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Abstract 

Embryos taken from late maturation phase seeds of 
Phaseolus vulgaris cv. Seminole prior to seed 
desiccation (35- 45 DAA) can be induced to germinate in 
the absence of water by exogenous ethylene. NMR 
imaging of proton relaxation within the embryo shows 
changes in water status in putative (and not fully 
differentiated) vascular tissues of the hypocotyl within 3 h 
of ethylene administration. Difference imaging revealed 
that the change was progressive in the hypocotyl 
towards the radicle tip and was accompanied by 
changes in water status in the cotyledons. Water within 
plumular leaves was also affected. Increase in diameter 
of the hypocotyl-radicle axis (as estimated by pixel 
counts) was detectable from 3 h. Longitudinal radicle 
growth was detectable by NMR imaging at 18 h . Visible 
germination under the conditions used was apparent 
after 20 h. Changes in water status detected by this 
technique are an indication of changes in activity 
(concentration) or motion of water molecules or both. 
The data are consistent with a mode of action of 
ethylene in stimulating a redistribution of water within 
embryo structures from cotyledons to axis via the 
cotyledonary node and allowing the axis access to water 
sufficient to support germination. This supports the 
hypothesis that in vivo, quiescence at this developmental 
stage is induced and maintained by sequestration of 
water within the cotyledons. 
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Introduction 

Endogenous controls maintain embryo axis 
quiescence in the later stages of embryogenesis of 
most seed plants. Resumption of axis growth occurs 
only after the seed has passed through a desiccation 
phase and is rehydrated. Embryos of Phaseolus 
vulgaris can be induced to exhibit precocious 
germination by administering ethylene gas to pods, to 
detached seeds or to isolated embryos in the 
maturation phase of seed development (Fountain 
and Outred, 1990). Ethylene thus overrides the 
endogenous system maintaining quiescence. 

In describing and interpreting the ethylene 
response we have raised the possibility that ethylene 
induces a disturbance in the water relations status of 
the tissues and structures involved, such that a 
redistribution of water is allowed which results in 
radicle growth. The main physiological evidence in 
support of this is the demonstration of the ethylene 
response in embryos isolated from access to exo
genous water (Fountain and Outred, 1990). For 
radicle growth to occur, there must either be 
movement of water from other parts of the embryo 
(the cotyledons for example) to the growth locus of 
the enlarging cells of the hypocotyl and radicle or a 
change in status of water already present in the 
radicle. A point in favour of the first possibility is the 
clear indication that the radicle growth response is 
limited only by water availability: isolated radicles 
elongate immediately upon access to free water and 
show no response themselves to ethylene (Fountain 
and Outred, 1990). This suggests an absence of any 
hormonal control over axis growth at this stage of 
development. 

To investigate the possibility that ethylene induces 
disturbance in embryo water status, we have used the 
non-invasive proton imaging potential of NMR 
microscopy. Results show that such changes occur 
within 3 h following ethylene treatment and precede 
by a further 15 h the first indications of radicle growth 
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detectable by the imaging technique. Visible germina
tion is detectable only after 20 h. 

Materials and methods 

Embryos were dissected from late maturation phase 
(35-45 DAA) seeds of Phaseo/us vulgaris L. cv. Seminole 
maturing on glasshouse-grown plants. Dissection of 
embryos was done in the NMR imaging laboratory 
from pods taken from the glasshouse and kept briefly 
in plastic bags to minimize water losses. An embryo 
was placed on a support insulated from a wet paper 
pad in the base of a 10 mm X 170 mm glass tube with 
the axis uppermost. A cylinder of wetted filter paper 
was placed in the tube some 80 mm distant from the 
embryo to maintain humidity and the tube was 
positioned in the magnet after being inserted into a 
radio frequency coil. A 180-cm length of Teflon tubing 
connected the glass sample tube to a gas port into 
which ethylene (100 ppm final concentration) could be 
introduced by syringe following removal of an 
appropriate volume of air. The temperature within the 
magnet chamber was maintained at 20°C. In all, five 
experiments were conducted and the reported change 
in water status was observed in every case where the 
embryo germination response to ethylene was 
observed. 

NMR microscopy experiments were carried out 
using a Bruker AMX300 spectrometer. All images 
were obtained using a spin echo (Callaghan, 1991) 
pulse sequence with an echo time, TE, of 15 
milliseconds. The NMR signal arises from hydrogen 
nuclei (protons), in the sample. In principle, these 
nuclei may occur as isolated H + ions or in the 
hydrogen atoms of any hydrogen-bearing molecule, 
such as water, lipids or carbohydrates. However, 
because of the finite echo time, the images arise from 
molecules whose proton relaxation times are of the 
order of, or longer than, TE. Because of the extreme 
sensitivity of proton relaxation to molecular mobility, 
this means in effect that the signals are due to 
molecules in a highly mobile liquid state i.e. rapidly 
tumbling water molecules. In consequence, the images 
can be regarded as a map of the free water: i.e. that 
water which is not bound to the surface of proteins or 
carbohydrates. Nonetheless, it should be noted that 
because of the wide spectrum of water proton 
relaxation times, the images will retain a high degree 
of relaxation contrast, meaning that their intensity, 
while proportional to the local concentration of free 
water, is also modulated by relaxation effects. This 
factor must be borne in mind when interpreting the 
image intensities. 

The acquisition time for each image was 34 min 
with 8 signal averaging scans, repetition time (TR) of 
1 s and acquisition bandwidth, 40 kHz. Each image 
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Figure 1. Time course of precocious germination of embryos 
of Phaseolus vulgaris in NMR experimental conditions in the 
absence of external water. Individual response of three 
embryos (change in radicle length) incubated in NMR 
specimen tubes at 20°C is plotted against time after 
administration of ethylene as decribed in the text. The inset 
shows the magnitude of the response of the embryo imaged 
in Figure 2 following its removal from the tube at 24 h. A 
control embryo (right) incubated in the absence of ethylene 
for the same time period is also shown. This embryo was 
later shown to be competent to germinate. The scale is 1 em 
in mm divisions. 

comprised 256 X 256 pixels in-plane with a Field of 
View of 12 mm (47 X 47 micron pixel size) and slice 
thickness of 1000 microns. This slice was non
invasively selected using a tailored rf pulse and the 
embryo remained intact during the experiment. 
Extensive details about the NMR microscopy method 
can be found in Callaghan (1991) whilst a non
technical description is given in Callaghan (1992). 

Embryos were embedded in paraffin wax 
following fixation in formalin-acetic acid-alcohol 
50:30:20 v /v and dehydration through an ethanol: 
water series. Sections of 8 pm were taken from the 
cotyledonary node region of the axis and cotyledons, 
and from the axis and stained with safranin and fast 
green. 

Results 

The precocious germination response of isolated 
embryos incubated at 20°C in the NMR sample tubes 
used for imaging experiments is shown in Figure 1. 
Three embryos germinating in the absence of available 
water show similar radicle elongation rates with 
macroscopic completion of germination associated 
with curvature only observable from 20 h after 
ethylene administration. The inset shows the 
magnitude of the response of the embryo imaged in 
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Figure 2. NMR proton imaging of ethylene-induced prec
ocious germination in a Phaseo/us vulgaris embryo imaged in 
a medial longitudinal section of 1.0 mm thickness. A, image 
obtained prior to the introduction of ethylene. B, imaged 
immediately after ethylene; C-J, at 3-hourly intervals to 24 
h: C, 3 h; D, 6 h; E, 9 h; F, 12 h; G, 15 h; H,18 h, I, 21 h; J, 24 h. 

Figure 2 following its removal from the tube at 24 h. A 
control embryo incubated in the absence of ethylene 
for the same time period is also shown. This embryo 
was later shown to be competent to germinate. Three 
macroscopic features of significance are the elongation 
locus and tropic curvature in the tip of the radicle and 
the increased diameter of the radicle-hypocotyl axis. 

Images associated with protons of the water milieu 
within the tissues of Phaseolus vulgaris embryos are 
shown in Figures 2-5. The images are formed from a 
composite of pixels each of (50 J1ffi)2• In general, areas 
of brighter pixels represent a proton NMR signal 
indicative of greater water concentration or water 
movement, or both. 

Figure 2 shows proton imaging of ethylene
induced precocious germination in an embryo imaged 
in a medial longitudinal section of 1.0 mm. The 
cotyledonary tissues and their vasculature are visible 
as well as the cavity between the two cotyledons. The 
radicle, hypocotyl and the two embryonic primary 
leaves of the embryo axis hypocotyl and plumule are 
defined by a signal of higher intensity than that of the 
cotyledon tissue. Signal intensity is greatest in two 
longitudinal zones within the hypocotyl, extending 
from its junction with the cotyledons (the coty
ledonary node) and decreasing in intensity toward the 
radicle. Other equally intense water signals are visible 
in the presumptive pulvinal positions at each end of 
the petioles. These loci maintain their stronger water
associated signals throughout the 24 h time-course 
shown in Figure 2. Images obtained prior to the 
introduction of ethylene (Fig. 2A), immediately after 
ethylene (Fig. 2B), and at 3-hourly intervals to 24 h 
(Fig. 2C-J) clearly show the initiation of radicle 
curvature and growth at 18 h and thereafter. Intensity 
of signal within the radicle tip increases at 15 h and to 
24h. 

Figure 3 shows computer-derived difference images 
of the data shown in Figure 2. Here, images are 
subtractions of each time point from the image 
obtained before ethylene was administered. Any 
appearance of signal is due to either a change in 
water-signal intensity or to a movement of the imaged 
object, or both. Figure 3A acts as a control and shows 
the difference image of the bean embryo before and 
immediately after ethylene introduction. There is little 
image detail. 

From the succeeding figures, gradual intensi
fication of signal is visible at specific loci within the 
embryo. At 3 h (Fig. 3B) and more evidently at 6 h 
(Fig. 3C), there is a change in intensity of water signals 
from two parts of the axis: plumule leaves and two 
longitudinal zones of the hypocotyl are visible. These 
loci show an increasing intensity in subsequent 
difference images. At 3 h and more evidently at 6 h 
and beyond, signal texture within the cotyledons, 
particularly in the area below the hypocotyl, increases. 
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Figure 4. NMR proton imaging of an embryo in a transverse 
plane some 2mm from the radicle tip. A, 1 h after ethylene 
administration; B, the same embryo imaged 12 h fo llowing 
ethylene administration. 

The vasculature prominent in all images shown in 
Figure 2 however is not defined in the difference 
images at first, only appearing clearly a t 18 h and 
thereafter as discrete strands. First indications of water 
signal associated with growth of the radicle appear at 
15 h where image displacement shows either more 
massive water status change or alternatively, 
translocational movement due to growth (Fig. 3F). No 
difference image is detectable in the epicotyl region to 
12 h and subsequently · the signal here is weak even 
though a substantial water signal is evident in the 
original images of Figure 2. This indicates that water 
status in the tissues of the epicotyl does not change 
substantially. 

That the changes in proton signal intensity 
observed are due to ethylene treatment was tested by 
obtaining images over the same time course from an 
embryo not supplied with ethylene. The embryo 
showed no sign of visible germination w hen it was 
taken from the NMR tube. Subsequently, when 
supplied with water, this control embryo germinated. 
Other embryos from seeds taken from the same pods 
were able to be germinated by the addition of 
ethylene. Figure 3} shows a difference image (24 h 
minus time zero) of such a control embryo incubated 
under identical conditions. Little difference in signal 
was obtained and the only structure associated with it 
was the outer cotyledon on the surface away from the 
embryo axis. 

To study further the water status changes induced 
by ethylene treatment of quiescent embryos, imaging 
in transverse planes was performed on embryos 
following gas administration. Figure 4A shows a 

Figure 3. Time-course of change in water status of precociously germinating Phaseo/us vulga ris embryos. Computer-generated 
proton-difference imaging of an embryo imaged in a medial longitudinal section of 1.0 mm. Images a re subtractions of each 
time point from the image obtained before ethylene was administered. A, difference image of the bean embryo before and 
immediately after ethylene introduction (Control). B, 3 h; C, 6 h; D , 9 h; E, 12 h; F, 15 h; G, 18 h; H, 21 h; I, 24 h . J, difference 
image (24 h minus time zero) from a control embryo incubated in the absence of ethylene. Arrows indicate the locus of early 
water status change in the hypocotyl, just below the cotyledonary node. 
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Figure 5. Time-course of change in water status of precociously germinating embryos (transverse plane, as in Figure 4) . 
Computer generated difference imaging subtractive of the image shown in Figure 4A ( 1 h after ethylene administration). A, 3 h 
after ethylene; B, 6 h; C, 9 h; D , 12 h; E, 15 h; F,18 h, G, 21 h; H, 24; I, 27 h. Arrows indicate the axis locus of change in water 
status. 

proton image of a slice plane across the embryo at a 
position some 2 mm from the radicle tip. This position 
corresponds with hypocotyl structure below the 
cotyledonary node where water-associated changes 
are first visible. The image shows patterning in the 

cotyledons corresponding to vasculature and a diffuse 
signal evident on the perimeter of the cotyledons 
and within them to the limit corresponding to the 
space between them in the embryo. A narrow 
(approximately 1 mm) zone in the outer cotyledons 
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gives no water proton signal. In the axis, a central zone 
contributes a high intensity signal. The centre of this, 
however, contributes a lower intensity signal. The 
high-signal zone is enclosed by a concentric zone of 
low to zero intensity signal. This is itself enclosed in a 
concentric zone of greater signal strength. This last 
zone probably corresponds to the surface tissues of the 
hypocotyl. Figure 4B shows the same embryo imaged 
12 h following ethylene administration. The only 
difference in the hypocotyl seen by eye is a 
brightening of signal in the dark zone between the 
central high signal and the outer brighter ring. 

Computer-assisted difference imaging of the NMR 
signals (Fig. 5) shows more detail of the time course of 
development of change in water status in different 
embryo structures. All images are subtractive of the 
image shown in Figure 4A (1 h after ethylene 
administration). In this plane, a clear early response of 
water-status change to ethylene treatment is seen in 
the axis by 6 h (Fig. SB). In the first difference image 
(Fig. SA) at 3 h after treatment, more subtle indications 
of pattern formation are apparent at the axis locus and 
are evidence of change in water status occurring 
between 1 and 3 hours after gas introduction. The axis 
difference image intensifies with time after ethylene 
administration. Distinct and increasingly intensifying 
granulation is observable in difference images of 
cotyledonary tissues (Fig. 5 A- 1) indicative of change 
in water status in this part of the embryo. 

Imaging of change of water status in the axis 
shows this to occur in both the central zone and the 
two concentric zones outside that. Concentric patterns 
here of bright and dark tone indicate differences in the 
changes in water s tatus between concentrically 
positioned zones. Of significance is a lack of difference 
image associated with the prominent putative vascular 
tissues of the cotyledons which are so strongly imaged 
as white circular regions in the images shown in 
Figure 4. 

Figure 6 shows quantitative data extracted from 
the images in Figure 4. In Figure 6A, the radicle area as 
estimated by all proton NMR signal intensities within 
the boundary of the outermost zone detected is 
plotted as a function of time after ethylene 
administration for two 1-mm-thick tissue slices 
approximately 2 mm ('slice 2') and 3 mm ('slice3') 
from the radicle tip. Radicle area imaged in this way is 
shown to decrease slightly to 3 h (3.7 and 2.4%, 
respectively) and then increase at both slice positions 
to be 24 and10% (respectively) greater by 12 h. 

In Figure 6B, cotyledon image intensity averaged 
over all pixels within the limits of the cotyledon 
shapes in Figure 5, shows evidence of increasing 
water-status change with time following adminis
tration of ethylene. Again, a decrease is observed from 
hour 1 to 3 followed by generally increasing signal 
intensity to 12 h. 
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Figure 6. Change in radicle area (A) as estima ted by image 
analysis of NMR proton images obtained from an imaging 
sequence from which Figure 4 was taken. Radicle area , 
estimated by all proton relaxation signal intensities within 
the boundary of the outermost zone detected , is plotted as a 
function of time after ethylene administration for two 1 mm
thick tissue slices approximately 2 mm ('slice 2') and 3 mm 
('slice3') from the radicle tip. B, cotyledon image intensity 
averaged over all pixels in two 1 mm tissue slices within the 
limits of the cotyledon shapes in a time series from which 
the images shown in Figure 4 were taken. 

As the results decribed above include the 
possibility of water movement associated with the 
onset of germinative growth occurring within the 
ethylene-stimulated embryo, the anatomical detail of 
tissues at and adjacent to the cotyledonary node were 
examined in sections taken from wax-embedded 
material to ascertain the status of vascularity in this 
late maturation phase. Differentiating vascular tissue 
containing xylem tracheary elements with patterned 
secondary wall thickenings was apparent in the 
cotyledonary node. A staining reaction for lignin was 
absent (result not shown). Mature vascular tissue was 
also absent from hypocotyl and radicle regions of the 
axis when examined in transverse and longitudinal 
sections. The hypocotyl comprised a cortical cylinder 
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inside the epidermis enclosing a putative vascular 
cylinder and a central parenchymatous pith. Sections 
taken approximately 2 mm from the radicle tip 
showed a cortical cylinder enclosing a developing 
stele with little evidence of vascular cell differentiation 
other than cell elongation (result not shown). 

Discussion 

The powerful water-status imaging techniques of 
NMR microscopy reveal that the phenomenon of 
ethylene-induced precocious germination of isolated 
embryos incubated without access to exogenous water 
has, as its basis, a change in water status within 
embryo structures. The first detectable changes occur 
within 3 h after adminstration of gas and are seen in 
hypocotyl tissues immediately below the cotyledonary 
node, the plumule leaves and cotyledon tissues 
adjacent to the axis. Intensification of the signal occurs 
in all three regions to 12 h and precedes water-status 
changes associated with radicle growth which are 
detectable from 15 h. All these changes precede visible 
germination which occurs in these seeds at 20-24 h. 

Changes in either water activity or water motion 
over time are implied by the difference imaging series 
shown here. Change in signal strength at a particular 
locus could occur by a change in the translational 
mobility of water molecules - by movement or flow, 
or by change in the relative proportion of water 
molecules in the free solvent (bulk water) fraction 
relative to water of lower activity associated with 
bound water. The present data do not allow these 
possibilities, or others, to be distinguished but it is 
tempting to suggest that ethylene allows a freeing of 
water-status constraints which, in the natural 
situation, prevent the axis gaining access to water in 
sufficient quantities to allow germination to be 
completed. This scenario has been suggested 
previously to explain the physiological characteristics 
of this ethylene-induced phenomenon (Fountain and 
Outred, 1990). 

Our emphasis on the dual factors influencing the 
image intensity begs the question as to whether the 
separate contributions of molecular mobility and 
water concentration can be distinguished using NMR 
methods. In principle a sequence of images obtained 
with different echo times could be used to obtain a 
map both of proton relaxation time, as well as a map 
of the extrapolated zero time intercept values. This 
latter quantity could be interpreted as a water 
concentration, provided that one assumes single 
exponential relaxation, a dubious assumption in such 
a complex molecular environment. Previous 
experience (Callaghan, 1991) suggests that such 
analyses are fraught with difficulty. In the present 
instance, we believe that it is sufficient to show that 

the state of the water has changed. The precise nature 
of that change is a subject for future investigation. 

Cell and organ growth processes require the 
contributions of wall relaxation and osmotically
driven water uptake to result in volume increases. The 
locus for growth associated with germination is the 
radicle and here, for ethylene-induced precocious 
germination, water-status changes as well as overall 
movement are clearly detected by NMR imaging at 
the radicle tip. The preceding changes in water status 
first seen in the hypocotyl below the cotyledonary 
node at 3 h after ethylene is given, and which intensify 
and extend down the hypocotyl towards the radicle 
tip by 12 h, seem likely to be associated with the 
supply of water to the radicle tip. Interestingly, 
intensification of the difference imaging of the 
plumule leaves also occurs; seen first within 3 h and 
then increasingly at each subsequent time. These 
embryonic leaves may thus act as a water sink as 
well, perhaps competing for water arriving from the 
cotyledons. There is no evidence from our data, 
however, that the changed water status of the plumule 
results in any growth response at this locus. 

That the cotyledons are the ultimate source of the 
water entering the axis, is suggested by the 
intensifying difference signal in the cotyledon tissues 
- particularly above and below the cotyledonary 
node. The difference imaging, however, does not 
indicate participation of the vasculature even though 
the primary imaging from which the difference images 
were obtained, clearly show a reticulate network of 
veins. A vasculature pattern is only seen in difference 
images at the latest time of 24 h when radicle growth 
is vigorous (data not shown). It is thus possible that 
the NMR water signal from the cotyledons is more 
associated with change in activity of water than 
translational movement of molecules. The coty
ledonary tissues have a relative water content of 92.1 % 
at this stage of development (later falling to 17.6% 
after in vivo seed desiccation), indicating that the 
cotyledons are still very much moist structures 
(unpublished results). The water in these cells would 
be expected to .be proportioned between a bulk phase 
fraction and a relatively immobile phase associated 
with the storage organelles and their contents. It is 
possible ethylene perturbs this balance to provide 
sufficient bulk water to be drawn to the axis. 

Mobilization of internal water has been described 
previously (Matyssek et al. , 1991a). In seedlings 
growing in the absence of external water, an internal 
water redistribution from mature tissues was 
attributable to shifts in measured water potential 
gradients (Matyssek et a/., 1991b). Water-potential 
gradients existing within the developing embryo of 
Phaseolus vulgaris (cv. Taylors Horticultural) embryos 
have been described by Yeung and Brown (1982) and 
while at earlier stages, lower values for the axis 
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relative to the cotyledons were seen, the stage closest 
to the maturation stage studied here was shown to 
have closely similar values for axis and cotyledon 
tissue. The perturbation induced by ethylene may thus 
be a small one in this system. 

The proton NMR signal may provide a measure of 
flow of water (Callaghan, 1991). Although an 
intensifying signal in vascular tissue as water leaves 
the cotyledons is not seen until the time the radicle is 
growing, the signal from the axis in the putative 
vascular system of the plumule and hypocotyl 
becomes increasingly more evident in the difference 
image series from early times after ethylene treatment. 
This suggests either an increase in water activity 
(concentration) or evidence of flow. A firm assignment 
of the signal property to either one or to both is not 
possible for this data. 

The question of the origin of the water raises the 
question of the mode of action of ethylene. 
Physiological data suggest a site of action in the 
cotyledons, for isolated axes germinate freely on 
water, are not responsive in growth rate to exogenous 
ethylene, and are not induced to germinate by 
ethylene in the absence of water (Fountain and 
Outred, 1990). The presence of the cotyledons can thus 
be interpreted as being inhibitory to axis precocious 
germination in vivo. If, as we suggest here, the axis 
draws on water mobilized or made available from the 
tissues of the cotyledons, the site of action of ethylene 
may be on compartments or structures holding water 
by osmotic or matric forces within the cells of the 
cotyledons. This water fraction would normally be 
unavailable for redistribution within the embryo. 
Relaxation of this state by ethylene may involve an 
action on membrane permeability towards water. A 
direct action may be possible by alteration of physical 
properties of membranes as ethylene is some 14 times 
more soluble in lipids than in water (Abeles et al., 
1992). A second possibility is an effect on aquaporin 
water channels (Maurel et al., 1993) or by inducing the 
synthesis or redistribution of such channels. 

Another possibility is an action of ethylene on the 
transport pathway between cotyledons and axis 
perhaps by accelerating its differentiation into a 
functional state. Opik (1965) reported that lignification 
of xylem elements only occurs 2-3 d after germination 
is initiated in Phaseolus vulgaris; the vascular bundle 
cells in the seed being not fully mature nor 
differentiated when germination begins. This observa
tion is supported by anatomical results reported here 
for P. vulgaris cv. Seminole showing only partial 
differentiation of vascular tissues. An action of 
ethylene on a cell differentiation status limitation to 
precocious germination, however, seems less likely 
than the other possibilities noted above. 
The literature on ethylene action related to cell growth 
is dominated by inhibitory effects on root elongation, 

hypocotyl elongation and elongation in the apical 
hook of germinating seedlings (reviewed by Ecker, 
1995). The classical "triple response" of ethylene on 
dark-grown seedlings of inhibition of hypocotyl and 
root elongation, radial swelling of the hypocotyl and 
root and exaggeration of the apical hook curvature 
(Abeles et al., 1992) appear to be largely unrelated to 
phenomena reported here where a promotive effect of 
ethylene on elongation growth is seen. Concomitant 
radial expansion of the hypocotyl and axis however, 
precedes (Fig. 6A), and accompanies radicle elonga
tion and this may be related to the classical ethylene 
responses. A direct effect on radicle cell expansion also 
seems unlikely, for isolated radicles show no growth 
response to ethylene when incubated in the absence of 
water. Such radicles "germinate" as freely, when they 
are later allowed contact with water, as do freshly 
dissected radicles (Fountain and Outred, 1990). 

A promotive action of ethylene in seed germina
tion is well-known (reviewed by Bewley and Black, 
1982) but the physiological basis is not understood 
and may be unrelated to the precocious germination 
response studied here as it applies generally to 
hydrating desiccated structures where water is 
unlikely to be a limiting factor in axis growth. 
Ethylene however is capable of inducing changes in 
the osmotic status of cells in Xanthium seeds 
(Yoshiyama et al., 1996) where the action is on solute 
synthesis. 

In summary, the data reported here are consistent 
with a mode of action of ethylene in stimulating a 
redistribution of water within embryo structures from 
cotyledons to axis via the cotyledonary node and 
allowing the axis access to water sufficient to support 
germination. This supports the hypothesis that in vivo, 
quiescence at this developmental stage is induced and 
maintained by sequestration of water within the 
cotyledons. 
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