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® Background Plants are often subjected to periods of soil and atmospheric water deficits during their life cycle as
well as, in many areas of the globe, to high soil salinity. Understanding how plants respond to drought, salt and co-
occurring stresses can play a major role in stabilizing crop performance under drought and saline conditions and in
the protection of natural vegetation. Photosynthesis, together with cell growth, is among the primary processes to be
affected by water or salt stress.

e Scope The effects of drought and salt stresses on photosynthesis are either direct (as the diffusion limitations
through the stomata and the mesophyll and the alterations in photosynthetic metabolism) or secondary, such as
the oxidative stress arising from the superimposition of multiple stresses. The carbon balance of a plant during a
period of salt/water stress and recovery may depend as much on the velocity and degree of photosynthetic recovery,
as it depends on the degree and velocity of photosynthesis decline during water depletion. Current knowledge about
physiological limitations to photosynthetic recovery after different intensities of water and salt stress is still scarce.
From the large amount of data available on transcript-profiling studies in plants subjected to drought and salt it is
becoming apparent that plants perceive and respond to these stresses by quickly altering gene expression in parallel
with physiological and biochemical alterations; this occurs even under mild to moderate stress conditions. From a
recent comprehensive study that compared salt and drought stress it is apparent that both stresses led to down-regulation
of some photosynthetic genes, with most of the changes being small (ratio threshold lower than 1) possibly reflecting
the mild stress imposed. When compared with drought, salt stress affected more genes and more intensely, possibly
reflecting the combined effects of dehydration and osmotic stress in salt-stressed plants.

Key words: Photosynthesis, stress, drought, salt, stomatal, mesophyll and biochemical limitations, gene expression,

signalling.

INTRODUCTION

Plants are often subjected to periods of soil and atmospheric
water deficits during their life cycle as well as, in many
areas of the globe, to high soil salinity. It is estimated
that >6 % of the world’s land and 30 % of the world’s irri-
gated areas already suffer from salinity problems (Unesco
Water Portal, 2007). Expansion of agriculture to semi-arid
and arid regions with the use of intensive irrigation will
increase secondary salinization as a result of changes in
the hydrologic balance of the soil between water applied
(irrigation or rainfall) and water used by crops (transpira-
tion). Moreover, the faster-than-predicted change in global
climate (Intergovernmental Panel on Climate Change,
2007) and the different available scenarios for climate
change suggest an increase in aridity for the semi-arid
regions of the globe and the Mediterranean region in the
near future. Together with overpopulation this will lead
to an overexploitation of water resources for agriculture
purposes, increased constraints to plant growth and survival
and therefore to realizing crop yield potential (Chaves
et al., 2002, 2003; Passioura, 2007).

Understanding how plants respond to drought, salt and
co-occurring stresses can play a major role in stabilizing
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crop performance under drought and saline conditions and
in the protection of natural vegetation. Adequate manage-
ment techniques and plant genetic breeding are the tools
to improve resource use efficiency (including water) by
plants.

Photosynthesis, together with cell growth, is among the
primary processes to be affected by drought (Chaves,
1991) or by salinity (Munns et al., 2006). The effects can
be direct, as the decreased CO, availability caused by diffu-
sion limitations through the stomata and the mesophyll
(Flexas et al., 2004, 2007) or the alterations of photosyn-
thetic metabolism (Lawlor and Cornic, 2002) or they can
arise as secondary effects, namely oxidative stress. The
latter are mostly present under multiple stress conditions
(Chaves and Oliveira, 2004) and can seriously affect leaf
photosynthetic machinery (Ort, 2001).

Photosynthetic response to drought and salinity stress is
highly complex. It involves the interplay of limitations
taking place at different sites of the cell/leaf and at different
time scales in relation to plant development. The intensity,
duration and rate of progression of the stress will influence
plant responses to water scarcity and salinity, because
these factors will dictate whether mitigation processes associ-
ated with acclimation will occur or not. Acclimation responses
under drought, which indirectly affect photosynthesis, include
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those related to growth inhibition or leaf shedding that, by
restricting water expenditure by source tissues, will help to
maintain plant water status and therefore plant carbon assim-
ilation. Osmotic compounds that build up in response to a
slowly imposed dehydration also have a function in sustain-
ing tissue metabolic activity. Acclimation responses to sal-
inity also include synthesis of compatible solutes as well as
adjustments in ion transport (such as uptake, extrusion and
sequestration of ions). These responses will eventually lead
to restoration of cellular homeostasis, detoxification and
therefore survival under stress.

In recent years, remarkable advances have taken place in
various domains of stress physiology. A major one relates to
the knowledge of long- and short-distance signalling, which
plays a role in the feed-forward and the feed-back control of
photosynthesis in response to drought and salt. It is
acknowledged that signalling pathways leading to plants’
stress responses are interconnected at many levels. On the
other hand, recent results suggest that the molecular and
metabolic responses observed under a combination of
stresses (e.g. drought and heat) are unique and cannot be
extrapolated from plant response to the individual stress
(Mittler, 2006).

A large amount of data is now available on alterations
occurring on gene expression in response to drought,
salt and other stresses (e.g. Ma et al., 2006; Shinozaki
and Yamaguchi-Shinozaki, 2007). The main problem
now is linking those changes with meaningful effects on
physiological processes because many studies are not
tissue-specific and the treatments artificial (Munns, 2005).
In addition, when responses are multigenic it is hard
to find out the controlling genes and key proteins.
Identifying groups of genes by mapping regions of the
genome responsive to the particular stress has been one of
the approaches used, although necessarily slow (Tuberosa
and Savi, 20006).

It is becoming apparent that stress responses involve the
alterations of expression of a multitude of genes, a great
diversity in the timing of those alterations, and the modu-
lation of gene expression by the intensity, duration and
rate of progression of imposed the stress. We seem to be
facing a real ‘reprogramming’ of the whole plant to attain
a new energetic and developmental equilibrium in order
to cope with the upcoming stress, the products of
stress-inducible genes functioning both in the initial stress
responses and in establishing plant stress tolerance. A new
paradigm is emerging — plant response to drought and
salinity (even mild), and to stress in general, occurs via
a series of physiological, cellular and molecular events
developing in parallel and very rapidly. It mobilizes the
whole metabolic machinery towards plant acclimation and
survival. Attempting to identify the initial effects of
drought on plant metabolism in general and in photosyn-
thesis in particular is therefore losing relevance.

In this paper, we highlight the current state of the art on
drought and salt effects on photosynthesis, covering the
events occurring at various scales, evidencing the high
complexity of the process and suggesting that different
sensors perceive plant stress conditions simultaneously,
resulting in improved stress tolerance.

Chaves et al. — Photosynthesis under Drought and Salt Stress

WHAT IS SIMILAR, WHAT IS DIFFERENT
IN DROUGHT AND SALINITY?

Early responses to water and salt stress have been con-
sidered mostly identical (Munns, 2002). Drought and sali-
nity share a physiological water deficit that attains, more
or less intensely, all plant organs (Fig. 1). However,
under prolonged salt stress plants respond in addition to
dehydration to hyper-ionic and hyper-osmotic stress. Leaf
tissue water deficit per se can be triggered not only by
low soil water content but also by high vapour pressure
deficit of the atmosphere.

In addition to alterations in photosynthesis and cell growth,
both stresses when slowly imposed, often induce osmotic
adjustment which is considered an important mechanism to
allow the maintenance of water uptake and cell turgor
under stress conditions. The effects of drought and salinity
on photosynthesis range from the restriction on CO, diffusion
into the chloroplast, via limitations on stomatal opening
mediated by shoot- and root-generated hormones, and on
the mesophyll transport of CO,, to alterations in leaf photo-
chemistry and carbon metabolism. These effects vary accord-
ing to the intensity and duration of the stress as well as with
the leaf age (older leaves are more affected by drought and
accumulate higher amounts of salt) and the plant species
(Lawlor and Cornic, 2002; Munns, 2002; Chaves et al.,
2003; Flexas et al., 2004; Galmés et al., 2007a).

Under salinity, in addition to water deficits, plants endure
salt-specific effects. Salt response follows a biphasic model,
with current metabolic data indicating an early similarity
with drought, whereas in the long-term plants are responding
to ion toxicity. There are species-specific responses to salt.
Some plants are able to prevent salt entry (salt exclusion at
the whole-plant or the cellular level) or to minimize its con-
centration in the cytoplasm (by compartmentalizing salt in
the vacuoles), thus avoiding toxic effects on photosynthesis
and other key metabolic processes. When those processes
do not exist or are insufficient, it was shown that Na™ at
a concentration above 100 mm severely inhibits many
enzymes (including photosynthetic ones) (Munns et al.,
2006). The enzymes that require K* as a cofactor are particu-
larly sensitive to high concentrations of Na™ or high ratios of
Na™/K*. In salt- acclimated plants, it was also shown that
primary metabolites linked to amino acid and nitrogen or
carbohydrate and polyol metabolism do increase; these com-
patible solutes play a role in osmotic adjustment, membrane
and protein protection or scavenging of reactive oxygen
species (ROS) and of excess accumulated ammonium ions.
Interestingly, in those plants a depletion of organic acids is
also observed following the decreased carbon assimilation
as stomata close; this is contrary to what happens under
drought. The reduced content of organic acids under salt
stress may be involved in compensating for ionic imbalance
(see the review by Sanchez et al., 2007).

CO; diffusion through stomata and the mesophyll

Stomata close in response to leaf turgor decline, to
high vapour pressure deficit in the atmosphere or to root-
generated chemical signals, the latter being common to
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Fic. 1. Direct effects of drought and salinity on stomata and mesophyll (g,,) conductance as well as on gene expression, resulting in alterations of
photosynthetic metabolism and ultimately on plant acclimation.

both drought and salinity. Supply of CO, to Rubisco is
therefore impaired, what predisposes the photosynthetic
apparatus to increased energy dissipation and down-
regulation of photosynthesis when plants are subjected to
high light and temperature. Under mild stress, a small
decline in stomatal conductance may have protective
effects against stress, by allowing plant water saving and
improving plant water-use efficiency by the plant.

In addition to reduced CO, diffusion through the stomata,
both stresses also result in an apparent reduced CO, diffusion
through the leaf mesophyll, i.e. in a reduced mesophyll con-
ductance to CO, (gn; reviewed in Flexas et al., 2004, 2007).
Although not as straight forward as stomatal conductance
measurements, estimations of g, seem appropriate despite
many assumptions involved in the most common methods
used (Warren, 2006). This is supported by the fact that
different methods involving totally different assumptions,
result in very similar estimates, as demonstrated by Loreto
et al. (1992) and Flexas et al. (2006a, 2007), among
others. These changes in mesophyll conductance may be
linked to physical alterations in the structure of the intercel-
Iular spaces due to leaf shrinkage (Lawlor and Cornic, 2002)
or to alterations in the biochemistry (bicarbonate to CO, con-
version) and/or membrane permeability (aquaporins). In an
early work, Jones (1973) already suggested that leaf internal
diffusion conductance was depressed under water-stress con-
ditions. However, the model used by Jones assumed that CO,
concentration in the chloroplast was close to zero or to the
compensation point, which was later shown to be untrue
(Farquhar and Sharkey, 1982). Comparison of chlorophyll
fluorescence with gas exchange measurements also revealed

that C. was lower than C;, and that the difference increased
under conditions of water stress or salinity (Bongi and
Loreto, 1989; Cornic et al., 1989). That water stress specifi-
cally lowers C. below C; was independently confirmed by
measuring leaf 30 (Renou et al., 1990) and *C discrimi-
nation (Brugnoli and Lauteri, 1991). Still, in these early
works, it was assumed that g, was largely unaffected by
stress, and that discrepancies between C. and C; arose from
invalid estimations of the latter due to either heterogeneous
stomatal closure (Terashima, 1992; Buckley et al., 1997)
and/or interference of cuticular conductance (Boyer ef al.,
1997). It was assumed that most of the mesophyll resistance
to diffusion was caused by morphological and anatomical
leaf traits, which are unlikely to change in response to
stress, particularly in the short term. However, Genty et al.
(1998) showed that most of the internal resistance to CO, dif-
fusion was in the liquid phase inside cells instead of in inter-
cellular air spaces, i.e. not so much dependent on leaf
structure, and later studies specifically suggested that g,
was depressed under both salt (Delfine et al, 1999;
Centritto et al., 2003) and water stress (Scartazza et al.,
1998; Flexas et al., 2002; Galmés et al., 2007a).

Flexas et al. (2006b) have shown that g, responds very
quickly (within a few minutes) to desiccation after cutting
the leaf petiole in air, and that reduced g, can be induced
by exogenous application of abscisic acid (ABA) to well-
watered plants. In addition, g, also responds quickly to
changes in temperature, light and CO, concentration
(Flexas et al., 2008). All together, these results strongly
suggest that g, is regulated biochemically, rather than
simply by leaf anatomical traits. There is evidence for the
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involvement of carbonic anhydrase (Gillon and Yakir, 2000)
and aquaporins (Flexas et al., 2006a) in the regulation of g,,
but the role of these metabolic components under conditions
of drought and salinity remains unknown. Interestingly,
different species exhibit different relative limitations to
photosynthesis induced by stomata, mesophyll or the bioche-
mistry, when water deficit progresses (Table 1).

Lateral diffusion of CO, in the mesophyll has been
studied recently and was shown to induce important photo-
synthesis variations (Morison et al., 2007). While no study
is available on the magnitude and effects of such lateral dif-
fusion under water or salt stress, it is likely that in cases of
patchy stomatal closure, lateral diffusion from open stomata
to mesophyll portions under closed stomata may support
some photosynthesis and reduce possible photoinhibitory
effects.

Biochemical and photochemical limitations to photosynthesis

Changes in leaf biochemistry that result in down-
regulation of the photosynthetic metabolism may occur in
response to lowered carbon substrate under prolonged
stresses (Chaves and Oliveira, 2004; Flexas et al., 2006D).
For example, a de-activation of the carboxylating enzyme
Rubisco by low intercellular CO, (C;) has been observed
(Meyer and Genty, 1998). Following stomatal closure and
the fall in CO, concentration in the intercellular airspaces
of leaves, other enzymes have been shown to decrease
their activity (e.g. SPS or nitrate reductase); this change
was quickly reversed when increasing CO, in the surround-
ing atmosphere (Sharkey et al., 1990). Early biochemical
effects of water deficits that involve alterations in photopho-
sphorylation (a decrease in the amount of ATP leading to a
decreased regeneration of RuBP) have also been described
(Tezara et al., 1999) and seem to be dependent on species
showing different thresholds for metabolic down-regulation

TaBLE 1. Relative limitations to photosynthesis (stomatal,
mesophylic and biochemical) in three Mediterranean species
subjected to mild, moderate, severe water deficit and recovery

Limitation

Mesophyll

Treatment Total Stomatal conductance Biochemical

Diplotaxis ibicensis

Mild water deficit 17 7 9 1
Moderate water deficit 61 29 21 11
Severe water deficit 78 47 16 1
Recovery 47 13 26 8
Beta maritima ssp. marcosii

Mild water deficit 0 0 0 0
Moderate water deficit 40 19 10 11
Severe water deficit 99 18 42 39
Recovery 36 6 26 4
Lavatera maritima

Mild water deficit 24 18 6

Moderate water deficit 57 47 9 1
Severe water deficit 87 70 7 10
Recovery 31 22 8 0

Adapted from Galmés et al. (2007a).
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(Lawlor and Cornic, 2002). Under salt stress, metabolic
limitations of photosynthesis resulting from increased con-
centrations of Na® and Cl~ in the leaf tissue (in general
above 250 mM) do occur (Munns et al., 2006). As pre-
viously pointed out the fast changes in gene expression fol-
lowing stress imposition that have been observed, suggest
that alterations in metabolism start very early.

When, in addition to drought and salinity, plants are sub-
jected to other environmental stresses such as high light and
temperature either chronic (under high and/or persistent
excess light) or dynamic (under moderate excess light)
photoinhibition is likely to occur. In fact, under those con-
ditions that limit CO, fixation, the rate of reducing power
production is greater than the rate of its use by the Calvin
cycle. Protection mechanisms against excess reducing
power are thus an important strategy under water stress.
These photoprotective mechanisms compete with photo-
chemistry for the absorbed energy, leading to a decrease
in quantum yield of PSII (Genty et al., 1989). Such protec-
tion may be achieved by the regulated thermal dissipation
in light-harvesting complexes, somehow involving the
xanthophyll cycle (Demmig-Adams and Adams, 1996)
and the lutein cycle (Matsubara et al., 2001). Although its
role is not totally clear yet, photorespiration may also be
involved in protecting the photosynthetic apparatus
against light damage as suggested by its increase under
drought observed in several species (see the review by
Chaves et al., 2003). Photorespiratory-produced H,0O,
may also be responsible for signalling and acclimation
under restricted CO, availability (Noctor et al., 2002). In
addition to the photoprotective mechanisms that may use
intercepted solar radiation that is not utilized by photo-
chemistry, the avoidance mechanisms resulting from leaf
or chloroplast movements known as ‘paraheliotropism’,
that are very effective in reducing intercepted radiation,
cannot be disregarded. The masking of chlorophyll by
anthocyanins that prevent photo-oxidative damage to leaf
cells is particularly important in senescing leaves since it
allows an efficient nutrient retrieval from those leaves to
the storage compartments of the plant (Feild et al., 2001).

REGULATION: WHAT DO WE KNOW?
Signalling

An efficient response to the environment is particularly
important for plants, as sessile organisms. This means an
ability of cells to quickly sense the surrounding environ-
mental signals. Systemic signals generated by the tissue
exposed to abiotic and biotic stress act in the co-ordination
and execution of plant stress responses in terms of meta-
bolic and developmental adjustments. Under salt and
drought, these responses are triggered by primary osmotic
stress signals (see Chaves et al., 2003) or by secondary
signal metabolites that generally increase or decrease in a
transient mode. The latter include hormones (e.g. ABA,
ethylene, cytokinins), ROS and intracellular second mes-
sengers (e.g. phospholipids, sugars, etc.).

Drought and salinity trigger the production of ABA in
roots which is transported to the shoots causing stomatal
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closure and eventually restricting cellular growth. ABA can
also be synthesized in leaf cells and translocated around the
plant (Wilkinson and Davies, 2002). Recent evidence indi-
cates that xylem/apoplastic pH influence ABA compartmen-
tation and consequently the amount of ABA reaching the
stomata. In droughted plants, for example, the more alkaline
pH observed in xylem/apoplast leads to a decrease in the
removal of ABA from xylem and leaf apoplast to the sym-
plast (the so-called alkaline trapping of ABA), such that
more ABA reaches the guard cells. A higher xylem sap pH
can result from a variety of plant stresses in addition to soil
drying — high light, salt and nitrate, for example (Jia and
Davies, 2007), enabling the modulation of stomatal aperture
in response to a variety of environmental variables. ABA
also mediates effects in other physiological processes
through alterations in gene expression. Finally, sugars travel-
ling in the xylem of droughted plants or sugars that might
increase in the apoplast of guard cells under high light are
also likely to exert an important influence on stomatal sensi-
tivity to ABA (Wilkinson and Davies, 2002).

Soluble sugars (namely sucrose, glucose and fructose) that
are altered by water deficits and salinity, also act as signal-
ling molecules under stress (Chaves et al., 2004) and do
interact with hormones as part of the sugar sensing and sig-
nalling network in plants (Rolland et al., 2006). A major
source for glucose signals is transitory starch breakdown
from chloroplasts during the night. In general, under salt
and drought stress soluble sugars tend to increase, while
starch content decreases (Chaves, 1991). Under very severe
dehydration soluble sugars may decrease (Pinheiro et al.,
2001). Sugars will modify gene expression and proteomic
patterns, namely those governing photosynthetic metabolism.
It is acknowledged that transcripts for genes involved in
photosynthesis and other source activities (e.g. photoassimi-
late export and nutrient mobilization) decrease under high
sugar content, whereas those involved in sink activities,
like degradation of carbohydrates and the synthesis of
storage polysaccharides, lipids and proteins are induced
(for a review, see Stitt et al., 2007). There is evidence that
CO,, light, water and other environmental signals can also
be integrated and perceived as sugar signals (Pego et al.,
2000), suggesting that different signal types may be
perceived by the same receptor or that the signal pathways
converge downstream (Chaves et al., 2003).

The redox-state of the photosynthetic electron components
and the redox-active molecules also act as regulatory agents
of metabolism (Foyer and Noctor, 2003). Redox signals are
early warnings exerting control over the energy balance of
a leaf. Alterations in the redox state of redox-active com-
pounds regulate the expression of several genes linked to
photosynthesis (both in the chloroplast and in the nucleus),
thus providing the basis for the feedback response of
photosynthesis to the environment or, in other words, the
adjustment of energy production to consumption. Data avail-
able on the redox regulation of photosynthesis genes suggest
a highly complex signalling network (see the reviews by
Pfannschmidt, 2003; Pfannschmidt et al., 2009). Redox sig-
nalling molecules include some key electron carriers, such as
the plastoquinone pool, or electron acceptors (e.g. ferredoxin/
thioredoxin system) as well as ROS (e.g. H,O,). H,O, acts as
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a local or systemic signal for leaf stomata closure, leaf
acclimation to high irradiance and the induction of heat
shock proteins (Pastori and Foyer, 2002). Nitric oxide, a
reactive nitrogen species, also acts as a signalling molecule,
in particular by mediating the effects of hormones and other
primary signalling molecules in response to environmental
stimuli; it may act by increasing cell sensitivity to these mol-
ecules (Neill er al., 2003). Recently, nitric oxide was shown
to play a role as an intermediate of ABA effects on guard
cells (Neill et al., 2003).

Gene expression, proteomics, metabolomics

To study the dynamics of plant metabolism under stress
and unravel regulatory mechanisms in place, it is important
to combine the traditional more descriptive physiological
approaches with the techniques of functional genomics,
namely the high throughput methods for transcriptomic,
proteomic, metabolomic and ionomic analysis. Using this
integrated analysis it would be possible to study the
dynamics of plant metabolism in the context of the plant
system as a whole.

In Table 2, some recent work (transcriptomics and pro-
teomics) on model plants, crops and a tree subjected to
different salinity and drought conditions is summarized.
This table clearly shows that the number of stress respon-
sive genes or proteins is related to the stress intensity
(dramatically demonstrated by Cramer et al., 2007) and
with tissue origin (Zhou et al., 2007). Table 2 also reflects
the usual trend of larger alterations found at transcriptomic
level (5—10 %) than at protein level (usually <1 %), the
exception being the findings of Bogeat-Triboulot et al.
(2007). In fact, these authors found that as the result of
the stress, protein concentration can be affected without
alterations in the expression of the corresponding genes.

Genes or proteins associated with photosynthetic pathways
were in general not among the most altered by the stress.
For example, in Thellungiella (a stress-tolerant plant), photo-
synthesis genes correspond to 15 % of all genes down-
regulated (Wong et al., 2006), while in rice alterations in
photosynthesis-related genes are mostly associated with
stress recovery (Zhou et al., 2007). As a result of being rela-
tively unaffected by salinity and drought, photosynthesis
related genes and proteins have not been deeply analysed
so far. However, the work by Kilian et al. (2007) made avail-
able extensive data. A gene was therefore made by gene
analysis using the tool Genevestigator (www.genevestigator.
ethz.ch; Zimmermann et al., 2005). The effect of salinity and
drought on genes associated with photosynthesis (AraCyc
Pathways, www.arabidopsis.org/tools/aracyc) was checked
in arabidopsis seedlings using the expression profiles avail-
able (generated with the Affymetrix ATHI1 chip; Kilian
et al., 2007). The imposed stresses were evaluated for 24 h.
Although no information on the physiological status of the
seedlings was given, the imposed stresses may be considered
as mild. Of the 139 photosynthesis-related genes (AraCyc
Pathways) the AtGenExpress salt and drought microarray
has information for 102 genes. As a general trend, both
stresses led to gene down-regulation, most of the changes
being small (ratio threshold lower than 1; Fig. 2), possibly



TABLE 2. Salt and drought effects on the expression of gene and proteins in some model plants and crops: some examples from recent literature

Affected genes/proteins

Stress Type of Chip/proteome Drought Salinity
Species Stress analysed intensity analysis dimension Organ
Up Down Up Down Reference
O. sativa Salinity and drought Mild/late Transcript 36926 Leaf 582 795 1676 1270 Zhou et al. (2007)
Shoot 1257 646 817 1323
Panicle 614 1305 1310 2284
Salinity and drought Early Transcript 1720 Shoot 62 nt 57 nt Rabbani et al. (2003)
Salinity Early Protein 2500 Leaf na na 7 2 Parker et al. (2006)
Late na na 21 12
Thellungiella Salinity and drought Mild Transcript 3628 Rosette 47 31 0 3 Wong et al. (2006)
P. euphratica Drought Early Transcript 6340 Leaf 8 3 na na Bogeat-Triboulot et al. (2007)
Root 7 7 na na
Late Leaf 22 14 na na
Root 6 16 na na
Early Protein nt Leaf 95 122 na na
Late Leaf 82 74 na na
Arabidopsis Salinity and drought Early Transcript 24000 Rosette 60 14 735 494 Kilian et al. (2007)
Root 6 12 1310 666
Salinity Early Protein 2949 Cell suspension na na 266 Ndimba et al. (2005)
Vitis vinifera Salinity and drought Mild/late Protein 758 Shoot 5 17 12 16 Vincent et al. (2007)
Salinity and drought Early Transcript 14000 Shoot 6 8 0 0 Cramer et al. (2007)
Severe/late 5383 5558 5031 5323

nt, Not available; na, not applicable.
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reflecting the mild stress. When compared with drought, salt
stress affects a higher number of genes and a more intense
effect is observed, reflecting the combined effects of salinity
(dehydration and osmotic stress). Within a multigenic family,
the same stress can have distinct effects on the several genes,
not only quantitative but also qualitative (Fig. 3). While both
genes of fructose-bisphosphatase are similarly down-
regulated by salt stress, the genes of other enzymes of the
Calvin cycle and photorespiration (fructose-bisphosphate
aldolase, phosphoribulokinase, transketolase, ribose-5-
phosphate isomerase, phosphoglycolate phosphatase and
strikingly glycine hydroxymethyltransferase) are differently
affected (Fig. 3). This points to the plant capacity to react
and respond differently to distinct growth conditions and to
the need to address the question of metabolic com-
partmentation. This may also explain some inconsistent
data in the literature. What are the physiological conse-
quences of such disparities? How can we decipher such
responses? Since biological activity results from the active
protein pool in a given compartment, the effect of a stress
on a metabolic pathway is the result of their integration/
complementation. Therefore, it is necessary to link genes
with gene products and their biological function, hopefully
provided in the near future by metabolomics studies using
mass spectroscopy-based metabolite profiling. In a recent
paper by Stitt et al. (2007), a multilevel genomics analysis
was used to unravel plant response to low carbon availability,
a situation common to drought and salt stress. A large number
of sugar-responsive genes showed diurnal changes in tran-
script levels in response to low carbon stress. Among the hun-
dreds of genes whose transcript levels were altered by carbon
starvation, a co-ordinated repression of genes involved in
photosynthesis and chloroplast protein synthesis and folding
was observed. Interestingly, the changes in transcript levels
did not lead to immediate changes in enzyme activities. It
was concluded that the diurnal changes in transcripts inte-
grated over the days are the signal for alterations in enzyme
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activities that follow and will allow plant acclimation to the
new condition.

Bogeat-Triboulot et al. (2007) combined the analysis of
gene expression, protein profiles and ecophysiological per-
formance of Populus euphratica subjected to gradual soil
water depletion. They observed that acclimation to water
deficits involved the regulation of different networks of
genes, linked to protection and function maintenance of
roots and shoots. Drought successively induced shoot
growth cessation, stomatal closure, moderate increases in
ROS, decreases in photosynthesis and in root growth.
These alterations were paralleled by transcriptional
changes in 1-2 % of the genes on the array that were fully
reversible upon rewatering. However, no correlation was
observed between the abundance of transcripts and proteins.

RECOVERY AFTER STRESS DICTATES
SURVIVAL

The carbon balance of a plant during a period of salt/water
stress and recovery may depend as much on the velocity
and degree of photosynthetic recovery, as it depends on the
degree and velocity of photosynthesis decline during water
depletion. Surprisingly, since early studies by Kirschbaum
(1987, 1988), photosynthesis recovery after stress has been
scarcely studied. In general, plants subjected to mild stress
recover fast (within 1 or 2 d) after stress is alleviated, but
plants subjected to severe water stress recover only 40—60
% of the maximum photosynthesis rate during the day after
re-watering, and recovery continues during the next days,
but maximum photosynthesis rates are not always recovered
(Kirschbaum, 1987, 1988; Delfine et al., 1999; Sofo et al.,
2004; Grzesiak et al., 2006; Bogeat-Triboulot et al., 2007,
Gallé et al., 2007).

Kirschbaum (1987, 1988) showed that recovery after a
severe drought was a two-stage process: a first stage occurred
during the first days upon re-watering, and consisted
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basically in leaf re-watering and stomata re-opening; and
a second stage lasted several days and was supposed
to require de novo synthesis of photosynthetic proteins.
Recently, Bogeat-Triboulot er al. (2007) have shown that
recovery after water stress, determined 10 d after re-watering,
was accompanied by increases in some photosynthetic pro-
teins, particularly Rubisco activase and proteins of the
water splitting complex, although increased proteins tran-
scripts were not detected. In the cases where photosynthesis
recovery is slow and/or incomplete, sustained photoprotec-
tion and/or oxidative stress have been suggested as possible
causes (Sofo et al., 2004; Gallé et al., 2007). The influence
of previous water stress severity on the velocity and extent
of photosynthesis recovery has been illustrated in kidney
bean by Miyashita et al. (2005) and Grzesiak et al. (20006).
On the other hand, Pérez-Pérez et al. (2007) have shown
that the interaction of salt and water stress strongly reduces
plant’s capacity to recover photosynthesis after stress allevia-
tion as compared with plants subjected to a single stress.
However, in these studies, the physiological mechanisms
limiting recovery were not assessed. Therefore, current
knowledge about physiological limitations to photosynthetic
recovery after different water- and salt-stress intensities, as
well as under different environmental conditions, is scarce.

In some species, a sustained down-regulation of stomatal
conductance after re-watering imposes a substantial limitation
to photosynthesis recovery, at the time that it increases the
intrinsic water-use efficiency (Bogeat-Triboulot et al., 2007;
Gallé et al., 2007; Galmés et al., 2007a). In these studies,
however, the causes for sustained stomatal closure were not
investigated. It has been observed that, in some species,
limited recovery of leaf-specific hydraulic conductivity is
the apparent cause for down-regulation of stomatal conduc-
tance after re-watering (Galmés et al., 2007b), and it has
recently been shown that aquaporins play a dominant role
in the regulation of dynamic changes in variable hydraulic
conductance of leaves (Cochard et al., 2007). However, in

other species like the Vitis hybrid R-110 (Vitis berlandieri x
rupestris), sustained stomatal closure lasts for weeks after
re-watering but it does not seem to be related to root or
stem hydraulic conductivity, ABA, or to the expression of
aquaporins in roots or leaves (Galmés et al, 2007c;
J. Flexas et al., unpubl. res.). Recently, it has been shown
that electrical rather than hydraulic signals may play the
main role in regulating stomatal re-opening after a
water-stress period in maize (Grams et al., 2007).

In other species, notably in many Mediterranean species
belonging to different growth forms and functional groups,
a slowly reversible mesophyll conductance to CO, has been
shown to be an important factor limiting photosynthesis
recovery after severe water stress (Galmés et al., 2007a).
Finally, in some studies such as that of Ennahli and Earl
(2005) in cotton, impaired photosynthetic biochemistry
was shown to be the main cause for limited photosynthesis
recovery. In summary, the factors limiting photosynthesis
recovery after water and salt stress seem to be multiple,
and to strongly depend on the species and conditions ana-
lysed. This important aspect of plant physiology deserves
further studies in the near future.

FUTURE PERSPECTIVES

The accumulated knowledge on physiological, cellular and
molecular responses of plants to drought and salinity, includ-
ing the signalling events occurring under both stresses, is
already permitting great progress in crop management and
breeding. Some improvement in plant stress tolerance has
been achieved by introducing of stress-inducible genes
into some model plants (see review by Shinozaki and
Yamaguchi-Shinozaki, 2007). To further understand the
complexity of plant response to drought and salt, including
the effects on photosynthesis, we have to strengthen multile-
vel genomics and physiological studies, covering different
intensity and timing of imposition of the stresses in
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genotypes with different sensitivity to stress. It is already
apparent that a significant number of genes related to photo-
synthetic metabolism is quickly down- or up-regulated in
response to drought and salt, even under mild to moderate
stress conditions. The differential expression patterns
observed in multi-gene families responding to drought and
salinity are a clue for understanding plant plasticity regard-
ing the multitude of abiotic and biotic constraints to which
plants are exposed. On the physiological side, studies on
how photosynthesis recovers following stress suggest a
high plant specificity that would be interesting to explore
in order to increase plant potential to tolerate stress.
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