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Abstract

The balance of water between the cell and its environment is crucial to all organisms, but especially for root plant
cells that are exposed to extrinsic condition directly. High salt concentration in soil leads to loose of water from the
plant cell (hyper-osmotic stress). Sufficient supply with water causes that the plant cell is turgid (i.e. increases its
volume, the cell membrane experiences turgor pressure from the cell interior against the resistance of the cell wall),
which is healthy state for most plants. However, upon repeated flooding (e.g. in a tropical rain-forest climate), the
plants may experience a prolonged hypo-osmotic stress. Whereas the hyper-osmotic stress is one of the most
studied abiotic stress factor, hypo-osmotic is at the edge of scientists´ interest, still considered as “physiological
conditions”. However, both types of osmotic stress are characterized by involvement of stress sensing, oxidative
burst, and signal transduction. In this study, sensors of osmotic stress (mechano-sensitive ion channels), osmolytes,
and processes followed hypo- and hyper-osmotic stress are emphasized, although hypo-osmotic stress in
comparison to hyper- have to be largely studied.

Keywords: Hypo-osmotic stress; Hyperosmotic stress; Mechano-
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Introduction
The balance of water between the cell and its environment is crucial

to all organisms. It is well known that during process called osmosis
water diffuses across the membrane from the region of lower solute
concentration to that of higher solute concentration until the solute
concentrations on both sides of the membrane are equal. Extremely
hypertonic environment leads to plasmolysis (loose of water from a cell
to its surroundings, which cause that a cell shrivels, in the plant cell the
plasma membrane pulls away from the cell wall), whereas in hypotonic
environment a cell swells as water enters [1]. Animal multicellular cells
are protected from osmotic challenges by excretion organs, which are
able to secrete or reabsorb ions so that isotonic environment for cells is
established and maintained [2].

The role of cell wall
The strategy used by animals is not possible for bacteria, fungi, and

plants that have to cope with strong variations of osmotic conditions
[2]. On the other hand, these organisms possess a strong cell wall.
Whereas bacteria cell wall is composed of peptidoglycan murein
(polymer of N-acetylmuramic and β-N-acetylglucosamine residues)
and fungi cell wall is formed from chitin (an unbranched
polysaccharide consisting of β-N-acetylglucosamine residues) and/or
β-glucan [1]. Plant cell wall is comprised of cellulose microfibrils (an
unbranched polymers consisting of D-glucose molecules connected by
β-1,4-glycosidic linkages). These cellulose microfibrils have an
unusually high tensile strength, they are very resistant to chemical and
biological degradation and their crystalline regions are impermeable to
water [3]. The cellulose microfibrils are interconnected by
hemicellulose tethers (branched polysaccharides consisted of variety of
saccharides in addition to D-glucose) embedded in a gel of pectin (a

mixture of polymers from sugar acids, such as D-galacturonic acid).
The polymers of phenylpropane derivatives: lignin, suberin, and cutin
and also waxes further contribute to the strength of plant cell walls,
which protect the cell from the adverse effects from the environment
[3-5].

Sensing of osmotic stress: Mechano-sensitive ion channels
Surface receptors incorporated in the membrane bilayer play a key

role in receiving signals from the environment outside. Membrane ion
channels, which perceive the signals typically in the form of chemical
substances (such as hormones and neurotransmitters) constitute the
basic class of the surface receptors. Yet another form of the signal,
which affects the surface receptors, is the mechanical stimulus
including pressure, shear stress, and osmolarity [6].

Mechano-sensitive (MS) ion channels are transmembrane proteins
that directly couple mechanical stimuli to ion flux [7].
Mechanosensation is present in all the species ranging from bacteria to
mammalians [8]. In humans (or mammalians) it has been reported
that MS channels are involved in several important physiological
functions such as sensation of tactile stimulus, pain, hearing,
proprioception, synaptogenesis, regulating of cell volume and heart
rate [8]. On the contrary malfunction of MS channels confer
pathological processes e.g. arrhythmia, muscular dystrophy,
pulmonary hypertension, polycystic kidney disease, and tumor
progression. Non-specific cation channels called the transient receptor
potential (TRP) channels, which are localized in sensory neurons,
cardiomyocytes, renal epithelial cells, osteoblasts, inner hair cells etc.
represent large group of human MS channels [6,8].

Escherichia coli MscS is one of the best understood MS ion channels
in any system. It is as essentially non-selective ion channel, gated
directly by membrane tension, with a large conductance. The classic
function of E. coli MscS is to serve as an osmotic safety valve
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protecting cells from rupture during extreme hypo-osmotic
downshock [7].

In plant systems, MS ion channels are widely distributed across
multiple species, cell types, and intracellular compartments [7]. Plant
MS ion channels have been proposed to play a wide array of roles,
from perception of touch and gravity to the osmotic homeostasis of
intracellular organelles. Three families of plant MS ion channels were
identified: the MscS-like (MSL), Mid1-complementing activity (MCA),
and two pore Potassium (TPK) families. These three families are still
likely to represent only a fraction of the MS ion channel diversity in
plants [9]. There are 10 MSL proteins in Arabidopsis, most of which
are predicted to localize in plasma membrane, but also to the inner
membrane of plastids and mitochondria [7]. MSLs as essentially non-
selective ion channels are important to organelle osmoregulation and
likely play complex roles [9].

Despite a much effort only a few putative osmotic sensors have been
identified. One of the MS channels (which fully meets the criteria for a
mechanoreceptor) in Arabidopsis: MSL8 is required for pollen to
survive hypo-osmotic shock during hydratation suggesting MSL8 as a
sensor of hypo-osmotic stress-induce membrane tension [5,7,10]. It
was proposed that the role of MSL8 consist in controlling turgor
during pollen hydratation, germination, and tube growth. Disruption
of MSL8 results in high rates of bursting during pollen hydratation and
germination. Although excess turgor after hydratation leads to
germination at a rate higher than wild type, frequent bursting leads to
an overall loss of fertility. On the contrary, overexpression of MSL8
from the pollen-specific strong promoter cause that pollen grains
survive hydratation but are unable to maintain the threshold turgor
pressure required for pollen germination and pollen tube elongation
[7].

Osmolytes
One acclimation strategy to osmotic and/or salt stress conditions

relies on the massive accumulation of low molecular compounds, so
called compatible solutes or osmoprotectants. The major role of these
metabolites is increase the ability of cells to retain water without
disturbing of normal cellular functions. Osmolytes not only balance
osmotic potential gradients, but also directly protect critical
macromolecules from damage. The compatible solutes are small, non-
toxic molecules that are characterized by high water solubility
(allowing their accumulation in high amounts) and usually no net
charge to avoid impact on membrane potential. The metabolites which
act as compatible solutes are different among various species of plants.
Osmolytes can be grouped into a few chemical classes, namely
ammonium compounds (polyamines, betaines), sugars (trehalose),
sugar alcohols (manitol, sorbitol, ononitol), and amino acids and their
derivatives (proline). [11-13]. Glycine betaine (N,N,N-
trimethylglycine) is widely distributed osmolyte protecting cells from
salt stress and simultaneously stabilizing photosynthetic apparatus,
sugars provide excellent protection to cell membranes (hydroxyl
groups of certain sugars allows direct replacement of water at the
membrane surface, and polyols are superior in water solubility and
osmotic effects [11-13].

Hypo-osmotic stress in plants, much less studied but
followed by defense responses

Upon sufficient supply with water (surrounding hypotonic solution)
the plant cell increases its volume, the cell membrane experiences

considerable pressure from the cell interior against the resistance of the
cell wall (i.e. turgor pressure). At this point the cell is turgid, which is
healthy state for most plants [1,2].

However, in inundation areas and in a tropical rain-forest climate
(dominated by monsoon rainfall), the plants may experience a
prolonged hypo-osmotic stress [14]. Hypo-osmotic stress may occur
transiently when dry soil is rapidly rewetted, and chronically upon
repeated flooding [4]. It has been shown that hypo-osmotic stress
similarly as hyper-osmotic induces together with ion fluxes an
oxidative burst [5,15]. Even though similar signaling pathways are
involved in both types of osmotic stresses, only a little attention is
devoted to the study of hypo-osmotic stress defense responses.

Although the hypo-osmotic stress is at the edge of interest, still
considered as “physiological conditions”, it can increase membrane
fluidity and tonoplast proton pumps activity [16] and also induce
reactive oxygen species generation mediated by NADPH-oxidases [17].
During hypo-osmotic stress the oxidative response depends on
extracellular Ca2+ signals and phosphorylation events. Such stress
signaling regulates proteins critical for metabolic and gene-expression
reprogramming to restore again water homeostasis and cellular
stability under stress conditions [5,15]. In addition, the movement of
water extracted from the soil by plant’s roots up the plant through the
vascular system also mediates root-to shoot movement of nutrients,
hormones, and developmental signals [4] however excess of water (e.g.
flooding with pure e.g. rainfall water) can represent further nutrient
deprivation for plant.

Hyper-osmotic salt stress, one of the most studied abiotic
stress
The hyper-osmotic stress induced by salt (mostly NaCl) is probably

the most studied type of abiotic stress (maybe due to the proportion of
salt-affected irrigated land in various countries ranges from 9 to 34%,
with a world average of 20%) [18]. A hundreds of thousands of studies
were done to elucidate salt stress-induced physiological, biochemical
and molecular changes on transcriptional, translational, and post-
translational level (e.g. reviews: [18-21]. –Both the concentration
gradient and voltage differential across plasma membrane favor the
passive entry of Na+ from the soil solution into the cytoplasm of root
cells. Responsible for influx of Na+ into cells are mainly: Non-Selective
Cation Channels (NSCCs), Cyclic-Nucleotide Gated Channels
(CNGCs), and High affinity potassium (K) Transporters (HKT) [22].
High salt levels in cells cause ion toxicity (mainly Na+) and ion
imbalance, hyperosmotic stress, and secondary stresses such as
oxidative damage and nutrient imbalance [5]. The Na+ ions are toxic
due to their unfavorable effect on K+ nutrition (K+ as essential nutrient
in plants) and effect on cytosolic enzymes activities. Increased soil salt
concentration decrease soil water potential and thus a decrease the
ability of a plant to take up water, i.e. osmotic stress [20,23,24]. It leads
to a decreased turgor, closed stomata and therefore a reduced
photosynthesis and inhibition of plant growth. When the difference in
the water potential cannot be compensated, the dehydratation of the
cell occurs [21]. In addition, salinity-induced osmotic effects alter
general metabolic processes and enzymatic activities leading to
excessive accumulation of reactive oxygen species [25]. Up-regulated
production of reactive oxygen species (hydrogen peroxide, superoxide
radical, singlet oxygen, and hydroxyl radical etc.) causes phytotoxic
reactions in the form of lipid peroxidation, protein degradation, and
DNA mutation. Mostly membrane injury induced by salt stress is
related to an enhanced production of highly toxic reactive oxygen
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species [26]. Therefore, rapid mobilization of antioxidant system in the
form of defense compounds and antioxidant enzymes is crucial for
plant defense against salt stress. Main defense mechanisms towards salt
stress preventing harmful effects are active Na+ efflux, restriction of Na
+ influx, sequestration of Na+ ions in vacuole, and the synthesis of
molecules having a protective function [19-21,27,28].

For salt stress signaling plants use a calcium dependent protein
kinase pathway known as SOS (salt overly sensitive), composed of
SOS1, which is Na+/H+ antiporter at the plasma membrane. SOS1 is
expressed in root epidermal cells and xylem parenchyma cells, so that
activated SOS1 can extrude Na+ in the soil solution and load Na+ into
the xylem for long-distance transport to leaves [5]. Sequestration of
toxic Na+ ions in vacuole is mediated by vacuolar Na+/H+ antiporter
[22]. The accumulation of organic osmolytes (mentioned above), such
as proline, glycine betaine, sugar alcohols (mannitol, sorbitol)
polyamines and proteins from the late embryogenesis abundant (LEA)
superfamily, plays a key role in the low intracellular osmotic potential
of plants [18,20]. To cope with plant stress, plants have evolved
complex defense responses that involve stress sensing, salt-responsive
signal transduction (dependent or independent on intracellular Ca2+,
kinases, hormones such as abscisic acid, jasmonate; reactive oxygen
species etc.), and activation of a number of stress-related genes and
metabolites. Changes at the cellular, organ, and whole-plant levels are
helpful in alleviating of adverse effect of the stress [23,29,30]. Proteome
changes in both salt-tolerant plants (halofytes) and salt –sensitive
plants (glycophytes, crops) include reactive oxygen species-scavenging
enzymes and enzymes involved in biosynthesis of compatible solutes
(osmolytes such as glycine betaine). Salt stress in glycophytes also
increased abundance of enzymes involved in glycolysis or biosynthesis
of fatty acids, nucleotides, and saccharides (which indicates a higher
need for energy) [24].

One of the main finding of metabolite analysis of Arabidopsis
thaliana cell cultures under salt stress was enhanced methylation
accompanied by induction of aromatic acid biosynthesis that led to
salt-promoted production of lignin biosynthesis, probably for cell wall
strengthening [23].

Increased activity of NADP-dependent enzymes
accompanied both types of osmotic stress

Research from of our laboratory documented the comparison of
defense responses to both types of stress (hyper- and hypo-osmotic).
We have found out, which enzymes are important for defense
responses and for maintaining of cellular metabolism. NADPH
represents an indispensable compound for biosynthetic reactions (such
as biosynthesis of osmotically active compounds or biosynthesis of
fatty acids for damage membranes repairing), antioxidant systems
(NADPH as cofactor of antioxidant enzymes), and for enzymes
involved in regulation (NADPH-dependent thioredoxin reductase). As
the ratio NADP+/NADPH in plants influences redox reactions, the
control of cell redox homeostasis is important for balancing metabolic
processes and redox-dependent signalling.

NADPH is produced mainly in dark by enzymes from oxidative
pentose phosphate pathway (glucose-6-phosphate dehydrogenase, 6-
phosphogluconate dehydrogenase) but also other enzymes represent
an alternative source of NADPH in stressed plants (e.g. NADP-
isocitrate dehydrogenase, NADP-malic enzyme, NADP-glutamate
dehydrogenase, and non-phosphorylating NADP-glyceraldehyde-3-
phosphate dehydrogenase) [31]. Various functions of NADP-

dependent enzymes during abiotic stress were suggested e.g. the
involvement of G6PDH in regulation of Na+/H+ antiporter through
providing of NADPH for plasma membrane NADPH-oxidase as an
adaptation to salt stress [32].

Our study with cucumber (Cucumis sativa L.) seedlings indicated
that after 3 days of stress the consequences of salt stress (100 mM
NaCl) were worse than hypo-osmotic stress (caused by distilled water)
judged by determination of relative water content, Na+, K+ ions
content, phenolic compounds, Rubisco and Heat shock protein 70
contents). In these parameters hypo-osmotically stressed plants were
mostly comparable with plants grown in soil with exception of
phenolic compounds (the 2nd day of hypo-osmotic stress enhanced
content of total phenolic compounds and flavonoids was determined).
On the other hand, relative water content in salt stressed leaves
decreased up to 60%; Na+ ion content in salt-stressed roots was 15-fold
higher than in roots of plant grown in soil and on the contrary K+ was
almost undetectable in salt stress roots. The amount of Rubisco content
was in salt-stressed leaves decreased and protein related to abiotic
stress heat shock protein 70 increased [33]. Hypo-osmotic stress was
accompanied with the more pronounced changes in specific activities
of NADP-dependent enzymes (such as glucose-6-phosphate
dehydrogenase, NADP-malic enzyme, NADP-isocitrate
dehydrogenase, non-phosphorylating glyceraldehyde-3-phosphate
dehydrogenase, and shikimate dehydrogenase) in leaves. The specific
activity of glucose-6-phosphate dehydrogenase was the most
enhanced, 7.4-fold and 3.5-fold in hypo-osmotically and salt stress,
respectively [33]. Salt stress induce at the beginning of experiment
(when the extension of plant damage was lesser) activity of NADP-
galactose-1-dehydrogenase and ribose-1-dehydrogenase in both leaves
and roots. Therefore, we assume that during milder stress increased
demands of NADPH can be replenished by a wide variety of NADP-
dependent enzymes [31,33,34].

Further experiments are needed to elucidate all the differences and
the similarities of defense responses in important crop plants exposed
to hyper- and hypo-osmotic stress. Such findings could be helpful in
improving of plant cell defense against osmotic stress.

Conclusion
Although the direction of water flow during hypo- and hyper-

osmotic is opposite, both these types of stress share similar features,
both affect osmotic sensors, caused enhance production of reactive
oxygen species, and induce signal transductions. Which genes and
metabolic pathways are affected by these signaling is largely studied
during salt (hyper-osmotic stress) but little is known about hypo-
osmotic stress. To know all the details about metabolic rearrangements
and acclimatization to both types of osmotic stress further experiments
are needed.
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