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Abstract. The stress stability of membranes from 
two drought-tolerant plants (Craterostigma planta- 
gineum and Ceterach officinarum) was compared 
with that of  a drought-sensitive plant (Spinacia 
o[eracea) in model experiments. Thylakoids from 
these plants were exposed to excessive sugar or 
salt concentrations or to freezing. All stresses 
caused loss of membrane function as indicated by 
the loss of  cyclic photophosphorylation or the in- 
ability of the membranes to maintain a large pro- 
ton gradient in the light. However, loss of mem- 
brane functions caused by osmotic dehydration in 
the presence of sugars was reversible. Irreversible 
membrane damage during freezing or exposure to 
salt was attributed mainly to chaotropic solute ef- 
fects. The sensitivity to different stresses was com- 
parable in thylakoid membranes from tolerant and 
sensitive plants indicating that the stress tolerance 
of a plant can hardly be attributed to specific mem- 
brane structures which would increase membrane 
stability. Levels of  membrane-compatible solutes 
such as sugars or amino acids, among them pro- 
line, were much higher in the drought-tolerant 
plants than in spinach. Isolated thylakoids sus- 
pended in solutions containing an excess of sugars 
remained functional after dehydration by freeze- 
drying. This indicates that membrane-compatible 
solutes are important in preventing membrane 
damage during dehydration of poikilohydric 
plants. 
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Introduction 

Poikilohydric plants, sometimes also termed resur- 
rection plants, can tolerate loss of more than 95% 

Abbreviation: BSA = bovine serum albumin 

of the water contained in water-saturated metabol- 
ically active tissues (Walter 1955). During dehydra- 
tion, osmotic potentials increase from about 15 bar 
o r  less to more than 200 bar. In the dry state, gas 
exchange is no longer measurable in the tissues, 
but turgor is regained on rehydration and physio- 
logical processes such as respiration and photosyn- 
thesis are more or less rapidly restored. 

Only a very low percentage of higher plants 
are desiccation-tolerant. The vast majority do not 
withstand severe dehydration. When water loss ex- 
ceeds 60--80% of the water of  saturated tissues, 
so-called homoiohydric plants suffer irreversible 
damage. Water withdrawal subjects biomembranes 
to multiple stresses: mechanical stresses are pro- 
duced by drastic volume changes of cells and cellu- 
lar compartments during dehydration and rehy- 
dration. Chemical stresses are produced by increas- 
ing cellular solute levels caused by water loss. An 
excessive increase in electrolyte levels is known to 
interfere with stabilization of  thylakoids from spin- 
ach (Heber and Santarius 1964; Heber 1967; San- 
tarius 1969). Salts act on the membranes in a Hof- 
meister lyotropic power series (Heber et al. 1979). 
At high concentrations, they cause loss of peripher- 
al membrane proteins such as the coupling factor 
for ATP formation and NADP-reductase (Younis 
et al. 1979; Garber and Steponkus 1976; Heber 
et al. 1979). As a consequence of salt action, irre- 
versible loss of membrane functions is observed. 
Since membranes of resurrection plants obviously 
tolerate mechanical and solute stress, whereas 
membranes of  homoiohydric plants are sensitive, 
we wanted to know whether there are differences 
in stability of the membranes between the two 
groups of  plants which can explain the differences 
in stress tolerance. The drought-tolerant South 
African Craterostigma plantagineum (Scrophular- 
iaceae) (Gaff and Hallam 1974) and the mediterra- 
nean fern Ceterach officinarum (Oppenheimer and 
Halevy 1962) were used for our investigations. We 
have chosen to study the response of thylakoid 
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membranes from these plants to stress, because 
stress-induced alterations in biochemical activities 
can easily be measured. 

Materials and methods 

Plant material. The fern Ceterach officinarum Lam. et DC was 
collected at the Yugoslavian coast in July 1982. Plants were 
grown in the greenhouse at 25 ~ C day and 21 ~ C night tempera- 
ture at varying relative humidities and light intensities (maxi- 
mum 22 W m-2). Craterostigma plantagineum Hochst. had 
been collected in South Africa. Plants were held at a 17~ 
day, 16~ night temperature regime during summer. In the 
fall, after some dehardening had occurred, they were transferred 
to a 25 ~ C day, 21 ~ C night temperature regime and additional 
incandescent light was supplied (60 W m-2,  12 h photoperiod). 
All plants were watered regularly. Spinach (Spinacia oleraeea 
L. cv. Yates) was grown in the greenhouse under short-day 
conditions. Light intensity was about 130 W m -z. For all ex- 
perinaents leaves of comparable age were taken, i.e. leaves from 
spinach and Craterostigma were of similar size, those from Ce- 
terach of similar dark green colour with grey to brownish scales 
covering the lower epidermis (young leaves are light green and 
possess almost white scales). 

Leaf measurements. Exchange of gaseous CO 2 was measured 
by an infra-red technique (Dietz and Heber 1983). Simulta- 
neously, thylakoid energization was monitored by recording 
apparent absorbance changes at 535 nm (Heber 1969). The slow 
component is caused by changes in the magnitude of the trans- 
thylakoid proton gradient (K6ster and Heber 1982; Kobayashi 
et al. 1982), the fast component seen on illumination and dark- 
ening is caused by the electrochromic shift which peaks at 
518 nm and has a shoulder at 535 nm. This signal indicates 
the magnitude of a light-generated membrane potential (Junge 
1977). 

Isolation of thylakoids. The basic isolation medium contained 
0.33 M sorbitol, 2 mM ethylenediaminetetraacetic acid 
(EDTA), 1 mM MgC12, 1 mM MnCI~, 20 mM KC1, 0.5 mM 
KHaPO 4 and 50 mM 2-(N-morpholino)ethanesulfonic acid 
(Mes), pH 6.7. Immediately before use 1.25 mM sodium-ascor- 
bate and 3.3 mM cysteine were added. For thylakoid isolations 
from resurrection plants, the following components were also 
present in the isolation medium: 0.1% bovine serum albumin 
(BSA), 0.5% soluble polyvinylpyrrolidone (PVP, MW 25000), 
0.05% insoluble PVP (Polyclar AT) and 5 mM sodium dithion- 
ite (Na2S204). Leaves (2-6 g) were homogenized in an Ultratur- 
rax Mixer (IKA-Werk Staufen FRG, Janke and Kunkel 
GmbH) for 10 s (spinach leaves) and at least two times 10 s 
(resurrection plants). The homogenate was filtered quickly 
through one layer of miracloth and nylongaze (20 lain) each 
and sedimented for 1 min at 2000 g. The pellet was resuspended 
in a small amount of basic medium (spinach) or basic medium 
with 0.1% BSA (resurrection plants) and again centrifuged for 
1 min at 2000 g. The resuspending medium contained 50 mM 
4-(2-hydroxyethyl)-l-piperazineethanesulfonic acid (Hepes) in- 
stead of Mes at a pH of 7.6, but was otherwise identical to 
the basic medium. When thylakoids were prepared for freeze- 
drying experiments they were shocked in a 10-fold volume of 
sorbitol-free resuspending medium. 

rapid thawing in a 25~ water bath phenazinemethosulfate- 
catalyzed cyclic photophosphorylation was measured at ap- 
prox. 400 W m -2 actinic light (Filters RG 610 and Batzers Cal- 
flex C heat filter, Balzers, Liechtenstein) in a 1-ml Walker cu- 
vette at 20 ~ C by recording the pH change brought about by 
the reaction: ADP 3 - + HPO 2- ~ A T P  ~- + OH -.  (Dilley 1972). 
Chlorophyll concentration was between20 and 40 lag ml-1 as- 
say medium. Loss of peripheral membrane proteins from the 
thylakoids during freezing (or osmotic stress) was determined 
as described by Mollenhauer et al. (1983). 

Osmotic stress, a) NaC1. Thylakoids were diluted with salt solu- 
tions as above but salt levels were higher than in the freezing 
experiments. The assays were either conducted in the standard 
photophosphorylation medium or in a medium in which the 
sorbitol of the standard medium was replaced by varying salt 
concentrations, b) Sorbitol. Hyperosmotic dehydration was 
brought about by sorbitol. Sorbitol concentrations ranged from 
0.33 to 3 M. Where indicated, photophosphorylation was also 
measured in the presence of varying concentrations of sorbitol. 
Chlorophyll concentration in the assay medium was again 
20-40 lag ml -  1. 

9-Aminoacridinefluorescence. Formation and decay of transthy- 
lakoid proton gradients were monitored by following the 
quenching of 9-aminoacridine fluorescence (Schuldiner et al. 
1972) in a spectrofluorometer (Aminco, type SPF 500; Silver 
Spring, Md., USA) at red actinic light of about 200 W m-2  
which was provided by glass-fiber optics. Fluorescence was ex- 
cited at 400 nm. The photomultiplier was protected against ac- 
tinic light by appropriate filters. The assay medium was identi- 
cal to the resuspension medium (pH 7.6) (see isolation proce- 
dure) and contained in addition 1 mM K3(FeCN)6 , 1 laM 9- 
aminoacridine and 10-20 lag chlorophyll in a total volume of 
1.5 ml. Fluorescence quenching was recorded during a dark- 
light change (1 min light). 

Sugar determinations. Total soluble sugars were estimated using 
the anthrone method after Ashwell (!957). Leaves were frozen 
in liquid nitrogen and homogenized with water. The resulting 
suspension was centrifuged and sugars were determined in aii- 
quots of the supernatant. Glucose was used for standardization. 
To measure starch and related polysaccharides, the sediment 
was boiled for 1 h in 1 N H2SO ~. After sedimentation of insolu- 
ble material the supernatant was assayed as described above. 

Amino-acid determinations. Amino acids were determined with 
ninhydrin after Duggan (1957). Leaf samples were homoge- 
nized in a solution of sodium acetate (0.09 M) containing 14% 
glacial acetic acid (pH 5.5). The resulting suspension was centri- 
fuged and the supernatant used for the assays. To 100 lal of 
the sample (supernatant of the water-soluble extract) 200 lal 
of reagent was added. After vigorous mixing the samples were 
boiled for 15 min at 100 ~ C. The reaction was stopped by trans- 
ferring the vials to an ice bath. After cooling to room tempera- 
ture, 3 ml of 50% ethanol (v/v) were added to each sample 
and mixed thoroughly. The absorption was read at 570 nm. 
A mixture of alanine and glutamine was used for standardiza- 
tion. Proline was measured with ninhydrin according to Troll 
and Lindsley (1955) after extraction of the reaction product 
into benzene. The absorption was measured spectrophotometri- 
cally at 515 nm. 

Freezing. Thylakoid suspensions were diluted with equal vol- 
umes of solutions containing salt (50-500 mM NaC1) and sorbi- 
tol to give ratios of salt to cryoprotectant ranging from 0.3 
to 3. They were subsequently frozen for 3 h at - 1 8  ~ C. After 

Freeze-drying. Thylakoids isolated as described above were di- 
luted with varying amounts of sucrose, glucose, fructose and 
sorbitol or with proline or a combination of sucrose and pro- 
line. Effects of BSA addition were also investigated. The activity 
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of cyclic photophosphorylation of thylakoids was measured im- 
mediately after isolation. Samples were then frozen at -18 ~ C 
and part of them subsequently freeze-dried in a lyophilizer for 
one week. During freeze:drying, the temperature did not exceed 
-15 ~ C. Control samples were kept at -18 ~ C. After storage 
for one week, they were thawed and photophosphorylation was 
measured. Freeze-dried thylakoids were suspended in a solution 
containing 0.05 M NaC1 and 0.1 M sorbitol and cyclic photo- 
phosphorylation was recorded. Occasionally, ferricyanide re- 
duction and 9-aminoacridine fluorescence quenching were also 
recorded. 

The osmotic potentials of leaves and solutions were mea- 
sured cryoscopicaIly in a Semi-Microosmometer (Knauer KG, 
Oberursel FRG). Chlorophyll was determined according to Ar- 
non (1949). 

Results and discussion 

1. Isolation of biochemically active thylakoids fi'om 
resurrection plants. Convent iona l  methods  (Cock- 
burn  et al. 1968, with modif icat ions as described 
above) used for the isolat ion o f  chloroplasts  or 
thylakoids did not  yield active thylakoid  prepara-  
tions f rom leaves o f  Craterostigma and Ceterach. 
Attempts  to reduce thylakoid  inact ivat ion during 
isolation by binding phenol ic  const i tuents  o f  the 
leaves or o ther  interfering material  released on ho- 
mogeniza t ion  to compounds  such as polyvinylpyr-  
rol idone or bovine serum albumin (BSA) were un- 
successful as long as chloroplast- isolat ion proce-  
dures were carr ied out  under  aerobic condit ions.  
Active thylakoid  prepara t ions  were obta ined when 
phenoloxidases  were inhibited by low concentra-  
tions o f  sodium di thioni te  (Anderson  1968). 

2. Sensitivity of thylakoid functions to dehydration 
in vivo. Spinach is a mesophyte  which in contras t  
to the resurrect ion plants is sensitive to dehydra-  
tion. At  r oom temperature ,  thylakoid  functions in 
leaves as measured  by the fo rmat ion  o f  a t ransthy-  
lakoid p r o t o n  gradient  ( = l i g h t  scattering) and a 
l ight-generated membrane  potent ia l  (=e l ec t ro -  
chromic  shift) decrease drastically when abou t  
80% of  the water  o f  water -sa tura ted  leaves has 
been lost. In the initial stage o f  water  withdrawal,  
the l ight-scattering change was st imulated before 
it finally disappeared after  drastic wilting. The  
st imulat ion is caused by closure o f  the s tomata  
which leads to an increase in leaf  energizat ion in 
the light owing to the decrease in energy consump-  
t ion by photosynthes is  (Fig. 1; Dietz and Heber  
1983). Elect ron t ranspor t  was similarly impaired  
by loss of  water  f rom leaves o f  spinach and o f  
the resurrect ion plants, but  whereas thylakoid  
functions were lost irreversibly in spinach, they 
were restored on rehydra t ion  in the resurrect ion 
plants. Figure  2 shows the decline o f  pho tosyn-  
thetic CO z uptake  during wilting o f  a leaf  o f  Cra- 
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Fig. l a, b. Apparent absorbance change (light scattering) at 
535 nm after 5 rain illumination at 50 W m - 2  ( s l o w  changes) 
and 518 nm membrane potential (fast changes) of a leaf of 
Craterostigma (a) and of spinach (b) at different relative water 
contents (RWC) during wilting and rehydration (100% RWC = 
water-saturation). Numbers in the figure indicate the water sta- 
tus of the leaves 

o ~ 100 

i : :  o 
> o  

~F o 
100 50 

~ RWE 
Fig. 2. Net photosynthesis of a leaf of Craterostigma (n) and 
of spinach (o) during wilting (open symbols) and reswelting 
(closed symbols') as a function of relative water contents (RWC). 
Leaves were rehydrated when photosynthesis had disappeared 

terostigma and o f  spinach. Rehydra t ion  did not  
restore photosynthes is  in spinach because the leaf  
had not  survived. In Craterostigma, the res tora t ion  
o f  respi ra tory  CO2 p roduc t ion  (not shown) pre- 
ceded that  o f  photosynthesis .  

3. Sensitivity of thylakoids to dehydration in vitro. 
When  isolated thylakoids f rom spinach are frozen, 
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Fig. 3. Cyclic photophosphorylat ion of spinach (o), Cratero- 
stigma (Q) and Ceterach (zx) thylakoids after 3 h freezing at 
- 1 8 ~  as a function of the ratio of NaCI to sorbitol. All 
measurements were conducted in the standard photophosphor-  
ylation medium. Closed symbols represent 0 ~ C controls with 
and without salt measured after 3 h incubation. Values are giv- 
en as percentage of the unfrozen controls which were 90, 140 
and 250 gmol ATP mg chlorophyll-  1 h -  1 for Ceterach, Crater- 
ostigma and spinach, respectively 

drastic dehydration occurs as water is converted 
to ice. When the ratio of potentially cryotoxic so- 
lutes (for instance NaC1) to membrane-compatible 
solutes (for instance soluble sugars and sugar alco- 
hols) in the medium is low, complete protection 
against the stresses produced by freezing and thaw- 
ing is observed. When the ratio is high, membrane 
function is lost as exemplified by the loss of photo- 
phosphorylation. 

We sought to answer the question whether 
membranes from resurrection plants can tolerate 
dehydration and salt stress produced by freezing 
which would inactivate spinach thylakoids. The 
sensitivity of thylakoids from spinach to freezing 
in the presence of various salt/sugar ratios and 
from resurrection plants is compared in the follow- 
ing figures. Since ATP synthesis depends on the 
morphological and structural integrity of the mem- 
brane, it was used as a criterion for protection 
or damage. Figure 3 shows photophosphorylation 
of thylakoids after freezing and thawing in media 
containing NaCI and sorbitol at increasing molar 
ratios. Under the conditions of the experiment, 
spinach thylakoids were practically fully protected 
against damage up to a NaC1/sorbitol ratio of 1. 
Increasing this ratio further led to incomplete re- 
covery of photophosphorylation and finally to its 
complete loss which was usually accompanied by 
a decline in the rate of electron transport. Thylak- 
oids from Craterostigrna and Ceterach failed to 
show increased resistance to freezing stress com- 
pared with spinach thylakoids. Results similar in 
principle were obtained when 9-aminoacridine-flu- 
orescence quenching was used to indicate the mag- 
nitude of the transthylakoid proton gradient 
formed by actinic illumination of frozen-thawed 
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Fig. 4. Light-dependent quenching of 9-aminoacridine fluores- 
cence as measured after 1 min of actinic illumination of frozen- 
thawed thylakoids. Values are given as percentage of the 
quenching of 0 ~ C controls. Symbols and conditions otherwise 
as in Fig. 3 
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Fig. 5. Cyclic photophosphorylat ion of spinach (o) and Ceter- 
ach (n) thylakoids after exposure for 0.5 1 h to different con- 
centrations of NaC1. For spinach, values are shown which were 
measured during stress (i.e. high salt concentration present dur- 
ing the assay, opeh symbols) and on release of stress (i.e. in 
the absence of high salt concentration in the assay medium, 
closed symbols). For  Ceterach both  assay modes gave identical 
results 

thylakoids (Fig. 4). However, the proton gradient 
appeared to be somewhat more resistant to salt 
stress than photophosphorylation. When the mem- 
branes were dehydrated by freezing in the presence 
of high concentrations of sugars such as sucrose 
or sugar alcohols such as sorbitol, no deleterious 
effects of dehydration became apparent. Unfrozen 
controls kept at 0 ~ C with and without salt showed 
no appreciable decrease in activity during the time 
interval used for freezing indicating that sodium 
chloride did not interfere with the phosphorylating 
system at the low concentrations used for the freez- 
ing experiments. However, when the osmotic con- 
ditions encountered during a freeze-thaw cycle 
were mimicked at room temperature by exposing 
the membranes to high salt concentrations, there 
was a decrease in activity similar to the one ob- 
served after freezing and thawing (Fig. 5). Stress 
was varied by increasing the NaC1 concentrations 
from 0.5 to 2 M while sorbitol was kept constant 
at 165 raM. After incubating the thylakoids in the 
stress medium, photophosphorylation was mea- 
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Fig. 6. a Cyclic photophosphorylation of spinach thylakoids 
under different osmotic-stress treatments, i. Membranes were 
immediately transferred to assay media which contained sorbi- 
tol as indicated (A). ii. Membranes were incubated for 
30-60 min in media containing sorbitol as indicated and were 
then measured as above (o). iii. Membranes were incubated 
for 30-60 rain in media containing sorbitol as indicated and 
were then transferred to an assay medium which contained 
0.1 M sorbitol only (o). 100% phosphorylation rate was 
305 pmol ATP mg chlorophyll- th 1. b Quenching of 9-amin- 
oacridine fluorescence in the light and the effects of increasing 
dehydration of  spinach thylakoids. Conditions and material 
otherwise identicaI to a 
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Fig. 7. a Cyclic photophosphorylation of Craterostigma thyla- 
koids under osmotic stress. Treatments and symbols are the 
same as in Fig. 6. 100% rate was 210 lamol ATP mg chloro- 
phyl l - lh  -1. b 9-Aminoacridine-fluorescence quenching in the 
light (after I rain) of Craterostigma thylakoids. Conditions and 
symbols as already described in Figs. 6a, b 

Fig. 8. a Cyclic photophosphorylation of Ceteraeh thylakoids 
exposed to osmotic-stress treatments as described in Fig. 6a. 
100% value was 142 gmol ATP mg ch lo rophy l l - lh -1  h Light- 
dependent 9-aminoacridine-fluorescence quench of Ceterach 
thylakoids. For  other conditions and symbols see Figs. 6a, b 

sured both under stress conditions, i.e. in the pres- 
ence of increased salt levels, or after transfer of  
the thylakoids from the stress medium to the stan- 
dard assay medium. Partial recovery of photo- 
phosphorylation was seen in spinach but not in 
Ceterach when the salt stress was relieved. The ex- 
tent of  recovery depended on the length of the 
incubation period with high salt. When sorbitol 
instead of salt or freezing was used to lower the 
water potential in the membrane suspensions, the 
results shown in Figs. 6-8 were obtained. In the 
presence of high levels of  sorbitol, photophosphor- 
ylation of spinach thylakoids was decreased 
(Fig. 6a) and electron transport was stimulated. 
Inhibition of photophosphorylation was not 
greatly dependent on the time of preincubation in 
hypertonic media. Transfer of  the membranes from 
the stress medium to a hypotonic assay medium 
resulted in practically complete restoration of ATP 
formation in the light. Apparently, sorbitol inhibi- 
tion was fully reversible. Similar results have been 
obtained before by Santarius and Ernst (1967) and 
Santarius and Heber (1967) with sucrose and other 
sugars. Proton-gradient formation in the light 
as measured by 9-aminoacridine-fluorescence 

quenching (after I min) decreased in hypertonic 
sorbitol only when photophosphorylation was al- 
ready appreciably depressed (Fig. 6b), i.e, at os- 
motic potentials higher than 100 bar (correspond- 
ing to approx 1.5 M sorbitol). 

When the same experiments were performed 
with thylakoids from Craterostigma, similar results 
were obtained (Fig. 7a, b), although proton gra- 
dient formation appeared to be somewhat less af- 
fected than in spinach thylakoids. In Ceterach thy- 
lakoids the degree of inhibition of photophosphor- 
ylation was somewhat lower at moderate stress lev- 
els than in the other two species (Fig. 8 a, b). Dif- 
ferences in the shape of the inhibition curves can 
be explained by the varying physiological state of 
the plant material. The effects were reversible on 
transfer of  the thylakoids to hypotonic conditions, 
and the general response to high sorbitol concen- 
trations was similar in all three species. 

The data obtained in the dehydration experi- 
ments described above permit the following gener- 
al interpretation. In all species investigated, elec- 
tron transport was highly resistant to solute stress. 
The proton gradient was less sensitive than photo- 
phosphorylation. In the freezing experiments, the 
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proton gradient was not much diminished up to 
salt-to-sugar ratios of about 1.2. At room tempera- 
ture, sorbitol was tolerated up to 1.5 M. At these 
limits, photophosphorylation was already de- 
creased by 50% or more, whereas electron trans- 
port was stimulated. When the membranes were 
sedimented after freezing and the supernatants 
were subjected to sodium-dodecylsulphate gel elec- 
trophoresis, release of peripheral membrane pro- 
teins was found which increased as salt-to-sugar 
ratios increased. Among the released proteins, sub- 
units of the chloroplast coupling factor were prom- 
inent. Results of these experiments are not shown 
here because they are very similar to those recently 
published for spinach thylakoids by Mollenhauer 
et al. (1983). Thus uncoupling of photophosphory- 
lation from electron transport and loss of detach- 
able proteins are responsible for initial membrane 
damage. Excessive salt stress produced by freezing 
also causes an irreversible alteration in the semi- 
permeability properties of the membranes. Leaki- 
ness explains the loss of the proton gradient. These 
factors taken together account for the final com- 
plete loss of photophosphorylation. Whereas elec- 
tron transport had largely disappeared after freez- 
ing with high salt-to-sugar ratios it was still active 
under severe osmotic dehydration at room temper- 
ature which merely resulted in reversible inhibition. 
Even at the highest osmotic potentials, inhibition 
was accompanied by the loss of fewer peripheral 
membrane proteins than observed at irreversible 
freeze damage. However, Figs. 6-8 illustrate that 
membrane leakiness was also partly responsible for 
the decline of activity. 

4. Levels of solutes. Apparently, even a drastic low- 
ering of the water potential in thylakoid suspen- 
sions did not cause irreversible membrane damage 
when solutes such as sorbitol decreased the water 
potential, whereas a chaotropic salt such as NaC1 
caused irreversible membrane damage when pres- 
ent at elevated concentrations. In vivo, the solute 
environment of biomembranes is highly complex. 
Ions are known to be responsible for a major part 
of the osmotic potential in most plants, and the 
chaotropicity of different ions varies according to 
their position in the lyotropic power series of Hof- 
meister (Heber et al. 1979). The balance between 
membrane-compatible and chaotropic solutes ap- 
pears to play an important role in the sensitivity 
or resistance of cellular systems to water stress. 
Chloroplasts were found to be capable of accumu- 
lating sugars, and the overall sugar content of 
plant cells rises when they become frost-hardy 
(Heber and Santarius 1964). 

Table 1 a. Levels of total soluble sugars of both saturated and 
partly desiccated leaves from spinach, Ceterach and Cratero- 
stigma. Values are given on a dry-weight basis (DW) as well 
as concentration in cell sap in case of fresh tissues. The data 
represent values of at least two determinations each of six differ- 
ent leaves of each species 

Species Water Total soluble sugars 
loss 
(%) mg g -1DW mM in cell sap 

Spinaeia 0 23.1 11.7 
61.4 119 

Ceterach 0 189.1 195 
77.3 240.4 

Craterostigma 0 187.9 94.3 
87 264.6 

Table lb.  Sugar contents of spinach, Ceterach and Cratero- 
stigma leaves (freshly harvested) before and after hydrolysis 
and ratios of starch (in glucose equivalents) to sugar 

Species Sugar content Ratio starch 
(mg g - i D W )  to sugar 

Before After 
hydrolysis 

Spinacia 38.7 79.9 2.06 
Ceteraeh 176.9 73.8 0.42 
Craterostigma 220.2 42.9 0.19 

Table 2. Levels of total amino acids and of proline of saturated, 
partly and severely desiccated leaves of  spinach, Ceteraeh and 
Craterostigma. The data are means of at least two determina- 
tions of two different leaves of each species. Concentrations 
are based on the dry weight (DW) of the tissue and on cell-sap 
volume as regards saturated leaves 

Species Water Total amino acids Proline 
loss 
(%) m g g - 1  m M i n  m g g - 1  m M i n  

DW cell sap DW cell sap 

Spinacia 0 8.74 8.77 0.078 0.015 
22 10.28 0.33 
71.3 23.93 1.79 

Ceterach 0 /9.59 44.2 1.63 0.7/ 
47.7 27.67 1.74 
76.4 20.6 1.03 

Cratero- 0 5.7 5.82 0.165 0.031 
stigma 67 17.4 0.133 

Since not only sorbitol and sucrose, but also 
a variety of other soluble sugars (and certain ami- 
no acids, see below) are known to protect thylak- 
oids against inactivation during freezing, it was of 
interest to determine sugar levels in resurrection 
plants. Table 1 a shows determinations of soluble 
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Fig, 9. a Recovery of 
photophosphorylation activity of spinach 
thylakoids after freezing (closed symbols) 
and freeze-drying (open symbols) as a 
function of increasing concentrations of 
sorbitol (zx), glucose (*), fructose (D) and 
sucrose (o). Values are shown as 
percentage of the 0 ~ C controls which 
was 352 gmol ATP mg 
chlorophyll- lh-a,  b Recovery of 
photophosphorylation of spinach 
thylakoids in the presence of increasing 
concentrations of sucrose (o), proline 
(z0, a combination of sucrose+0,1 M 
proline (n) and of sucrose + 5% BSA (*) 
after freezing (closed symbols," only 
shown for sucrose and proline and after 
freeze-drying (open symbols). 100% rate 
was 375 gmol ATP mg chlorophyll- lh-1 

sugars in water-saturated and drastically wilted tis- 
sues. There was a large difference in sugar content 
between water-saturated leaves of the mesophyte 
spinach and of the resurrection plants. On a dry- 
weight basis, the latter contained about eight times 
as much as soluble sugar as spinach. During slow 
wilting, starch is known to be hydrolysed, and hy- 
drolysis of  polymeric carbohydrates may account 
for the increased contents of  soluble sugars ob- 
served in wilted spinach and dried Craterostigma 
and Ceterach leaves. The stress-induced carbohy- 
drate degradation was much less pronounced in 
resurrection plants than in spinach. Recalculation 
of the data on a concentration basis reveals sugar 
levels in water-saturated leaves of resurrection 
plants between 94 and 195 mM as against 12 mM 
in spinach, when the simplifying assumption is 
made that glucose is the only soluble sugar. Since 
sucrose often predominates, this is an overestima- 
tion. As is also apparent from the increase in solu- 
ble sugars during wilting of  leaves, measurements 
of starch (Table 1 b) revealed starch contents which 
were higher in spinach than in the resurrection 
plants. However, it needs to be kept in mind that 
starch levels vary considerably with the physiologi- 
cal state of the leaves and with the time of day. 
An increase in the concentration of some amino 
acids, has been reported to occur on exposure of  
plants to low temperatures and low atmospheric 
water potentials. Proline has been known for a 
long time to increase its concentration in response 
to water stress (Levitt 1980). It is an effective cryo- 
protectant. Also, for some resurrection plants, ele- 
vated proline levels were reported (Hsiao 1973, 
Tymms and Gaff  1978). 

Levels of soluble amino acids are generally not 
high in leaf cells. When they increase during wilt- 

rag, protein breakdown may be responsible. Ta- 
ble 2 shows amino-acid levels in water-saturated 
spinach, Ceterach and Craterostigma leaves at dif- 
ferent stages of wilting. In water-saturated tissue, 
the total amino-acid concentration was about 
44 mM in Ceterach as against 9 mM in spinach. 
With 0.7 mM in Ceterach and 0.015 mM in spin- 
ach, proline levels were also very different. The 
concentration of proline was higher in Ceterach 
than in spinach by a factor of  50 and that of  other 
amino acids by a factor of  5. During wilting, amino 
acids did not much increase in Ceterach, whereas 
a large increase was observed in spinach. This in- 
crease may be attributed to protein breakdown. 
In Craterostigma, in contrast, amino-acid levels did 
not appear to be increased. The amount  of proline 
found in Craterostigma was only about twice as 
much as in spinach (see also Tymms and Gaff  
1978). Thus there are differences in solute content 
between tissues of different resurrection-plant spe- 
cies. 

5. Freeze-dtTing of thylakoids. The data of the 
Figs. 3-8 do not give support to the hypothesis ' 
that thylakoids from resurrection plants are more 
resistant to dehydration stress than thylakoids 
from the drought-sensitive mesophyte, spinach. 
They do show, however, that polyhydroxy com- 
pounds such as sorbitol and related solutes are to- 
lerated by the membranes which can be protected 
in their presence against dehydration injury 
brought about by freezing. The data of Tables 1 
and 2 show that the concentration of soluble poly- 
hydroxy compounds and of amino acids which are 
also known to be able, at least in part, to protect 
thylakoids against freeze-inactivation, are un- 
usually high in resurrection plants. In order to test 
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the hypothesis that soluble sugars and amino acids 
are involved in membrane protection during dehy- 
dration of leaves, thylakoids were subjected to 
freeze-drying. During lyophilization, electron 
transport was lost when cryoprotectant was ab- 
sent. It was stimulated by lyophilization when the 
protectant was in low concentrations which could 
not prevent uncoupling (data not shown). In the 
experiments of Fig. 9a, different sugars (glucose, 
fructose, sucrose, sorbitol) were added in increas- 
ing concentrations to spinach thylakoids. Photo- 
phosphorylation of 0 ~ C control samples was mea- 
sured immediately. Aliquots of the mixtures were 
frozen at - 1 8 ~  for freeze-dried. After 7 d, pho- 
tophosphorylation of resuspended freeze-dried ma- 
terial was compared with that of frozen and then 
thawed control samples. Recovery of frozen sam- 
ples was 100% except when sorbitol was present 
as cryoprotectant. At the highest sorbitol concen- 
tration used (1.5 M), photophosphorylation was 
decreased to 75% of the activity of the unfrozen 
control sample which had been assayed 7 d ago. 
In the freeze-dried aliquots all sugars were protec- 
tive, and the extent of protection depended on con- 
centration. The failure of sorbitol to be protective 
is probably the result of partial crystallization at 
high concentrations. The best recovery was mea- 
sured in the presence of 1.5 M sucrose. Sucrose 
does not crystallize during freezing. When proline 
was added to sucrose-containing media, enhanced 
protection could be observed at lower concentra- 
tions (Fig. 9b). Proline protected best of similar 
amino acids tested. Addition of BSA to sucrose- 
containing media decreased protection which is in 
compliance with Garber and Steponkus (1976) 
who found that soluble proteins are not very effec- 
tive cryoprotectants. The experiments show that 
it is possible to recover membrane functions which 
depend on membrane integrity, such as photo- 
phosphorylation, after completely drying thylak- 
oids, provided an excess of membrane-compatible 
solute is present. 

Conclusions 

This study focuses on a particular cellular mem- 
brane, the thylakoid. To draw conclusions about 
the drought-tolerance of a plant from studies of 
a particular membrane requires justification. Al- 
though it is evident that the thylakoid system is 
not necessarily the primary site of drought injury, 
and that other membranes may be more vulnerable 
to stress than the thylakoids, the fact that thyla- 
koids prove sensitive to dehydration in one plant 

and tolerant in others makes them a suitable object 
for study. We have shown that the resistance of 
thylakoids from two resurrection plants cannot be 
explained by a particular membrane structure 
which makes the membrane insensitive to dehydra- 
tion stress. Comparable sensitivities of thylakoids 
from spinach and thylakoids from the resurrection 
plants indicate that survival of the latter during 
drying of the leaves must be attributed, at least 
in part, to the composition of the membrane sur- 
roundings. Indeed, crude cell-sap analysis showed 
that the resurrection plants contained much more 
membrane-compatible solutes than the drought- 
sensitive mesophyte, spinach. We do not believe 
that there is a particular solute in resurrection 
plants which makes them desiccation-tolerant. 
Rather, the action of a multitude of membrane- 
stabilizing agents appears to prevent irreversible 
breakdown of membrane structures during dehy- 
dration. Some amino acids are also known to pro- 
tect membranes. Several act optimally in the pres- 
ence of some salt (Heber et al. 1971). They might 
well be suited for protection in vivo. At low con- 
centrations, chaotropic solutes which are normal 
constituents of the cells contribute to membrane 
stabilization, but dehydration may increase their 
concentration to toxic levels. Apparently, mem- 
brane-compatible solutes can counter their effects. 
Indeed, thylakoids freeze-dried in the presence of 
both sugars and low concentrations of salts largely 
retained the ability to phosphorylate ADP in the 
light. This reaction requires, in addition to a highly 
complex biochemical machinery, a closed mem- 
brane system with intact permability properties. 
Nevertheless, it would still be feasible that some 
hardening occurs during wilting of whole leaves, 
i.e. that drying is accompanied by alterations in 
the membrane system which cannot be detected 
in the in-vitro system used in this study. 

It has been mentioned in the introduction that 
two main stresses can damage membranes during 
these processes. Chemical stress by chaotropic re- 
agents can cause membrane damage and this work 
shows how such damage can be avoided. Mechani- 
cal stresses to membranes will arise both during 
drying and swelling: if the surface area of the mem- 
branes is reduced during dehydration it must in- 
crease during rehydration. During surface area re- 
duction sequestration of membrane material must 
occur. Expansion on rehydration would lead to 
breakage of the bilayer structure if sequestered ma- 
terial does not become available again. Osmoti- 
cally dehydrated chloroplasts were found to rup- 
ture when they were returned to isotonic condi- 
tions. Apparently, they had lost envelope material 
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during shrinking. Indeed, during osmotic dehydra- 
tion loss of solutes has been observed, which might 
be related to the detachment of envelope material. 
Dehydrated chloroplasts appeared to have intact, 
i.e. sealed envelopes. In vivo rupture of chloro- 
plasts does not occur (Kaiser and Heber 1981), 
presumably because the lens shape permits dehy- 
dration and rehydration without much surface- 
area reduction. 

During extensive dehydration of cells, a reduc- 
tion of surface area of membranes can only be 
avoided by membrane folding. In thylakoids, 
membrane folding is facilitated by constituents 
such as mono- and digalactosylglycerides. Proper 
spacing of their head groups permits membrane 
curvature. It remains to be seen how the membrane 
system of resurrection plants adapt to the need 
for either surface-area reduction or folding during 
dehydration and membrane expansion or unfold- 
ing on rehydration. 

This work was supported by the Deutsche Forschungsgemein- 
schaft. We thank Professor O. Volk for providing Cratero- 
stigma plantagineum and Dr. Ullmann for collecting Ceterach 
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