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Abstract. Differences in water binding were mea- 
sured in the leaf cells of  Mesembryanthemum crys- 
tallinum L. plants grown under high-salinity condi- 
tions by using nuclear-magnetic-resonance (NMR) 
imaging. The 7-Tesla proton N M R  imaging system 
yielded a spatial resolution of  20.20. 100 g m  3. Im- 
ages recorded with different spin-echo times (4.4 
ms to 18 ms) showed that the water concentrations 
in the bladder cells (located on the upper and lower 
leaf surface), in the mesophyll cells and in the 
water-conducting vessels were nearly identical. All 
of  the water in the bladder cells and in the water- 
conducting vessels was found to be mobile, whilst 
part of  the water in the mesophyll cells was bound. 
Patches of  mesophyll cells could be identified 
which bound water more strongly than the sur- 
rounding mesophyll cells. Optical investigations of  
leaf cross-sections revealed two types of  mesophyll 
cells of  different sizes and chloroplast contents. It 
is therefore likely that in the small-sized mesophyll 
cells water is strongly bound. A long-term asym- 
metric water exchange between the mesophyll cells 
and the bladder cells during Crassulacean acid me- 
tabolism has been described in the literature. The 
high density of  these mesophyll cells in the lower 
epidermis is a possible cause of  this asymmetry. 
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Introduction 

In the last decade, spatially localised proton nucle- 
ar-magnetic-resonance (NMR) imaging has be- 

Abbreviations: CAM = Crassulacean acid metabolism; N M R  = 
nuclear magnetic resonance; TE = spin-echo time 

come an established method in medical diagnosis. 
The 1H-NMR imaging is a non-invasive method 
and allows in-vivo observations of  changes in water 
content and binding in an organ or tissue. For 
whole-body imaging, magnets of  an inner diameter 
of  I m are used. Economic and practical con- 
straints limit the field strengths to a maximum of 
4 Tesla (170 MHz resonance). With these magnets 
the spatial resolution is only of  the order of  I mm 3. 
However, the resolution has recently been extended 
to volume elements of  less than 0.012 mm 3 by us- 
ing a modified whole-body NMR-imaging system 
(Johnson et al. 1987). Magnetic resonance micros- 
copy on a tissue or even at a cellular level is, there- 
fore, conceivable (Aguayo et al. 1986; Bottomley 
et al. 1986). 

Several authors have recently reported on 
N M R  sub-millimetre-imaging of  plant tissues (Ec- 
cles and Callaghan 1986; Connelly etal .  1987; 
Johnson et al. 1987). However, the field strengths 
and gradients used in these studies were not high 
enough to achieve an in-plane resolution that ap- 
proaches the dimensions of  a single cell in a plant 
tissue. 

In this communication we report on high-reso- 
lution N M R  microscopy of  plant tissue cells by 
means of  a 7-Tesla, 89-mm-bore spectrometer. The 
investigations were performed on leaves of  Mesem- 
bryanthemum crystallinum L. plants in which Cras- 
sulacean acid metabolism (CAM) had been in- 
duced by hydroculture of  the plants in the presence 
of high salinity (L/ittge et al. 1978; Winter 1985). 
The lower and upper epidermes of  the leaf of  this 
plant are covered by bladder cells which have a 
volume between 0.05 mm 3 and 0.8 mm 3. From 
pressure-probe measurements it is known that 
these large bladder cells function as water-ex- 
change reservoirs during the malate accumulation 
and degradation which occurs in the much smaller 
mesophyll cells (average volume 0.7.10 3 mm3; 
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Steudle et al. 1975; Rygol et al. 1986, 1989; Zim- 
mermann 1988). Moreover, there is evidence that 
the water exchange predominantly occurs between 
the mesophyll cells and the bladder cells of  the 
upper epidermis, but not between those of  the 
lower epidermis. 

The signal-to-noise ratio of the NMR-imaging 
spectrometer was sufficiently high to distinguish 
small differences in proton signal intensities be- 
tween volume elements of  4 . 1 0 -  s mm 3. Therefore, 
the resolution was high enough to study spatial 
differences in water content and binding and to 
correlate the N M R  imaging with the morphologi- 
cal structure of  this tissue. 

Theory 

In the conventional N M R  experiment a magnetic resonance 
signal is obtained by exposing the tissue to a strong homoge- 
neous magnetic field and a radio-frequency field. The magnetic 
field induces the protons to precess synchronously about the 
field vector at the so-called Larmor frequency. Application of 
a 90 ~ radio-frequency pulse at the Larmor frequency shifts the 
precessing protons away from the equilibrium position. In this 
process the protons absorb energy which is later reemitted. The 
reemitted signal can be spatially localized to create a digital 
image by application of a sequence of magnetic gradients (Lau- 
terbur 1973). 

The magnitude of transverse magnetization created by the 
NMR-imaging sequence determines the N M R  signal intensity 
of each image element. The time-dependent amplitude of the 
measured N M R  signal can be calculated from the Bloch equa- 
tions (Bloch 1946). Two characteristic relaxation times describe 
the magnetization created by a radio-frequency pulse. The spin- 
spin relaxation time (Tz) describes the time-dependent decay 
of the N M R  signal, the spin-lattice relaxation time (TO de- 
scribes the recovery of the original equilibrium of the spin sys- 
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Fig. l .  Schematic vector diagram showing the N M R  spin-echo 
experiment. The vectors represent the nuclear moments at dif- 
ferent times within the experiment. A 90 ~ pulse tilts the nuclear 
moments so that they lie along the y'-axis. During the time 
interval T~/2 the nuclear moments dephase due to inhomogenei- 
ties of the magnetic field within the sample. The 180 ~ pulse 
inverts the direction of the nuclear moments within the x',y'- 
plane while they continue to precess. After the second time 
interval TE/2 they refocus on the y'-axis resulting in the N M R  
spin-echo signal 

tern. The N M R  spin echo is obtained by the application of 
two radio-frequency pulses separated by a time interval of TE/2, 
where T~ is the spin-echo time, with a first ~r/2 pulse and a 
second rc pulse. The spin-echo sequence can be expressed as: 

~ / 2 -  T~/2-- ~-- TB/2-- spin-echo. (1) 

The formation of  the N M R  spin-echo signal is illustrated in 
Fig. 1. The initial 90 ~ pulse tilts the magnetization away from 
its equilibrium position parallel to the magnetic field axis into 
the x,y-plane perpendicular to the magnetic field. The nuclear 
magnetic moments of the same species, e.g. 1H nuclei of water 
molecules will remain static along one axis in a reference frame 
rotating with the N M R  resonance frequency. However, as a 
result of magnetic-field inhomogenities, nuclei of different re- 
gions within the sample have slightly different frequencies. 
Therefore, the magnetic moments of the nuclei will dephase 
and the resulting measureable N M R  signal will decrease. After 
a time interval TE/2 a 180 ~ pulse is applied which inverts the 
various components of the magnetic moments. As a result of 
this pulse the magnetization will refocus after a second time 
interval T~/2, giving the spin-echo N M R  signal. The refocussing 
of the magnetic moments will be incomplete if there are irrevers- 
ible relaxation processes. These can be the diffusion of mole- 
cules within inhomogeneous magnetic fields or intramolecular 
dipolar interactions between different nuclear moments. 

Assuming exponential TI and T2 relaxation, the intensity 
(I) of the spin-echo signal can be calculated from the Bloch 
equations: 

I ~ N~(1-exp(-- TR/TI))exp(-- T~/T2) (2) 

where NH is the proton density, and TR is the repetition time 
of the experiment, i.e. the time interval between the ~/2 pulse 
and the first pulse of the following experiment. Therefore, the 
signal intensity of a spin-echo imaging experiment is related 
to tissue-specific parameters, e.g. the proton density N~ and 
the relaxation times T I and T2. 

The influence of these parameters on the signal intensity 
can be observed by the acquisition of a series of different spin- 
echo images each obtained using different experimental values 
of TR or T~. For example, if the repetition time TR is long 
compared with the longest T~ relaxation time, the signal intensi- 
ty becomes dependent on T2 relaxation, and by using short 
values of TE the signal intensity is dependent on the proton 
density only. 

The proton N M R  signal of biological tissues contains in- 
formation about tissue water distribution and water mobility. 
The T2 relaxation time of the water signal describes the loss 
of transverse magnetization by spin-spin interaction. T 2 relaxa- 
tion is more efficient in large molecules or in water molecules 
bound to macromolecules giving rise to short values of T 2 in 
the range of a few microseconds up to a few milliseconds, 
whereas the T 2 values of free water molecules are of the order 
of a few seconds. 

Differences in T2 values of biological tissues are interpreted 
in terms of the differences of the ratio of "free water" to 
"bound water". This ratio is dependent on the protein concen- 
tration. A strong linear dependence of the concentration of 
proteins to the relaxation rate l IT 2 can be seen in most cases 
(Schuhmacher et al. 1987). It is generally accepted that tissue 
water exists in at least two compartments in a rapid exchange 
relative to the N M R  observation time. The first and major 
compartment comprises unbound, free water molecules and the 
second compartment comprises water molecules hydrogen- 
bonded to large molecules (e.g. proteins) or hydration layers 
(Bottomley et al. 1984). Therefore, regions with long values of 
T2 have a high concentration of free water molecules, while 
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regions with short Tz values have a high concentration of 
bound water molecules (Fullerton et al. 1982). 

Equation 2 shows that long values of TR and extremely 
short values of Te have to be used to measure the regional 
distribution of water in biological tissues (NH) and that some- 
what larger ratios of TE/T 2 give access to the information on 
regions containing free water and bound water molecules. 

Material and methods 

Plant material. Plants of Mesembryanthemum crystallinum L. 
were grown in climatic chambers from seeds in potting soil 
under a 12 h light-12 h dark regime. The photon fluence rate 
was 400 i.tmol-m - 2 . s -  1. The relative humidity was adjusted 
to 50% and 80% during the light and dark periods, respectively. 
Daytime temperatures were about 24 ~ C, nighttime tempera- 
tures about 18 ~ C. 

For all experiments, plants were transplanted in aerated 
hydroculture solutions after four weeks and were further grown 
under the same conditions. For hydroculture, modified John- 
son's solution was used (Winter 1973) and every 5 d the medium 
was replaced by fresh solution. 

For measurements under CAM-conditions, CAM was in- 
duced in the plants, when the area of  the third foliar leaf 
reached about I cm 2, by exposing the plants stepwise to increas- 
ing concentrations of NaC1 up to a final concentration of 
400 mM. 

Nuclear-magnetic-resonance microscopy. A Bruker AM-300 wi- 
debore Spectrometer equipped with a 7-Tesla magnet of 8.9 cm 
bore was used. The spectrometer includes a commercial Bruker 
micro-imaging accessory. A 10-ram saddle-shaped N M R  coil 
was tuned to 300 MHz for excitation and reception of 1H-NMR 
signals. The N M R  probe contained coils for the generation 
of constant magnetic field gradients. Gradient strengths of up 
to 70-10-4 Tesla. cm-1 could be switched within less than 100 
ItS_ 

A multi-slice single-echo two-dimensional Fourier-trans- 
form-imaging sequence was used. The spin-echo time (TE) was 
varied between 4.4 ms and 18 ms, the repetition time (Ta) was 
adjusted to 1 s. Four averages were needed to improve the im- 
age quality, resulting in a measuring time of about 20 min. 
A 6.6 mm 2 field-of-view was observed using a 256. 256 matrix 
of data points. The in-plane spatial resolution is proportional 
to the ratio of the digital resolution (1/256 Hz) to the gradient 
strengths. However, the slice thickness of the imaging plane 
is proportional to the ratio of the frequency bandwidth of the 
radio-frequency pulse to the gradient strengths. Using the ap- 
propriate equations (Mansfield and Morris 1982) and values 
for these parameters, the in-plane spatial resolution is calculat- 
ed to be 20.20 gm z and the slice thickness to be 100 Ixm. 

For measurements, a small leaf of  the fifth foliar leaf pair 
of 10-week-old M. crystallinum, grown in hydroculture, was 
placed in an N M R  tube of 10 mm inner diameter. It was not 
necessary to clamp the leaf. The tube was mounted in the center 
of the coil. No further preparation was needed. 

Intact plants could not be used because of the small dimen- 
sions of the N M R  tube. Excision of the leaf had no significant 
effects on the water status of the tissue since N M R  measure- 
ments over several hours did not show any change in the con- 
trast of the images. In addition, turgor-pressure measurements 
in individual cells of the leaf (by means of the pressure probe) 
revealed constant turgor pressure (data not shown; see also 
Rygol et al. 1986, 1989; Zimmermann et al. 1980). Evaporation 
effects during the experiments could therefore be excluded. 

Thick sections. Leaves of the fourth foliar leaf pair of plants 
grown in hydroculture were used. Sections perpendicular to 
the main vein of the leaf were cut with a razor blade. Sections 
parallel to the surface of the leaf were also made. 

Semi-thin sections. Pieces of leaves of plants (2-4 mm 2) grown 
in salt-added hydroculture were fixed in ghitaraldehyde solution 
(6.25%, pH 7.2) in titrisol (TM; Merck, Darmstadt, FRG) for 
2 h. After washing in the same buffer, samples were postfixed 
in 2% OsO4 (barbital-buffered, pH 7.2) for 2 h, washed in 
buffer and dehydrated in a graded ethanol serie. After interme- 
diate rinsing in propylene oxide, samples were imbedded in 
Epon 812 (TM; Serva, Heidelberg, FRG). Semithin sections 
(1.5 gm thickness) were made with a glass knife on a Reichert 
ultramicrotome, stained with Mallory's azure/methylene blue 
and observed by microscope. 

Results 

The proton N M R  spectrum contained one reso- 
nance line corresponding to the N M R  signal of  
free water within the object. Figure 2 shows a re- 
presentative proton spin-echo N M R  image of  a 
leaf of  M. crystallinum using a spin-echo time of  
18 ms. The figure demonstrates the distribution of  
the signal intensity in the cross-section of  the bent 

Fig. 2. A typical 1H spin-echo N M R  image of a intact leaf 
of Mesembryanthemum crystallinum in cross-sectional view at 
a spatial resolution of 20.20,100 p,m 3. The spin-echo time was 
18 ms. The different signal intensities are shown as a false- 
colour scale. White represents regions with mobile water, dark 
represents regions with strongly bound water or air gaps; inter- 
mediate colours correspond to regions of looser water-binding. 
In contrast to the bladder cells and the water-conducting vessels 
the water in the mesophyll cells seems to be bound. It is interest- 
ing to note that at least at this spin-echo time, black patches 
(low IH-NMR signal intensity) are apparent within the relative- 
ly uniformly red-coloured mesophyll tissue. Magnification 
= x 1 5  
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Fig. 3. A schematic interpretation of the image in Fig. 2. In 
the middle of the drawing the tissue with high 1H-NMR signal, 
including the vascular tissue, is shown (white region). Further- 
more the two different mesophyll types (mesophyll with low 
signal intensity (black), mesophyll with higher signal intensity 
(stippled), and the bladder cells on the upper and lower surface 
of the leaf can be seen. Regions of mesophyll with low signal 
intensity are more extensive in the lower part of  the leaf in 
comparison with the upper part. It was shown that these dark 
regions also contained air gaps 

leaf as indicated in the schematic drawing of Fig. 3. 
The signals from the bladder cells and from the 
central water-conducting vessels are indistinguish- 
able from free water. In addition, at higher magni- 
fications (Fig. 4) water-conducting channels 
through the basal area of the bladder cells are 
clearly resolved. In contrast, the mesophyll tissue 
showed reduced signal intensity. The irregularly 
shaped dark-grey patches distributed in the meso- 
phyll tissue indicated zones of very weak signal 
intensities. These zones were more frequently ob- 
served in the lower epidermis than in the upper 
one. 

The long repetition time (TR) used for the 
N M R  image reduced the influence of the spin-lat- 
tice relaxation time (T1) on the signal intensity (see 
Theory), This implies that the differences in image 
intensity of  the mesophyll tissues are due primarily 
to differences in the spin-spin relaxation time (T2) 
and-or water content. Therefore, images were ta- 
ken at spin-echo times (TE) of 18.24 ms and 4.4 
ms (Fig. 5) in order to measure the regional distri- 
bution of water in the leaf (see Theory). At a TE 
of 4.4 ms the contrasts mainly correspond to an 
image of water concentration because the signals 
of  regions with short T2 values are accentuated. 
It is obvious that at the short TE of 4.4 ms the 
signal intensity was nearly uniform over the entire 
leaf with the exception of small (dark) areas which 

Fig. 4. An enlarged section of the N M R  image (TE=18 ms) 
of Fig. 2 shows a bladder cell which is symplasmatically con- 
nected to the mesophyll cells below it (spatial resolution: 20.20. 
100 pm3). The strands correspond to groups of plasmodesmata. 
Magnification= x 120 

were visible below the leaf surface in the gaps be- 
tween the bladder cells. These areas were much 
smaller than the (dark) patches observed in the 
mesophyll tissue at TE= 18 ms (see also Fig. 2). 
By analogy to the dark patches in Figs. 2 and 3 
the frequency of  these areas was higher at the lower 
epidermis than at the upper one. These areas did 
not apparently contain water and represented, 
therefore, air-filled spaces. The irregularly dark- 
grey patches observed at a Tr of  18 ms must, there- 
fore, reflect (apart from small air spaces) meso- 
phyll cells in which water is more strongly bound 
than in the surrounding mesophyll cell tissue. Con- 
sistent with this view, vacuum-infiltration of  the 
leaf with water (17% increase in fresh weight per 
leaf) caused a large uniform increase in the image 
intensity at TE= 18 ms associated with the dis- 
appearance of the contrast between the water-con- 
ducting vessels (and the bladder cells) and the me- 
sophyll tissue (data not shown). The strong in- 
crease of mobile water in the leaf apparently masks 
the signals resulting from those mesophyll cells 
which may still contain bound water (data not 
shown). 

The interpretation of the contrasting areas in 
the image of the mesophyll cell layer observed at 
T~ = 18 ms in terms of  differences in bound water 
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Fig. 5. Two 1H-NMR images of an intact leaf of M. crystalIin- 
urn taken at different spin-echo times. At a TE of 4.4 ms the 
image shows a nearly uniform signal intensity over the entire 
leaf with the exception of  small dark areas. At this short TE 
the contrast mainly corresponds to an image of water concen- 
tration (see eqn. 2). The dark areas are much smaller than 
the dark patches observed in the mesophyll tissue at a TE of 
18.24 ms (see also Fig. 2). They did not apparently contain 
water and represented, therefore, air-filled spaces (magnifica- 
t ion= x 13). Further explanations are given in the text 

was verified by comparison with the image ob- 
tained by morphological investigations. 

Horizontal and vertical cross-sections (made by 
hand or by microtome) showed that different types 

of mesophyll cells could be distinguished. As illus- 
trated for example in the semi-thin cross-section 
in Fig. 6, large and uniform mesophyll cells were 
located close to the bladder cells (shrunken due 
to dehydration during the preparation), whereas 
in regions below the epidermis cells (which were 
located between the bladder cells) small and heter- 
ogeneous mesophyll cells were observed. The large 
mesophyll cells contained a low concentration of 
chloroplasts compared with the smaller ones (seen 
by cross-sections of fresh tissue, not shown). 

In addition, in the regions of the smaller meso- 
phyll cells many large intercellular spaces could 
be resolved, whereas the region containing the 
larger mesophyll cells exhibited only a few small 
air spaces. The number of these air spaces was 
larger in the lower epidermis than in the upper 
one. 

The presence two types of mesophyll cells has 
not been reported in the literature up to now (Ha- 
berland 1918; Engmann 1934; Metcalfe and Chalk 
1950; Kramer 1979), although at the beginning of 
this century Oberstein (1913) described similar 
structural differences between the mesophyll cells. 
However, further support for our and Oberstein's 
observations has been obtained from preliminary 
experiments (data not shown) in which mesophyll 
protoplasts were isolated from leaves of M. crystal- 
linum. Purification of these protoplasts by sucrose 
density gradients revealed two protoplast fractions 
of different densities (average diameter 95.1 +27.7 
gm and 61.2 + 18.6 gm, respectively). 

Because of the striking similarities between the 
NMR images and these results we can conclude 
that the differently contrasting areas of the NMR 
image at TE=18 ms of the mesophyll cell layer 
indicate cells in which water is more strongly 
bound than in others. 

Fig. 6. Semi-thin cross-section (1.5 gm thickness) 
of a leaf of M. crystatlinum L. The epidermis on 
the margin of the leaf is interrupted by large 
bladder cells (which shrank during fixing; arrow) 
and a number of stomata with respiratory 
cavities below. The differentiation of the 
mesophyll into larger cells below the bladder 
cells and into smalier ceils (accompanied by large 
intercellular spaces) below the epidermis can be 
recognized, even though the removal of water 
during preparation of the tissue was combined 
with some cell deformation. These deformations 
cannot be avoided because of the differences in 
osmolarity and cell turgor of the various leaf 
cells. Magnification = x 80 
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Discussion 

The ability to noninvasively measure relative water 
concentration and binding in living plant tissues 
represents a promising tool in the elucidation of 
the water relations of higher plants. Although this 
view is accepted by many authors (Bottomley et al. 
1984; Aguayo et al. 1986; Eccles and Callaghan 
1986; Johnson et al. 1987), so far the resolution 
of NMR images has been inferior to that obtain- 
able by optical microscopy. However, the results 
reported here demonstrate that the use of high 
magnetic field strengths could bring the resolution 
of the NMR images to the level of a few cells 
and that additional variation of the spin-echo time 
(TE) allows the qualitative distinction between 
water concentration and water binding in different 
tissue cells. 

The interpretation of the weak signal intensity 
in the mesophyll cell layer observed at TE = 18 ms 
in terms of a high concentration of bound water 
molecules is in contradiction to the interpretation 
of Connelly et al. (1987). They explain low signal 
intensities in the cortex of a plant stern in terms 
of the diffusion of tissue water within the inhomo- 
geneous magnetic-field gradients set up by air 
spaces in the tissue. 

The attenuation of the intensity of spin-echo 
NMR signals under the influence of molecular dif- 
fusion within magnetic-field gradients is well 
known and has been applied to measure diffusion 
coefficients (Stejskal and Tanner 1965). A magnet- 
ic-field gradient strength of the order of 20 to 100 
mT/m has to be applied to give reasonable attenua- 
tion of the spin-echo signal intensity (Stejskal and 
Tanner 1965). However, air-containing regions sur- 
rounded by soft tissue normally give rise to mag- 
netic-field gradients of the order of 1 mT/m 
(Haase, data not shown). Therefore the low signal 
intensity of the mesophyll cell layer cannot be ex- 
plained in terms of molecular water diffusion in 
magnetic-field gradients. 

The measurements at very short spin-echo 
times also exclude the possibility that the dark-grey 
patches observed at longer spin-echo times in the 
mesophyll cell layer represent intercellular spaces. 
The average size of the intercellular space observed 
in the optical images would also be inconsistent 
with this explanation because the mesophyll 
patches of low signal intensity at TE= 18 ms cover 
a larger tissue area than the air spaces. The conclu- 
sion that water is apparently more bound in this 
mesophyll cell type than in other ones has impor- 
tant consequences for the interpretation of the 
water relations of the leaf of this plant. Rygol et al. 

(1986, 1988) have recently studied the day-night 
rhythm in the turgor pressure of individual meso- 
phyll cells and in single bladder cells of the upper 
and lower epidermes of salt-treated M .  crystallin- 
urn plants by using the pressure probe (Zimmer- 
mann et al. 1969; Steudle and Zimmermann 1971; 
H/isken et al. 1978; Zimmermann 1978, 1988). As 
a consequence of malate accumulation in the meso- 
phyll cells during the night and the subsequent deg- 
radation of this compound, a maximum in turgor 
pressure is recorded in the mesophyll cells at the 
beginning of the light period (06.00 h). This maxi- 
mum in turgor pressure is followed 6 h later by 
a pressure maximum in the bladder cells of the 
upper epidermis. In contrast, the turgor pressure 
in the bladder cells of the lower epidermis remains 
constant during the light-dark regime, except for 
some random fluctuations. Rygol et al. (1988) ex- 
plained this finding by the assumption that water 
movement during (long-term) malate accumula- 
tion and degradation in salt-treated plants occurs 
primarily between the mesophyll cells and the blad- 
der cells of the upper epidermis. On the other hand, 
the half-times of water exchange through the basal 
membranes of the bladder cells were identical for 
both groups of bladder cells (upper and lower) as 
revealed by injection of pressure pulses by means 
of the pressure probe. The NMR-image measure- 
ments reported here yield a consistent view of these 
apparently contradictory results. Figure 4 indicates 
that a nearly unrestricted water exchange between 
the individual bladder cells of the upper and lower 
epidermes (which function as water reservoirs; an- 
alysed by Steudle et al. 1975) and the first layer 
of mesophyll cells can occur through strands in 
the basal barrier of the bladder cells. According 
to Kramer (1979), the strands correspond to 
groups of plasmodesmata. The high signal intensi- 
ty of the NMR image in this region for both blad- 
der-cell types is a clear indication of the high water 
permeability of the barriers. This is also consistent 
with the unusually low values of the hydraulic con- 
ductivity and of the reflection coefficients mea- 
sured for these membrane barriers with the pres- 
sure probe (Rygol et al. 1989). However, because 
of the presence of mesophyll cells which strongly 
bind water in deeper layers of the tissue, water 
transport due to osmotic changes during CAM 
may be hindered through the tissue. According to 
the uneven distribution of this water-immobilising 
mesophyll tissue this restriction should be more 
pronounced for the water exchange between the 
bladder cells of the lower epidermis than between 
the bladder cells of the upper epidermis and the 
underlying mesophyll cells. The lack of a pressure 
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maximum in the bladder cells of  the lower epider- 
mis during the day-night rhythm may therefore re- 
sult from the time-delayed water-transport proper- 
ties of  these special mesophyll cells. This explana- 
tion would also indicate that water is predominant- 
ly transported by the cell-to-cell pathway (as also 
proposed for barley roots by Steudle and Jeschke 
1983). 

This interpretation shows that NMR-image 
measurements can contribute to the understanding 
of the water relations of  plant tissue even though 
this technique yields - at least at the present - 
only relative information about water content and 
binding. 
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