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This study establishes a relationship between desiccation tolerance and the transfer of amphiphilic molecules from the
cytoplasm into lipids during drying, using electron paramagnetic resonance spectroscopy of amphiphilic spin probes
introduced into imbibed radicles of pea (Pisum sativum) and cucumber (Cucumis sativa) seeds. Survival following drying and
a membrane integrity assay indicated that desiccation tolerance was present during early imbibition and lost in germinated
radicles. In germinated cucumber radicles, desiccation tolerance could be re-induced by an incubation in polyethylene glycol
(PEG) before drying. In desiccation-intolerant radicles, partitioning of spin probes into lipids during dehydration occurred
at higher water contents compared with tolerant and PEG-induced tolerant radicles. The difference in partitioning behavior
between desiccation-tolerant and -intolerant tissues could not be explained by the loss of water. Consequently, using a
two-phase model system composed of sunflower or cucumber oil and water, physical properties of the aqueous solvent that
may affect the partitioning of amphiphilic spin probes were investigated. A significant relationship was found between the
partitioning of spin probes and the viscosity of the aqueous solvent. Moreover, in desiccation-sensitive radicles, the rise in
cellular microviscosity during drying commenced at higher water contents compared with tolerant or PEG-induced tolerant
radicles, suggesting that the microviscosity of the cytoplasm may control the partitioning behavior in dehydrating seeds.

Anhydrobiotic organisms have the ability to with-
stand the removal of most of their cellular water
(Crowe et al., 1992, 1997; Leprince et al., 1993; Ver-
tucci and Farrant, 1995). There is a general consensus
that survival in the dried state involves the protec-
tion of proteins and retention of membrane func-
tional integrity upon desiccation and rehydration
(Crowe et al., 1992, 1997; Hoekstra et al., 1997). Sev-
eral strategies for coping with desiccation have been
identified in seeds and pollens. Among molecules
that are able to offer protection, the oligo- and disac-
charide family (Crowe et al., 1992) and the so-called
late embryogenesis abundant proteins (Close, 1996;
Kermode, 1997) have received the most attention. It
has been proposed recently that a concerted down-
regulation of energy metabolism during desiccation
(Leprince and Hoekstra, 1998; Leprince et al., 1999) is
required to ensure survival in the dried state. A
repressed metabolism, together with the combined
free-radical processing systems, is thought to allevi-
ate the chances of producing toxic reactive O, species
that are responsible for free-radical injury (Senaratna
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and McKersie, 1986; Leprince et al., 1994, 1995; Le-
prince and Hoekstra, 1998).

Current evidence indicates that tolerance of desic-
cation is a multifactorial trait. Organisms will only be
able to survive drying if all the mechanisms and
conditions necessary for desiccation tolerance are
present in the system (Leprince et al., 1993). There are
a number of reports in which desiccation tolerance is
achieved without the co-operation of one of the pro-
tecting factors (Blackman et al., 1992; Hoekstra et al.,
1994, 1997; Black et al., 1999; Pammenter and Berjak,
1999). There are also examples showing that
desiccation-sensitive tissues may accumulate signifi-
cant amounts of late embryogenesis abundant pro-
teins and/or sugars (Vertucci and Farrant, 1995;
Black et al., 1999; Pammenter and Berjak, 1999). In the
light of these data, it is sensible to assume that,
considering the complexity of desiccation tolerance,
many mechanisms yet to be discovered are likely to
participate in the acquisition of desiccation tolerance.

It is well established that many small amphiphilic
molecules partition into membranes with consider-
able biological effects both in the hydrated and dry
state. For instance, the transfer of molecules from the
cytoplasm to the membranes is the basis for the drug
potency of anesthetic compounds and antibiotic pep-
tides (Janoff et al., 1981; Herbette et al., 1983; Go and
Ngiam, 1997). A wide range of secondary metabolites
with amphiphilic properties (e.g. carvacrol, thymol)
have been found to possess strong antimicrobial ac-
tivity (Ultee et al., 1998, 1999). Thermodynamic prin-
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ciples underlying partitioning into lipid bilayers
have been applied to predict the insertion and fold-
ing of proteins into membranes (for review, see
White and Wimley, 1994). In anhydrobiotes, the
physiological significance of partitioning has been
recently recognized (Golovina et al., 1998; Hoekstra
et al., 1999). Using electron paramagnetic resonance
(EPR) spectroscopy on dehydrating cattail (Typha
latifolia) pollen, these authors observed the transfer of
amphiphilic nitroxide spin probes from the cyto-
plasm into lipids during drying, indicative of a re-
distribution of these molecules accompanying
changes in water content. In the hydrated state, the
spin probes are partitioned between the aqueous cy-
toplasmic and lipid phase in a certain ratio of con-
centrations corresponding to a chemical equilibrium
(Marshall, 1978; Chan and Dill, 1997). Upon dehydra-
tion, the amounts of amphiphilic spin probe present
in the lipids increased (Golovina et al., 1998). In the
dried state, the spin probes preferentially exist in the
lipid phase. Upon rehydration, the spin probes par-
titioned back from the lipids into the cytoplasm.

In dry systems, the partitioning of nitroxide spin
probes and endogenous amphiphilic substances ex-
tracted from pollen was found to fluidize membranes
and disturb the packing order of membrane compo-
nents, resulting in an increased membrane perme-
ability (Hoekstra et al., 1997; Golovina et al., 1998;
Oliver et al., 1998). This change in packing order was
proposed to result in a depression of the membrane
transition temperature, which could be a mechanism
to prevent imbibitional injury in pollen (Hoekstra et
al.,, 1997). Some endogenous biologically relevant
amphipaths that may undergo similar partitioning
effects as nitroxide spin probes are phenolic acids,
flavonoids, and alkaloids (Hoekstra et al., 1997;
Golovina et al., 1998). These molecules are present in
high concentrations in dry seeds, pollen, and resur-
rection plants (Larson, 1988; Golovina et al., 1998;
Oliver et al., 1998; Shirley, 1998). Furthermore, they
are known to be potent anti-oxidants (Larson, 1988;
Saija et al., 1995; Rice-Evans and Miller, 1996; Rice-
Evans et al, 1997). Characteristically, desiccation-
tolerant organisms are capable of evading damage
from oxidation and peroxidative reactions during
drying (Senaratna and McKersie, 1986; Leprince et
al., 1994, 1995). Therefore, partitioning of these am-
phiphilic anti-oxidants from the cytoplasm into the
membranes during drying may prevent desiccation-
induced oxidative damage.

In the hydrated state, partitioning of amphiphilic
molecules into membranes leads to disturbance of
membrane functions. For instance, amphiphilic mol-
ecules are known to alter membrane-bound enzyme
activities, such as oxidative phosphorylation (Rav-
anel et al., 1989; Takahashi et al., 1998) and Ca pumps
(Herbette et al., 1983). The antimicrobial properties of
carvacrol, which is a natural amphiphilic compound
present in oregano, have been found to be mediated
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by altering both membrane fluidity and membrane
potential of Bacillus cereus that was grown on various
media (Ultee et al., 1998, 1999). Thus, the above data
tentatively suggest that partitioning into lipids may
be beneficial when it has occurred in the dried state,
whereas it appears to be detrimental in the hydrated
state.

Increase in membrane permeability, loss of mem-
brane function, and disturbances in metabolism upon
drying are characteristics of desiccation-sensitive tis-
sues (Crowe et al., 1992; Leprince et al., 1993, 1999,
2000; Vertucci and Farrant, 1995). Therefore, this
raises the question if the redistribution of endoge-
nous amphiphilic substances during drying is asso-
ciated with the loss of membrane integrity and des-
iccation tolerance. Prior to investigating this
hypothesis, it is essential to document the behavior of
the redistribution of amphipaths during drying in
association with desiccation tolerance. Using EPR
spectroscopy, we studied in situ the effects of drying
on the partitioning of nitroxide spin probes as model
amphiphilic molecules in relation with desiccation
tolerance. To this purpose, imbibed pea (Pisum sati-
vum) and cucumber (Cucumis sativa) seeds were cho-
sen as representatives of starchy and oily seeds, re-
spectively. Furthermore, in germinated cucumber
seeds that are desiccation sensitive, desiccation toler-
ance can conveniently be re-induced by an osmotic
stress for several days (Bruggink and van der Toorn,
1995). This physiological trait was used in this study
to ascertain the relationship between desiccation tol-
erance and partitioning.

This study aims to also identify the possible mech-
anisms underlying observed differences in partition-
ing behavior. The molecular mechanisms that ac-
count for the partitioning of molecules between
heterogeneous aqueous solvents (such as cytoplasm)
and the lipid phase are complex (Simon et al., 1979;
Janoff et al., 1981; White and Wimley, 1994; Chan and
Dill, 1997; Rowe et al., 1998). To gain insights into the
factors responsible for the desiccation-induced parti-
tioning of amphipaths into biological tissues, a two-
phase model system was developed using oil ex-
tracted from cucumber and sunflower seeds and an
aqueous phase in which the physical properties of
the solvent were manipulated by the addition of
cosolutes.

RESULTS

Stages of Desiccation Tolerance in Imbibed Pea and
Cucumber Radicles

Loss of desiccation tolerance was assessed using
viability and membrane integrity assays. After 42 h
of imbibition, cucumber seeds had not yet started to
germinate and exhibited a high survival percentage
after drying and rehydration (Table I). This was pre-
viously confirmed by an EPR spin probe technique

Plant Physiol. Vol. 124, 2000



Desiccation Tolerance and Partitioning

Table I. Germination, desiccation tolerance, and critical water content in pea and cucumber

radicles during imbibition

For each species, the imbibition treatment resulting in desiccation-tolerant and -intolerant radicles is
shown. Germination and desiccation tolerance represent the average (*sk) of three separate experi-
ments based on a population of 30 to 50 seeds. The critical water contents correspond to the onset of
membrane damage during drying and were obtained from Leprince et al. (2000). Water content is

expressed as g water/g dry wt.

% of Germinated

% of Desiccation Critical Water

Species Imbibition Treatment Seads Tolerance Content
Pea 24 h in Water 0 96 = 4 NAa
72 h in Water 94 + 2 0 1.2
Cucumber 42 h in Water 0 98 + 4 NA
72 h in Water 91 =3 1+1 0.3
72 h in Water + 7 NA 92 +2 NA
days at —1.5 MPa,
10°C

?A, Not applicable.

that assessed the integrity of plasma membranes
upon rehydration after different periods of drying
(Leprince et al., 2000). In 42-h-old imbibed radicles,
membrane permeability did not change significantly
before and after drying (Leprince et al., 2000). After
72 h of imbibition, 96.2% of seeds had germinated,
and their radicles were not able to survive drying
(Table I). From the relation between membrane per-
meability and water contents during drying (extract-
ed from data of Leprince et al., 2000), we found that
the rise in membrane permeability of 72-h-old im-
bibed radicles occurred only when the tissues were
dried below 0.3 g water/g dry weight (g/g) (Table I).
This water content is referred to as the critical water
content below, which membranes become sensitive
to drying. Re-induction of desiccation tolerance in
cucumber radicles can be brought about by exposing
germinated seeds to an osmotic and chilling stress
(Bruggink and van der Toorn, 1995; Leprince et al.,
2000). After incubating seeds at a water potential of
—1.5 MPa at 10°C for 7 d prior to dehydration, the
membranes of treated radicles remained intact
throughout drying and the radicles did not exhibit a
critical water content (Table I).

In pea, 24-h-old and 72-h-old imbibed radicles
were chosen to represent the desiccation-tolerant and
-intolerant stages, respectively. During dehydration
of the 24-h-old radicles the membrane permeability
remained unchanged (Leprince et al., 2000). In con-
trast, the 72-h-old radicles started to lose their mem-
brane integrity when the tissues were dried below 1.2
g/g (Table I).

Drying Induces a Redistribution of Amphiphilic
Molecules from Cytoplasm to Lipids

Amphiphilic molecules, such as the nitroxide spin
probes TEMPONE (4-ox0-2, 2, 6, 6-tetramethyl-1-
piperidinyloxy) and TEMPO (2, 2, 6, 6-tetramethyl-
1-piperidinyloxy), are distributed between the aque-
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ous and lipid phase so that chemical equilibrium is
achieved (Marshall, 1978; Tinocco et al., 1995). Dur-
ing drying, the EPR spectrum of TEMPONE in cu-
cumber radicles exhibited an increase in the ampli-
tude of the lipid peak and a decrease in the
cytoplasmic (aqueous) peak (Fig. 1). Thus, drying
induced movement of TEMPONE molecules from the
cytoplasm into the lipids. In this paper, such move-
ment will be referred to as a transfer process in
accordance with the literature (Simon et al., 1979;
White and Wimley, 1994; Chan and Dill, 1997; Go
and Ngiam, 1997).

The effect of drying on the transfer process of
TEMPONE and TEMPO that were introduced in
desiccation-tolerant tissues was studied (Fig. 2). The
transfer process during drying was assessed by plot-
ting the partitioning value as a function of water
content. In hydrated cucumber radicles, the parti-
tioning value of TEMPONE molecules was 30,
whereas in hydrated pea radicles, it was approxi-

1mT

1 1.02 g/g
2 0.77 glg
3 0.31g/g

Figure 1. EPR spectra of TEMPONE introduced in desiccation-
tolerant cucumber radicles dried to various water contents (ex-
pressed on a dry weight basis). The amplitudes of the lipid (L)
component and the aqueous cytoplasmic component (W) are indi-
cated in the high-field region of the top spectrum.
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Figure 2. Effect of drying on the partitioning value of two amphiphi-
lic nitroxides TEMPO and TEMPONE that were introduced in
desiccation-tolerant radicles of pea and cucumber before drying
(TEMPO, pea [¥]; TEMPONE, pea [®]; and TEMPONE, cucumber
[O]). Data represent two to four different drying experiments that
were pooled together.

mately 8. Such difference is attributable to the higher
amount of storage lipids in cucumber compared with
pea (Golovina et al., 1997, 1998). During the onset of
drying, no significant changes in the transfer process
occurred in each species. When a water content of
approximately 0.8 g/g was reached, the TEMPONE
molecules progressively moved into the lipid phase
with further drying as indicated by an increase in the
partitioning value (Fig. 2). Note that the onset of
transfer of TEMPONE in pea and cucumber radicles
occurred at approximately the same water content.
Below 0.2 g/g, a powder spectrum appeared, indi-
cating that part of the spin probe became immobi-
lized (data not shown). This made it impossible to
determine the partitioning value accurately; subse-
quently, spectra of samples containing less that 0.2
g/g were not analyzed.

The effect of polarity of the spin probes on the
transfer process during drying was studied in pea
radicles (Fig. 2). TEMPO is a more apolar molecule
than TEMPONE. Because TEMPO has a higher chem-
ical affinity with hydrophobic solvent than TEM-
PONE, a higher amount of TEMPO molecules is ex-
pected to be present in the lipid phase. This is
illustrated in Figure 2 where the partitioning value of
TEMPO in hydrated radicles of pea was 40, com-
pared with 8 for TEMPONE. Figure 2 shows that the
partitioning behavior of TEMPO is also sensitive to
the loss of water. In cucumber axes (data not shown),
the partitioning value for TEMPO in the hydrated
state was already 90, which made it impossible to
follow the transfer process during drying. It can be
observed that the moisture content at which an en-
dogenous natural amphipath moves from the cyto-
plasm to the lipid phase during drying depends on
its polarity.
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Desiccation-Tolerant and -Intolerant Tissues Exhibit
Differential Transfer of Amphiphilic Spin
Probes during Drying

The desiccation-induced transfer of amphiphilic
molecules in desiccation-tolerant radicles prompted
the question of whether this redistribution was sim-
ilar in desiccation-intolerant tissues. Because parti-
tioning of amphipaths into membranes affects the
physical properties and functionality of membranes
(Herbette et al., 1983; Ravanel et al., 1989; Golovina et
al., 1998; Rowe et al., 1998; Takahashi et al., 1998), the
onset of the transfer of these molecules into the lipids
during drying might be important to desiccation
tolerance.

To assess the relation between partitioning and
desiccation tolerance, the transfer process of TEM-
PONE into the lipids during drying was compared in
desiccation-tolerant and -intolerant radicles of pea and
cucumber (Fig. 3). In desiccation-intolerant radicles of
pea, the curve representing the relation between par-
titioning value and water content during drying was
significantly above that of desiccation-tolerant pea
radicles (Fig. 3A). Thus, the transfer of TEMPONE
occurred at higher water contents during drying in

100

80

60

40

20

80 -

Partitioning value

60

40 |

20 -

PEG-induced DT

oLt vy
00 04 08 12 16 20 24 28

Water content, gH,O g dw™

Figure 3. Partitioning values of TEMPONE introduced in radicles of
pea (A) and cucumber (B) as a function of water content during
drying of desiccation-tolerant (@), -intolerant (O), and PEG-induced
tolerant radicles (A). For each treatment data of two to four indepen-
dent drying experiments are shown together.
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desiccation-intolerant tissues than in tolerant ones.
When tolerant and sensitive tissues were dried below
0.4 g/g, almost all TEMPONE molecules had parti-
tioned into the lipids.

In desiccation-tolerant cucumber radicles, drying
did not substantially affect partitioning values until a
water content of 0.8 g/g was reached. Reducing the
water content below this value resulted in a steep
increase in the transfer process of TEMPONE. In
desiccation-sensitive radicles, initial drying did not
induce noticeable changes in partitioning value until
the tissue water content reached 1.4 g/g. Thereafter,
partitioning values increased steeply with decreasing
water content. Comparison of the partitioning behav-
ior of desiccation-sensitive radicles with desiccation-
tolerant tissues revealed that <1.0 g/g, the partition-
ing curve of sensitive tissues was positioned above
that of desiccation-tolerant radicles, and that the on-
set of the transfer process commenced at higher wa-
ter contents in desiccation-sensitive tissues (Fig. 3).

Figure 3 shows that, at the onset of drying, the
partitioning value in desiccation-sensitive cucumber
radicles was lower than in tolerant radicles. This
difference in partitioning value between hydrated
desiccation-sensitive and -tolerant tissues likely orig-
inated from differences in lipid content (33.0 * 2.9%
and 25 * 2.9% dry weight for desiccation-tolerant
and -sensitive tissues, respectively). This interpreta-
tion can also be deduced from Figure 2, where cu-
cumber seeds (high oil content) are compared with
pea seeds (low oil content). The partitioning value of
TEMPONE in hydrated cucumber radicles is higher
than that in pea radicles with similar water contents.

An osmotic treatment that re-induced desiccation
tolerance in sensitive radicles of cucumber was used
to further establish the relationship between desicca-
tion tolerance and the differential transfer of amphi-
paths into the lipid environment upon drying (Table
I, Fig. 3B). At the onset of drying, the transfer process
of TEMPONE in polyethylene glycol (PEG)-treated
radicles was similar to that of desiccation-intolerant
tissues. However, the onset of the partitioning com-
menced at lower water contents compared with
desiccation-intolerant tissues. Note that correction of
the water contents due to changes in oil contents
(25 = 29% and 220 * 1.7% dry weight for
desiccation-intolerant and PEG-treated tolerant
radicles) did not significantly change the position of
the partitioning curves, and therefore could not ac-
count for the differential transfer. At water contents
<0.8 g/g, the curve representing partitioning values
as a function of water content of the PEG-induced
tolerant radicles overlapped that of desiccation-
tolerant tissues. Thus, our data indicate that the onset
of the transfer process of amphipaths during drying
occurred at higher water contents in desiccation-
sensitive radicles than in tolerant ones.

The difference in partitioning behavior between
tolerant and intolerant tissues cannot stem from
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changes in tissue dry weight during germination.
Changes in dry weight would affect the expression of
the water content on a dry-weight basis, resulting in
an horizontal shift of the partitioning curves. The
actual changes in dry weight between the different
stages did not exceed 7% (data not shown). When the
curves of the partitioning values in Figure 3 were
corrected for the changes in dry weight between the
different treatments, no significant changes in the
outcome of the results were found (data not shown).
We calculated that to account for the difference in
partitioning values found in this study the decrease
in dry weight in desiccation-intolerant tissues should
have been approximately 40%.

Causes of Desiccation-Induced Transfer of
Amphiphilic Molecules

The differential onset of partitioning of amphiphi-
lic spin probes during drying between desiccation-
tolerant and -intolerant tissues led us to investigate
possible causes for such a difference. The causes for
transfer of amphipaths into lipids have been exten-
sively studied in model systems using thermody-
namics and molecular dynamics (De Young and Dill,
1988; Chan and Dill, 1997, Rowe et al., 1998). The
roles of chemical affinity (i.e. hydrophobicity and/or
polarity of both amphipaths and solvents), the
changes in solvent volume and the composition of
the solvent, in partitioning (Marshall, 1978; Chan and
Dill, 1997) have been well established. Using a two-
phase model system composed of extracted cucum-
ber oil and water, we studied how changes in phys-
ical properties of the aqueous solvent affect the
transfer process of TEMPONE into oil.

The change in volume of free water in the cyto-
plasm has been considered as a factor involved in
desiccation-induced partitioning of TEMPONE intro-
duced in pollen (Golovina et al., 1998). To check this
possibility in our material, the transfer process of
TEMPONE was monitored in a cucumber oil/water
system in which the volume of the water was re-
duced by decreasing the water/oil ratio (Fig. 4). A
reduction of water volume from 5 to 0.5 induced an
increase in the partitioning value of TEMPONE from
5 to 40, indicating that the reduction of water volume
in our biological material will induce the transfer
process of amphiphilic molecules during drying.
However, a reduction of water volume cannot ex-
plain the observed differences in water contents cor-
responding to the onset of the partitioning value in
desiccation-tolerant and -intolerant tissues during
drying (Fig. 3). A reduction in water volume during
drying can be translated into a reduction of water
content. Yet, Figure 3 demonstrates that differences
in transfer behavior between desiccation-tolerant and
intolerant tissues still persist when the partitioning
values are expressed as a function of tissue water
content.

1417



Buitink et al.

100

Partitioning value

0 1 2 3 4 5
Water volume / oil volume

Figure 4. Effect of decreasing aqueous volumes on the partitioning
value of TEMPONE in a two-phase model system consisting of
various amounts of water and a constant amount of storage oil
extracted from cucumber seeds.

Changes in intrinsic properties of the aqueous sol-
vent consequently were thought to be responsible for
differences in partitioning in vivo. Therefore, the
properties of the aqueous solvent of a two-phase
model system consisting of water and sunflower oil
were altered by the addition of a range of different
co-solutes that are known to affect polarity, pH, con-
ductivity, and viscosity (Table II). The amount of
spin probe and oil/water ratio was kept constant.
Table II shows that changes in the solvent conduc-
tivity using CaCl, and CsCl, or changes in pH had
no or very little effect on the transfer process of
TEMPONE. However, high concentrations of glyc-
erol, dimethyl sulfoxide (DMSO), or sugars (Glc or
Suc) were able to significantly induce the transfer

of TEMPONE into the oil. In contrast to Tris (tris-
[hydroxymethyllJaminomethane) and salts, high
amounts of dissolved DMSO, glycerol, Glc, and Suc
have a substantial effect on the solution viscosity
(Table II). Thus, the increase in viscosity may induce
the transfer of TEMPONE molecules into the oil
phase. This was confirmed in Figure 5 using glycerol
and Suc solutions of known viscosity in the water/
sunflower oil system. For both compounds mole-
cules, a significant linear relationship was found be-
tween the viscosity of the aqueous solution and the
partitioning value. However, the slopes of the regres-
sions were found to be different, suggesting that an
additional factor is responsible for the transfer of
TEMPONE into the oil phase.

Changes in Cellular Viscosity in Relation to
Desiccation Tolerance

To assess whether changes in viscosity during dry-
ing may account for the desiccation-induced transfer
process of TEMPONE in our biological material, the
microviscosity of the cytoplasm was measured using
the polar spin probe 3-carboxy-proxyl (CP). Being a
polar spin probe, CP was not present in the lipid
phase of the cells within the range of water contents
studied here (data not shown). In pea, the cellu-
lar microviscosity in both desiccation-tolerant and
-intolerant radicles increased upon drying (Fig. 6A).
Before drying, the cellular microviscosity was higher
in desiccation-intolerant radicles than in tolerant tis-
sues. At any given water content during drying, the
cytoplasm of desiccation-intolerant radicles exhibited
a viscosity approximately 2-fold higher than that of
tolerant tissues.

Table II. Effect of various co-solutes on the partitioning of TEMPONE in a two-phase model system

(water:sunflower oil, 1:1 [v:v]) at 22°C

Solutes were chosen according to the nature of their concentrative effect on the dielectric constant
of aqueous solution (conductance, hydrogen bonding, and ionization). The amounts of added co-
solutes are expressed both on a volume and a mole fraction basis. Data are the average of duplicates
(SD < 1%). Partitioning data are expressed as an increase in partitioning (P) value compared with values
of the water control (average of seven replicates [*sD] is shown in brackets). Relative viscosity of the
aqueous solutions were determined experimentally using EPR and Eq. 2 (see “Materials and Methods”)
except for CaCl, and CsCl,, which were taken from Wolf et al. (1986).

Co-Solute Concentration Mole Solvent Properties Relative Increase in P
Fraction Altered Viscosity /7, Value (AP)

None 0 1.00 0(10.8 £ 0.01)
CaCl, 25% (wW/v) 0.04 Conductivity 2.75 3.30
CsCl, 1% (w/v) 0.01 Conductivity 0.99 0.94
CsCl, 15% (W/v) 0.02 Conductivity 0.96 0.98
Tris, pH 2.6 50 mm 8x107* lonization 1.01 0.39
Tris, pH 5.3 50 mm 8x10~* lonization 1.01 0.44
Tris, pH 6.6 50 mm 8x107* lonization 1.01 0.39
Tris, pH 9.1 50 mm 8x107* lonization 1.01 0.57
DMSO 75% (v/v) 0.408 Hydrogen bonding 1.53 6.81
Glycerol 40% (V/v) 0.061 Hydrogen bonding 2.01 6.00
Glycerol 75% (v/v) 0.369 Hydrogen bonding 27.57 45.1
Glc 60% (W/v) 0.13 Hydrogen bonding 3.76 33.2
Suc 75% (w/v) 0.14 Hydrogen bonding 10.61 61.2
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Figure 5. Effect of viscosity on the partitioning value of TEMPONE in
a two-phase model system consisting of equal volumes of sunflower
oil and aqueous solvent. Viscosity in the aqueous phase was manip-
ulated by adding various amounts of glycerol (@) or Suc (O). For
glycerol, two independent experiments are shown together, whereas
for Suc, the average of duplicate samples (%sp) is shown. Viscosity
was experimentally determined using TEMPONE EPR spectroscopy
(Eg. 2) in the presence and the absence of the compounds in the
solution. Viscosity values are expressed as a relative value compared
to the viscosity of pure water (n,). Data were fitted with linear
regressions (r? indicated).

In cucumber, the cellular microviscosity remained
constant during the onset of drying from 1.2 g/g to
0.6 g/g and from 2.6 g/g to 1.6 g/g for desiccation-
tolerant and -intolerant radicles, respectively (Fig. 6B).
When tissues were dried below these values, micro-
viscosity of the desiccation-intolerant cytoplasm of cu-
cumber radicles was considerably higher than that of
tolerant radicles. In PEG-induced tolerant cucumber
radicles, the desiccation-induced increase in microvis-
cosity was intermediate between tolerant and intoler-
ant tissues (Fig. 6B). In these tissues, microviscosity
remained constant during drying until a water content
of 0.9 g/g was reached, thereafter it increased sharply.
The pattern of increase resembled that of 42 h-imbibed
radicles, suggesting that cellular viscosity could be
linked to desiccation tolerance, as suggested earlier
(Leprince and Hoekstra, 1998).

On account of our observations from the two-phase
model system (Fig. 5), the differential increase in
viscosity between desiccation-tolerant and -sensitive
tissues may explain the difference in partitioning
behavior. This was assessed by plotting the values of
cellular microviscosity obtained during drying (Fig.
6) as a function of partitioning values of TEMPONE
(Fig. 3) in pea and cucumber. For pea, the relation-
ships between partitioning values and cellular micro-
viscosity for both desiccation-tolerant and -intolerant
tissues were overlapping each other (Fig. 7A). Simi-
larly, the relation obtained from desiccation-
intolerant and PEG-induced tolerant radicles of cu-
cumber (Fig. 7B) overlapped each other perfectly,
suggesting that intracellular viscosity is regulating
the transfer process of amphiphilic molecules during
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drying. However, partitioning values of desiccation-
tolerant radicles of cucumber increased at a much
lower viscosity than those of sensitive and PEG-
induced tolerant tissues. This difference can be traced
back in Figure 3, which shows that the partitioning
value in hydrated tissues is 3.2-fold higher in tolerant
than in sensitive axes. Such difference corresponds
approximately to the shift found in the viscosity/
partitioning relationship between desiccation-tolerant
and -sensitive tissues (Fig. 7B). Therefore, it is the
initial partitioning value of the hydrated desiccation
tolerant tissues that is responsible for the differences
exhibited in Figure 7B. However, at viscosities rising
from 0.02 and 0.08 N m ™2 s, both relationships have a
similar slope, reinforcing the argument that the shift in
the viscosity /partitioning curve is due to a difference
in partitioning value before drying. This difference in
absolute partitioning values between hydrated toler-
ant and sensitive cucumber axes originates from dif-
ferences in oil contents, as demonstrated earlier.
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> 00 04 08 12 16 20 24
o n
8 C cucumber B
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001 L 0 v v

00 04 08 12 16 20 24
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Figure 6. Effect of drying on the cellular microviscosity in pea (A)
and cucumber (B) radicles at different stages of germination
(desiccation-tolerant [@], -intolerant [O], and PEG-induced tolerant
[A]). Microviscosity was measured by EPR spectroscopy using CP as
a polar spin probe. Data represent two to four independent drying
experiments that are pooled together. Data were fitted with fourth-
order polynomial regressions (r* > 0.96), except for desiccation-
tolerant cucumber, where an asymmetric function was used (r? =
0.87).
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Figure 7. The relation between partitioning value of TEMPONE (de-
rived from Fig. 3) as a function of the cellular microviscosity in pea
(A) and cucumber (B) during drying of desiccation-tolerant (@),
-intolerant (O), and PEG-induced-tolerant (A) radicles. Values of the
cellular viscosity were obtained from water content values by inter-
polation of the fitted curves shown in Figure 6.

DISCUSSION

Using EPR spectroscopy of nitroxide spin probes
introduced into imbibed radicles of pea and cucum-
ber, this study assessed the transfer process of am-
phiphilic molecules into lipids in dehydrating
desiccation-tolerant and -intolerant tissues. As previ-
ously shown for dehydrating pollen (Golovina et al.,
1998), the water removal from seed tissues induced
the transfer of both TEMPO and TEMPONE (am-
phiphilic spin probes of different polarity) into the
lipids (Figs. 2 and 3). Figure 3 shows that the onset of
the transfer process occurred at higher water con-
tents in desiccation-intolerant radicles than in toler-
ant radicles during drying. The relationship between
desiccation tolerance and early partitioning during
drying was ascertained with cucumber seeds using
PEG treatments, which can re-induce desiccation tol-
erance in germinated sensitive radicles (Bruggink
and van der Toorn, 1995; Table I).

Transfer of Amphiphilic Compounds into the
Lipids during Drying Relates to
Increase in Viscosity

The observation that desiccation-tolerant and
-sensitive tissues exhibited a differential transfer pro-
cess of TEMPONE upon drying raised the question of
what factors can be responsible for this difference. As
mentioned before, changes in dry weight during ger-
mination cannot account for the different partition-
ing behavior. In addition, the observed changes in
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lipid contents of the different stages did not account
for the differences in partitioning behavior between
tolerant and intolerant tissues. In desiccation-
intolerant radicles of cucumber, the amount of lipid
is reduced by 25% compared with tolerant tissues.
Our in vitro partitioning study on two-phase model
system (Fig. 4) shows that the lower the amounts of
lipids, the lower the partitioning value. Considering
that the lipid content decreased in intolerant tissues,
this would result in a decrease in partitioning value,
which is contrary to our observations (Fig. 3). There-
fore, the difference in partitioning behavior between
desiccation-tolerant and -intolerant radicles is not an
artifact due to differences in lipid contents or in
water volume to lipid volume ratio between these
tissues.

This study has identified three main factors that
drive the transfer process of nitroxide spin probes
during desiccation: (a) polarity of the amphiphilic
compounds (Fig. 2); (b) change in water volume dur-
ing drying (Fig. 4); and (c) cellular viscosity (Table II;
Figs. 6 and 7, A and B). Various thermodynamic
models have demonstrated that both polarity (i.e.
chemical affinity) and change in water volume (i.e.
change in mole fraction of solutes) control the equi-
librium concentration of amphipaths between oil and
aqueous phases (Tinocco et al., 1995; Chan and Dill,
1997; Go and Ngiam, 1997). The importance of the
change in volume in the transfer process is illustrated
in the in vitro model system where the volumes of
the aqueous (Fig. 4) or lipid (Fig. 7C) phase were
manipulated. Both polarity and reduction in volume
of free water were assumed to be responsible for
transfer of spin probes from and into lipids in cattail
pollen subjected to drying and rehydration regimes
(Golovina et al., 1998).

However, in our material, neither polarity nor
change of water volume could account for the differ-
ential transfer of TEMPONE between desiccation-
tolerant and -sensitive radicles. This can be clearly
seen in Figure 3, where partitioning values are plot-
ted as a function of water content, which can be
translated into volume. Figures 5 and 6 and Table II
indicate that the rise in cellular viscosity during dry-
ing may be regarded as a key factor driving the
transfer process of amphiphilic compounds into the
lipids of seed tissues. Furthermore, Figure 5 and
Table II indicate that an additional factor besides
viscosity is influencing the transfer process. Because
the co-solutes that affect viscosity contain several
hydroxyl groups, this additional factor could be re-
lated to hydrogen bonding between co-solutes and
TEMPONE.

At the molecular level, the link between cellular
viscosity and transfer behavior of TEMPONE may be
supported by theoretical considerations derived from
model systems. For many years, the assumption has
been made that the mole fraction of solvent and
solutes (so-called entropy of mixing [i.e. the change

Plant Physiol. Vol. 124, 2000



in entropy resulting from the introduction of the
amphipaths in each phase]) and chemical affinity
between solute and solvent can be used as thermo-
dynamic parameters to fully describe a partition phe-
nomenon (Marshall, 1978; White and Wimley, 1994).
However, there is increasing evidence suggesting
that molecular interactions between solutes and sol-
vents and additional forces (such as conformation of
molecules) may influence partitioning behavior of
amphiphilic molecules (De Young and Dill, 1988;
White and Wimley, 1994; Chan and Dill, 1997; Go
and Ngiam, 1997; Rowe et al., 1998). For instance,
steric interference of the solutes or any molecular
process that restricts rotational and translational free-
dom has a significant effect on partitioning. This is
particularly relevant when the solvents contain poly-
meric molecules such as polypeptides, which is prob-
ably the case for cytoplasm and lipids (White and
Wimley, 1994; Chan and Dill, 1997). The EPR spec-
troscopy method used in this study to assess viscos-
ity gives access to values of local viscosity (i.e. molec-
ular range) as opposed to viscosity at a macromolecular
scale (i.e. dynamic flow; Marsh, 1981; Roozen et al.,
1991; Leprince et al., 1999). High local viscosity restricts
rotational and translational movements of the spin
probes in each media. This restriction of movement
would then result in an energetically unfavorable
situation that will induce the transfer process into the
lipids.

Therefore, in the light of these observations and
extrapolating the data from our model system stud-
ies (Table II), we suggest that the impact of viscosity
on partitioning behavior of amphipaths in radicles
may stem from the rise in molecular crowding within
the cytoplasm and changes in hydrogen bonding
during drying. Our suggestion echoes that of Wolk-
ers (1998) who suggested that the control of molecu-
lar interactions through hydrogen bonding during
drying is important to achieve desiccation tolerance.
It is likely that desiccation-tolerant tissues may have
the capability of controlling both cellular microvis-
cosity and hydrogen bonding properties by changing
their cytoplasmic composition. The above sugges-
tions reinforce the consideration of cellular viscosity
as an emerging mechanism of desiccation tolerance
(Leprince and Hoekstra, 1998). Previously we
showed that viscosity depresses O, diffusion and
high metabolism rates during drying, both of which
have been implicated in the desiccation sensitivity of
seeds (Leprince and Hoekstra, 1998; Leprince et al.,
1999).

Desiccation Tolerance Is Related to Differential
Transfer of Amphipaths during Drying

The onset of desiccation-induced transfer of am-
phiphilic molecules occurred at higher water con-
tents in desiccation-sensitive tissues than in tolerant
ones (Fig. 3). This observation raises the question

Plant Physiol. Vol. 124, 2000

Desiccation Tolerance and Partitioning

whether there would be a possible relationship be-
tween partitioning and desiccation tolerance. It is
well documented that, at high water contents, am-
phipath partitioning leads to injurious effects to pro-
karyotes, plant, and animal systems. The interactions
of amphiphilic molecules with membranes result in a
direct damaging effect by perturbation of the mem-
brane properties (Herbette et al., 1983; Maher and
Singer, 1984; Saija et al., 1995; Hoekstra et al., 1997;
Golovina et al., 1998; Oliver et al., 1998; Ultee et al.,
1998, 1999). Flavonoids, a large family of amphipaths
that are present in seeds, induced a decrease in mem-
brane permeability of lipid vesicles that was propor-
tional to the amount of amphipaths introduced in the
lipid bilayers (Golovina et al., 1998; Oliver et al.,
1998; Hoekstra et al., 1999). In addition, the perturb-
ing effects of amphipaths on membranes are known
to cause metabolic dysfunction. Ultee et al. (1999)
have shown that carvacrol affects the membrane flu-
idity of prokaryotes in the hydrated state, leading to
a dissipation of the proton gradient, which in turn
induced a depletion of ATP and a drop in pH. Many
amphipaths such as flavonoid aglycones are able to
alter oxidative phosphorylation or impair electron
transfer in isolated plant mitochondria (Ravanel et
al., 1989; Takahashi et al., 1998). It is noteworthy that
various symptoms of desiccation-induced metabolic
dysfunction have been observed at high moisture
contents and before the onset of loss of membrane
integrity in recalcitrant seeds and germinating ortho-
dox seeds that had lost their tolerance (Leprince et
al.,, 1999, 2000). By analogy with these studies, it
could be argued that partitioning at too high water
contents (where metabolism is still highly active) of
endogenous amphipaths into the lipid phase during
drying may initiate a cascade of degradative reac-
tions. The high tissue water content would allow
these reactions to propagate during drying and may
ultimately lead to cell death in the dry state.

In this study, the water content region where a
difference in partitioning is evident does not match
the critical water content for membrane integrity (Ta-
ble I). However, this observation is not in contradic-
tion with a possible link between partitioning and
desiccation sensitivity. Figure 2 shows that the trans-
fer process of amphiphilic molecules into the lipid
phase is also dependent on the polarity of the mole-
cule. Thus, each type of molecule will redistribute at
different water contents during drying according to
their polarity. It follows that the range of water con-
tents for which the partitioning is different in
desiccation-tolerant and -intolerant tissues will de-
pend on the polarity of the amphiphilic molecule
studied. In respect with desiccation tolerance, the
water content range at which endogenous and poten-
tially harmful amphipaths may partition into mem-
branes needs further investigation. Nonetheless, re-
gardless of its polarity, any endogenous amphiphilic
molecule will redistribute to the lipids at a higher
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water content during drying in desiccation-intolerant
tissues than in desiccation-tolerant tissues.

During the latter stages of drying, an increasing
amount of amphipaths present in the cytoplasm will
partition into the lipids, irrespective of the initial
difference in the onset of the transfer process be-
tween desiccation-intolerant and -tolerant tissues. A
transfer process that occurs at a low-water content, at
which metabolism is dramatically reduced because of
a high-cellular viscosity (Leprince and Hoekstra,
1998), is unlikely to induce metabolic dysfunction
due to membrane disturbances. In effect, a transfer
process occurring at very low-water contents could
be advantageous for the long-term stabilization of
membranes in the dried state, considering the anti-
oxidant potential and/or membrane fluidizing prop-
erties of some endogenous amphipaths such as fla-
vonoids. Future studies are pending to ascertain
whether there is a link between partitioning into mem-
branes during drying and desiccation-induced damage.

MATERIALS AND METHODS
Plant Material and Treatments

Seeds of cucumber (Cucumis sativa cv Alfaris, Novartis,
Enkhuizen, The Netherlands) and pea (Pisum sativum cv
Karina, Nunhems Zaden, The Netherlands) were imbibed
for up to 72 h on wet filter papers at 20°C and 15°C,
respectively. To obtain desiccation-tolerant and -intolerant
tissues, pea and cucumber seeds were removed at different
intervals of imbibition. Pea seeds were subsequently dried
at room temperature under a flow of dry air (approximate-
ly 3% relative humidity [RH]) for 24 h and cucumber seeds
were dried in a container at 33% RH achieved by a satu-
rated K,CO; solution. Desiccation-tolerant cucumber and
pea radicles were obtained by imbibing seeds, respectively,
for 42 and 24 h, whereas intolerant radicles of both species
were obtained after 72 h of imbibition. To induce desicca-
tion tolerance in germinated cucumber radicles, 72-h-
imbibed seeds with a radicle length ranging from 2 to 4 mm
were submitted to an osmotic treatment (PEG 8000 solution
having a water potential of —1.5 MPa) at 10°C for 7 d
(Bruggink and van der Toorn, 1995). After the osmotic
treatment and drying, seeds were rinsed briefly in water
then re-imbibed on wet filter paper at 25°C. Growth of the
radicle was scored as a marker for desiccation tolerance.
Water contents were assessed gravimetrically by compar-
ing the sample weights before and after drying for 40 h at
96°C and are expressed on a dry weight basis.

Determination of Partitioning Behavior

TEMPONE and TEMPO are amphiphilic nitroxide spin
probes. According to their polarity characteristics, the spin
probes will distribute between the lipid and the aqueous
phase. This distribution can be assessed by EPR spectros-
copy because of differences in the isotropic hyperfine split-
ting constants of EPR spectra in the hydrophilic and hy-
drophobic environments (Marsh, 1981). Thus, the partition
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behavior of these amphiphilic molecules between lipid
(storage oil and membranes) and cytoplasm can be easily
monitored in situ on excised radicles. The spectrum of
TEMPO(NE) introduced into the seed tissues is the result
of a superposition of two spectra, corresponding to the spin
probe present in the cytoplasm (W) and lipids (L). The
spectra superposition is resolved in the high-field region as
two peaks (Fig. 1). Radicles of cucumber and pea were
incubated for 30 min in 1 mm of TEMPO or TEMPONE
solution at room temperature. After 15 min, 120 mm
K-ferricyanide was added to remove the spin probe signal
from the outside of the tissues and the intercellular spaces.

For in vitro partitioning experiments, we used two-
phase model systems consisting of oil (extracted from our
cucumber seeds or commercial sunflower oil) that was
added, in different proportions, to aqueous solutions con-
taining TEMPONE alone or codissolved with various con-
centrations of respectively CaCl,, CsCl,, DMSO, Tris, glyc-
erol, Suc, and Glc (Sigma, St. Louis). The amount of
TEMPONE was adjusted to obtain a constant concentration
of 250 uMm in the total mixture volume. Three to 5 uL of the
oil and aqueous solution was transferred into a 200-uL EPR
capillary that was sealed. The two phases were mixed by
centrifuging twice the solutions from top to bottom. After
24 h, spectra of the two-phase system were recorded when
the partitioning of the spin probe had reached equilibrium
(data not shown).

The distribution or partitioning of amphiphilic spin
probes at equilibrium between a lipid and a water phase
was quantified from the EPR spectra using the partitioning
value (Marsh, 1981):

P=[L/(L + W)] X 100 1)

where L and W are the amplitudes of the high-field peaks
of the spectrum originating from the spin probe being
present in the lipid or aqueous cytoplasmic phase, respec-
tively (Fig. 1). The amplitudes of the respective peaks were
considered to be a good approximation of the amount
dissolved in the lipid phase and water phase, respectively,
as demonstrated by Golovina et al. (1998).

Viscosity Measurements

The polar spin probe CP was used to determine the
microviscosity of the cytoplasmic environment of the cells
according to the methods described in Leprince et al.
(1999). Being very polar, CP was detected solely in the
cytoplasm (Buitink et al., 1998). Isolated radicles of pea and
cucumber were labeled for 60 min in a 1-mm CP solution at
room temperature. After 45 min of incubation, 200 mm
K-ferricyanide was added to remove the signal from the
outside of the tissues and the intercellular spaces. To obtain
the microviscosity, the rotational correlation time (r), cor-
responding to the lifetime of the spin probe in a given
orientation, was obtained from the EPR spectrum using the
equation developed by Knowles et al. (1976):

e = 6.5 X 10 AB[(he/ ) /? — 1] @)
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where B, is the width of the center field component in
Tesla, and he and hyy are the amplitudes of the central and
high-field components of the three-line nitroxide radical
spectrum, respectively. The rotational motion of the spin
probe was assumed to be isotropic. From 7, one can derive
the microviscosity, i.e. the local viscosity of the matrix in
which the spin probe is rotating, according to the modified
Stokes-Einstein equation (Roozen et al., 1991):

= MV/kDk+ 7 3)

where 1y is the rotational correlation time, 7 is the solvent
viscosity, k;, is Boltzmann’s constant, V the volume of the
rotating molecule (1.8 X 107%®* m® for CP), T the absolute
temperature, 7, is the rotational correlation time at zero
viscosity (which is negligible), and k is a dimension-less
slip parameter (0.09 for CP; Roozen et al., 1991).

EPR Spectroscopy

After the physiological treatments and labeling with the
appropriate nitroxide spin probe, isolated radicles were
dried on the bench (30%-40% RH, 20°C-22°C) for different
time intervals after which three pea axes or four cucumber
axes per drying treatment were sealed in EPR glass capil-
laries. EPR spectra were recorded with a Bruker X-band
EPR spectrometer (model 300E; Bruker Analytik, Rhein-
stetten, Germany) using a microwave power of 2 mW and
a modulation amplitude of 0.03 milliteslas (for TEMPO and
TEMPONE) or 0.1 milliteslas (for CP). After measurements,
the samples were retrieved from the capillaries, and their
water contents were determined as described above.

Lipid Extraction and Estimation of Storage Oil Content

Total lipids were extracted from 72-h-imbibed cotyle-
dons of cucumber with CHCl;-methanol using a modified
Folch’s procedure described by Hamilton et al. (1992). To-
tal lipids were used for in vitro oil-water partitioning ex-
periments. The storage oil content in radicles was esti-
mated by differential scanning calorimetry using known
amounts of isolated oil bodies as standards. In seeds, the
storage oil is located in small spherical intracellular or-
ganelles, termed “oil body.” Oil bodies were extracted and
purified by flotation according to Murphy and Cummins
(1989), then dried under 3% RH. Because oil bodies are
surrounded by a phospholipid monolayer and proteins, oil
bodies retain their in vivo integrity after drying (Murphy
and Cummins, 1989). Three dried radicles or known
amounts of dried oil bodies were sealed in aluminum pans
and scanned from —90°C to 25°C at 10°C/min in a Pyris-1
differential scanning calorimeter (Perkin-Elmer, Norwalk,
CT). The absence of water makes the melting of storage
lipids clearly visible. From the heating thermograms, the
melting enthalpies of lipids were determined using the
Pyris-1 software. The amount of storage lipid in cucumber
radicles was then estimated from lipid melting enthalpies
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using the relation between the known weight of isolated oil
bodies and their respective lipid melting enthalpies.

Experimental Design and Statistics

Tolerance of desiccation was tested at least three times
independently on 30 to 50 seeds per treatment. For the EPR
spectroscopy on biological material, the experimental unit
is a sample of three to four isolated radicles dried to a
certain moisture content. Experiments were replicated at
least three times to obtain an appropriate range of water
contents. Data from all experiments were pooled together
in a single graph. For the EPR spectroscopy on two-phase
systems, the various mixtures containing oil and aqueous
solutions were prepared and analyzed in duplicate.
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