMS.

Validity of secondary ion spectra

ToF-SIMS analysis of deuterium-labelled water movement

requires verification of the absorption of secondary ions of

Fig. 1. Comparison of secondary ion spectra. Negative ToF-SIMS

spectra (m/z¼1.5–2.5) acquired from a soybean stem section:

(a) application of D2O; (b) application of H2O.
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deuterium by plants. Negative ion mass spectra ranged from

1.5 to 2.5 m/z by Tof-SIMS of the plant samples with

deuterium-labelled water and non-labelled water, as shown

in Fig. 1. The deuterium ion peak (2.027) was found in the

deuterium-labelled sample (60 min deuterium absorption),

while none was found in the non-labelled sample. The total

ion count of this peak (within 1.5–2.5 m/z) was 60 000 for

the labelled water and 2000 for non-labelled water. This
indicates that the deuterium ion peak represents the uptake

of deuterium-labelled water. Nearly 30 times higher accu-

mulation of deuterium ions as compared with the control

was found in the 60 min deuterium ion labelling. Previous

studies on deuterium labelling of crop species indicated that

plant xylem sap contains 0.05–0.902 atom% excess deute-

rium concentrations in various agricultural field and/or pot

experiments (e.g. Zegada-Lizarazu and Iijima, 2004, 2005;

Araki and Iijima, 2005; Iijima et al., 2005; Zegada-Lizarazu

et al., 2005, 2006a, b; Iijima et al., 2007). These values mean

that the deuterium labelling was only 4–58 times higher

than the unlabelled control condition (the natural abun-

dance of deuterated water was ;0.0156% on average of the

soil water). This agreed well with the present value of 30

times higher deuterium accumulation in the 60 min samples.

Much longer absorption in experiment 2 (8 h D2O absorp-
tion) did not significantly improve the deuterium accumula-

tion in the image. In this study, the number of total pixels in

each image was fixed as 65 536 (2563256). Therefore,

60 000 deuterium ion counts in total in each field of view

means that there were 0.92 deuterium ion counts per pixel

on average. At maximum, 10 (Figs 3, 4) deuterium ion

counts per pixel was good enough to analyse the deuterium

accumulation because only 30.5 total ions exist in each pixel

Fig. 2. Time-course changes in D2O distribution in stem tissue under high evaporative demand (experiment 1). (a) Semi-ultrathin section

of a soybean stem; (b) scanning electron microscopy image; (c) total ion accumulation of the Tof-SIMS cryo-system; (d–i) ToF-SIMS

deuterium ion images. The time elapsed after D2O application is shown in each image. The resolutions of ToF-SIMS images (defined as

three pixel step length herein) are 5.9 lm in (d), (e), and (i), and 7.0 lm in (f–h). Scale bar (lower right in each figure)¼100 lm. The

coloured bars (right side) indicate the intensity of the secondary ions. Black indicates the lowest intensity and white indicates the highest

intensity.
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on average (measurement was continued until 2.03106 ions

accumulated in each image).

Water absorption

Time-course changes in D2O distribution in stem tissue are

shown in Fig. 2. Deuterium ions which did not originate

from the deuterated water are indicated in the control image

(Fig. 2d), which was sampled just before the deuterium

labeling; in other words 0 min sampling. The image indi-
cates the natural abundance of deuterium ions (;0.0156%)

accumulated in the soybean plant body. All the replicate

images showed very similar trends in terms of the presence

of deuterium. Semi-ultrathin sections (Fig. 2a) and scanning

electron microscopy images (Fig. 2b) in a similar region of

the total secondary ion image (Fig. 2c) are shown to

support the anatomical information provided by the Tof-

SIMS analysis. Samples taken at 1 min after heavy water
absorption (Fig. 2e) did not show any particular deuterium

presence; they were similar to the control image. At 2.5 min

after heavy water absorption (Fig. 2f), deuterium ions

began accumulating in one of the xylem vessels (judging

from the total ion accumulation image) and were visible in

many of the xylem vessels at 30 min after deuterium uptake

(Fig. 2g). The presence of deuterium ions was evident in the

cambium and phloem tissues at 60 min (Fig. 2h) and in

cortex tissues at 120 min after uptake. Deuterium uptake

was clearly indicated at the tissue level with the time-course

sampling.

Deuterium distribution among tissues

The details of water distribution among stem tissues during

high evaporative demand (experiment 1) were analysed in

an enlarged image (Fig. 3). The specific resolution (three

pixel step size) was 1.8 lm at the maximum enlargement of

an image field (1503150 lm). In soybean stem, the size of

phloem tissue varied significantly; one sample in this image

was extremely large compared with another one in the
micrograph. Images in Fig. 3a, b, and d are not from the

same sections, because of the difficulty of sample prepara-

tion with the present technique. Judging from the position

Fig. 3. Distribution of D2O in soybean stem tissue under high evaporative demand (experiment 1). The specific resolution of ToF-SIMS

images is 1.8 lm (three pixel step size). Scale bar (lower right in each figure)¼100 lm. The coloured bars (right side) indicate the intensity

of secondary ions. Black indicates the lowest intensity and white indicates the highest intensity. In A (xylem parenchyma region) and B

(phloem parenchyma region) of the total ion image, the line scan is shown in Fig. 4.
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Fig. 4. Line scan of xylem (A), phloem (B), and control (C). A and B deuterium images are the enlarged images from Fig. 3d, and C is the

control (deuterium non-labelling) sample from Fig. 2d. The line scan was computed from the image data set of the deuterium images

along the path from a to b (upper), c to d (middle), and e–f, g–h, i–j (lower). The centre part of the largest xylem and phloem vessels in the

line is marked in both figures by an asterisk (*).
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and the shape of these tissues in both Fig. 3c and d, it is

concluded that both of them indicated by arrows are the

phloem tissues. The water movement among vascular

tissues and fundamental tissues was clearly evident in the

enlarged image; deuterium ion signals were evident inside

the xylem and phloem vessels and in cortical and cambium

cells. In contrast, deuterium ion accumulation in the xylem

and phloem parenchyma cells and the apoplastic region
among the cortical cells was not found in the enlarged

image. However, the movement of water by mere diffusion

from xylem to phloem and other neighbouring tissues may

occur during the 60 min of the experiments. Therefore, the

line scanning of xylem and phloem parenchyma cells, and

control images was conducted to check the deuterium levels

around the vascular system. Line scanning in both the

xylem and phloem parenchyma region indicated that
slightly higher deuterium signals were evident in the apo-

plastic and/or symplastic region as compared with the

absolute control value (Fig. 4). This implied that the slight

movement of deuterium water by the diffusion from both

xylem and phloem tissue occurred. Figure 5 shows the

deuterium distribution among stem tissues during less

(sunset) or no (night) evaporative demand (experiment 2).

Both 4 h (Fig. 5c, d) and 8 h (Fig. 5e, f) of D2O absorption
produced deuterium accumulation in parenchyma tissues,

although the deuterium signal did not differ (maximum 10

counts per pixel) from 1 h labelling in Experiment 1. A

longer labelling time may have caused much more absorp-

tion of deuterium water by parenchyma cells. These images

showed basically similar trends during high evaporative

demand. At sunset sampling, deuterium ions accumulated

in cambium tissue which would be actively growing during

the afternoon period. In contrast, deuterium ions accumu-

lated in phloem tissues at night. These phenomenon are

discussed in the next section.

Visual evidence of water supply from the xylem to stem
parenchyma cells

Quantification of deuterium ions in an image would provide

information on how water was sequentially distributed
within the stem tissue. The deuterium ion counts can be

regarded as the quantitative information of water flux. The

distribution of deuterium ions in each tissue was quantified

in both experiments (Table 1). In the enlarged image of the

stem cell tissue, deuterium ion counts in the xylem vessels

were significantly higher than in other tissues, and those in

the phloem complex were slightly higher than those of the

cortex and cambium tissue under high evaporative demand.
The quantification of deuterium ion counts suggested the

sequence of water movement from xylem to other tissues;

xylem water was distributed to phloem first, and then water

moved to the cambium and cortex tissues. The absorbed

water from the root together with photosynthetically fixed

sucrose must be distributed to the stem parenchyma cells

via phloem in the young soybean stem when the evaporative

Fig. 5. Distribution of D2O in soybean stem tissue under less (sampling during the sunset period; c and d) and no (sampling during the

night period; e and f) evaporative demand (experiment 2). The specific resolution of ToF-SIMS images is 1.8 lm (three pixel step size).

Scale bar (lower right in each figure)¼100 lm. The coloured bars (right side) indicate the intensity of secondary ions. Black indicates the

lowest intensity and white indicates the highest intensity.
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demand is high. Although transpiration rates were not

measured in this experiment, relatively high transpiration

should have occurred in the plants under strong natural

sunlight and ventilated air conditions. The transpirational

pull may be so strong that the xylem water was not directly

supplied to the stem parenchyma cells near the roots.

Under high evaporative conditions the growth of stem

parenchyma cells would be minimal, and perhaps the stem

parenchyma cells would hardly act as sinks. In contrast,

during low or no evaporative demand these stem paren-

chyma cells would actively grow and will act as water sinks.

The deuterium ion counts in the phloem complex were not

higher than those in cambium under both less (sunset) and
no (night) evaporative demand (Table 1). These results

indicated that under less or no evaporative demand xylem

water would be directly supplied to growing cells not via the

phloem tissue. Sunset harvesting (deuterium labelling from

13:00 h to 17:00 h) even showed statistically lower ion

counts in phloem than in cambium. The soybean cultivar

used in this experiment usually showed lower photosyn-

thetic and transpiration rates after 14:00–15:00 h (data not
shown). At around sunset just before 17:00 h quite less

transpiration probably occurs. Under such conditions,

deuterium supply to the phloem may gradually cease.

Absorbed deuterated water in xylem would gradually move

to growing cells following the water potential gradient

under less evaporative demand; higher in xylem and lower

in xylem parenchyma to cambium tissues. During the

afternoon hours cambium cells would actively grow, and
therefore they would require a lot of water for the cell

expansion growth. Enhanced deuterium accumulation in

the cambium region in Fig. 5d would most probably

indicate the higher water sink activity of these cells. In

phloem tissues, the deuterium accumulation was signifi-

cantly higher during the night than at sunset (F-test,

P <0.05). This indicated that the deuterium ions in phloem

tissues located in the stem gradually increased during the
night period compared with sunset hours. This may be

attributed to the water movement from the xylem to the

phloem in the leaf after stomatal closure. These results

provided the visual and circumstantial evidence of water

movement during the day and night period; xylem water

would be supplied to the stem parenchyma cells in the stem

via the phloem during high evaporative demand but it

would be directly supplied to the growing cells during less

or no evaporative demand.

Limitation of the present technique

Matrix effects in studies of plant tissue and/or the cellular

level of analysis have not been discussed in depth so far,

except for by Metzner et al. (2008). These authors stated

that the use of isotopes overcomes the problem of matrix
effects because the ratios of the isotopes are the basis for

detection and quantification, thus allowing quantification of

the tracer fraction. In the present study, materials of

soybean stem tissue within the cellular level of observation

should be more or less similar, and thus the matrix effects

may be quite small in the case of the quantification of stable

isotope. In fact Metzner et al. (2010) also used D2O as the

water tracer to observe the lateral exchange of water
between xylem and surrounding tissues by the cryo-Tof-

SIMS analysis. The detection limits for stable isotope

tracers depend on the precision and standard deviation of

the isotopic abundance measurements (Metzner et al.,

2010). Although the detection limits were not measured in

the present study, this will not affect the measurement

judging from the results of Metzner et al. (2010). The result

of Metzner et al. (2010) indicated that the water tracer was
equilibrated within minutes across the entire cross-section.

They used climbing bean (Phaseolus vulgaris L.), and the

water tracer was supplied from the cut end of the stem base.

The reason for the discrepancy in the present results

regarding water movement from xylem to stem parenchyma

cells is not known at the moment. Most probably the

difference in the method of water application may cause the

different view of water movement. Further experimental
evidence is required to determine the reason for the

difference between the results.

Plunging actively transpiring plants into liquid nitrogen is

likely to cause xylem cavitation (Cochard et al., 2000).

Hence, the possibility of an artificial influence should be

Table 1. Comparison of deuterium ion counts (lm�2) of each tissue under high (during the day), less (sunset) and no (night period)

evaporative demand

D2O labelling was done for 1 h during a sunny morning (9:00–10:00 h) inside an open glasshouse for high evaporative demand in experiment
1. In experiment 2, D2O labelling was done for 4 h (13:00–17:00 h for sunset sampling) and 8 h (13:00–21:00 h for night sampling) in a growth
chamber. The values are expressed as the average number of deuterium ion counts per 1 lm2 of cells in each tissue. The control shows the
mean of each tissue with unlabelled H2O.

Vessel Cortex Cambium Parenchyma Control

Xylem Phloem Xylem Phloem

Day 8.0460.56 a 4.6560.45 b 4.3260.40 b 4.0560.44 b 1.2560.07 c 0.8960.07 c

Sunset 13.6160.79 a 1.9460.22 c 4.3360.56 b 1.4560.08 c 1.6560.13 c 0.1360.02

Night 13.2560.27 a 2.8760.37 b 3.6460.47 b 1.6060.11 c 1.7860.14 c

Each value is shown as the average 6SE. The same letter within each row indicates no significant statistical difference at the 5% level by Fisher’s
PLSD with 4–8 replicate measurements.
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considered to explain the observed phenomenon. If cavita-

tion occurs significantly in the present experiment, the

image of deuterium distribution in xylem vessels should be

regarded as a partially artefactual product. Even though

xylem cavitation occurs, the deuterium ion density in each

tissue should not be modified. Thus it will not affect the

quantification of the deuterium density. Moreover, anatom-

ical observation after the TOF-SIMS analysis was not easy
with the TRIFT III used here. The technique should be

modified in future to analyse the same sections for both

deuterium concentration and anatomical survey following

the progress of the cryo-system of Tof-SIMS.

Future implications

The present technique of tracing water movement by the use

of a Tof-SIMS cryo-system will enable simultaneous

evaluation of the water both inside the vascular cylinder

and inside the parenchyma cells, at a high resolution

cellular level. This technique can be used to quantify water

movement in both symplastic and apoplastic pathways.

This may contribute to validating the Munch pressure–flow

hypothesis, which is not yet resolved (see, for example,
Mullendore et al., 2010). Moreover, this technique could

even be used to analyse the water movement between soil

and plants through the observation of root cap mucilage

(Iijima et al., 2003, 2008), the dynamic interface between

plant and soil.
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