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a b s t r a c t

Organisms living in deserts and anhydrobiotic species are useful models for unraveling mechanisms used
to overcome water loss. In this context, late embryogenesis abundant (LEA) proteins and sugars have
been extensively studied for protection against desiccation stress and desiccation tolerance. This article
aims to reappraise the current understanding of these molecules by focusing on converging contribu-
tions from biochemistry, molecular biology, and the use of biophysical tools. Such tools have greatly
advanced the field by uncovering intriguing aspects of protein 3-D structure, such as folding upon stress.
We summarize the current research on cellular responses against water deficit at the molecular level,
considering both plausible water loss–sensing mechanisms and genes governing signal transduction
pathways. Finally, we propose models that could guide future experimentation, for example, by
concentrating on the behavior of selected proteins in living cells.

� 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

Biologists are naturally curious about plant species dwelling in
arid zones that are permanently exposed to drought stress. Toler-
ance to water deficit probably first occurred in organisms as
primitive as bryophyte mosses and was evolutionarily important
for the conquest of land by plants (Rensing et al., 2008). Even more

intriguing is the existence of plants and animals that can survive
almost complete water loss by entering a reversible state of
metabolic arrest (Tunnacliffe and Lapinski, 2003). This phenom-
enon, called anhydrobiosis, was first described by Van Leeu-
wenhoek in 1702 for small asexual invertebrates (Tunnacliffe and
Lapinski, 2003). Bacteria, yeast, plants and trees living in deserts as
well as resurrection plants have thus been excellent models with
which to explore molecular responses to water loss (Billi and Potts,
2002; França et al., 2005; Bernacchiaa and Furinib, 2004; Frankel
et al., 2003; Brosché et al., 2005). At the physiological level in
plants, drought seems to select for higher water-use efficiency,
defined as the ratio of crop yield to water uptake; this trait is
attributable to decreased stomatal conductancedthat results in
less transpirationdand increased root biomass (Blum, 2005;

Abbreviations: ABA, abscisic acid; CD, circular dichroism; DSR, drought stress
response; ER, endoplasmic reticulum; FTIR, Fourier transform infrared spectros-
copy; LEA, late embryogenesis abundant; ROS, reactive oxygen species; UPR,
unfolded protein response.
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Heschel and Riginos, 2005; Knight et al., 2006; Song et al., 2008).
Since drought is currently a major agronomic problem (Marris,
2008), it has been studied at various levels of biological organiza-
tion using many different experimental methodologies.

2. How much do we know about molecular responses to
stress in general?

Heat shock is probably the best understood molecular stressor,
and the unfolded protein response (UPR) pathway has been
intensively studied (Ron and Walter, 2007). Central to the UPR are
Ire1p, ATF6 and PERKdthree conspicuous endoplasmic reticulum
(ER) membrane-bound proteins that transduce protein misfolding
signals from the lumen of the ER towards the nucleus (Lee et al.,
2002). Other types of laboratory-induced stress that cause
unfolding (i.e., inhibition of protein glycosylation, reducing condi-
tions, and mobilizing Ca2þ from the ER) also lead to UPR; this
process is also recognized in plants (Martinez and Chrispeels,
2003).

Responses to drying, freezing or salt-induced stress (which are
mechanistically related) share some features with those against
thermal stress. The rationale is that the molecular crowding
generated by water loss triggers the aggregation of macromolecules
(Goyal et al., 2005), which may also occur upon temperature
increase due to protein unfolding (Sasahara et al., 2007). To the best
of our knowledge, UPR has not been examined under water-deficit
stress. Nevertheless, its occurrence should not be surprising since
protein aggregation is known to be alleviated by chaperones during
both typical heat shock-induced UPR and drought stress in plants
(van Gemeren et al., 1997; Liu et al., 2006). However, water loss
probably brings about unique responses (Shinozaki et al., 2003).

At this point, it is important to distinguish between ‘‘drought
stress tolerance’’ and ‘‘desiccation tolerance’’. Both conditions share
some basic features, but desiccation tolerance usually refers to an
extreme situation defined by survival with water content lower
than 5% (0.05 g H2O/g dry weight) in adapted organisms (several
lower plants, algae, lichens, and invertebrates). Desiccation toler-
ance probably requires additional protective factors beyond those
needed under milder drought stress conditions. In plants, the
physiological response to regain turgor and health is thought to be
a consequence of (i) hormonally mediated induction of genetic
programs, mainly by abscisic acid (ABA) (Bernacchiaa and Furinib,
2004; Cuming et al., 2007), (ii) long-term accumulation of protec-
tive molecules (Ramanjulu and Bartels, 2002) and (iii) closure of
leaf stomata (Brodribb and Holbrook, 2003).

3. Cellular responses to water-deficit stress

Living cells do not take water for granted. Hydration is a major
driving force in the protein folding process, compensating for the
reduction of the conformational entropy of the polypeptide chain
(Imai et al., 2007). Therefore, water loss brings about serious
consequences: in addition to protein aggregation, stressed cells
must contend with oxidative stress (Chaves and Oliveira, 2004),
changes in membrane fluidity and cytoplasmic viscosity (Hoekstra
et al., 2001) and damaged DNA (França et al., 2007). Consequently,
cells react defensively by initiating several signal transduction
pathways that result in the accumulation of different transcripts,
proteins, sugar molecules and lipophilic anti-oxidants, almost
always concomitant with increased ABA levels (Cuming et al., 2007;
Ramanjulu and Bartels, 2002).

Organic osmolytes are small solutes used by numerous water-
stressed organisms to maintain cell volume. Some of them consist
of amino acids and their derivatives, polyols and neutral sugars (or
charged sugars in thermophilic organisms). Such osmolytes are
often called ‘‘compatible solutes’’, a term indicating a lack of

detrimental effects on cellular macromolecules (Yancey, 2005).
Compatible solutes appear in high amounts (up to 20% total dry
mass) upon osmotic adjustment but, in contrast to ions, do not
inhibit cytosolic enzymes. Interestingly, they exert a protective
effect by stabilizing biological membranes under stress conditions
(Hincha and Hagemann, 2004). For instance, sucrose, trehalose and
sorbitol protect liposomes from leakage of soluble markers and
from membrane fusion during drying and rehydration. In addition,
these molecules lower the lipid phase transition temperature in
vitro, probably by interacting with the lipid polar headgroups.

In situations of extreme desiccation, sugars can replace the lost
shell of water around macromolecules, H-bonding with proteins
and thus alleviating damaging effects caused by drying (the water
replacement hypothesis, Potts, 1994). This might well be a protec-
tive mechanism in desiccated resurrection plants, which accumu-
late sucrose (Peters et al., 2007). In contrast, trehalose, known to act
as a protective solute in bacteria and protozoa, is hardly detected in
most plants, although the genes needed for its biosynthesis are
present in Arabidopsis (Wingler, 2002). The formation of an intra-
cellular glass (glassy matrix) at ambient temperatures with
mechanical properties of a plastic solid (Koster, 1991) is another
mechanism by which sugars might protect cells during severe
desiccation. Glass formation could be beneficial since the resulting
increase in viscosity limits chemical reactions requiring diffusion,
thus ensuring stability.

Among the proteins that accumulate in both mild and severe
dehydration, the most extensively characterized are those
belonging to LEA superfamily, which are classified into three major
groups based on particular amino acid sequence motifs (Tunnacliffe
and Wise, 2007). There are more than fifty LEA-encoding genes in
the Arabidopsis thaliana genome, most of which have abscisic acid
response elements (ABRE) in their transcriptional enhancers
(Hundertmark and Hincha, 2008). Despite the various roles
proposed for LEA proteins, their precise function has not been fully
uncovered.

Aquaporinsdwidespread transmembrane channel proteins that
regulate water fluxdare also associated with water status. Aqua-
porins have been identified by their two highly conserved aspara-
gine–proline–alanine (NPA) boxes, which are important for the
formation of their water-permeating pore (Ishibashi, 2006).
Aquaporin gene expression in plants suffering from drought stress
varies depending on the particular aquaporin gene, water stress
level and plant organ (Galmés et al., 2007).

More recently, genome-wide transcriptomic approaches have
produced similar results; many genes have been implicated in the
drought stress response (DSR). Of these, about 10% encode tran-
scription factor genes (Seki et al., 2002). On the other hand, pro-
teomics-based strategies have yielded expected proteins such as
LEA, ASR (Maskin et al., 2001) and others known to be involved in
basic metabolic pathways such as ATP production, photosynthesis,
protein synthesis and folding, oxidative stress tolerance and cyto-
skeleton reorganization (Boudet et al., 2006; Gazanchian et al.,
2007).

4. Biophysical approaches

Several laboratories have investigated conformational changes
suffered by proteins upon water stress by using spectroscopic
methods. Among them, Wolkers et al. (1999) and Oldenhof et al.
(2006) measured the Fourier Transform Infrared Spectroscopy
(FTIR) spectra of whole cells between 1800 and 1500 cm�1, corre-
sponding to the amide-I and -II absorption bands of the protein
backbones and the sugar OH band. These experiments show that,
upon slow drying, a large assortment of proteins acquires a more
ordered state and that sugars form a tighter H-bonding network.
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Conventional screening and cloning of differentially expressed
transcripts or, more recently, proteomic strategies have allowed
purification of diverse drought-induced LEA proteins. Subsequent
elegant in vitro assays followed by FTIR and far-UV circular
dichroism (CD) revealed that LEA (or LEA-like) proteins in solution
are natively unfolded and then fold properly upon desiccation
(Goyal et al., 2003; Gilles et al., 2007; Tolleter et al., 2007; Goldgur
et al., 2007). Such natively unfolded polypeptides contain
unstructured regions spanning not less than 70% of the sequence.
They share certain features including low complexity, high flexi-
bility, low mean hydrophobicity and relatively high net charge
(Uversky et al., 2000). Drying-induced protein folding was
confirmed by the following observations: (i) the CD spectrum of
those proteins in aqueous solution appeared typical of a random
coil structure, with 200-nm minimum ellipticity; (ii) under drying
or in the presence of agents such as trifluoroethanol, the spectrum
became typical of that of a-helices, with high ellipticity at 192 nm
and minima at 208 and 222 nm. A limitation of these CD studies is
the difficult interpretation of small bands at 210–230 nm. Wise and
Tunnacliffe (2004) have produced an appealing model portraying
protein filaments generated from a more ordered state by desic-
cation. It remains unknown whether the folded state confers a new
and possibly protective function. However, such speculation is
tempting given the accumulation and folding upon drying of these
proteins.

5. Dehydration-triggered functionality of LEA proteins

LEA proteins are abundant (occurring not only in seeds) and
timely synthesized, and they fold as a consequence of drought
stress. Many potential roles have been proposed for this wide-
spread, heterogeneous and expanding protein family. In fact, the
ASR family can be classified as a new group of LEA proteins as they
are small, hydrophilic, and glycine-rich and present in seed, pollen
and desiccated vegetative tissues, with transcription factor activity
(Maskin et al., 2007). Purified LEA proteins, either cytoplasmic or
mitochondrial, have been used in in vitro protection assays to
evaluate chaperone (anti-aggregation) activity as determined by
light scattering, or protection of liposome integrity or enzyme
activity upon drying (Dong et al., 1995). The main conclusion of
these studies is that LEAs are usually able to protect other proteins
or membranes, in a fashion similar to sugars (Hoekstra et al., 2001),
perhaps by acting as water replacement molecules. Since such
protection occurs not only after drying cycles but also in buffers at
slightly elevated temperatures without any previous drying (Goyal
et al., 2005), the relevance of the folded state of LEAs remains
uncertain. This point could be investigated by performing similar
experiments with mutated LEA bearing helix-breaking amino acids.
Alternatively, since LEAs (but not proteins such as BSA, the typical
control in these protection experiments) behave similarly

irrespective of their sequence, their properties may be ascribed to
their polyelectrolyte nature.

Another possibility is that these proteins have different func-
tions at different degrees of water content. For example, in high
water content situations, they may act as molecular sponges
(exploiting their high hydration capacity) and ion chelators to
minimize injury to membranes and proteins; such activity was
demonstrated by proton NMR and differential scanning calorimetry
for dehydrin, a group 2 LEA protein (Tompa et al., 2006). In addition,
these proteins may have anti-oxidant properties that minimize the
damaging effects of reactive oxygen species (ROS), as strongly
suggested for a group 5 LEA from A. thaliana (Mowla et al., 2006).
However, at low water content and high cytoplasmic viscosity,
these proteins may confer stability to the cytoplasmic glassy
matrix, as suggested by studies of dried carrot somatic embryos
(Wolkers et al., 1999). Such activity may occur via increased glass
transition temperature (Tg) of sugars (Wolkers et al., 2001). In this
scenario, LEAs and sugars have been proposed to form a tight
hydrogen bonding network together in the dehydrated cytoplasm.

At this point, it should be noted that in vivo studies on the
conformational changes of LEAs have yet to be undertaken,
although such studies for other proteins have been performed in
animal systems by utilizing fluorescent probes (Roberti et al., 2007).
For instance, a LEA protein with cyan and yellow fluorescent
proteins fused to its ends could reveal stress-induced compaction
in vivo (Fig. 1), following a principle similar to that employed for
cameleon calcium indicators (Miyawaki et al., 1997).

6. The challenge of identifying the primary sensor
of water stress

As in other types of environmental cues, primary sensors of
water deficit are elusive. Theoretical models (Fig. 2) may therefore
be helpful for generating a whole picture of the stress response in
order to guide future research. Early and essential plasma
membrane-bound components of a pathway devoted to sensing
external changes in osmolarity or inner turgor pressure have been
clearly identified, first in yeast and later in plants. Their role was
inferred from their strategic subcellular localization, their rapid
phosphorylation, and the triggering of their kinase activity by
osmotic variation or loss of the cell wall (Reiser et al., 2003; Urao
et al., 1999). Also worth mentioning is the recent evidence that
histidine kinase ATHK1-defective Arabidopsis mutant plants are
unable to withstand water stress (Wohlbach et al., 2008). However,
a primary osmosensing role has been unambiguously proved only
in prokaryotes, specifically for the ABC transporter (operon OpuA)
from Lactococcus lactis, which functions in a pure reconstituted
liposome system that responds to a hyperosmotic medium (van der
Heide and Poolman, 2000).

Water Stress  

FRET  

YFP CFP 

440 nm 

CFP 

YFP 

LEA 

440 nm  

480 nm 

480 nm  
535 nm

Fig. 1. A possible strategy for following structural transitions of LEA proteins in vivo.
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On the other hand, transcription factors involved in drought
signal transduction cannot be ruled out as primary sensors. Some of
these, for instance, the DREB1 family (Liu et al., 1998), recognize
known specific target enhancer sequences, such as the short DRE
(desiccation-responsive element) present in rd29A (Kasuga et al.,
2004). These might be early sensors, but this role has not been
confirmed, as no detailed structural studies have been performed
other than deletion studies. Judging from the amino acid sequence
(many hydrophobic residues), such proteins do not seem to be
natively unfolded; thus, a desiccation-induced LEA-like conforma-
tional change is unlikely.

A drying-sensitive master transcription factor can be concep-
tualized that, when folded into the proper conformation, binds to
and up-regulates target genes encoding synthetic enzymes of
disaccharides and ABA. The experimental confirmation of such
a model would be difficult but is probably worthwhile. One such
experiment, inspired by the work of Shinozaki (Seki et al., 2002; Liu
et al., 1998), could consist of analyzing the kinetics of transcriptome
microarray profiles, paying particular attention to patterns
obtained immediately after the beginning of stress, followed by
identification (i.e., by simple-hybrid cDNA libraries in yeast) of
proteins that bind to the enhancer of the early-expressed genes.
Another strategy could be genetics-based, similar to that followed
by Zhu’s group for cold stress (Ishitani et al., 1998), searching for
mutants defective in reporter gene regulation by the promoter/
enhancer of an upstream gene. Regulatory sequences of the
DREB1A gene would constitute ideal targets for the discovery of
drought-responsive master transcription factors.

7. A biotechnological dream: engineering drought tolerance

It is hard to imagine that a single gene could confer full drought
tolerance, as this trait is known to be determined by multiple genes.
However, despite our limited knowledge of stress-associated cell
metabolism (Vinocur and Altman, 2005), single transgenes
encoding transcription factors have been reported to confer
improved drought resistance in the laboratory (Kasuga et al., 1999;
Jeanneau et al., 2002; Yang et al., 2005; Karaba et al., 2007). Because
they act very soon after the ABA level increases, they might be

considered authentic master genes. Nevertheless, it is important to
note that undesired phenotypes usually appear in the transgenic
plants and that real and efficient tolerance in the field has not yet
been convincingly reported.

8. Perspectives

More work is required to determine whether the in vivo
expression of the molecules described herein is part of a drought
stress response program or a mere display of general stress injury.
Although the downstream components of the DSR have been
extensively characterized, scarce information is available regarding
molecules that initially trigger this response (Fig. 2). The search for
individual drought-induced genes and proteins may therefore be
over, as it has failed to produce a holistic picture of DSR. We thus
envision that the next decade of research will provide insight into
the molecular basis of both the damage caused by drought and the
response mounted against it, with a particular emphasis on master
factors. Biophysical methods are likely to uncover novel protein
functions in plants by revealing changes in structure as a conse-
quence of stress. An alternative approach could consist of exploring
epigenetic modifications of genes involved in DSR. However,
similarly to behavioral adaptations in animals (Weaver et al., 2007),
epigenetic events probably represent the consequences rather than
the causes of specific gene activation. Finally, new strategies
designed for studies of water-deficit stress such as those proposed
herein may be adopted by specialists in other areas of biological
research to elucidate shared mechanisms involved in various types
of stress.
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