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Calcium nutrition of higher plants
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Summary

The increased occurrence of calcium deficiency in agricultural and horticultural plants
has attracted considerable attention to calcium nutrition in recent years.

The functional requirement for calcium within the cell of higher plants seems low for
a major nutrient. However, lack of both selective and active uptake as well as inability
for retranslocation makes a high concentration at the root surface and an uninterrupted
uptake of calcium necessary. The requirement for calcium also increases with the increase
in supply of other mineral elements, particularly of cations.

Existing regulatory mechanisms seem to be more developed in the direction of restric-
tion rather than promotion of the uptake and long-distance transport of calcium.

A better knowledge of the physiological aspects of calcium nutrition is necessary. In
future more attention must be given to the use of inorganic fertilizers containing suffi-
cient calcium. Other agricultural and horticultural practices must also be considered in
relation to their effect on the calcium nutrition of plants.

The requirement of calcium as a nutrient for higher plants was already known at the
time of Justus von Liebig. With the introduction of inorganic fertilizers calcium was
supplied to the soils mainly indirectly with phosphate fertilizers such as basic slag and
superphosphate. Large amounts of calcium were also supplied by liming acid soils and
with the periodic liming necessary in humid climates to avoid decrease in soil pH. Typical
symptomes of calcium deficiency such as hooking of stems and browning of veins
(Bussler, 1963), however, appear relatively seldom on acid soils. The restricted growth
of plants on acid mineral soils is caused mainly by decrease in availability of certain
mineral elements, such as phosphate or molybdenum, and an excess of others, for example
manganese or aluminium.

With the exception of certain soil types, in general for soils with pH values above 5,
the calcium concentration in the soil solution is high compared to other cations (Mengel
et al., 1969). This is also reflected in the high losses of calcium by leaching in humid
climates. Comparing this high calcium concentration in the soil solution and therefore
at the root surface with the requirement of the plants, one would think that calcium
deficiency in higher plants should seldom occur.

During the last 20 years, however, an increasing number of physiological disorders
caused by insufficient calcium nutrition have been reported. These include tip burn in
lettuce, black-heart in celery, blossom end rot in tomato and water melon or bitter pit
in apple. This calcium deficiency occurs mainly in association with intensive agriculture
and horticulture. One reason for the increase of the problem is without doubt the reduction
in the proportion of inorganic fertilizer calcium used in practice in relation to other
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Table 1. Average contents of K and Ca in leaves, fruits and storage organs.

Species Leaves (mg/100 g) mg/g dry matter Reference
o a——— fruits and storage
K Ca organs
K Ca
Paprica 55 45 75 1.0 Mix (1973)
Apple 15 10 1.5 0.6 Liidders &
Biinemann
(1971)
Potato 32 28 33 0.8 Krauss &
Marchner
(unpublished)

major nutrients. This is especially the case when highly concentrated compound fertilizers
are applied. However calcium deficiency can be prevented only in part by increasing
the supply of calcium to the soil (Foroughi & Kloke, 1974), and foliar application might
be desirable. In apple orchards, for instance, several additional sprays with calcium are
necessary to prevent calcium deficiency (van Goor, 1971).

It can be frequently observed that calcium deficiency is restricted to certain plant parts,
in particular to the shoot apex and fruits and storage organs with high water content.
Even when the plant is adaquately supplied with calcium these organs are low in calcium
content in comparison to the leaves (Table 1).

The appearance of calcium deficiency in certain parts of the plant, even when in other
parts of the same plant the calcium content is high, indicates that higher plants are not
adequately able to regulate their calcium distribution. This can be demonstrated by
transferring plants from a substrate well supplied with calcium to one without calcium;
calcium deficiency is then observed in the newly developing tissues (Loneragan & Snow-
ball, 1969). Deposition in the tissue of annual plants appears to be largely permanent but
in woody plants some remobilization may occur (Wieneke & Fiihr, 1973).

The reasons for lack of remobilization are only in some cases related to the insolubility
of the calcium deposition (calcium oxalate in Chenopodiaceae, for example). In general,
however, it is the result of the phloem immobility of calcium. The reasons for this immo-
bility are unknown. Of the possibilities such as precipitation of calcium within the phloem,
existence of a calcium specific efflux pump in the membranes of the phloem vessels or
preferential accumulation of calcium in the cells surrounding the phloem, only the first
possibility seems to be unlikely. Both the high pH and the high phosphate concentration
in the phloem would obligatorily cause a precipitation of calcium and accumulation of
calcium phosphate, and exert a detrimental effect on phosphate translocation. Indications
for the importance of the third possibility are the abundance of calcium oxalate crystals
very often found in cells near the phloem.

The possibility that traces of calcium are translocated in the phloem can certainly
not be excluded. The occurrence of extensive calcium translocation in the phloem, how-
ever, is exceptional and appears to be restricted to certain plant species such as Yucca
(Wiersum et al.,, 1971) or particular experimental conditions (Ringoet et al., 1968).
Newly developing parts of plants have to be supplied continuously with calcium taken
up directly from the soil solution. This holds true not only for the shoot, but also for the
root. Translocation of calcium from basal parts of the root to the growing root tip does
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not take place (Marschner & Richter, 1974a). Root growth through soil layers low in
calcium is therefore severely restricted or prevented (Pearson et al., 1973).

Not only roots but also fruits like peanuts (Hallock & Garren, 1968) and storage organs
as potato tubers (Krauss & Marschner, 1974a) growing in the soil have to meet their
requirement for calcium by direct uptake from the soil solution because of the total
absence of calcium translocation from the shoot.

In the first step in calcium uptake from the soil solution adsorption on to cation
exchange sites (CEC) in the cell walls is important (Asher & Ozanne, 1961). At least part
of the aluminium toxicity in acid soils is caused by blocking of these binding sites and is
consequently decreasing the calcium uptake (Foy et al., 1972). The relationship between
these binding sites in the cell walls and the calcium uptake is also reflected in the broad
correlation between calcium concentration in the plant tops and the CEC of the roots
(Loneragan et al., 1968).

Already thirty years ago Lundegardh (1941) and Schuffelen & Loosjes (1946) stressed
the importance of these binding sites and of the electrical charge of the root surface for
ion uptake in general. Later these physico-chemical aspects of the ion uptake were
certainly overestimated (Vervelde, 1953). With the advent of the carrier-theory and the
emphasis on the importance of ion-specific structures in cell membranes the association
between metabolism and uptake and transport of ions in cells was stressed and the
exchange properties of the cell walls were considered of minor importance in ion uptake.
This view certainly need to be critically reexamined at least for polyvalent cations.

It is still an open question wether calcium is taken up actively, i.e. with the consumption
of metabolic energy, into the ‘inner space’ of the cell. It is well known that at least in
comparison to potassium the correlation between metabolic activity and uptake (Schuf-
felen, 1948; Mengel, 1962) or translocation (Walker, 1969) of calcium is low. Based on
the electro-chemical approach of ion transport through membranes the comparison be-
tween the calcium concentrations and electrical potential inside and outside of the cells
an efflux pump for calcium would even be necessary for the maintenance of the rela-
tively low calcium jon concentrations inside of the cells (Higinbotham et al., 1967).
Presumably the well known action of calcium in decreasing membrane permeability
restricts its own permeation into the cell.

In plant roots a more or less unrestricted permeation of calcium in the AFS of the cortex
is possible. The existence of the endodermis, however, makes it necessary that for calcium
to enter the stele it must also enter the cytoplasm. This entry into the cytoplasm appears
to be a limiting factor of considerable importance. Although the endodermis does not
entirely restrict calcium movement (Marschner & Richter, 1974b) uptake and transloca-
tion of calcium from the root tip region where the endodermis is either absent or not fully
developed, is several-fold greater (Robarts et al., 1973; Marschner & Richter, 1974a) than
in the other regions of the root.

Generally there is a high correlation between the transpiration rate and uptake rate of
calcium. This, however, cannnot be used as evidence for a passive movement of calcium
through the root especially for plants growing in soil. It can be shown that as the trans-
piration rate influences the mass flow of soil solution a higher calcium concentration
may occur at the root/soil interphase (rhizosphere) than in the surrounding soil (Barber &
Ozanne, 1970; Riley & Barber, 1970). There is no doubt that the uptake rate is more
directly related to this concentration — or more precisely activity — at the root surface
or in the AFS, than to the concentration in the bulk of the soil solution (Schuffelen, 1972).

In contrast to the varied views on the importance of exchange adsorption in the AFS,
there is complete agreement on the decisive role of exchange adsorption for transport of
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calcium within the plant (Bell & Biddulph, 1963; Wienecke, 1969). Due to the restriction
of the long-distance transport of calcium to the xylem the transpiration is of special
importance for the distribution of calcium within the shoot. The relatively low calcium
content of fruits or storage organs compared to the leaves (Table 1) relates to the differ-
rences in transpiration rates of both these organs. Consequently a further decrease in
the transpiration rate of fruits decreases their calcium content and increase the occur-
ence of calcium deficiency symptoms (Wiersum, 1966). The conclusion, however, that
a high transpiration intensity of a plant therefore improves the calcium nutrition of all
parts of the plant is only valid to a certain extent. Various parts of the shoot compete for
transpiration water, and due to their large surface the leaves compete very effectively,
presumably withdrawing water from the fruit via the xylem. This competition for water
must exert a detrimental effect on the calcium nutrition of the fruit. A similar compe-
tition for water has been observed between leaves and storage organs, such as potato
tubers (Krauss & Marschner, 1974b).

Tic complicated interaction between water balance and calcium translocation in a
plant was demonstrated with cauliflower (Krug et al., 1972), where obviously periodical
changes in the volume of the curds caused by changes in the transpiration intensity are
necessary for the calcium translocation into the curds.

Another important factor in the calcium nutrition is the growth rate. There is a
tendency that with the increasing growth rate of a fruit and therefore the increasing
intensity of solute influx via the phloem, the calcium content in the fruit decreases (Wier-
sum, 1966). This relates directly to the reduction of influx of water (and calcium) via the
xylem. Factors which influence the growth rate of fruits or storage organs such as tem-
perature, the presence of other nutrients, leaf/fruit ratio, etc. therefore have indirect
effects on the calcium nutrition, especially of fruits (Bangerth & Mostafawi, 1969; Biine-
mann & Liidders, 1969).

The importance of the water movement in the xylem for the calcium distribution within
the shoot, however, can be superimposed by other regulatory mechanisms. The influx
rate for calcium decreascs, for example during the ontogenesis of a bean leaf despite a
constant transpiration rate (Koontz & Foote, 1966). Similar results were obtained in bean
and paprica fruits (Mix, 1973). In fruits this decrease in influx of calcium might be
indirectly associated to the increased flux rates of solutes in the phloem. In leaves, how-
ever, this interpretation is insufficient and presumably another factor is of greater im-
portance: if the exchange adsorption in the xylem is of general importance for the long
distance transport of calcium into a plant part, the removal of calcium from the exchange
sites at the end of the transport chain is necessary and hence from the cell walls of the
leaf cells. This removal can be induced either by formation of new binding sites associated
with division and growth of cells or simultaneous accumulation of anions within the
vacuoles of fully differentiated cells.

Certainly the nitrate reduction is another factor which influences the calcium influx
into leaves. With decrease in nitrate reductase activity with increasing leaf age (Martin,
1971, van Egmond & Breteler, 1972) concomitant accumulation of nitrate decrease the
further influx of nitrate, or anions in general. In plant species of the family Cheno-
podiaceac where oxalate is the most important organic anion which is produced for
charge compensation from nitrate reduction, calcium ions are removed continuously
from the exchange sites by information of calcium oxalate. Decreases in nitrate reduc-
tion will therefore result in increased concentration of calcium ions and this certainly
depresses the further influx of calcium.

Besides the more or less indirect and unspecific regulatory mechanisms for uptake and
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translocation of calcium one cannot exclude the existence of specific ones. Various
observations as the stimulation of the calcium influx into leaves after application of
kinetin (Shear & Faust, 1970) or the depressing effect of TIBA on the calcium influx
into fruits like apple (Bangerth & Fizurek, 1971) provide an indication of possible direct
relationship between growth substances and calcium translocation. More evidence is
necessary also to prove that the preferential influx of calcium into the shoot apex, for
example, is not directly regulated by growth substances but only indirectly mediated by
formation of new binding sites, and therefore more rapid removal of calcium ions from
the exchange sites in the xylem.

In comparison to other mineral elements, potassium in particular, the calcium nutri-
tion of higher plants seem to have developed regulatory mechanisms more in the direction
of restriction for both uptake and translocation. Examples for this are not only in the
restrictive function of the endodermis for the radial transport of calcium through the
cortex of the root or the phloem immobility of calcium but also the formation of
oxalates in leaf petioles (Hanger, 1974) fruit stems (Liegel, 1970) and the testa of bean
and pea seeds (Garz, 1965).

Without doubt these restrictions in calcium translocation must be of physiological
importance for the plant. This is directly related to the question of the requirement of
the cell and the plant for calcium. The calcium content of plant tissue is relatively high,
1-2 % of the dry matter in average. This, of course, is no evidence that calcium is neces-
sary in the same order of magnitude. There also exist typical differences between plant
species in both content of calcium and requirement for calcium. A classification into
calcicole and calcifuge species with a high and a low requirement resp. for calcium,
however is a crude simplification and cannot be used as an indicator for true differences
between both these groups in the calcium requirement on a physiological basis (Burstrom,
1967).

Certainly the view is too extreme that the requirement of higher plants for calcium
actually is in the range of trace elements and that the usually much higher requirement
is due to the function of calcium to compensate for the excess of other cations within
the cell (Jones & Lunt, 1967). It is a fact, however, that under controlled conditions and
maintenance of a constant supply of calcium combined with low levels of other cations
the requirement for calcium indicated by the content in the tissue for optimal growth
performance also for herbaceous plant species is considerably lower than expected
(Loneragan & Snowball, 1969). A further indication of the low functional requirement of
calcium in cells of higher plants is the low calcium content of most fruits and storage
organs (Table 1, e.g.). The comparable much higher calcium content in the leaves of the
same plant is no evidence that these organs actually have a higher requirement.

The calcium content in a tissue is an inadaquate criterion both for requirement and
physiological availability. In older leaves of sugar-beet, for example, more than 80 % of
the calcium is present as calcium oxalate (van Egmond & Houba, 1970). The level of
functional available calcium is therefore low. It is not surprising then that in the chloro-
plast of sugar-beet leaves the calcium content is only 2 mg/g dry matter compared to
approximately 20 mg/g dry matter in chloroplasts from bean leaves (Mix & Marschner,
1974).

Similar high proportions of calcium bound as oxalate as in sugar-beet leaves are found
in the testas of bean seeds (Garz, 1965). This calcium cannot be mobilized during seed
germination (Helms & David, 1973). Also in other plant species like Zea mays the calcium
from the seed can be mobilized during germination only to a very limited amount (Klein
& Urban, 1967). In contrast to the other essential mineral element calcium has therefore
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to be present in the external medium right from the beginning of germination.

Among the essential plant nutrients calcium has a special position insofar as the func-
tional requirement within the cell is obviously low for a major nutrient. The supply of
calcium in the soil solution and at the root surface, however, has to be permanently high.
This is important because of either the absence or only very low ability of the plants
for active and selective uptake of calcium even under conditions of calcium deficiency
(Mostafa & Ulrich, 1974) and the inability of plants to retranslocate calcium. The compe-
tition which always exists more or less in uptake as well as within the cell between ions
of the same charge, i.e. cations or anions, seems to be especially pronounced in the case
of calcium. The requirements of plants for calcium in both supply in the substrate and
concentration in the tissue, therefore increases with the increase in supply of other mineral
elements. To prevent growth depressions of high NaCl concentrations, for example, the
supply of calcium has to be increased simultaneously (Lahaye & Epstein, 1971).

To overcome inadequate calcium nutrition in certain plant parts, mainly fruits and

storage organs, additional supply of calcium as sprays to the aerial parts may be applied
as a short-term method to prevent calcium deficiency. In the long term, however, this
is not satisfactory. A better knowledge of the endogenous regulatory mechanisms affecting
uptake and long distance transport of calcium is urgently required, including the effect
of growth substances and the form of nitrogen (nitrate versus ammonium) on the calcium
distribution within the shoot (Shear & Faust, 1970).
In future the application of calcium has to be increased to return to an adequate level in
relation to the other nutrients supplied as inorganic fertilizers. The effects of the other
agricultural and horticultural practices which influence ion uptake, growth rate, etc.
have also to be considered more in relation to their influence on the calcium nutrition.
One example of such an interaction is the effect of soil aeration on the potassium/calcium
ratio in the shoot (Visser et al., 1972).

Finally, the genetic variability which exists within one species with respect to calcium
nutrition (Greenleaf & Adams, 1969) has to be used more systematically in breeding and
selection programmes in the future.
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