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Abstract

Around 60% of cultivated soils worldwide have plant-growth-limiting problems
caused by mineral nutrient deficiencies and toxicities. Therefore, improving the
mineral nutritional status of plants under marginal environmental conditions is
of great importance for maintenance of crop productivity. In most cases plants
growing under marginal environmental conditions (e.g. salinity, low and high
temperatures, and drought) receive much more sunlight than they can utilize in
photosynthetic electron transport and CO, fixation. This causes excessive
accumulation of absorbed light energy and of photoreductants in the
chloroplasts, which leads to activation of molecular O, to reactive oxygen
species (ROS). When ROS are not adequately scavenged, photooxidative
damage occurs in the chloroplasts, and leads to chlorophyll damage, lipid
peroxidation and, consequently, cell death. By limiting the utilization of
absorbed light energy in photosynthesis, environmental stress factors increase
the potential for photooxidative damage in chloroplasts. Because an adequate
supply of mineral nutrients is indispensable for maintenance of photosynthetic
electron transport and carbon metabolism, impairment of the mineral nutritional
status of plants under marginal environmental conditions can exacerbate
photooxidative damage and limit plant performance. In the present study,
several examples are given, which show that plants exposed to environmental
stresses require additional supplies of mineral nutrients, particularly nitrogen
(N), potassium (K), magnesium (Mg), calcium (Ca) and zinc (Zn) to minimize
the adverse affects of stresses. Enhanced production of ROS in plants under
marginal conditions is not caused only by impairment of photosynthetic electron
transport. It appears likely that an NADPH-dependent oxidase is another
important source of ROS, which is stimulated by drought, chilling, and/or
salinity. Of the mineral nutrients, K and Zn seem to interfere with the NADPH-
oxidizing enzyme and thus to provide additional protection against damaging
attack of ROS under salinity, drought and chilling stress. It is concluded that
improving the mineral nutritional status of crop plants is of great importance for
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minimizing detrimental effects of environmental stress factors on their growth
and yield.

Keywords: Co, fixation, carbon metabolism, reactive oxygen species,
photooxiddative damage.

Introduction

Crop plants are often exposed to various environmental stress factors, such as
drought, soil acidity, salinity and extreme temperatures, which severely affect
soil productivity and crop production, worldwide. Bray et al. (2000) estimated
that the contribution of environmental stress factors to global losses in crop
production is becoming increasingly important. Fig. 1 shows that the relative
decreases from the record yield capacity (maximum yield under ideal growth
conditions) caused by abiotic stress factors vary between 60 and 82% for corn,
wheat and soybean. In the case of wheat and soybean, record yields are 14.5 and
7.4 mt/ha, respectively, but the current worldwide average yields are 1.9 and
1.6 mt/ha, respectively (Fig. 1).

In comparison with the yield capacity losses of wheat and soybean caused by
biotic stress factors, those caused by abiotic stress factors are much greater.
Most of the yield losses caused by abiotic stresses are attributed to drought,
salinity, extreme temperatures, acidity, and impairments of the mineral
nutritional status of plants, i.e., deficiencies and toxicities. Recently, Cakmak
(2002) reported that at least 60% of cultivated soils worldwide have growth-
limiting problems arising from mineral nutrient deficiencies and toxicities.
Combinations of such soil nutritional problems with other environmental stress
factors such as drought, salinity, chilling, etc. are responsible for severe losses in
crop production worldwide.

Survival and productivity of crop plants exposed to environmental stresses are
dependent on their ability to develop adaptive mechanisms to avoid or tolerate
stress. Accumulating evidence suggests that the mineral nutritional status of
plants greatly affects their ability to adapt to adverse environmental conditions.
In the present paper the role of the mineral nutritional status of plants in their
adaptation to environmental stress conditions will be discussed, with emphasis
on abiotic stress factors. Of the mineral nutrients affecting plant adaptation to
stress conditions, nitrogen (N), potassium (K), magnesium (Mg), calcium (Ca),
zinc (Zn) and boron (B) are the most extensively studied, therefore, special
attention will be paid to them.
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Decreases in record yield capacity of crop
plants by abiotic and biotic stress factors
) Losses by abiotic stress
Present average yield
@ Losses by biotic stress
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66% 82% 69%
10%  24% 5% 13% %% 22%
Record vield: 19.3 14.5 7.4

(mt/ ha)

Fig. 1. Record yields (yields under ideal conditions) and decreases from the
record yield capacities of corn, wheat and soybean plants, caused by abiotic and
biotic stress factors (Bray et al., 2000).

High-light stress and photooxidation

Photooxidative damage, i.e., light-dependent generation of reactive oxygen
species (ROS) in chloroplasts, is the key process involved in cell damage and
cell death in plants exposed to environmental stress factors (Foyer et al., 1997,
Asada, 2000; Foyer and Noctor, 2005). As shown in Fig. 2, chloroplasts are the
main sites of ROS formation, and photosynthesis electron transport provides the
main means of formation of ROS such as superoxide radical (O,7), hydroxyl
radical (OH"), and singlet oxygen (*O,). ROS are highly toxic to vital cell
constituents and are responsible for destruction of chlorophyll, DNA, membrane
lipids and proteins. Formation of ROS is particularly prolific when absorption of
light energy exceeds the capacity of photosynthetic electrons to transport it.
Environmental stress factors diminish photosynthetic electron transport and CO,
fixation at various stages of the photosynthesis process (Fig. 2). Therefore, a
combination of an environmental stress with high light intensity may induce
severe photo-oxidative damage to chloroplasts, and consequently cause
decreases in the yield capacity of plants. The mineral nutritional status of plants
greatly influences photosynthesis electron transport and CO, fixation in various
ways (Marschner, 1995; Cakmak and Engels, 1999; Mengel and Kirkby, 2001).
Impairment of the mineral nutrition of plants can, therefore, be accompanied by
an enhanced potential for photo-oxidative damage, and this threat can be
especially serious when plants are simultaneously exposed to an environmental
stress.
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Fig. 2. Schematic representation of ROS formation in chloroplasts under
environmental stress conditions. ®¥&: indicates inhibition of the corresponding
reaction by stress. (Cakmak, 2003, 2005).

Nitrogen

Of the mineral nutrients, nitrogen plays a major role in utilization of absorbed
light energy and photosynthetic carbon metabolism (Kato et al., 2003; Huang
et al., 2004). An excess of non-utilized light energy can be expected to occur in
N-deficient leaves, where it leads to a high risk of photo-oxidative damage. In
rice plants under high light intensity, N deficiency is associated with enhanced
lipid peroxidation (Huang et al., 2004), and Kato et al. (2003) recently showed
that plants grown under high-intensity light with a high N supply had greater
tolerance to photo-oxidative damage and higher photosynthesis capacity than
those grown under similar high light with a low N supply. Utilization of the
absorbed light energy in electron transport was also much higher in N-adequate
than in N-deficient plants. These results indicate that N-adequate plants are able
to tolerate excess light by maintaining photosynthesis at high rates and
developing protective mechanisms. To avoid the occurrence of photo-oxidative
damage in response to excess light energy, the thylakoid membranes have a
protective mechanism by which excess energy is dissipated as heat. Dissipation
of excess light energy is associated with enhanced formation of the xanthophyll
pigment zeaxanthin, which is synthesized from violaxanthin in the light-
dependent xanthophyll cycle (Demmig-Adams and Adams, 1992, 1996):
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In plants suffering from N deficiency, the conversion of xanthophyll cycle
pigments and formation of zeaxanthin were enhanced, and were accompanied
by chlorophyll bleaching, particularly under high light intensity (Verhoeven
etal., 1997; Kato et al., 2003). In spinach, N-deficient plants dissipate a greater
fraction of the absorbed light energy than N-adequate ones: up to 64% and only
36%, respectively. This difference was associated with corresponding changes
in xanthophyll cycle pigments: about 65% of the total xanthophyll pigments
were present as zeaxanthin and antheraxanthin in N-deficient plants compared
with 18% in the N-adequate plants (Verhoeven et al., 1997). These results
indicate impaired use of the absorbed light energy in photosynthetic fixation of
CO,, with consequently enhanced demand for protection against excess light
energy, in N-deficient plants. Certainly, the reduction in the utilization of light
energy and the consequently elevated need for protection against photo-
oxidative damage in N-deficient plants can be more marked when the N
deficiency stress is combined with an environmental stress.

The form in which N is supplied affects plant tolerance to photodamage. The
light-induced conversion of violaxanthin to zeaxanthin, as a means to dissipate
excess light energy was found to be stronger in bean leaves supplied with nitrate
than in those supplied with ammonium (Bendixen et al., 2001). In good
agreement with these findings, Zhu et al. (2000) demonstrated that nitrate-
grown bean plants had higher tolerance to photodamage than ammonium-grown
ones. Under very high light intensity ammonium-grown plants had, therefore,
higher levels of lipid peroxidation and higher contents of antioxidative enzymes.

Potassium, magnesium and zinc

Similarly to N deficiency, deficiencies of K, Mg and Zn also enhance the
sensitivity of plants to photo-oxidative damage. When supplies of these
nutrients are low, leaf symptoms of chlorosis and necrosis, and disturbances of
plant growth become more severe when plants exposed to high light intensity
(Marschner and Cakmak, 1989; Cakmak and Marschner, 1992; Cakmak et al.,
1995; Polle, 1996).
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Deficiencies of K and/or Mg cause marked decreases in photosynthetic C
metabolism and utilization of fixed carbon (Marschner, 1995; Cakmak and
Engels, 1999; Mengel and Kirkby, 2001). Consequently, their deficiencies cause
massive accumulation of carbohydrates in source leaves, with consequent
inhibition of photosynthetic C reduction (Fig. 3). Consistent with these changes
in photosynthetic C metabolism, an excess of non-utilized light energy and
photoelectrons is expected in K- and Mg-deficient plants, which leads to
photoactivation of molecular O, and the occurrence of photo-oxidative damage
(Fig. 2). This is the main reason why Mg- and K-deficient leaves are highly
light sensitive. Partial shading of K- or Mg-deficient leaves delayed or
eliminated the occurrence of leaf chlorosis and necrosis (Marschner and
Cakmak, 1989; Cakmak, 1994). These observations strongly suggest that photo-
oxidative damage to chloroplasts is a key process in the occurrence of leaf
symptoms under conditions of Mg or K deficiency. In contrast to Mg and K
deficiency, P deficiency had no effect on sucrose transport from source leaves,
and there was no accumulation of photosynthates in leaves (Fig. 3). Leaf
chlorosis, such as is found in K- and Mg-deficient plants, is not typical of P-
deficient plants (Cakmak, 1994). Because of the distinct effects of Mg and K on
photosynthetic carbon metabolism and on ROS formation in chloroplasts,
photo-oxidative damage in plants grown under marginal conditions, such as
drought, chilling and salinity can be exacerbated when the soil supply of Mg or
K is low.
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Fig. 3. Effect of insufficient supplies of P, K and Mg on sucrose concentration
in source leaves, and on the export of sucrose from source leaves of bean plants
via the phloem during 12 days of growth (Cakmak et al., 1994).

Salinity
Evidence is accumulating that reactive O, species are major mediators of salt-

induced cell damage in crop plants. In several plant species, application of
NaCl, even at low concentration, stimulated the activities of antioxidative
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enzymes, which suggests a role of salt stress in ROS formation (Comba et al.,
1998; Tsugane et al., 1999; Wang et al., 2005). On the basis of inhibitor studies
and measurement of production of O,” it has been shown that a plasma
membrane-bound NADPH oxidase is involved in the generation of O,”
following salt treatments (Kawano et al., 2002; Aktas et al., 2005). Accordingly,
salt stress-induced cell damage could be prevented by overexpression of
superoxide dismutase (SOD) in chloroplasts of rice plants (Tanaka et al., 1999).

Zinc ions are known to be strong inhibitors of NADPH oxidase. In bean and
cotton root cells Zn deficiency caused a significant increase in activity of
NADPH-dependent O, production, and a resumed supply of Zn to Zn-deficient
plants for 12 or 24 h caused a distinct reduction in the activity of O, -generating
enzymes (Cakmak and Marschner, 1988a; Pinton et al., 1994). Similarly, in
tobacco cell cultures salt-induced O,” generation by NADPH oxidase was
strongly inhibited by Zn (Kawano et al., 2002). Previously, it has been often
hypothesized that improving the Zn nutritional status of plants growing in saline
conditions was critical for protection of plants against salt toxicity. This
protective role of Zn was ascribed to its role in maintenance of the structural
integrity of the plasma membrane and thus controlling the uptake of Na and
other toxic ions (Welch et al., 1982; Cakmak and Marschner, 1988b). In light of
the protective roles of Zn against ROS it can be suggested that Zn ions protect
salt-stressed plants not only from uptake of toxic ions across plasma membranes
but also from damaging attack of ROS.

Like Zn, K, too, is a critical mineral nutrient that protects plant cells from salt-
induced cell damage. Impairment of the K nutritional status of plants by
increased Na uptake is a well-known phenomenon (Liu and Zhu, 1997). The
K/Na ratio is plant tissue is, therefore, considered to be a reliable indicator of the
severity of salt stress, or for screening plant genotypes for high Na tolerance. In
studies with Arabidopsis mutant lines Zhu et al. (1998) showed that mutant lines
showing very high sensitivity to NaCl were also highly sensitive to low K
supply, and exhibited a poor capacity for taking up K from a growth medium.
As discussed above, salt stress represents an oxidative stress, and causes
activation of O,’-generating NADPH oxidase. Recently, we found that K
deficiency resulted in a remarkable increase in NADPH oxidase activity in bean,
with concomitant production of O, (Cakmak, 2003, 2005). Shin and
Schachtman (2004) also reported that ROS production was an early root
response to K deficiency, which was catalysed by O,’-generating NADPH
oxidase. These results suggest that salt stress-induced O,  generation by
NADPH oxidase could be aggravated by a lack of K. As Na toxicity causes K
deficiency at cellular levels, the increase in NADPH-dependent O, generation
under salt stress (Kawano et al., 2002) might be the result of an impaired K
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nutritional status of the plants. This point seems to be important, and should be
elucidated in future studies.

Drought

In plants exposed to high light intensity at very low temperature or under
drought stress, development of photo-oxidative damage and generation of ROS
is very common (Foyer et al., 1997; Jiang and Zhang, 2002a, b; Wang et al.,
2005). As discussed above, most mineral nutrients are a basic necessity for
maintenance of photosynthetic electron transport. Therefore, the occurrence of
photo-oxidative damage in plants stressed by drought or low temperature can be
more dramatic when the plants also suffer nutrient deficiencies. Of the mineral
nutrients, K plays a critical role in the stomatal activity and water relations of
plants (Marschner, 1995; Mengel and Kirkby, 2001). Decreases in
photosynthesis caused by drought stress in wheat become particularly high in
plants growing under K deficiency, but are only minimal when the K supply is
adequate. The capacity of plants to maintain high concentrations of K in their
tissues seems to be a useful trait to take into account in breeding genotypes for
high tolerance to drought stress. In Hibiscus rosa-sinensis plants grown under
various K treatments, the root survival rate was strongly reduced when the water
supply was limited, especially at the lowest K supply (Egilla et al., 2001); an
adequate supply of K was essential for enhancing the drought resistance of the
plants and improving their root longevity. The beneficial effect of an adequate K
supply was ascribed to the role of K in retranslocation of photoassimilates in
roots, which contributed to better root growth under drought stress (Egilla et al.,
2001; Fig. 3).

As in salt-stressed plants, also in plants exposed to drought stress, ROS
formation by O, -generating NADPH oxidase was enhanced (Zhao et al., 2001;
Jiang and Zhang, 2002a, b). It appears that, in addition to ROS formation by
photosynthetic electron transport, ROS production by NADPH oxidase activity
is involved in cell damage and plant growth depression under drought stress. As
indicated above, Zn and K strongly influence NADPH oxidation and NADPH-
dependent O,~ generation. Under deficiency of these nutrients, especially of K,
the capacity of root cells to oxidize NADPH is markedly increased, with
concomitant production of O,". In light of these results it may be suggested that
the protective roles of Zn and K against drought stress seem also to be related to
their inhibitory effects on NADPH-dependent O, generation. Therefore, in case
of deficiency of these nutrients, plants become more sensitive to drought stress.
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Chilling

Formation of ROS by NADPH oxidase and weakening of the antioxidative
defensive systems are also important in chilling-induced cell damage (Shen
et al., 2000; Aroca et al., 2005; Wang et al., 2005). Since insufficient supplies
of K and Zn lead to significantly increased NADPH oxidase activity, ROS
formation in plants grown at low temperatures can be additionally exacerbated
under deficiencies of these nutrients. Production of ROS in chilling-stressed
plants can also be expected, in parallel with impaired photosynthetic electron
transport and CO, fixation (Wise and Naylor, 1987; Asada, 2000). There are
several examples from field experiments that demonstrate a role of K and Zn in
protection of plants under low-temperature conditions: frost damage and related
decreases in potato plant yields were alleviated by application of large doses of
K (Grewal and Singh, 1980); during winter, citrus trees were found to be more
vulnerable to low temperatures and peroxidative damage when grown under Zn-
deficient conditions (Cakmak et al., 1995). N, too, is involved in protection of
plants against chilling stress; in studies with Eucalyptus seedlings it was found
that seedlings with impaired N nutritional status were less susceptible to photo-
oxidative damage in winter (Close et al., 2003). Like low N supply, also excess
N results in high sensitivity to environmental stress: stress tolerance of plants
can be diminished because of modified root and shoot growth. Marschner
(1995) found that a very high supply of N often led to a reduced root-to-shoot
ratio that, in turn, impaired the support of shoot biomass with mineral nutrients
and water. Also, in plants receiving a high N supply, most parts of the roots may
grow near to the soil surface, with consequently higher sensitivity to frost and
drought damage (Gordon et al., 1999; Saebo et al., 2001). Saebo et al. (2001)
showed that tolerance to frost damage was very low at the highest N supply rate,
which led to the suggestion that the tissue N status should not be very high
during winter.

Generally, plant genotypes that tolerate low-temperature stress are able to
maintain high leaf water potential by closing their stomata and preventing
transpirational water loss (Wilkinson et al., 2001). Calcium has been shown to
be an essential requirement for chilling-induced stomatal closure in chilling-
tolerant genotypes. Increasing the Ca supply induces stomatal closure, and this
effect is most distinct in plants grown at low temperatures. It is also believed
that ABA-induced induced stomatal closure is partially mediated by Ca released
from internal guard cell stores or the apoplast (Wilkinson et al., 2001), and this
function seems to make Ca a major contributing factor to chilling tolerance and
protection of leaves from dehydration.
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Conclusions

The existing data indicate that it is essential to improve the mineral nutritional
status of plants under marginal environmental conditions, in order to sustain
their survival and to maintain high yields. Plant requirements for mineral
nutrients increase with increasing severity of the environmental stresses
imposed by drought, heat, salinity, chilling, or intense light. Impairment of the
mineral nutritional status of plants, therefore, exacerbates the adverse effects of
environmental stress factors on plant performance. The present paper has
focused on one of the major reasons for the aggravation of the adverse effects of
stresses by an insufficient supply of mineral nutrients, namely, the enhanced
production of highly toxic ROS and the resulting photo-oxidative damage to
chloroplast pigments and lipids. The production of ROS during photosynthesis,
which is normally an unavoidable process, is intensified because of the limited
and diminished utilization of absorbed light energy in photosynthetic electron
transport and CO, fixation, which results from environmental stresses such as
drought, salinity and chilling. Mineral nutrients, such as N, K, Mg, Ca and Zn,
supplied at adequate levels are an essential requirement for the maintenance of
photosynthesis activities and utilization of light energy in CO, fixation.
Therefore, the improvement of mineral nutrition of plants becomes a major
contributing factor in protecting them from photo-oxidative damage under
marginal environmental conditions. Further challenges include the gaining of
better understanding of the roles of mineral nutrients in: i) ROS formation
during photosynthesis and formation of plasma membrane-bound NADPH
oxidase; ii) signaling pathways that affect the adaptive responses of plants to
environmental stresses; and iii) expression and regulation of stress-induced
genes that contribute to stress tolerance.
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