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Summary—Zusammenfassung

The increasing frequency of dry periods in many regions of
the world and the problems associated with salinity in irri-
gated areas frequently result in the consecutive occurrence
of drought and salinity on cultivated land. Currently, 50% of
all irrigation schemes are affected by salinity. Nutrient distur-
bances under both drought and salinity reduce plant growth
by affecting the availability, transport, and partitioning of nutri-
ents. However, drought and salinity can differentially affect
the mineral nutrition of plants. Salinity may cause nutrient
deficiencies or imbalances, due to the competition of Na+ and
CI- with nutrients such as K+, Ca2*, and NOj. Drought, on
the other hand, can affect nutrient uptake and impair acrope-
tal translocation of some nutrients. Despite contradictory
reports on the effects of nutrient supply on plant growth under
saline or drought conditions, it is generally accepted that an
increased nutrient supply will not improve plant growth when
the nutrient is already present in sufficient amounts in the soil
and when the drought or salt stress is severe. A better under-
standing of the role of mineral nutrients in plant resistance to
drought and salinity will contribute to an improved fertilizer
management in arid and semi-arid areas and in regions
suffering from temporary drought. This paper reviews the cur-
rent state of knowledge on plant nutrition under drought and
salinity conditions. Specific topics include: (1) the effects of
drought and salt stress on nutrient availability, uptake, trans-
port, and accumulation in plants, (2) the interactions between
nutrient supply and drought- or salt-stress response, and (3)
means to increase nutrient availability under drought and sali-
nity by breeding and molecular approaches.
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1 Introduction

The increasing frequency of dry periods in many regions of
the world and the problems associated with salinity in irri-
gated areas frequently result in the consecutive occurrence
of drought and salinity on cultivated land. Currently, about
50% of irrigated land in the world, which has at least twice the
productivity of rainfed land and may produce one-third of the
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Trockenstress und Salzstress — Vergleich der
Auswirkungen auf die mineralische Erndhrung von
Pflanzen

Eine Zunahme von Trockenperioden in vielen Landern der
Welt und assoziierte Probleme der Versalzung in bewésser-
ten Gebieten flhren h&ufig zu gleichzeitigem Auftreten von
Trockenheit und Salinitat. Gegenwartig sind weltweit unge-
fahr 50 % aller Bewasserungsflachen durch Salinitét beein-
trachtigt. Néahrstoffstérungen bei Trocken- und Salzstress
beeintrachtigen die Verfligbarkeit, den Transport und die Ver-
teilung von Né&hrelementen in der Pflanze und reduzieren
somit das Pflanzenwachstum. Trocken- und Salzstress kon-
nen sich jedoch unterschiedlich auf die Nahrstoffversorgung
der Pflanzen auswirken. Salinitat kann aufgrund der Konkur-
renz zwischen Na+ bzw. CI- und Nahrelementen wie K+, Ca2+
und NO3 Nahrstoffméngel oder -ungleichgewichte in den
Pflanzen verursachen. Trockenstress kann sowohl die Néhr-
stoffaufnahme als auch den akropetalen Transport einiger
Elemente beeintréchtigen. Trotz kontroverser Schlussfolge-
rungen in der Literatur hinsichtlich der Wechselbeziehungen
von Néahrstoffangebot und Trocken- bzw. Salzstress auf das
Pflanzenwachstum ist allgemein akzeptiert, dass N&ahrstoff-
zufuhr das Pflanzenwachstum nicht verbessert, wenn ausrei-
chend Né&hrstoffe im Boden verflgbar sind oder bei stark aus-
gepragter Trockenheit oder Salinitat. Ein besseres Verstéand-
nis der Rolle von Mineralstoffen in der Toleranz von Pflanzen
gegenuber Trocken- oder Salzstress dirfte gerade in ariden
und semi-ariden Gebieten sowie in Regionen, die unter peri-
odischer Trockenheit leiden, zu verbesserten Dilingestrate-
gien beitragen. In der vorliegenden Arbeit wird der gegen-
wartige Kenntnisstand der mineralischen Ern&hrung bei
Trockenheit und Salinitdt diskutiert. Schwerpunkte der
Betrachtungen sind (1) die Auswirkungen von Trockenheit
und Salzstress auf die Verfugbarkeit, die Aufnahme, den
Transport und die Anreicherung von Né&hrelementen in der
Pflanze, (2) Wechselbeziehungen zwischen dem Néahrstoff-
angebot und Trockenheit oder Salinitdt sowie (3) MaBnah-
men zur Verbesserung der Nahrstoffverfligbarkeit bei Tro-
ckenheit und Salzstress mittels ziichterischer und molekular-
biologischer Anséatze.

world’s food, is affected by salinization (Ghassemi et al.,
1995; Hillel, 2000). Both drought and salinity threaten crop
productivity worldwide. Water deficit or osmotic effects are
probably the major physiological mechanisms for growth
reduction as both stresses lower the soil water potential.
However, drought and salinity may differentially affect the
mineral-nutrient relations in plants. Generally, drought
reduces both nutrient uptake by the roots and transport from
the roots to the shoots, because of restricted transpiration
rates and impaired active transport and membrane perme-
ability (Viets, 1972; Alam, 1999). The decline in soil moisture
also results in a decrease in the diffusion rate of nutrients in
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the soil to the absorbing root surface (Pinkerton and Simp-
son, 1986; Alam, 1999). In contrast, soils contain extreme
ratios of Na+ : Ca?*, Na+ : K+, Ca?* : Mg?*, and CI- : NO3
under saline conditions, which cause reduced plant growth
due to specific ion toxicities (e.g., Na* and CI-) and ionic
imbalances acting on biophysical and/or metabolic compo-
nents of plant growth (Grattan and Grieve, 1999).

Fertilizer management can strongly affect crop productivity
under conditions of drought or salinity. Thus, the addition of
nutrients can either enhance or decrease plants’ resistance
to drought or salinity or have no effect at all, depending on
the level of water availability and salt stress. However, fer-
tilizer management can be more complicated under drought
than that under salinity. For instance, under drought condi-
tions, the fertilizer-induced increase in plant growth results in
higher water use during the early vegetative period and may
have adverse effects through increasing drought stress at cri-
tical growth stages. In contrast, the promotion of root growth
by mineral application under drought conditions may facilitate
the extraction of water and nutrients from deeper soil layers
(Viets, 1972). Salinity- or drought-to-fertility relationships
have been reviewed during the last decades (e.g., Oertli,
1991; Alam, 1999; Grattan and Grieve, 1999). However,
since most dry areas also suffer from salinity, a comparison
of mineral-nutrient management for salinity and drought
stresses will help to develop strategies that improve plant
resistance to either and/or both of these stresses. The objec-
tive of this paper is to review the current state of knowledge
on plant nutrition under drought and salinity. Specific topics
that we will examine include (1) the effects of drought and
salt stress on nutrient availability, uptake, transport, and
accumulation in plants, (2) interactions between nutrient sup-
ply and drought- or salt-stress response, and (3) means to
increase nutrient availability under drought and salinity by
breeding and molecular approaches.

2 Mineral nutrition under drought and salinity
2.1 Nitrogen

Nitrogen is the mineral element that plants require in the lar-
gest amounts and is a constituent of many plant cell compo-
nents, including amino and nucleic acids. Therefore, nitrogen
deficiency rapidly inhibits plant growth. An early study of the
relationships between water availability and the N-fertilizer
responses from Smika et al. (1965) demonstrated that fertili-
zer N will not increase yield without sufficient water being
available to the plant, and increasing soil-water availability
will not increase production without adequate N supply.
A recent study on wheat grown in a sandy soil under different
moisture-stress levels (Geesing and Schmidhalter, unpub-
lished) showed similar interactive effects of N supply and
drought stress (Fig. 1). Application of additional N enhanced
wheat yield only when the drought was not severe. While
drought conditions may reduce soil-N mineralization, thus
lowering the N availability (Bloem et al., 1992), a reduced
crop N uptake may also be attributed to a decreased tran-
spiration rate to transport N from roots to shoots (Tanguilig et
al., 1987).

© 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

J. Plant Nutr. Soil Sci. 2005, 168, 541-549

10 | == 120kg N
—_ 180kg N LSD (0.05)
- 8+t
(o] T
<
= | ns
5 6
2
>
s A7 ns
©
S |_I
0
Drought  normal irrigated
rainfall

Figure 1: The interactive effect of nitrogen and water supply on the
yield of winter wheat grown in sandy soil. Drought was induced by
withholding rainfall for one month during the vegetative growth period.
The irrigated treatments received an additional 100mm of water
compared to the control treatment, which received only normal
rainfall (Geesing and Schmidhalter, unpublished data). Vertical bars
and “ns” indicate LSD values at the 0.05 level and not significant,
respectively.

Abbildung 1: Interaktiver Einfluss von Stickstoff und Wasser auf den
Ertrag von Winterweizen in einem sandigen Boden. Die Behand-
lungen beinhalteten keine Niederschldage wahrend eines Monats in
der Vegetationsperiode, normalen Niederschlag bzw. Zusatzbe-
wasserung von 100 mm (Geesing und Schmidhalter, nicht veréffent-
licht). Kleinste gesicherte Unterschiede (Fehlerbalken) bzw. nicht-
signifikante Unterschiede (ns) sind angegeben.

For conditions of low N availability, Sinclair and Vadez (2002)
suggested to increase crop yields by an increased use of
N,-fixing legumes. However, a reduced N demand under
drought conditions can also reduce the N,-fixing activity of
legumes (Streeter, 2003). Because the absorption of N
shows genetic variation, selection, and breeding of lineages
that are more effective in their N uptake may be a more effi-
cient strategy in arid land than in temperate zone (Sattelma-
cheret al., 1994; Bénziger et al., 2002). Recently, it has been
demonstrated that the NH, transporter AMT1 does function
in a high-affinity transport system and that the NO3 transpor-
ters ANRT1 and ANRT2 function in low- and high-affinity
transport systems (reviewed by Dunlop and Phung, 2002).
Thus, the beneficial effects of overexpressing an NO5 or
NH; transporter would be greatest under conditions where
the external NOg or NHj{ levels are low, which is true for
drought conditions.

Most salinity and N interaction studies were conducted on
N-deficient soils (Grattan and Grieve, 1999). Therefore, when
the degree of salinity was not severe, the addition of N
improved growth and/or yield for cowpea, tomato, clover, and
millet (Papadopoulos and Rendig, 1983) and also for wheat
(Soliman et al., 1994). A study on the interactive effect of
macronutrients (N, P, K+, Ca2+, Mg2+, and S) and salinity on
the growth of hydroponically-grown wheat by Hu et al. (1997)
showed that, for a given salinity level, increases in nutrient
supply improved plant growth in the deficient treatment only,
and not in those treatments with optimal nutrient supply
(Fig. 2).
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Figure 2: The interactive effects of salinity and macronutrient levels
on aboveground dry matter at the final harvest of spring wheat (from
Hu et al., 1997). The levels of the macronutrients (N, P, K+, Ca2+,
Mg2+, and S) were 1x, 0.2x, and 0.04x that of their strength in the
Hoagland nutrient solution. Error bars represent standard deviations.
Abbildung 2: Interaktive Auswirkungen von Salinitdt und Makro-
néhrstoffversorgung auf die oberirdische Trockenmasse von Som-
merweizen zum Zeitpunkt der Ernte (nach Hu et al., 1997).
Né&hrstoffkonzentrationen der Makronahrstoffe waren das 1-fache,
0,2-fache und 0,04-fache derjenigen einer Hoagland-N&hrlésung.
Fehlerbalken geben die Standardabweichungen an.

However, whereas in most cases the total shoot N uptake
(mg N per plant) decreases under saline conditions, the N
concentration (mg N perkg dry weight) increases or remains
unchanged under optimal N conditions (e.g., Munns and Ter-
maat, 1986; Hu and Schmidhalter, 1998). These findings sug-
gest that the slower growth rate of crop plants under salinity
might prevent the dilution effect of nutrient elements and that
the N concentration in plants might not be associated with
salt injury for plant growth. Many studies showed that, in con-
trast to the total N in the plant, salinity reduces the NO3 con-
centration in the leaves without affecting the total N content
(e.g., Hu and Schmidhalter, 1998), and that the addition of
NOj results in a reduction in CI~ uptake and accumulation
due to NO3/CI- antagonism (Bernstein et al., 1974; Hu and
Schmidhalter, 1997). This type of interaction might be particu-
larly important for tree and vine plants that are susceptible to
CI- toxicity (Grattan and Grieve, 1999). Furthermore, the
form of N supplied to salinized plants might influence not only
the CI- concentration, but also that of other nutrients such as
Ca?* and K*. For instance, as the NH; : NOj ratio was in-
creased in the study of Martinez and Cerda (1989), cucumber
plants accumulated more Na+* and ClI- and less Ca2* and K+
in their leaves. The N form might also influence the sensitivity
of the plant to salinity (Speer and Kaiser, 1994). For example,
wheat and maize were more sensitive to salinity as the ratio
of NHj{ : NOj increased (Leidi et al., 1991; Botella et al.,
1997).

In summary, because there is an interactive effect between
Na+ and NH; and/or between CI- and NO5, NH; : NOj ratio
should be considered when N fertilizer is applied to saline
soils. Future research should focus on alternative strategies
to increase plants’ resistance to salinity or drought, including
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using the genetic potential for breeding and/or the gene
transporters that function in high-affinity transport system for
NH; and NOj for molecular engineering.

2.2 Phosphorus

Phosphorus is a constituent of nucleic acids, phospholipids,
phosphoproteins, dinucleotides, and adenosine triphosphate.
Hence, P is required for processes including the storage and
transfer of energy, photosynthesis, the regulation of some
enzymes, and the transport of carbohydrates. The data of the
interactive effect between P nutrition and salinity on plant
growth in the literature are frequently contradictory. However,
the addition of P or the strategies employed to increase P
uptake in most cases seem to be more important in drought
conditions than in saline ones.

Soils in arid areas are often calcareous and have high pHs
(e.g., those in Mediterranean regions). In the semi-arid tro-
pics, soils are often rich in aluminum and iron oxides, and the
pHs are low. Both of these soil types show a strong tendency
for P fixation (Oertli, 1991). It is generally accepted that the
uptake of P by crop plants is reduced in dry-soil conditions
(e.g., Pinkerton and Simpson, 1986). For example, the trans-
location of P to the shoots is severely restricted even under
relatively mild drought stress (Rasnick, 1970). However, Lie-
bersbach et al. (2004) reported that the large amount of mo-
lecular exudates (i.e., mainly mucilage) from plants in dry soil
counteract the reduced mobility of P under such conditions.
Turner (1985) pointed out that P deficiency appears to be one
of the earliest effects of mild to moderate drought stress in
soil-grown plants. Therefore, the application of P fertilizer can
improve plant growth considerably under drought conditions
(Ackerson, 1985; Studer, 1993; Garg et al., 2004). The posi-
tive effects of P on plant growth under drought have been
attributed to an increase in water-use efficiency, stomatal
conductance (Briick et al., 2000), and photosynthesis (Acker-
son, 1985), to higher cell-membrane stability, and to effects
on water relations (Sawwan et al., 2000).

An important approach for increasing P uptake involves tak-
ing advantage of the symbiosis between the roots and mycor-
rhiza, the latter of which enhance both the growth or resis-
tance of plants subjected to drought, and also the uptake of
P, Zn, Cu, Mn, and Fe (e.g., Bagayoko et al., 2000). Ajouri et
al. (2004) reported that priming seeds with solutions contain-
ing the limiting nutrients under drought conditions (such as P
and Zn) can improve barley establishment. Smith (2002) sug-
gested that strategies for increasing nutrient uptake by over-
expressing genes encoding for high-affinity P transporters
are likely to be an important strategy in the future, especially
in light of the increasing problems caused by P-deficient soils
of the semi-arid tropics.

In contrast to the general reduction in P accumulation that
occurs in drought-affected plants, the effect of salinity differs
between crop plants and according to the experimental condi-
tions (Champagnol, 1979). Compared to the effect of salinity
on NOj3 uptake, it is unlikely that CI- and H,PO, ions are
competitive in terms of plant uptake. However, Zhukovskaya
(1973) reported that CI- and SO3~ salts reduced P uptake in
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barley and sunflower. Salinity-induced reductions in P con-
centrations in plant tissues were frequently found in studies
conducted in soil conditions. The availability of P can be
reduced in saline soils, because of ionic-strength effects that
reduce the activity of P and because P concentrations in the
soil solution are tightly controlled by absorption processes
and by the low solubility of Ca-P minerals (Grattan and
Grieve, 1999). Thus, some plant species will respond posi-
tively to added P. Unlike studies conducted in the field, most
studies using sand or solution cultures demonstrated that
salinity increased the tissue P level. Thus, a study on the
interactive effects of salinity and macronutrients other than P
on P accumulation in the leaves of hydroponically grown
wheat demonstrated both that grain yield and P content in the
leaves are not correlated and that P accumulation in the
leaves was higher at low than at high macronutrient supply
for a given salinity level (Hu and Schmidhalter, 1997). The
results from a study of the effect of NaCl and P nutrition on
alfalfa by Rogers et al. (2003) illustrated that high or nonlimit-
ing P levels do not affect the response of alfalfa to NaCl.
Because ionic-strength effects and the low solubility of Ca-P
minerals decrease P availability under saline conditions,
repeated applications of P to saline soils are required.

2.3 Potassium

Potassium is an essential factor in protein synthesis, glycoly-
tic enzymes, and photosynthesis; an osmoticum mediating
cell expansion and turgor-driven movements; and a competi-
tor of Na* under saline conditions (Marschner, 1995).
Because both drought and salinity affect plant growth simi-
larly through water deficit, K* is equally important for main-
taining the turgor pressure in plants under either stress. Addi-
tionally, higher K+ : Na* ratios will also improve the resistance
of the plant to salinity (Asch et al., 2000).

The availability of K+ to the plant decreases with decreasing
soil water content, due to the decreasing mobility of K* under
these conditions. Kuchenbuch et al. (1986) showed that low
levels of soil moisture reduced root growth and the rate of
potassium inflow in onion plants in terms of both per unit of
root growth and per unit of root length. Under drought condi-
tions, wilting in plants suggests possible K+ deficiency (Berin-
ger and Trolldenier, 1978). This differs from salt-stressed
plants, which are characterized by the absence of wilting at
the same water potentials as that for drought stress (Shalhe-
vet and Hsiao, 1986). Numerous studies have shown that the
application of K fertilizer mitigates the adverse effects of
drought on plant growth (e.g., Andersen et al., 1992; Studer,
1993; Sangakkara et al., 2001). Potassium increases the
plant’s drought resistance through its functions in stomatal
regulation, osmoregrulation, energy status, charge balance,
protein synthesis, and homeostasis (Beringer and Trolldenier,
1978; Marschner, 1995). It also maintains turgor pressure
(Mengel and Arneke, 1982) and reduces transpiration under
drought conditions (Andersen et al., 1992). In plants coping
with drought stress, the accumulation of K+ may be more
important than the production of organic solutes during the
initial adjustment phase, because osmotic adjustment
through ion uptake like K* is more energy efficient (Hsiao,
1973). Working with wheat, Morgan (1992) showed that the
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lines displaying high osmotic adjustments had a high accu-
mulation of K* in their tissues. In these lines, K* accounted
for about 78% of all osmotica. By contrast, amino acids,
which were the only other important contributor, constituted
only about 22%. A recent study by Ma et al. (2004) showed
that K+ accumulation in the expanding leaves in three geno-
types of Brassica napus oilseeds accounted for about 25% of
drought-induced changes in osmotic adjustment.

High Na* concentrations in the external solution cause a
decrease in both K* and Ca2* concentrations in the tissues of
many plant species (Hu and Schmidhalter, 1997). These
decreases could be due to the antagonism of Na* and K* at
uptake sites in the roots, the effect of Na* on K+ transport into
the xylem (Lynch and Ld&uchli, 1984), or the inhibition of
uptake processes (Suhayda et al., 1990). Data from a study
by Hu and Schmidhalter (1997; see Fig.2) illustrate that,
although salinity decreases K+ accumulation in wheat leaves,
the increase in macronutrients that occurs at an optimal
K-fertilization level does not alter the K+ concentration for a
given salinity level. At a deficient level of K*, however, K*
accumulation under salinity was significantly increased with
an increase in the macronutrient content. However, Bernstein
et al. (1974) reported that, despite the beneficial effects of K*
fertilization on increasing the ratio of K* : Na* within maize
plants, it did not reduce the adverse effects of salinity on plant
growth.

Reasonable amounts of both K+ and Ca2+ are required to
maintain cell-membrane integrity and function (Wei et al.,
2003). In glycophytes, which comprise most crop species,
exclusion is the predominant strategy for plant resistance to
salt stress. Glycophytes restrict both the uptake of toxic ions
like Na* by the roots from the soil and also the movement of
the toxic ions to the shoot by controlling their influx into the
root xylem from the root cells. A high K* : Na* ratio in the
plants is also maintained by the roots, showing a selectivity of
K+ over Na* and by a preferential loading of K* rather than of
Na+* into the xylem. Toxic ions like Na* can also be trans-
ported away from the cytoplasm into the vacuole of cells
(intracellular compartmentalization). In fact, the underlying
mechanism for maintaining adequate tissue K* levels under
salt stress seems to be dependent upon selective K+ uptake
and selective cellular K+ and Na* compartmentalization and
distribution in the shoots (Carden et al., 2003). Plants use
both low- and high-affinity transporters to take up K* from the
growth medium (Blumwald, 2000). The three classes of low
affinity channels—K* inward rectifying channels (KIRCs), K*
outward rectifying channels (KORCs), and voltage-indepen-
dent cation channels (VICs)—play important roles in main-
taining cellular K* : Na* ratios (Amtmann and Sanders,
1998). In addition, two families of high-affinity transporters
have also been reported to play a role in K* transport
(Quintero and Blatt, 1997) and thus in also determining the
K+ : Nat ratio in plant cells. For example, the KUP-HAK high-
affinity K* transporters, which have been found in Arabidopsis
(Kim et al., 1998) and barley (Santa-Maria et al., 1997), cou-
ple K+ transport to the H* gradient and are highly selective for
K+*. However, Nat+ blocks them in even small concentrations
(Kim et al., 1998), and the high-affinity K+ transporter (HAK1)
in barley allows Na* permeation (Santa-Maria et al., 1997).
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2.4 Calcium

Calcium plays a vital role in regulating many physiological
processes that influence both growth and responses to envir-
onmental stresses. Included among these are water and
solute movement as influenced through the effects of Ca2+ on
membrane structure and stomatal function, cell division and
cell-wall synthesis, direct or signaling roles in systems
involved in plant defense and repair of damage from biotic
and abiotic stress, and rates of respiratory metabolism and
translocation (McLaughlin and Wimmer, 1999). Despite its
obvious importance, the low mobility of Ca2+ make the rates
of its uptake and distribution limiting processes for many key
plant functions. Furthermore, the general lack of recognition
of the limiting role of Ca2* is due in part to the fact that some
important plant functions are controlled by changes in very
small physiologically active pools of Ca2* within the cyto-
plasm. As such, whole-leaf Ca2+ levels might not reflect any
potential limitations (McLaughlin and Wimmer, 1999).

Although Ca uptake, as for other elements, is decreased
under drought conditions, overall Ca accumulation is
depressed only slightly compared with P and K. In mature
maize plants grown in dry conditions, for example, compo-
nent accumulations of P, K, and Ca were 40%, 71%, and
91%, respectively, of those found in mature plants grown in
well-watered conditions (Jenne et al., 1958). Oertli (1991)
also reported that sufficient Ca2+ should be present in arid
soils with high pHs. However, the Ca2+ status of more acidic
tropical soils in semi-arid regions can be more problematic.

By contrast, the ameliorative effects of Ca2* on Na* toxicity in
plants have received considerable attention. Although these
effects have been reported since as far back as 1902 (Kear-
ney and Cameron, 1902), few papers have addressed this
topic in the first half of the 20th century (LaHaye and Epstein,
1971). Instead, it was only since the importance of external
Ca2+ on the selectivity of ion transport was realized by
Epstein in 1961 (Epstein, 1961) that the very large number of
papers on Na*/Ca2+ interactions in plants have been pub-
lished.
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A recent review (Cramer, 2002) summarizes the research on
Na+/Ca2+ interactions under salinity stress from a physiologi-
cal perspective. Because Na* readily displaces Ca2* from its
extracellular binding sites, Ca2+* availability could be seriously
reduced under salinity, especially at low Ca2* : Na* ratios
(Cramer et al., 1988). Furthermore, the decreased uptake of
Ca?* under saline conditions might be due to its precipitation
and the increase in ionic strength that reduces its activity.
Calcium deficiency, in general, can impair the selectivity and
the integrity of the cell membrane and permit the passive
accumulation of Na+ in plant tissues. In addition, the low Ca2+
: Nat ratio in saline media plays a significant role in inhibiting
plant growth as well as causing significant changes in mor-
phology and anatomy (Cramer, 1992).

As for many other elements, the addition of supplemental
Ca?* has beneficial effects. For instance, supplemental Ca2+
in the growth medium increased the relative growth rate of
barley under saline conditions (Cramer et al., 1990). Similarly,
Fig.3 from a study by Hu and Schmidhalter (1997) shows
that although salinity significantly reduced the Ca2+ accumu-
lation in wheat leaves, an increase in the Ca?* concentration
in the nutrient solution enhanced Ca2* accumulation. How-
ever, Hu and Schmidhalter (1998) later found no difference in
Ca2*+ accumulation between the control and saline treatments
in growing leaves of wheat plants grown in soil. Supplemental
Ca?+ has also been reported to alleviate the adverse effects
of salt stress on the germination and vegetative growth of
bean (Awada et al., 1995). By contrast, various Ca2* : Na*
ratios had no significant effect on the uptake of Na+* by rice
(Yeo and Flowers, 1985).

The relationship between salt resistance and Ca2+ accumula-
tion among different plant species was investigated by Unno
et al. (2002) using salt-tolerant maize and squash and salt-
sensitive reed canary grass and cucumber. The distribution
of Ca2* in the shoots decreased greatly in the salt-sensitive
plants under salt stress, suggesting that the ability of plants
to retain Ca2+ is associated with their salt resistance. Calcium
maintenance and Na* exclusion, which are both related to
salinity resistance in Lycopersicon esculentum, were geneti-
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Figure 3: The interactive effects of salinity and macronutrient levels on K and Ca accumulation in wheat leaves at final harvest (from Hu and
Schmidhalter, 1997). The levels of the macronutrients (N, P, K+, Ca2+*, Mg2+, and S) were 1x, 0.2x, and 0.04x that of their strength in the
Hoagland nutrient solution. Error bars represent standard deviations.

Abbildung 3: Interaktive Auswirkungen von Salinitdt und Makronahrstofflevel auf K- und Ca-Gehalte in Weizenblattern zum Zeitpunkt der
Ernte (nach Hu und Schmidhalter, 1997). Die Konzentrationen der Makronahrstoffe waren das 1-fache, 0,2-fache und 0,04-fache derjenigen
einer Hoagland-Nahrlésung. Fehlerbalken geben die Standardabweichungen an.
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cally determined with the major genetic components being
additive in nature (Foolad, 1997). In particular, the inherent
genetic capability to maintain Ca2* in the tissues and to
exclude Na* from the shoots were highly heritable traits,
suggesting that Ca2+ : Na* ratios might be promising indica-
tors of salt resistance. Ashraf and Naqvi (1992) reported that
supplemental Ca2* in the presence of salinity improved the
growth of Brassica juncea and Brassica napus, but not of
Brassica carinata and Brassica rapa, thereby demonstrating
genotypic differences to the addition of Ca2+* in plant-growth
responses. Calcium was also the only ion for which the
change in concentration was highly correlated with the rela-
tive salt resistance of six Brassica species (He and Cramer,
1992).

In recent years, intracellular Ca2+ has been found to regulate
the responses of the plant to drought and salinity and has
also been implicated in the transduction of drought- and salt-
stress signals in plants, which play an essential role in osmor-
egulation under these conditions (Knight et al., 1997; Bartels
and Sunkar, 2005). Key discoveries include drought- and
high salt-induced expression of Ca2*-dependent protein
kinases (Urao et al., 1994) and hyperosmotic shock-induction
of putative Ca2*-binding proteins (Ko and Lee, 1996). Sadi-
qov et al. (2002) found that Ca2+ participates on signaling
mechanisms of drought-induced proline accumulation for
osmotic adjustment. They supported the findings of Knight et
al. (1997), who indicated that this was due to the induction of
a transcript for proline biosynthetic enzyme (P5CS) being
inhibited in the presence of Ca2* channels in Arabidopsis
(also shown in wheat and maize; Nayyar, 2003).

2.4 Other elements

Little information is available on the effect of drought on Mg
and S nutrition of plants. However, we expect that drought
reduces both Mg and S uptake because Mg deficiency is
occurring more frequently as the cropping intensity increases
and because the decrease in atmospheric S during the past
decade has been associated with the appearance of S-defi-
ciency symptoms (Scherer, 2001) and has had severe conse-
quences for S nutrition and crop production. Although many
studies have analyzed plant tissues for Mg?+, few salinity—
nutrient studies have directed any attention to Mg2+ nutrition
as affected by salinity (Grattan and Grieve, 1999). A study by
Hu and Schmidhalter (1997) revealed that the Mg2*+ concen-
tration in wheat leaves was reduced, but could be increased
for a given salinity level by increasing the Mg2+ concentration
in the nutrient solution. A correlation between wheat yield and
Mg?+ accumulation in the plant under saline conditions was
also noted, suggesting that Mg2+ supplementation could play
a role in increasing plant salt resistance when this nutrient is
available at low levels.

Because the transport of micronutrients to the plant roots
occurs via diffusion, low soil moisture content, as with P
uptake, will reduce micronutrient uptake. However, because
plants require much smaller quantities of micronutrients, the
effects of drought stress are not as great as for P. Temporary
B deficiency is common under drought and is related both to
low mineralization, because much of the B is in the organic
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matter, and also to the lower subsoil B in some areas (relative
to the surface soil), because water uptake occurs predomi-
nantly from the subsoil under dry conditions. By contrast,
excessive rainfall can leach some of the available soil B in
sandy soils. Low soil moisture can also induce deficiencies in
Mn, Mo, Fe, and Zn. On the other hand, Mn and Fe become
increasingly available under moist conditions because of its
conversion to reduced and more soluble forms (Havlin et al.,
1999). Several recent studies have shown that an increased
Si accumulation in plants can improve growth under drought
conditions, due to a reduction in transpiration (Epstein, 1999;
Ma, 2004).

In contrast to the situation in dry soils, the availability of
micronutrients in saline and/or sodic soils depends on the
solubility of the micronutrients, the pH and pE of the soil solu-
tion, and the nature of the binding sites on the organic- and
inorganic-particle surfaces. Thus, salinity can differentially
affect the micronutrient concentrations in the plant, depend-
ing upon the crop species and the salinity level (Oertli, 1991).
For example, salinity increased the Mn and Zn concentra-
tions in the shoots of barley (Hassan et al., 1970a) and rice
(Verma and Neue, 1984), but decreased it in corn (Hassan et
al., 1970b). Salinity similarly increased the Fe concentration
in the shoots of lowland rice (Verma and Neue, 1984), but
decreased it in barley and corn (Hassan et al., 1970a, b).
Concentrations of B in the shoots at anthesis and in the
wheat grain were decreased by increasing salinity (Holloway
and Alston, 1992). From recent studies in solution and soil
cultures, Hu et al. (2000) and Hu and Schmidhalter (2001)
reported that the micronutrients Mn, Zn, Fe, and B in growing
and mature leaves of wheat were largely unaffected by sali-
nity. Although B deficiency is more widespread than B toxi-
city, particularly in humid climates, the latter is a concern in
arid areas where salinity problems also exist (Nicholoaichuk
et al., 1988). Finally, results in literature show that Si can alle-
viate the adverse effects of salinity on soybean (Schmidhalter
and Oertli, 1993) and cucumber (Zhu et al., 2004).

Micronutrient deficiencies are very common in arid regions.
However, they are often localized such that each case must
be examined individually. For example, although the contents
of micronutrients in the soil might be high, the plants can still
suffer from nutrient deficiencies. Thus, the addition of a
micronutrient to a soil would have little effect and, instead,
foliar application would prove to be more useful (Oertli,
1991).

3 Conclusions

Both drought and salinity disturb the mineral-nutrient relations
in plants through their effects on nutrient availability, trans-
port, and partitioning in plants. Additionally, salinity stress
also induces ion deficiency or imbalance due to the competi-
tion of nutrients such as K*, Ca2*, and NOj3 with the toxic
ions Na* and CI~. Mineral nutrients play a vital role in deter-
mining plant resistance to drought or salinity. Because both
drought and salinity cause a similar effect on plant growth
through a water deficit, K+ is equally important to maintain the
turgor pressure of the plant under either stress. High K* : Na+*
ratios will also improve the resistance of the plant to salinity.
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Although Ca2* is a key signal messenger for regulating plant
resistance to both drought and salinity, the interaction be-
tween Ca2* and each stress has been studied more inten-
sively for salinity than for drought stress. By contrast, the
increase in N and P uptake by plants will be more crucial
under drought conditions only. The competition between CI-
and NOj under saline conditions means that the form of N
plays a critical role in determining the growth of salinized
plants. Compared to N, P, K*, and Ca2*, however, micronutri-
ents might be less important with respect to plant resistance
to drought and salinity.

Although increasing the supply of nutrients to the growth
medium under drought or saline conditions can alleviate the
adverse effects of either stress on plant growth, it is generally
accepted that such increases will not improve plant growth
when the nutrient is already present in the soil in sufficient
amounts and the drought or salt stress is severe. This is
especially true for N. Thus, more research should focus on
alternative strategies of increasing plant resistance to drought
or salinity, including the use of the genetic potential for con-
ventional breeding and/or molecular technologies to intro-
duce appropriate genes and regulatory systems.
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