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Desiccation tolerance is initiated in wheat (Triticum aestivum L.)
embryos in planta at 22 to 24 d after anthesis, at the time that the
embryo water content has decreased from about 73% fresh weight
(2.7 g water/g dry weight) to about 65% fresh weight (1.8 g water/g
dry weight). To determine if desiccation tolerance is fully induced
by the loss of a relatively small amount of water, detached wheat
grains were treated to reduce the embryo water content by just a
small amount to approximately 69% (2.2 g water/g dry weight).
After 24 h of such incipient water loss, subsequently excised em-
bryos were able to withstand severe desiccation, whereas those
embryos that had not previously lost water could not. Therefore, a
relatively small decrease in water content for only 24 h acts as the
signal for the development of desiccation tolerance. Embryos that
were induced into tolerance by a 24-h water loss had no detectable
raffinose. The oligosaccharide accumulated at later times even in
embryos of detached grains that had not become desiccation toler-
ant, although tolerant embryos (i.e. those that previously had lost
some water) contained larger amounts of the carbohydrate. It is
concluded that desiccation tolerance and the occurrence of raffin-
ose are not correlated. Inmunodetected dehydrins accumulated in
embryos in planta as desiccation tolerance developed. Detachment
of grains induced the appearance of dehydrins at an earlier age,
even in embryos that had not been made desiccation tolerant by
incipient drying. It is concluded that a small reduction in water
content induces desiccation tolerance by initiating changes in
which dehydrins might participate but not by their interaction with
raffinose.

Desiccation tolerance in seeds is initiated approximately
when mass maturity is established, approximately when
maturation drying occurs (Bartels et al., 1988; Fischer et al.,
1988; Ellis and Hong, 1994; Hay and Probert, 1995; Black et
al., 1996, Sanhewe and Ellis, 1996). However, the precise
time during maturation when tolerance is acquired de-
pends on the species, the rate of water loss, and the final
water content after drying (Hong and Ellis, 1992; Ellis and
Hong, 1994; Wechsberg et al., 1994; Hay and Probert, 1995).
Physiological regulation of the induction of desiccation
tolerance is poorly understood, but one suggestion is that
vascular isolation of the developing seeds (“ovular abscis-
sion”) is of major importance (Galau et al., 1991), followed
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by incipient water loss. The action of ABA might also be
involved, as first indicated by Bartels et al. (1988). Toler-
ance can be induced experimentally in isolated seeds or
embryos by slow drying to the final dehydration state
(Adams et al., 1983; Blackman et al., 1991; for review, see
Vertucci and Farrant, 1995; Bochicchio et al., 1997), imply-
ing that cellular changes conferring resistance are initiated
as water is lost and can be consolidated as long as the
removal of water is not too rapid. However, to our knowl-
edge, the amount of water loss that is required to initiate
tolerance has never been defined. This paper provides
novel data relating to this point.

To withstand desiccation cells must be protected against
potentially lethal changes that could follow dehydration.
Mechanisms by which this might be achieved include the
participation of certain soluble carbohydrates and/or LEA
(late-embryogenesis abundant) proteins (for review, see
Vertucci and Farrant, 1995). Important among the soluble
sugars are Suc and the raffinose-family oligosaccharides
(e.g. raffinose and stachyose), which are thought to be
involved in glass formation or to interact protectively with
membrane phospholipids, or both (for review, see Vertucci
and Farrant, 1995). Accumulation of these carbohydrates
has been correlated with the development of desiccation
tolerance in several species, such as maize (Chen and
Burris, 1990), soybean (Blackman et al., 1992), Brassica
campestris (Leprince et al., 1990), and wheat (Black et al.,
1996), and in germinated seeds of maize, pea, and soybean
(Koster and Leopold, 1988). Raffinose-to-Suc ratios above
certain critical values are considered important (Horbo-
wicz and Obendorf, 1994). On the other hand, it has been
suggested that desiccation tolerance can occur in the ab-
sence of oligosaccharide, e.g. raffinose, in maize (Bochic-
chio et al.,, 1997), and intolerance can occur even in its
abundance, as in wild rice (Still et al., 1994); therefore, there
is some uncertainty that requires a resolution.

There is good evidence that the LEA proteins play im-
portant parts in responses to various stresses, including
water stress (Close, 1996). Whereas several LEAs, including
dehydrins, accumulate in seeds during maturation drying
(Galau et al., 1987; Blackman et al., 1991, 1992; Dure, 1993;
Gee et al., 1994; Wechsberg et al., 1994; Vertucci and Far-
rant, 1995; Han et al., 1997; Kermode, 1997), their role is still
unclear. It has been suggested, however, that the LEAs

Abbreviation: daa, days after anthesis.



464 Black et al.

alone do not confer desiccation tolerance but that they
interact with other protectants such as oligosaccharides
(Blackman et al., 1992). According to this concept, tolerance
should be induced only when LEAs are accompanied by,
for example, the appropriate oligosaccharide. As in the
case of the oligosaccharides that appear during maturation
drying, little is known about the physiological regulation of
LEA appearance in seeds. We show that accumulation of
dehydrins can be provoked by grain detachment, irrespec-
tive of subsequent desiccation tolerance.

Our previous work (Black et al., 1996) showed that des-
iccation tolerance in wheat (Triticum aestivum) embryos is
induced in planta early during maturation drying and is
complete by the time the water content has decreased from
approximately 74% to approximately 62% fresh weight
(from 2.8 to 1.6 g water/g dry weight). Whether this re-
flects a causal relationship between water loss and the
initiation of desiccation tolerance requires clarification. If it
is causal, information is needed concerning the degree of
water loss that is effective. Raffinose, the only detectable
oligosaccharide in wheat, begins to accumulate at about
this time, but the precise association between raffinose
content and the acquisition of desiccation tolerance has not
been determined and the possible participation of dehy-
drins has not been examined. Therefore, we have contin-
ued our investigations to answer the following questions
concerning the physiological, biochemical, and molecular
aspects of desiccation tolerance: (a) How much loss of
water initiates the acquisition of desiccation tolerance? (b)
Does tolerance depend on the enhancement of raffinose
accumulation? (c) Does the appearance of dehydrin and
ABA participate in the induction of tolerance? (d) Is the
accumulation of raffinose and dehydrin regulated in the
same physiological manner?

MATERIALS AND METHODS
Plant Material

A spring wheat (Triticum aestivum cv Sappo) was culti-
vated in a growth room as described by Garcia-Maya et al.
(1990). Ears were tagged at anthesis, subsequently yielding
grains of known age (daa). Mid-ear grains were detached
as required, and where necessary embryos were excised
immediately for testing of water content, desiccation toler-
ance, and analysis of soluble carbohydrate and dehydrin
(see below).

Manipulation of Embryo Water Content

Detached grains were held in open Petri dishes on wire-
net trays in desiccators in which the bottom compartment
was filled with water (giving 100% RH) or saturated
Na,CO; (giving 90% RH); the grains at 100% RH were
placed on filter paper moistened with water. The desicca-
tors were kept in the growth room under the same light
and temperature conditions as for wheat plant cultivation
(16 h light/8 h dark, 18°C/14°C). This was done to hold
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conditions as comparable as possible with those experi-
enced during in planta drying under our growing condi-
tions. Grains were removed at intervals, and the embryos
were excised immediately to provide samples for the de-
termination of water content, desiccation tolerance, soluble
carbohydrate content, and dehydrin occurrence. Those em-
bryos for desiccation tolerance and determination of water
content were used immediately after excision, whereas the
others were divided into weighed batches and stored at
—80°C for later extraction.

Water Content

Embryos were dried at 98°C to 100°C until constant dry
weight was achieved (40-48 h) for determination of water
content, generally expressed on a percentage fresh weight
basis.

Desiccation Tolerance

Immediately after their excision, embryos were desic-
cated by stepwise treatment in the growth room (see
above) for 24 h at 90% RH (saturated Na,COs) (to approx-
imately 25% water content) and for 24 h at 73% RH (satu-
rated NaCl) (to a final water content of approximately 7%
fresh weight ) (Black et al., 1996).

Germination Test

After desiccation (generally immediately but occasion-
ally after 24 h of storage at 4°C), embryos were tested for
germination by incubation for 7 d (maximum germination)
at 20°C in darkness on filter paper wetted with a solution
composed of one-half-strength Murashige and Skoog me-
dium (minus growth regulators) containing 2% (w/v) Suc,
1.5 mMm r-Ala, and 2.5 mM L-GlIn, pH 5.5. All embryos that
showed radicle and/or coleoptile elongation were scored
as germinated. Failure of embryos to produce a “germinat-
ed” primary radicle, i.e. only an elongated coleoptile, was
dependent on embryo age and was not imposed by desic-
cation. Younger embryos (e.g. 16-24 daa) showed a higher
percentage (approximately 30%-40%) of coleoptile-only
germination than fully mature (34 daa) embryos (100%
radicles and coleoptile). Each germination test consisted of
duplicates of 25 embryos: All experiments were performed
at least three times, and percentages are therefore means of
at least six values.

Determination of Soluble Sugars

Duplicate samples of weighed embryos or embryo parts
(10-15 per sample) were extracted as described by Black et
al. (1996) in 80% aqueous ethanol containing 250 pg/mL
melezitose as an internal standard. Soluble sugars (dupli-
cates of each sample extract) were determined as described
by Black et al. (1996) and are usually calculated on a
per-embryo basis. Most experiments were done at least
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Figure 1. Desiccation tolerance, water, Suc, and raffinose contents
of wheat embryos of different ages in planta. A, Desiccation toler-
ance (DT; percent germination after desiccation to approximately
7% water content) (#) and water content (WC; fresh weight [FW]
basis) (). B, Sugar contents (raffinose, 4; Suc, B) and raffinose-to-
Suc mass ratio (R:S, @). All values are means = st of four to six
samples.

twice and in many cases three times. Final values, there-
fore, are means of 8 to 12 determinations.

Dehydrins

Embryos in batches of 50 were placed in liquid N,,
ground to a powder, and homogenized in Trizol reagent
(GIBCO-BRL) (5 mL/g embryo, i.e. about 250 uL) and then
centrifuged after the addition of 0.1 volume of chloroform.
Following the manufacturer’s procedure the proteins were
precipitated from the eventual phenol:ethanol supernatant
by the addition of 0.8 volume of propan-2-ol and were then
purified according to the manufacturer’s instructions. Pro-
tein concentration in the final supernatant was estimated
by the method of Bradford (1976). Equal quantities of pro-
tein were fractionated by discontinuous SDS-PAGE using
12% polyacrylamide gels and electroblotted onto a nitro-
cellulose membrane. The membrane was probed with rab-
bit antiserum (diluted 1:500) raised against the oligopep-
tide corresponding to the consensus carboxy terminus of
dehydrin proteins (Close et al., 1989) (courtesy of Dr. Peter
Chandler, Commonwealth Scientific and Industrial Re-
search Organization, Canberra, Australia) and then with
donkey anti-rabbit horseradish peroxidase-linked whole
antibody (Amersham). The resulting protein-antibody
complex was detected using the chemiluminescence
western-blotting detection system (ECL, Amersham).

Extraction and Measurement of ABA

ABA was extracted and detected by HPLC-ELISA meth-
odology, as described by Julliard et al. (1994). Freeze-dried
embryos (10-15 per batch) were extracted with 80% aque-
ous methanol containing 40 mg/L butylhydroxytoluene for
60 h at 4°C in darkness. The extracts were filtered through
cellulose and 0.2-um pore size filters (Millipore) and pre-
purified through a C;g Sep-Pak minicolumn (Millipore),
reduced under a vacuum to a small volume of aqueous
phase, and acidified with formic acid before HPLC purifi-
cation. The collected fractions were reduced to dryness,
taken up in distilled water, and tested by ELISA according
to the procedure described by Julliard et al. (1994). The
results are presented as means of values obtained in five
replications.

RESULTS

Desiccation Tolerance and Soluble
Carbohydrates in Planta

The water content and desiccation tolerance of embryos
maturing in planta are shown in Figure 1A. Embryos
younger than 22 daa had no tolerance, but this developed
fully in the period 22 to 27 daa, when the water content
decreased from approximately 73% to approximately 65%
fresh weight (from 2.2 to 1.8 g water/g dry weight). Raf-
finose was absent from embryos that had no desiccation
tolerance (16-18 daa), was barely detectable at 22 daa, and
accumulated thereafter to reach approximately 20 ug/em-
bryo (about 10 png/mg fresh weight, 25 ug/mg dry weight)
at 31 daa. Suc was found in 16-daa embryos at about
5.5 pug/embryo (approximately 11 ug/mg fresh weight,
55 ug/mg dry weight) and increased to approximately
78 ng/embryo (39 ug/mg fresh weight, 100 ug/mg dry
weight) at 31 daa. The raffinose-to-Suc mass ratio increased
more than 4-fold, from about 0.05 at 22 daa to more than
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Figure 2. Water contents of detached whole grains (22 daa) and their
embryos at different relative humidities. Grains were kept at 100%
RH or 90% RH for up to 7 d. Water contents (fresh weight [FW] basis)
of whole grains and excised embryos were determined at intervals.
All values are means =* st of five to six samples.
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Figure 3. Effect of water loss on subsequent desiccation tolerance.
Detached grains (22 daa) were held at 100% RH (no water loss) or at
90% RH (water loss) for up to 11 d. Chronological ages after detach-
ment (daa) are shown in parentheses. At intervals, embryos were
removed and their water content (open columns) and desiccation
tolerance (percentage of germination after desiccation to approxi-
mately 7% water content; closed columns) were determined. The
dashed line indicates the 70% water content. All values are means =
Se of at least six samples. FW, Fresh weight.

0.2 at 31 daa (Fig. 1B). Amounts of Glc and Fru were
extremely low throughout seed development and showed
no increase during maturation drying (data not shown).

Water Content and Desiccation Tolerance ex Planta

The results shown in Figure 1 raise the possibility that a
relatively small loss of water may be responsible for pro-
voking the onset of desiccation tolerance. This was tested
by imposing treatments on detached whole grains that
caused the embryos to lose a relatively small amount of
water or, in the control, none at all (Fig. 2). Isolated wheat
grains (22 daa) held at 90% RH lost water slowly over 7 d,
decreasing from about 64% water content to approximately
55%. The water content of the embryos in the grains de-
creased from about 74% to 69% fresh weight (from about
2.8 to 2.2 g water/g dry weight) in the first 24 h but
remained unchanged for the next 5 d, until it decreased
further to about 63% (1.7 g water/g dry weight) after 7 d at
90% RH. The water content of grains at 100% RH increased
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from approximately 64% to about 70%. Embryos of these
grains retained their water content at about 74% (Fig. 2).
Embryos of grains kept at 100% RH for up to 11 d were
highly germinable (90%-95% germination; detailed data
not shown), but they had almost no survival after desicca-
tion. Those embryos whose water content had previously
decreased to about 69% or 63% survived subsequent rapid
desiccation, i.e. they had become desiccation tolerant (Fig.
3). A striking effect is that a relatively small decrease in
water content during the first 24 h was sufficient to induce
maximum tolerance to further extreme dehydration; induc-
tive loss of water for a longer period was not necessary.
Desiccation tolerance was also provoked in younger em-
bryos (starting at 16 and 18 daa) by a similar water loss
experienced for 6 and 4 d, respectively (Table I).

Water Content and Accumulation of Suc and Raffinose

The amounts of these two carbohydrates were measured
in embryos in which desiccation tolerance had or had not
been induced by manipulation of the water content. Grains
aged 22 daa were held at 90% and 100% RH for 9 d, and at
intervals embryos were isolated and tested for desiccation
tolerance and carbohydrate content (Fig. 4). As expected,
embryos that had lost water showed a high degree of
desiccation tolerance (about 80% were able to germinate
after rapid drying), whereas those that previously had lost
no water remained virtually desiccation intolerant. Before
and after 1 d of incipient water loss raffinose was unde-
tectable in the embryos (even though after 1 d the embryos
were highly desiccation tolerant), but subsequently the
content gradually increased to reach 51 * 2 ug/embryo
(42.5 pg/mg fresh weight, 113 pug/mg dry weight) at 9 d.
In the 1-d-treated tolerant embryos the raffinose-to-Suc
ratio was incalculably small, but at 3 d its value was about
0.6, increasing to approximately 1.5 at d 9. In those em-
bryos that had not lost water (desiccation intolerant), raf-
finose was again virtually absent for the 1st d, increasing
gradually to approximately 30 wg/embryo (20.7 ug/mg
fresh weight, 82 pug/mg dry weight) at d 9, with an accom-
panying increase in the raffinose-to-Suc ratio to about 1.4.

The data in Table I show that embryos as young as 16
and 18 daa (starting age) could also be induced into the

Table 1. Induction of desiccation tolerance in young embryos

Detached grains aged 16 and 18 daa (approximately 20% and 33%, respectively, of the fresh weight of mature embryos at 32 daa) were kept
at 90% or 100% RH for the times indicated. Embryos were removed for the determination of water content (WC), desiccation tolerance (DT)
(percentage of germination [germn] after drying to about 7% water content), and raffinose (R) and Suc (S) contents. R:S is expressed as the mass
ratio. Values are means * st of five to six samples (water content and desiccation tolerance) or eight determinations (R and S).

Age Treatment wcC DT Raffinose R:S

daa % fresh wt % germn ug/embryo ug/mg fresh wt

16 Freshly harvested 76.4 = 1.6 0 0 0 =
6 d at 90% RH 68.3 + 1.5 85.5+ 9.3 9.3+29 83*26 0.33
6 d at 100% RH 77.1 £ 0.6 122 *£1.6 50*04 45 *+0.7 0.29

18 Freshly harvested 76.0 = 0.9 0 0 0 -
4 d at 90% RH 69.5 + 0.5 92.0 = 3.1 11.4 4.4 8.7 £3.7 0.35
4 d at 100% RH 74513 11.2 43 1.2 209 0.9 0.7 0.06

2, Not applicable.
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Figure 4. Raffinose content and the raffinose-to-Suc ratio in
desiccation-tolerant and -intolerant embryos. Grains (22 daa) were
held at 90% RH to cause incipient water loss of embryos and
induction of desiccation tolerance (A) and at 100% RH when no
water loss occurred and no desiccation tolerance was induced (B). At
intervals, desiccation tolerance of isolated embryos was determined
(DT; A) and raffinose (4) and Suc contents were measured.
Raffinose-to-Suc mass ratios (R:S; ) were calculated. All values for
desiccation tolerance are means = st of 6 readings, and those for
raffinose are means * st of 8 to 12 readings. On a dry-matter basis,
the raffinose content increased from 65 pg/mg dry weight at 3 d to
113 pg/mg dry weight at 9 d (A) and from 23 ug/mg dry weightat 3 d
to 82 pg/mg dry weight at 9 d (B).
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tolerant state by the incipient loss of water. This was also
accompanied by an increase in raffinose content (deter-
mined after 4 and 6 d) and the raffinose-to-Suc ratio.
Smaller increases in raffinose content and the raffinose-to-
Suc ratio also occurred in the absence of water loss, accom-

panying the extremely low level of desiccation tolerance
(Table I).

Intraembryo Distribution of Raffinose

To obtain information concerning the location of raffin-
ose, embryos (22 daa) in which desiccation tolerance was
induced over 6 d at 90% RH were divided into radicles,
coleoptiles, and scutella, and batches of each part were
extracted and assayed (Table II). No raffinose was detected
after 1 d, but it accumulated at d 3 and 6 at 90% RH in
coleoptiles and scutella, respectively. Raffinose did not
appear in the radicles until 6 d of reduced water content. At
d 6, on a per-organ basis, amounts of raffinose occurred
increasingly in the order radicle, coleoptile, and scutellum,
but on a concentration basis differences among the parts
were relatively small. For unknown reasons, the sums of the
parts were less than the total amounts shown in Figure 4.

Accumulation of Dehydrin

The occurrence of dehydrin was followed in embryos as
they became desiccation tolerant in planta, in embryos
inwhich tolerance was induced by manipulation of water
content, and in embryos in which acquisition of desiccation
tolerance was suppressed. The immunoblots (Fig. 5) show
a major, strong dehydrin band (molecular mass approxi-
mately 25 kD) in in planta embryos at 24 to 28 daa (as
tolerance is developing) but little or none at 20 to 22 daa
(before the onset of tolerance). Within 1 d after detachment
from the plant (21 daa), a strong dehydrin signal was
found, similar to that in 24-daa in planta embryos, which
increased at 3 d after detachment (23 daa). These increases
in dehydrin occurred in embryos of detached grains irre-
spective of whether they had been primed into desiccation
tolerance by adjustment of their water content.

ABA

The concentrations of free ABA and its glucosylpyrano-
syl ester in embryos induced into desiccation tolerance

Table Il. Intraembryo distribution of raffinose

Grains aged 22 daa were detached and held at 90% RH for 1, 3, and 6 d, during which time the embryo water content decreased from 73%
to 68% and desiccation tolerance was induced. Embryos were divided into separate organs for extraction. Values are means = se of six

determinations. R:S is expressed as the mass ratio.

Raffinose R:S
Days at 90% RH
Coleoptile Radicle Scutellum Coleoptile  Radicle  Scutellum
wg/organ ng/mg fresh wt pg/organ wg/mg fresh wt pg/organ ng/mg fresh wt
1 0 0 0 0 0 0 -2 - -
3 20=x15 8.7 2.1 0 0 57*19 7919 0.53 - 0.42
6 7.5*1.0 199 1.8 4.1x0.2 13.1 =15 263 =49 20.1 3.8 0.75 0.56 0.89

2 —, Not applicable.
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Figure 5. Dehydrins in embryos in planta and in desiccation-tolerant
and -intolerant embryos of detached grains. Embryos were removed
from grains at 20 to 28 daa (desiccation tolerance, 0%-92% ger-
minability). Grains 20 daa were detached and kept for 1 and 3 d at
90% RH (“Dry”) when desiccation tolerance reached 65% and 89%
germinability, respectively, and at 100% RH (Wet) when no toler-
ance developed. Embryos were extracted, and 10 pg of protein per
lane was loaded on the gel. Dehydrins were detected by western
blotting with an antiserum raised against an oligopeptide corre-
sponding to the consensus carboxy terminus sequence of dehydrins.
The experiment was carried out twice with similar results. There was
insufficient preimmune serum to use on the blot shown, but in a
previous experiment using a restricted range of samples preimmune
serum was inactive.

were compared with those in embryos that remained des-
iccation intolerant. ABA and its ester were found in all of
the treatments. No significant differences in free-ABA con-
tent occurred among the samples, but small differences were
found in the concentration of the ABA ester (Table III).

DISCUSSION

With respect to the induction and mechanism of desic-
cation tolerance in wheat embryos the experimental find-
ings point to the following conclusions. (a) Desiccation
tolerance is induced by incipient loss of water for as little as
1 d. The small reduction in water content is effective not
only at an age when embryos are on the verge of becoming
desiccation tolerant (e.g. 22 daa) but also in younger em-
bryos. (b) Incipient water loss does not cause an increase
in ABA. (c) The presence of raffinose and therefore a crit-
ical raffinose-to-Suc ratio are not essential for the develop-
ment of tolerance, as can be seen in embryos that have
experienced water loss for just 1 d. Similarly, the accumu-
lation of raffinose does not necessarily lead to the estab-
lishment of desiccation tolerance, as shown by embryos in
detached grains held wet for several days, which acquired
substantial amounts of raffinose but did not become toler-
ant. (d) Although water loss is not an essential initiator
of raffinose biosynthesis, it does enhance raffinose accu-
mulation in those embryos capable of producing the oligo-
saccharide. (e) Dehydrin accumulation is not physiologi-
cally regulated in the same manner as the induction of
desiccation tolerance, i.e. experimentally by incipient water
loss, but rather by an apparent detachment effect. We will
now examine these conclusions in more detail.

Desiccation tolerance in wheat embryos was fully in-
duced by a decrease in water content from about 73% fresh
weight (2.7 g water/g dry weight) to approximately 69%
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fresh weight (2.2 g water/g dry weight), i.e. about 15% on
a dry-matter basis, for only 1 d. After the “drying” induc-
tion a much higher proportion of embryos became desic-
cation tolerant than their in planta counterparts of the same
age. Surprisingly, however, in previous studies emphasis
has always been placed on the drying “rate” and not on the
absolute amount of water loss required for the initiation of
tolerance. That desiccation tolerance in seeds can be in-
duced by slow drying is well documented (for review, see
Vertucci and Farrant, 1995). Examination of those cases in
which induced tolerance has been measured at intervals
during the slow-drying treatment suggests that tolerance
can be initiated when a relatively small decrease in water
content has been achieved, e.g. in soybean (Blackman et al.,
1992), upon a decrease from approximately 2.1 to approx-
imately 1.7 g water/g dry weight (i.e. 68%—63% fresh
weight). Surprisingly, this point has been ignored, possibly
because continued drying has always been used. Clearly,
wheat embryos become desiccation tolerant as a result of
an initial, relatively small decrease in water content, and
further slow drying is not necessary. The effects of a small
perturbation in water content on events such as promotion
of germinability and subsequent seedling growth have
been recorded for other species (Rosenberg and Rinne,
1986), but the present finding with respect to desiccation
tolerance is novel.

The clear requirement for a relatively slight water loss
for the induction of desiccation tolerance indicates that
induction is not “programmed” to occur only at a certain
age (see, for example, the effects on 16-daa embryos), nor
does it necessarily follow physical (and therefore, physio-
logical) detachment from the parent plant (ovular abscis-
sion), because embryos in wet grains did not become tol-
erant even at 11 d after detachment. In principle, these
findings agree with those for soybean (Blackman et al.,
1992). The unexpected finding that the loss of water for
only 1 d is enough to initiate tolerance in wheat shows that
inductive events must be completed within this time. These
events presumably include the perception of water loss, the
transduction of this signal, and the final establishment of
tolerance.

The initial loss of water from the embryos will lead to a
reduction in turgor and an alteration in osmotic balance.
Presumably, these are the signals that set in motion the
events by which desiccation tolerance is established, al-
though how they operate is at present obscure. The mech-

Table Ill. Free and esterified ABA in embryos with or without
water loss

Detached grains aged 22 daa were kept at 90% or 100% RH for
6 d, during which time the water content of the embryos decreased
to about 68% or remained at about 74%, respectively. Free ABA and
its glucopyranosyl ester (ABA-GE) in the embryos were determined
by HPLC-ELISA method. All values are means = st of five replicates.

Free ABA ABA-GE

Treatment

pmol/mg fresh wt

Freshly harvested 10.2 = 0.7 3.5+0.2
6 d at 90% RH 11.8 = 1.1 53*05
6 d at 100% RH 8.7 £ 0.8 26 *0.3
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anism(s) of osmosensing in plants is unknown. Osmosen-
sors such as those in yeast (Posas et al., 1996) may be
responsible, but to our knowledge, none has been identi-
fied. The subsequent signal transduction chain in wheat
embryos does not appear to be initiated specifically by
ABA, as it can be in plant responses to water stress, because
the signal (water loss) does not cause an increase in the
ABA content. Nonetheless, ABA may participate, as the
evidence suggests for other species such as barley and
Arabidopsis (Bartels et al., 1988; Koornneef et al., 1989;
Ooms et al., 1993; Tetteroo et al., 1994; Kermode, 1997). For
now, other components of the transduction chain must
remain the subject of speculation, but it is likely that they
include factors that are being characterized with respect to
the responses of vegetative tissues to drought and other
stresses (Bohnert and Sheveleva, 1998).

The acquisition of desiccation tolerance has been sug-
gested to depend on various carbohydrates such as Suc,
raffinose-family oligosaccharides, and the Gal cyclitols
(Horbowicz and Obendorf, 1994; Vertucci and Farrant,
1995; Obendorf, 1997). Most of the evidence for this comes
from the observation that the carbohydrates accumulate
during seed maturation, accompanying (apart from Suc, in
which accumulation starts earlier) the development of tol-
erance (e.g. Chen and Burris, 1990; Leprince et al., 1990;
Horbowicz and Obendorf, 1994; Black et al., 1996; Oben-
dorf, 1997). Also, raffinose and stachyose are reported to
appear in soybean axes only when detached seeds are held
under conditions that provoke desiccation tolerance (Black-
man et al., 1992). There are also several indications that in
the case of raffinose and Suc tolerance is established as the
raffinose-to-Suc ratio increases above a specific value
(Chen and Burris, 1990). The evidence in wheat embryos
stands against the idea that tolerance is achieved via an
effect of raffinose. The most important argument is that
there is no or barely detectable raffinose production under
the water loss (1-2 d) that can bring about desiccation
tolerance. Additionally, under certain conditions (“wet”
embryos) the raffinose concentration and the raffinose-to-
Suc ratio both increase to values similar to those in tolerant
embryos, but no desiccation tolerance sets in. The latter
point contrasts with the situation in soybean as reported by
Blackman et al. (1992), in which embryonic axes of seeds
held wet fail to produce the raffinose-family oligosaccha-
rides. It appears, therefore, that in wheat embryos raffinose
biosynthesis develops relatively slowly and is initiated by
grain detachment or when a certain age is reached, or both.
Over the long term (6 d) raffinose accumulates in all parts
of the embryo in detached wheat grains under conditions
in which desiccation tolerance develops. Suc contents also
increase (data not shown), presumably at the expense of
endosperm carbohydrates), and the raffinose-to-Suc ratio
increases.

Although raffinose is not essential for the development
of tolerance, conditions that induce tolerance (water loss)
do, however, enhance the buildup of raffinose, even
though water loss is not necessary for the latter to begin.
After 6 and 9 d, for example, there was about 4 and 2 times,
respectively, the amount of raffinose per embryo in em-
bryos that experienced water loss than in those that did not

(Fig. 4). In young embryos (16 and 18 daa) subjected to
water loss for times during which they reach 22 daa, raf-
finose contents increased substantially, whereas in those
embryos that remained in planta for 22 daa raffinose was
almost undetectable. These findings suggest that raffinose
biosynthesis can be regulated at three levels: (a) by a time-
dependent program, (b) by detachment from the parent
plant (ovular abscission), and (c) by incipient drying. The
fact that the latter possibility presents the most favorable
conditions indicates that metabolic processes involved in
raffinose formation can progress adequately even at water
potentials more negative than normal.

The mechanism by which incipient drying enhances raf-
finose accumulation is a matter for speculation. Several
metabolic processes in seeds are known to be affected by
dehydration, which in some cases regulates proteins at the
level of gene expression (Cornford et al., 1986; Jiang and
Kermode, 1994). Stages in raffinose biosynthesis might be
similarly affected, although Blackman et al. (1992) con-
cluded from their studies in soybean that galactinol syn-
thase and raffinose synthetase are not likely to be points at
which regulation occurs.

Our findings, like those of Bochicchio et al. (1997) in
maize, cast doubt on a specific requirement for raffinose in
the establishment of desiccation tolerance. Nonetheless,
raffinose begins to accumulate at about the time when
tolerance is initiated; therefore, the question remains what
part does the oligosaccharide (and related ones) play. A
positive correlation between seed longevity and oligosac-
charide content and oligosaccharide:Suc has been found in
several species (Bernal-Lugo and Leopold, 1992; Horbo-
wicz and Obendorf, 1994; Liu and Huang, 1994; Steadman
et al., 1996), and we have evidence that this is also the case
in wheat (M. Black, H. Gee, and C. Cornford, unpublished
data). The enhanced production of raffinose in response to
the dehydration signal might be a preparation to maximize
future longevity of the dried embryo rather than to initiate
tolerance to desiccation. Thus, the assumption, which is
often made or implied, that raffinose and other oligosac-
charides play equivalent roles in the acquisition of desic-
cation tolerance, in storability, and in longevity should be
reexamined.

The LEA proteins are thought to participate in desicca-
tion tolerance (Dure, 1993; Close 1996; Han et al., 1997;
Kermode, 1997). In orthodox seeds they have been studied
generically as heat-stable proteins (e.g. Blackman et al.,
1991; Kermode, 1997) or more specifically as the class II
LEAs, the dehydrins (Gee et al., 1994; Wechsberg et al.,
1994). Western blots show that a dehydrin-like protein of
approximately 25 kD is just detectable in 22-daa wheat
embryos in planta but appears strongly at 24 daa, i.e. at the
onset of desiccation tolerance. Detachment of 20-daa grains
induces a very strong dehydrin signal after 1 d (i.e. at 21
daa) and an even stronger signal after 3 d. Because there
are no discernible differences in signal strength between
embryos that will (incipient drying) or will not (no water
loss) become desiccation tolerant, we must conclude that
dehydrin accumulation is not regulated by factors that
specifically control the induction of tolerance. Instead, it
would appear that the dehydrin-like protein is produced in
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response to grain detachment (ovular abscission), even
when this is not followed by dehydration, as was con-
cluded for soybean (Blackman et al., 1991). Our findings in
wheat on the beneficial effects of detachment are therefore
consistent with the possibility that in planta there is a
maternal suppression of dehydrin accumulation by the
embryos that is relieved by ovular abscission (Galau et al.,
1987).

If dehydrins participate in the initiation of desiccation
tolerance by incipient drying, they are unlikely to do so, in
wheat embryos, by an interaction with raffinose, as sug-
gested for soybean (Blackman et al., 1992), because this
oligosaccharide is not consistently present when embryos
are induced into tolerance. The effect of decreased water
potential in inducing desiccation tolerance, therefore, must
operate through some other mechanism that is now obscure.
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