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Summary. Mature healthy grape berries and berries wound-inocu- 
lated with the fungus Botrytis cinerea were examined by IH NMR 
microimaging using 2D and 3D spin echo and gradient echo proce- 
dures. These NMR images were compared with representations 
obtained by conventional histology, where possible using the same 
specimens. 3D imaging datasets from excised seeds were recon- 
structed by surface rendering and maximum intensity projection to 
allow interpretation of their internal structure. T2-weighted spin echo 
images revealed the major features of the pericarp, septum and loculi 
of whole berries. Tl-weighted images were less discriminatory of 
parenchyma tissues in the fruit but revealed the endosperm in seeds 
as a chemically shifted feature. A non-invasive study by Tl-weighted 
spin echo NMR imaging of infection by B. cinerea over a 6-day peri- 
od showed that the disease spread throughout the exocarp but failed 
to spread in the mesocarp, a result confirmed by histological exami- 
nation of the same specimen. Surface rendering of 3D datasets of 
excised seeds revealed the two ruminations of the endosperm and the 
distal location of the chalaza. The position of the embryonic axis was 
revealed in T2-weighted maximum intensity projections. This non- 
invasive study revealed the need to apply a range of imaging tech- 
niques and parameters to visualise the structural features of the dif- 
ferent parts of the grape berry. 

Keywords: Botrytis cinerea; Vitis vinifera; Embryonic axis; 
Endosperm; Fungal damage; Nuclear magnetic resonance imaging; 
Seed. 

Abbrevations" BF bright field; FDA fluorescein diacetate; FI field 
inhomogeneity; FOV field of view; NMR nuclear magnetic reso- 
nance; RF radiofrequency; T1 spin-lattice relaxation time; T2 
spin-spin relaxation time; TE echo time; TMS tetramethylsilane; TR 
repeat time. 
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Introduction 

Produc t ion  of  grapes  (Vitis vinifera L.) for m a k i n g  

wine,  champagne ,  and cognac  and also for  use  as 

desser t  fruits  and for ju ice  ex t rac t ion  is impor t an t  to 

the e c o n o m y  of  many  countr ies ;  seeds  are also a 

va luab le  source  of  oi l  for  cu l inary  purposes .  The  

structure and compos i t i on  of  the fruit  are a f fec ted  by  

genet ic  and env i ronmen ta l  factors;  the t imel iness  o f  

harves t  and presence  of  fungal  pa thogens ,  e spec ia l ly  

Botrytis  cinerea Pers.:  Fr., the cause  o f  the de le te r ious  

bunch  rot  (Buli t  and Dubos  1988) as wel l  as the ben-  

ef ic ia l  "nob le  rot"  so impor tan t  to the mak ing  o f  cer-  

tain sweet  wines  ( R i b d r e a u - G a y o n  et al. 1980), have  a 

m a j o r  impac t  on the va lue  o f  the product .  K n o w l e d g e  

o f  the changes  which  occur  dur ing  growth,  matura -  

tion, pos t -ha rves t  s torage,  and fungal  infec t ion  of  the 

frui t  is, therefore ,  essent ia l  to underp in  these com-  

merc ia l  endeavours .  

Grapes  are d i f f icul t  spec imens  for  conven t iona l  his to-  

log ica l  me thods  because  o f  their  h igh  wate r  content ,  

large cel l  size, and, in m a n y  cul t ivars ,  hard  seeds;  

never the less ,  cons ide rab le  in fo rmat ion  is ava i lab le  

f rom these  sources  about  t issue d i f fe rent ia t ion  and 

d e v e l o p m e n t  (Harr is  et al. 1968, Cons id ine  and Knox  

1979, Ni i  and C o o m b e  1983, C o o m b e  1987). W h i l e  

k n o w l e d g e  o f  the f lu id  phase  o f  each  cel l  type  is 

impor tan t  in v i t icu l ture  and in the ae t io logy  o f  d i sease  

processes ,  it cannot  be de r ived  by  conven t iona l  h is-  

to logy;  hence  there is a re l iance  on des t ruc t ive  sam-  

p l ing  and chemica l  ana lyses  (e.g.,  C o o m b e  1987). 

N M R  m i c r o s c o p y  a l lows the s tudy o f  in ternal  s t ruc-  
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tures in grape through differences in the relaxation 
properties and/or chemical shifts of their fluid con- 
stituents and, because of its non-invasive nature, indi- 
vidual specimens can be characterised at various 
stages of their development. The technique has previ- 
ously been used successfully in several studies of 
grape berries (Pope et al. 1991, 1992, 1993; Rumpel 
and Pope 1992; Goodman et al. 1993), where it has 
been demonstrated that both spin echo- and gradient 
echo-based pulse sequences can provide discrimina- 
tion of the major tissue types. 
We report here an extension of these investigations to 
include the use of 2D and 3D NMR imaging tech- 
niques to study the physical and chemical properties 
of the fluid phases in conjunction with conventional 
histology to validate the interpretation of the structur- 
al data. Procedures are described for discrimination of 
tissue damaged as a result of fungal infection and spe- 
cial attention is given to the study of seeds, both in 
intact berries and as separate entities. 

NMR imaging 

Whole berry specimens for NMR measurements were placed gently 
on a moist pad of cotton wool or supported on a section of plastic 
tubing in a 25 mm o.d. flat-bottomed sample tube, which was then 
inserted into the NMR imaging probe. Excised seeds were supported 
in plastic pipette tips over, but not in contact with, water to maintain 
humidity. "Stripped" seeds were generated by removal of the soft 
outer layers of the seed to leave only the hard layer containing the 
endosperm and the embryo. A series of 2D and 3D spin echo and gra- 
dient echo images were accumulated either as 2562 matrices for 2D 
experiments or as 128 • 128 • or 1283 matrices for 3D measure- 
ments using Bruker standard spin echo and gradient echo routines on 
Bruker AM300AVB or AMX300/SWB FT NMR spectrometers (7.1 
T; 1H, 300 MHz) fitted with microimaging probes with 25 mm coils 
for whole berries and 10 mm coils for excised seeds. Final spatial 
resolution was dependent on sample size but, except where stated 
otherwise, voxel sizes were: 2D (100 ~tm)3; 3D (78 gm) 3. Other rele- 
vant acquisition data are presented in the legends to the figures. 
After acquisition, data were transformed using sine or Qsine bell 
weighting on Bruker X32 computers, Unix-based systems which 
incorporate the Bruker UXNMR suite of programs and then 
processed to give single slice, multislice and 3D datasets. Surface 
reconstructions were also performed when considered appropriate 
for enhancing the extraction of information from 3D images (see 
Williamson et al. 1994). 

Material and methods 

Plant material and histology 

Specimens were of the seeded grape (Vitis vinifera L.) cv. Black 
Hambourg glasshouse-grown near Dundee or other identified culti- 
vars purchased from local supermarkets. Seeds were dissected from 
some ripe fruits and studied separately. Healthy fruits were harvested 
by cutting the pedicel c. 10 mm from the berry and the berry with 
pedicel attached was incubated at high humidity for the duration of 
the experiment. 
To assess the contribution to the image of disease processes, speci- 
mens of grape cv. Thomson Seedless obtained from local supermar- 
kets were locally surface-disinfected with 80% ethanol and wound- 
inoculated with conidia of B.cinerea isolate 448, originally obtained 
from raspberry, as described by Goodman et al. (1992). As wounded 
controls, other adjacent berries on the same bunch were also surface- 
disinfected and penetrated with a sterile needle. In this inoculation 
experiment fruits were incubated at high humidity for 48 h at room 
temperature before cutting the pedicel and mounting in the spec- 
trometer. For histological examination of the same specimen after 
NMR microimaging, the berry was cut longitudinally by scalpel 
close to the mid-line in the plane of the needle wound, embedded in 
3% distilled water agar and sliced longitudinally (c. 200 ~tm thick) 
using a Vibratome (752M Vibroslice; Campden Instruments Ltd., 
supplied by Micro Instruments Ltd., Long Hanborough, Oxon, 
U.K.). The sections were immersed in fluorescein diacetate (FDA) 
and examined by fluorescence microscopy with a Nikon confocal 
laser scanning microscope (in non-scanning mode) at 488 nm. The 
non-polar molecule of FDA is transported through the plasma mem- 
brane of live cells where an esterase cleaves off the acetate moiety 
leaving fluorescein to accumulate inside the cells which then fluo- 
resce yellow-green when viewed by fluorescence microscopy. The 
same sections were then also examined by differential interference 
contrast microscopy with a Zeiss Universal Microscope. 

Signal intensity in NMR images 

The contrast between different tissue types was found to depend not 
only on the type of imaging sequence, e.g., spin echo or gradient 
echo, and the weighting used, i.e., T1, T2, or none, but also on the 
shape of the soft radiofrequency (RF) pulse. For details, see standard 
NMR texts (e.g., Callaghan 1991), but a brief description is as fol- 
lows. 
In an NMR experiment, the sample is placed in a strong magnetic 
field which causes atomic nuclei which have a magnetic moment 
(e.g., 1H), to align with the applied magnetic field and precess about 
it; this precessional frequency is normally in the radiofrequency 
range. 
When an appropriate pulse of radiofrequency energy (RF) at this pre- 
cessional frequency is applied, the nuclei resonate: the magnetisation 
is inverted and the nuclei precess in phase with one another. When 
the RF ceases, the nuclei relax back to their equilibrium state in 
which they are aligned with the applied magnetic field and they start 
to lose phase coherence. The former process is called longitudinal or 
spin-lattice relaxation and occurs at a rate (T1)-k The latter dephas- 
ing process is called transverse or spin-spin relaxation, described by 
a relaxation rate (T2)-k Not all nuclei of a given element resonate at 
precisely the same frequency: differences in the surrounding electron 
density lead to differences in the effective magnetic field at the 
nucleus. Such shifts in the resonant frequency are called chemical 
shifts and are of the order of a few parts per million for protons. Larg- 
er shifts in resonant frequency can also be induced by varying the 
applied magnetic field: the magnetic field and resonant frequency for 
any nucleus are proportional to one another. The application of 
orthogonal linear magnetic field gradients across a sample and the 
use of a spectrum of RF frequencies thus allow the spatial origin of a 
signal to be deduced. By selectively exciting a particular slice of a 
sample, an image of that slice may be reconstructed. 
The NMR signal which gives rise to the image is derived from an 
echo. In a spin echo experiment, a hard RF pulse (i.e., a short pulse 
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which excites all the protons) tips the magnetisation through 90 ~ 
After a time TE/2 ,  during which both T1 and T2 processes occur, a 
second slice-selective soft RF pulse (i.e., a relatively long pulse at 
lower intensity) is applied to refocus the magnetisation as an echo at 
time TE which is then detected. A gradient echo experiment uses 
reversal of the magnetic field gradients to form the echo and uses 
only a soft RF pulse. In 3D spin echo experiments, the soft slice- 
selective pulse is replaced by a hard refocusing pulse. To obtain opti- 
mal results, the soft pulses are usually modulated to give a shaped 
pulse: common shapes used are sinc or hermite. 
In spin echo images, contrast arises from differences across the sam- 
ple in the true transverse or spin-spin relaxation time, T2, and signal 
intensity is proportional to exp(-TE/T2).  In gradient echo images, 
contrast arises from differences across the sample in the actual trans- 
verse relaxation time, T2*, and signal intensity is proportional to 
exp(-TE/T2*).  These two terms are related by the equation: 

(T2*) -1 = (T2) -1 + (T2FI) -1 

where in a given voxel (T2*) -1 is the observed rate of spin dephasing 
in the absence of RF refocusing, (T2) -1 the rate of spin dephasing due 
to true T2, (TzFI) < the rate of dephasing due to magnetic field inho- 

mogeneity. 
T1 (or spin-lattice relaxation time) contrast effects are the result of 
signal attenuation due to saturation if the repetition time, TR, is 
insufficiently long (TR < 5%). Signal intensity in a given voxel 
increases as TR is increased and then reaches a plateau at TR _ 5T> 
T1 is much less likely to be affected by field inhomogeneities than is 
the spin-spin relaxation time. Tl-weighted images are generated by 
using short TRs: only those areas with short Tts will have relaxed 
back to equilibrium before the next excitation pulse and they will 
have the highest intensities. T2-weighted images show high intensity 
in areas with long T2s: in areas with short Tzs, the signal has lost 
phase coherence before the refocusing pulse. 
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Image dependence on NMR parameters 

A comparison in Fig. 1 of Tl-and T2-weighted images 
of the same specimen for spin and gradient echo 
shows that spin echo images produced greater tissue 
contrast as TE increased than did gradient echo 
images, thus indicating that (T2Ft)-I >~ (T2) -I. The 
spin echo images have fewer artefacts around the 
seeds which is consistent with the known sensitivity 
of gradient echo images to discontinuities in magnetic 
susceptibility, X~=(M0/B0-1)  where M0 is the 
induced magnetisation and B0 the applied magnetic 
field (Callaghan 1991). Such discontinuities occur at 
the interfaces between different physical states of a 
specimen, e.g., gas spaces or embedded solids such as 
seeds. In the parenchymal tissue in both spin and gra- 
dient echo images there is appreciable signal intensi- 
ty at a TR of 200 ms (Fig. 1 a, b), hence there must be 
substantial relaxation at this TR, indicating a T1 value 
probably less than 150 ms, and, since TR > 5T~ (see 
Material and methods) complete spin-lattice relax- 
ation at TR = 2000 ms (Fig. 1 c, d). In spin echo 
images (Fig. 1 b, d) contrast increased as TE was 
increased from 10 to 100 ms indicating that there are 

Results and discussion 

Proton spectra of intact fruit consist of a major peak at 
4.6 ppm with minor resonances at 3.4 and 1.1 ppm 
relative to tetramethylsilane (TMS); total 1H and 
chemical shift selective 2D images have been report- 
ed previously (Pope et al. 1991, 1992, 1993; Rumpel 
and Pope 1992; Goodman et al. 1993). These images 
revealed considerable structural detail in the 
parenchyma tissue of the pericarp, although seeds 
often appeared as dark featureless entities, except in 
chemical shift selective images based on the 1.1 ppm 
resonance. Similar measurements will be considered 
briefly here in order to place the present measure- 
ments in a proper context. 2D images of the resonance 
at 1.1 ppm resemble a cross-section of the endosperm 
(e.g., Pope et al. 1991), which represents the major 
source of lipids in the seeds. The 3.4 ppm peak may 
contain contributions from magnetic susceptibility 
induced shifts to part of the water resonance, as well 
as from low molecular weight sugar molecules in 
solution in the pericarp. 

Fig. 1. Tl-weighted (a and b) and T2-weighted (c and d) total ~H gra- 
dient echo (a and c) and spin echo (b and d) images of a ripe grape 
berry cv. Black Hambourg in a median transverse plane with 25 mm 
FOV. Voxel dimensions, (100 btm)3; 180 ~ pulse 78 gs; 90 ~ sinc 
pulse 2000 bts; a and b: TE, 10 ms, TR, 200 ms; c and d: TE, 100 ms, 
TR, 2000 ms. L Locular cavity; P pericarp; S septum; VB vascular 
bundles 
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Fig. 2, Unweighted gradient echo (a and b) and spin echo (c and d) 
and Tl-weighted spin echo (e and f) images of a ripe grape berry cv. 
Black Hambourg in a median transverse plane with 25 mm FOV. 
(The vertical feature seen in d and f and less markedly in e and e is 
an imaging artefact caused by mains ripple.) Voxel dimensions 
(100 ,um)3; 180 ~ pulse 86 ~ts; a, c and e: 90 ~ pulse 2000 ~ts (sinc); b, 
d and f: 4000 ,us (hermite); a, b, and d: TE, 14 ms, TR, 1020 ms; c: 
TE, 18 ms, TR, 1020 ms; e and f: TE, 10 ms, TR, 200 ms 
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obtained with both gradient echo and spin echo 
sequences using sinc or hermite shaped pulses. The 
hermite pulse gives a less artefactual gradient echo 

image (Fig. 2 a, b) but considerably lower intensity 
than the sinc pulse in a Tl-weighted spin echo 
sequence (Fig. 2 e, f). 

Structural features revealed in NMR images 

In the median transverse plane, the locular cavity is 
compressed laterally by the expansion of the septum 
in the centre and the pericarp. The locular cavity 
therefore appears as a crescent-shaped feature in both 
spin and gradient-echo images (light in Fig. 1 b, dark 

in Figs. 1 d and 3). Bright field microscopy in 1.5 ~tm 
thick sections of resin-embedded immature grapes 

(Fig. 4) shows the relative sizes and orientation of 
cells in the compressed loculus. The endocarp lines 
the loculus and consists of  an inner epidermis and a 
hypodermis of 2-3 cell layers occluded by prominent 
druses, intracellular crystals of  calcium oxalate (Con- 
sidine and Knox 1979, Webb et al. 1995) which were 
revealed by differential interference contrast mi- 
croscopy (not shown). Prominent radially arranged 
striations seen in T2-weighted spin echo images (e.g., 
Fig. 1 d) probably correspond to the distribution and 

alignment of  panels of cells in the inner mesocarp 
which alternate in size (Fig. 4). Similar NMR images 
have been published by Pope et al. (1993). In trans- 

verse planal views (Fig. 1 d), dark entities in the cen- 
tre of  the septum represent the ventral bundles which 

at least two quite different T2 values - one short (sig- 
nificantly less than 20 ms) and the other much longer 
(greater than 40 ms). In gradient echo images (Fig. 

1 a, c) there was very little increase in contrast on 
going from a TE of 10 to one of 100 ms, indicating 
that the rate of  dephasing was controlled very largely 
by (T2FI) -1. In spin echo images of whole grape ber- 
ries (Fig. 1 b, d), the seeds showed internal contrast at 
a TE of 10 ms but not at 100 ms, indicating a short T2, 
probably less than 10 ms. In gradient echo images 
(Fig. 1 a, c), there was no contrast at any value of TE, 
indicating that T2* is very short and probably less 

than 3 ms. 
The effect of the shape of the soft RF pulse on the 
image is illustrated in Fig. 2, which compares images 

Fig. 3. Spin echo image with slight T2-weighting of mature grape 
berry cv. Black Hambourg, median longitudinal view; TE, 18.3 ms; 
TR, 1020 ms; 90 ~ pulse 52 p,s, 180 ~ hermite pulse 3000 ,us; pixel 
size, (117 ~xm)3; slice thickness, 250 ~xm. DB Dorsal bundle network; 
VB ventral vascular bundle; OB ovular bundle; L loculus 
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Fig. 5. The ventral vascular bundles (VB) within the septum (S) of 
Black Hambonrg grape in median longitudinal section. The ventral 
bundles separate into smaller bundles at the distal end of the berry. 
Stained by toluidine blue and viewed by bright field light 
microscopy. Bar: 100 gm 

Fig. 4. Portion of developing Black Hambourg grape in median 
transverse section, stained by toluidine blue, viewed by bright field 
light microscopy showing arrangement of the tissues around a 
collapsed loculus (L) lacking a seed. The loculus is surrounded by 
the inner epidermis or endocarp (EC), with the central swollen sep- 
rum (S), the mesocarp (M), and peripheral exocarp (EX). Radially 
elongated parenchyma cells of the mesocarp are packed in groups of 
small cells alternating with larger ones (outline arrows). The exocarp 
consists of 10-12 cell layers outside the dorsal bundle network (DB) 
(longitudinal view) at the boundary between mesocarp and exocarp 
(Coombe 1987). Bar: 100 gm 

are also clearly visible in median longitudinal views 
(Fig. 3) as dark strands. The ventral bundles (usually 
two) containing xylem and phloem tissues (Fig. 5), 
supply nutrients to the developing style of the carpel 

and distal regions of the pericarp. The vascular sup- 
plies to the seeds, the ovular bundles, are shown as 
prominent dark strands (Fig. 3) (Coombe 1987) at the 
proximal end of the berry and peripheral dark features 
correspond to the dorsal bundle network. 
Internal structure in the seeds is revealed in spin echo 
images and is particularly pronounced when there is 
appreciable TI weighting (Figs. 1 b and 2 e). The 
bright mushroom-shaped features seen in one of the 
seeds in Fig. 1 b and two of the seeds in Fig. 2 corre- 
spond to the endosperm. The seeds in Figs. 1 b and 
2 c-f, which appear dark in the centre were shown on 
subsequent sectioning to have no endosperm. These 
empty seeds also showed marked concentric rings of 
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alternating high and low intensity in gradient echo 
images, very similar to those arising from air bubbles 
in mayonnaise and agar gels (our unpubl, results); this 
is consistent with the greater sensitivity of gradient 
echo images to discontinuities in magnetic suscepti- 
bility (Pope et al. 1992). Gradient echo images of 
overripe grape berries also show such artefacts as 
well as loss of intensity, in areas near the surface 
which correspond to observed soft patches where 
there may be air pockets under the wrinkled "skin" 
(compare Fig. 2 a, b to Fig. 2 c-f). 
Total 1H NMR microscopy of many berries with seeds 
resulted in the generation of double images of the 
endosperm with a spatial separation shifted to the 
right of the centre of the image by an amount corre- 
sponding to ca. 3.9 ppm. This approximates to the dif- 
ference in chemical shift between water at 4.6 ppm 
and lipids at 1.1 ppm relative to TMS (see above). 
(These double images arise from the different chemi- 
cal shifts of aliphatic protons in lipid molecules and 
hydroxyl protons in water and solutes. Chemical shift 
is a measure of the magnetic shielding of a nucleus, in 
this case a proton, by the electrons in a molecule and 
causes the NMR resonance to occur at a frequency 
shifted by a few parts per million from that of a refer- 
ence compound, TMS.) These images are thus consis- 
tent with the endosperm signal being derived from 
both lipid and hydroxyl (principally water) reso- 
nances, the former being seen in chemical shift selec- 
tive images based on the 1.1 ppm resonance. The 
NMR microimaging method thus provides a proce- 
dure for the non-invasive study of the deposition of 
lipids in the endosperm of the seeds. 

Identification of fungally infected tissue 
The needle track through the pericarp is visible in 
moderately Tl-weighted spin-echo images of inocu- 
lated berries as a bright sector penetrating as deep as 
the collapsed loculus (Fig. 6 a, b). A bright feature- 
less area attributed to disease processes extended 
gradually over a 6-day period to affect the exodermis 
over approximately a third of the grape surface, but 
the mesocarp retained the appearance of the images of 
the healthy berry although some shrinkage in size is 
visible. A Tz-weighted spin echo image (Fig. 6 c) of 
the same grape shows the diseased tissue as dark. 
Figure 6 d shows a moderately Tl-weighted image of 
a control grape 5 1/2 days after wounding: the track of 
the needle is clearly visible but is dark in contrast to 
infected tissue imaged under the same conditions 
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Fig. 6. Moderately Tl-weighted spin echo images of grape berry cv. 
Thomson Seedless inoculated with the fungal pathogen Botrytis 
cinerea obtained a 72 h and b 137 h after inoculation (TE, 10 ms; 
TR, 500 ms); e T2-weighted image of same grape 90 h after inocula- 
tion (TE, 120 ms; TR, 1500 ms); d moderately Tl-weighted spin 
echo image of control grape 144 h after wounding (TE, 10 ms; TR, 
500 ms); a-d: 180 ~ pulse 70 ~ts, 90 ~ sinc pulse 2000 ~ts; slice thick- 
ness, 50 ~tm; a-c: pixel size, (137 ~m) 2, d: (117 ,urn). Arrow, point of 
needle entry; outline arrows, extent of disease; L loculus 

(Fig. 6 b) which may be a consequence of mechanical 
damage or may simply result from the fact that the 
needle left a hole in the tissue. 
The dark spots at the edges of the fruit in this image 
correspond to pressure points where the grape sat on a 
section of plastic tubing; these appear as slight inden- 
tations in the images (Fig. 6), although no such inden- 
tations were visible on the grape after imaging. 
After completing the imaging measurements, histo- 
logical examination showed that the entire exodermis 
(all parenchyma tissues, hypodermis, and epidermis 
outside the dorsal bundle network, see Fig. 4) was 
ramified by fungal hyphae which fluoresced brightly 
in FDA. In the relatively thick slices, a high propor- 
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tion of the uninfected mesocarp cells also stained 
brightly. In contrast, the host cells adjacent to the 
needle track were unstained. Two ungerminated 
viable conidia were located amongst these dead host 
cells along the needle track within the mesocarp. By 
differential interference contrast microscopy, groups 
of ungerminated dead cells were visible in this area 
and the associated host cells were brown. These data 
support the non-invasive imaging data and suggest 
that host defence processes operate against B. cinerea 
most effectively in the mesocarp, and to a lesser 
extent in the exocarp. 

Excised seeds fi'om ripe ~'uit 

Differences in contrast were observed between the 
endosperm and testa in different specimens over a 
wide range of T1 and T2 weightings, but in all cases 
the size and shape of the endosperm were consistent- 
ly reproduced. The endosperm in Vitis vinifera is 
"ruminate" with two pronounced invaginations or 
folds (Comer 1976), one on either side of the raphe, 

Fig. 8. a and b 3D surface-rendered images of the total proton spin 
echo signal associated with the endosperm in excised seeds of grape 
(cv. Italia) (TE, 6.56 ms; TR, 1000 ms; 90 ~ pulse 16 us, 180 ~ pulse 
32 gs; voxeI size (78 vm)3), e and fl Photographs of typical grape 
seeds; chalaza (C), raphe (Ra), rumination (R) 

Fig. 7. Slices from a 3D spin echo dataset of a Black Hambourg seed: 
a transverse and h longitudinal view along with c photograph of a 
seed cut in a transverse plane. TE, 8.27 ms; TR, 1020 ms; 90 ~ pulse 
52 p,s, 180 ~ pulse 104 p,s; voxel size, (78 ~tm) 3. C Chalaza; R rumi- 
nations; H hard layer; E endosperm 

to give a mushroom-shaped structure in median trans- 
verse planes. 
The testa, derived from the original two integuments 
enveloping the ovule, has at least four tissue layers in 
the mature seed (Fig. 7 c): an outer epidermis covered 
with an impervious lipid cuticle; parenchyma cells 
containing raphides (needle-like crystals) and pheno- 
lic material; the hard layer; and an inner epidermis 
(Vaughan 1970). The hard layer (Pratt 1971) [also 
described as the "mechanical tissue" (Periasamy 
1962) or "elongated pitted stone cells" (Vaughan 
1970)], represents the inner layer of the outer integu- 
ment and consists of tightly packed thick-walled scle- 
renchymatous cells up to 20 gm in tangential diame- 
ter and up to 1 mm in radial diameter (Vaughan 
1970). This hard layer varies in thickness in different 
positions around the endosperm, the layer being 
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Fig. 9. 3D surface rendered unweighted spin echo image of the 
endosperm in a grape seed (cv. Red Globe) electronically sliced to 
reveal internal structure. TE, 6.56 ms; TR, 1500 ms; 90 ~ pulse 12 ~ts, 
180 ~ pulse 24 ~ts; voxel size, (117 ~tm) 3. R Rumination; Em embryo 

thinnest within the two ruminations (Fig. 7 c) and 
absent at the chalaza (Pratt 1971, Corner 1976) which 
is situated at the distal end of the seed (Fig. 8 c). The 
chalaza appears in the longitudinal plane in NMR 
images as a dome-shaped dark feature within a bright 
region of the seed coat (Fig. 7 b). In NMR images 
(Fig. 7 a, b), the hard layer appears dark surrounding 
the endosperm, as it has no mobile protons, and the 
bright layer around this, and particularly within the 
ruminations, corresponds to the parenchyma cells of 
the testa (the exo-testa; Vaughan 1970). The 
endosperm appears darker relative to the testa 
parenchyma in these images in contrast to those in 
Figs. 1 b and 2 b, e which were obtained under slight- 
ly different conditions. The slices in Fig. 7 b are 
derived from a 3D dataset using two hard pulses 
whereas those in Figs. 1 b and 2 b, e are 2D images 
acquired using a soft and a hard pulse (see Material 
and methods). 
In surface-rendered 3D-reconstructions of the 
endosperm (Figs. 8 b and 9), it is possible to discern 
clearly the ruminations which run longitudinally and 
terminate at the distal end as a pair of dark circular 
depressions (Fig. 9); such NMR images show a close 
resemblance to the external appearance of the hard 
layer of the seed. The internal shape of the endosperm 
is revealed more clearly by electronically cutting and 
reorienting this surface-rendered 3D image (Fig. 9). 
The image in Fig. 9 is similar to that reported by Pope 
et al. (1991) for a 2D chemical shift selective image 
of the 1.1 ppm resonance in the intact fruit. NMR 

Fig. 10. a Maximum intensity projection, b transverse slice, c longi- 
tudinal slice of T2-weighted 3D spin echo images of excised, 
"stripped" seeds of grape cv. Black Napoleon. (Voxel dimensions 
(39 ~tm)3; a: TE, 30 ms; TR, 1750 ms; 90 ~ pulse 16 gs, 180 ~ pulse 32 
~xs; b and c: TE, 35 ms, TR, 1000 ms; 90 ~ pulse 19 gs, 180 ~ pulse 
38 ~ts.) Photographs of d longitudinally and e transversely bisected 
seed stained with 1% toluidine blue showing embryo (Em), 
endosperm (E), and hard layer (H) 

images of transverse slices through seeds (e.g., Fig. 
7 a) show the endosperm as a mushroom shape which 
is often shifted to the right (see above). 
The embryonic axis is delineated as a bright feature in 
maximum intensity projections of 3D T2-weighted 
spin echo images (e.g., Fig. 10 a). In NMR images of 
slices (Fig. 10 b, c), it can be seen that the bulk of the 
embryo is dark surrounded by a bright sheath. On sec- 
tioning the seeds with a blade longitudinally through 
the embryonic axis after imaging (Fig. 10 d), it could 
be seen that there was a liquid layer surrounding the 
embryo in the endosperm; if this liquid layer is pre- 
sent in the undisturbed seed and not generated by the 
mechanical disruption of sectioning, it would be 
expected to have a greater T2 than the surrounding 
endosperm tissue, and thus give rise to the bright 
sheath in T2-weighted images. Tl-weighted images of 
seeds also showed the embryo as dark, suggesting 
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therefore, that it has a short T2 and a long T1. This is 
in contrast to Tt-weighted NMR images observed for 
avocado seed (Goodman and Glidewell 1995), barley 
and rice (unpubl. obs.) in which the embryo shows 
greatly enhanced intensity relative to the endosperm. 
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