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Iron availability in plant tissues — iron chlorosis on calcareous soils
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Abstract

The article describes factors and processes which lead to Fe chlorosis (lime chlorosis) in plants grown on calcareous
soils. Such soils may contain high HCO;™ concentrations in their soil solution, they are characterized by a high pH,
and they rather tend to accumulate nitrate than ammonium because due to the high pH level ammonium nitrogen is
rapidly nitrified and/or even may escape in form of volatile NH3. Hence in these soils plant roots may be exposed to
high nitrate and high bicarbonate concentrations. Both anion species are involved in the induction of Fe chlorosis.
Physiological processes involved in Fe chlorosis occur in the roots and in the leaves. Even on calcareous soils and
even in plants with chlorosis the Fe concentration in the roots is several times higher than the Fe concentration in the
leaves. This shows that the Fe availability in the soil is not the critical process leading to chlorosis but rather the Fe
uptake from the root apoplast into the cytosol of root cells. This situation applies to dicots as well as to monocots.
Tron transport across the plasmamembrane is initiated by Fe™ reduction brought about by a plasmalemma located
Fe! reductase. Its activity is pH dependent and at alkaline pH supposed to be much depressed. Bicarbonate present
in the root apoplast will neutralize the protons pumped out of the cytosol and together with nitrate which is taken
up by a H* /nitrate cotransport high pH levels are provided which hamper or even block the Fel reduction.
Frequently chlorotic leaves have higher Fe concentrations than green ones which phenomenon shows that
chlorosis on calcareous soils is not only related to Fe uptake by roots and Fe translocation from the roots to
the upper plant parts but also dependent on the efficiency of Fe in the leaves. It is hypothesized that also in the
leaves Fe!! reduction and Fe uptake from the apoplast into the cytosol is affected by nitrate and bicarbonate in an
analogous way as this is the case in the roots. This assumption was confirmed by the highly significant negative
correlation between the leaf apoplast pH and the degree of iron chlorosis measured as leaf chlorophyll concentration.
Depressing leaf apoplast pH by simply spraying chlorotic leaves with an acid led to a regreening of the leaves.

Introduction

Iron chlorosis of crop plants and fruit trees on calcare-
ous soils is an old problem and was already precisely
described at the beginning of this century by Molz
(1907). In recent years a lot of work has been done on
iron availability in soils, on iron acquisition by plant
roots, and iron uptake by plants. Nevertheless the old
problem of iron chlorosis or lime chlorosis, as it is also
called, is not completely understood and until now the
means available for curing iron chlorosis in the field
are not yet satisfying. In the following it is shown that
the problem is a physiological one closely related to
metabolic processes in roots and in leaves.

Iron mobility in the root tissue

Experimental results of various authors have shown
that plants grown in artificial root media show high
iron concentrations in their roots (Bienfait et al., 1985
Longnecker und Welch, 1990; Mengel and Geurtzen,
1988). This obviously is also the case for plants culti-
vated in soils as was shown by Schaumberger (1990).
He grew an iron efficient cultivar (Mutin) and a non-
iron efficient cultivar (Anjou) of maize in pot experi-
ments with 6 soils differing widely in soil characteris-
tics, particularly in pH and the concentration of CaCO;
as is shown in Table 1. The most important result is that
the Fe concentrations in roots were several times high-
er than the Fe concentrations in the leaves, although
the roots were thoroughly washed with distilled water
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Table 1. Fe concentration in young leaves and roots of the
maize cultivars Mutin and Anjou as related to soil pH and
CaCOj3 concentration (Schaumberger, 1990)

pH CaCO3 Leaves Roots
% Mutin  Anjou Mutin  Anjou
g Fe g~ 'FW

475 - 9.8 99 70 100
605 - 12.5 10.5 500 580
698 — 14.5 10.5 420 480
751 5 10.5 10.5 380 380
761 37 9.2 11.1 220 340
770 14 8.8 7.1 360 290

and 0.5 M HCI in order to get rid of all adhering soil
particles. The Fe concentrations in the roots reflected
somehow the Fe availability in the soil, because the Fe
found in the roots must have been moved from the soil
medium towards the roots. Availability was poorest in
the organic soil (soil with pH 4.75) and declined in
the soils with higher concentrations of CaCQOj3. Never-
theless the Fe concentrations in the roots are consid-
ered as sufficient, also in the roots of the soil which
was absolutely low in Fe (pH 4.75). In this experi-
ment no iron chlorosis was found in the leaves but
there was a slight tendency that the chlorophyll con-
centration in the leaves declined with an increase of the
CaCO3 concentration in the soils (r = - 0.732). There
was no correlation between the Fe concentration in the
youngest leaves and the CaCOs concentration in the
soils. From this result one may already conclude that
also on calcareous soils the Fe concentration in roots
is high and the transport of iron from the soil medium
towards the roots is not a limiting factor in Fe supply
of crops on calcareous soils. This conclusion is con-
firmed by the results shown in Table 2. Peaches and
vine of this investigation were from farmers’ fields, the
peaches from Spain, the vine from Franconia in Ger-
many. Here again it is clearly evident that even plants
showing severe chlorosis were rich in root Fe.

The Fe accumulation in the roots may be
explained by microbial processes in the soil produc-
ing siderophores which mobilize insoluble soil Fe
(Neilands and Leong, 1986) and transport it to plant
roots (Crowley et al., 1991). Obviously the chelator is
decomposed by microbes at the root surface so that the
iron released probably is strongly adsorbed to cell wall
adsorption sites or precipitated as Fe''(OH;) (Crow-
ley and Gries, 1993). Since washing roots with diluted

Table 2. Iron concentration in young
roots and leaves of green and chlorotic

plants
Roots Leaves
ug Fe~1DM
Peaches
Chlorotic 1441 34
Green 1682 54
Vine
Chlorotic 1027 84
Green 1364 109
Chlorotic 1059 -
Green 420 -

Analysis in vine were carried out in our
laboratory, analysis in peaches in the
laboratory of the Botany Dep. Barcelona
according to our prescription.

Table 3. Effect of Ca(NO3);, (NH4)2)S04, and diluted HC1
(pH 3.5) on the chlorophyll concentration in the youngest
leaves, on the Fe concentration in leaves, stems, and roots,
and on the Fe concentration in the outer medium 72 h after
transfer of the plants from the NO;™ containing medium. *,
*k kkk significant from the nitrate medium at 5%, 1%, and
0.1% level, respectively

Plant part/medium  NO;  NH} pH3.5

Chlorophyll, mg g~ 'FW
Youngest leaves 0.58 1.03%*x 0.72

Fe concentration, ug g~ 'DW

Leaves 100 163* 157*
Stems 86 105* 134
Roots 588 414* 398*

Fe concentration, uM
Medium 0.00 5.15%* 3.72*

HCI did only remove a small proportion of root Fe
(Schaumberger, 1990) Fe must be strongly fixed in
whatsoever a form. It is assumed that most of this iron
isinthe root apoplast according to Bienfait et al. (1985)
and Longnecker and Welch (1990).

Since also chlorotic plants had high Fe concentra-
tions in roots, chlorosis could be related to the mobi-
lization of root Fe and its translocation to upper plant
parts. Mengel and Geurtzen (1988) reported that Fe
chlorotic maize plants became green within three days



if their roots were exposed to an ammonium containing
solution or to distilled water with pH 3.5. Most impor-
tant data of this experiment are shown in Table 3. It is
evident that the Fe concentrations in the roots declined
and in the upper plant parts increased in plants exposed
to an ammonium containing solution or to the water
with pH. 3.5. Also the outer solution contained some
soluble Fe in the treatment with ammonium nutrition
or with the pH 3.5 solution. Since ammonium nutri-
tion decreases rhizosphere soil pH, low pH leads to
a mobilization of root Fe. It is hypothized that this
mobilization is not only a simple dissolution process
but that it is also related to plant metabolism.

As can be seen from the figures in Table 3, expo-
sition of the roots to an ammonium containing medi-
um or to water with pH 3.5 initiated the translocation
of Fe from the roots to upper plant parts. This pro-
cess implicates the uptake of Fe by root cells which
means the translocation of Fe across the plasmamem-
brane. There is now sufficient evidence that this uptake
process is initiated by a reduction of Fe'l at the plas-
mamembrane (Briiggemann and Moog, 1989; Buck-
hout et al., 1989; Holden et al., 1991). According to
Holden et al. (1991) the Fe!!l reductase is located in
the plasmamembrane and its activity is pH dependent.
Maximum activity was found at pH 6.5 while at high-
er pH the activity rapidly declined. Nitrate nutrition
in combination with ample bicarbonate should lead to
rather high pH levels at the root surface and in the root
apoplast because the uptake of nitrate is brought about
by a proton/nitrate cotransport across the plasmamem-
brane (Ullrich, 1991). Nitrate nutrition and high HCO;
concentration in the soil solution are typical for cal-
careous soils since in these soils ammonium accumu-
lation rather occurs because of ammonia volatilization.
Bicarbonate can be permanently produced particularly
at the root surface where root respiration provides CO,
for the dissolution of CaCOs. Bicarbonate is a strong
buffer and may neutralize the H™ released by proton
pumps of the root plasmalemma and hence it is justified
to assume that the pH in the apoplast of roots under
such conditions is raised to a high level so that the
plasmalemma located Fe™™ reductase is more or less
inhibited (Romera et al., 1991; Toulon et al., 1992).
Bicarbonate as a factor inducing Fe chlorosis is well
documented in literature (Kolesch et al., 1984; Men-
gel and Biibl, 1983; Mengel and Malissiovas, 1981;
Mengel et al., 1984; Rutland and Bukovac, 1971). It
must be emphasized that the bicarbonate concentration
depends also on the partial pressure of CO, which may
be rather high at microsites in soils especially under
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condition of high soil compaction. According to exper-
imental results of Loeppert and Hallmark (1985) and
Mengel and Geurtzen (1988) high root medium pH
induced Fe chlorosis with respectively sorghum and
maize although these species belong to the Gramineae.
Obviously in these particular cases the Fe supply by
phytosiderophores was insufficient and an ample Fe
provision required also an Fe'l reduction at the root
plasmamembrane.

Long distance translocation of Fe and its mobility
in leaves

The mechanism described above does well explain
why iron chlorosis occurs on calcareous soils. Accord-
ing to the relationships presented here the critical pro-
cess appears to be the Fell' reduction at the root plas-
mamembrane followed by Fe?t uptake. Still in the
symplasm of the root system Fe!' is oxidized (Brown
and Jolley, 1989) and complexed by citrate and the
Fe!!! dicitrate is translocated via the xylem to the upper
plant parts (Chaney, 1989). If the reduction of Fell at
the root plasmamembrane is the only critical process
in the phenomenon of Fe chlorosis then the degree of
Fe chlorosis, generally measured as chlorophyll con-
centration in leaves, should be closely reflected by the
Fe concentration in the leaves. This, however, is not
the case. From all plant nutrients, to my knowledge,
Fe is the only one which in many cases does not show
a correlation between the concentration in the plant
tissue and the degree of deficiency. This enigma has
intrigued plant physiologists since decades. Numerous
examples in literature show that there is no correlation
between the Fe concentration in leaves and the chloro-
phyll concentration as an indicator for the degree of Fe
deficiency (Loeppert and Hallmark, 1985; Mengel and
Malissiovas, 1981; Planker, 1991; Rashid et al., 1990).
Aktas and van Egmond (1979) cite an example of soy-
bean of which the cultivar Hawkeye had green leaves
and the cultivar T-203 had yellow leaves. Although
the Fe concentrations in leaves of both cultivars were
virtually the same. According to this result Fe defi-
ciency is not only a question of Fe translocation from
the roots to the upper plant parts but is in some way
inherent in the leaves.

Inefficiency of Fe may even occur in the same cul-
tivar of one species caused by nutritional conditions
as was shown by Mengel and Malissiovas (1981).
The most important results of their investigations are
shown in Table 4. Vine plants were grown during a
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certain period with three different nutrient solutions:
control solution with Fe, solution without Fe, solution
with Fe* bicarbonate. Eleven days after the applica-
tion of bicarbonate first Fe chlorotic symptoms were
observed in the youngest leaves in form of yellowing
spots between the veins. In this treatment plant growth
was strongly reduced as can be seen from the yield
of young leaves in the bicarbonate treatment. Low-
est Fe concentration in the young leaves was found in
the treatment without Fe. But these leaves were not
chlorotic in contrast to young leaves of the treatment
with bicarbonate which were chlorotic and had a Fe
concentration which was more than twice as high (184
ug g~ ! dry matter) as the Fe concentration in leaves of
the treatment without Fe. One may explain the high Fe
concentration in the bicarbonate treatment with a con-
centration effect because the leaf growth was affected.
This, however, does not explain why leaves with such
a high Fe concentration are chlorotic.

Until now it is not yet completely understood why
bicarbonate has such an effect. Saglio (1969) experi-
mented with decapitated vine plants and found that an
addition of bicarbonate to the nutrient solution raised
the pH of the exudation sap from pH 4.8 t0 5.0. In this
experiment the bicarbonate concentration in the nutri-
ent solution was 3 mM and therefore much lower than
the bicarbonate concentration we applied in our nutri-
ent solution (see Table 4) which was almost 16 mM.
This high concentration of HCO; is not exceptional
but may well occur under water saturating soil condi-
tions (Mengel et al., 1984). Plinker (1991) found that
an application of bicarbonate significantly increased
the pH in the leaf apoplast from pH 6.2 to 7.0. From
these results one may conclude that bicarbonate in the
root system may raise the pH of the xylem sap. That
bicarbonate affects the Fe translocation in plants and
the distribution of Fe in leaves was already reported by
Rutland (1971) and Rutland and and Bukovac (1971).
The effect of bicarbonate on the distribution of labelled
Fe was clearly shown by Mengel and Biibl (1983) with
vine plants in which one treatment was supplied with
bicarbonate by stem infusion. As is shown in Plate 1 in
the control treatment (no bicarbonate) the labelled Fe
was distributed evenly while in the bicarbonate treat-
ment the labelled iron mainly remained in the veins.

From this observation one may conclude that the
uptake of Fe from the apoplastic leaf system into the
cytosol across the plasmalemma is affected by bicar-
bonate. Young tissues and particularly the growing
shoot apex are mainly supplied with Fe via the ploem
because in growing tissues phloem elements differen-

Plate 1. Effect of bicarbonate perfusion on the distribution of labeled
Fe in young vine leaves (after Mengel and Biibl, 1983). Left: control
(without bicarbonate perfusion. Right: with bicarbonate perfusion.

tiate earlier than xylem vessels (Pate, 1975). Xylem
sap transporting the Fe dicitrate from the roots to the
leaves may exchange along the vascular path with the
phloem (Stephan and Scholz, 1993). The crucial step
in this exchange is the transport of Fe across the plas-
mamembrane. This process presumably is associat-
ed with a Fe! reduction. According to Stephan and
Scholz (1993) the Fe?* thus entering the cytoplasmat-
ic pathway is then complexed by nicotianamine and in
this form Fe is evenly distributed in the symplasm and
is supposed to provide Fe to the Fe requiring processes.
All multicellular plants possess nicotianamine as it is
presumably required for the symplastic distribution of
heavy metals (Stephan and Scholze, 1993). As is dis-
cussed below more in detail it is assumed that the trans-
port of Fe across the leaf plasmamembrane is initiated
by the reduction of Fe!. Reduction may occur along
the vascular path at the interfaces apoplast/symplast. If
this loading process is affected the Fe supply of young
tissues will become insufficient. In such a case the Fe
will be only supplied by the xylem and the distribu-
tion of Fe in the intercostal areas of young leaves is
hampered. This is exactly the pattern of chlorophyll
distribution in chlorotic leaves which frequently are
still green along the vascular veins (see also Plate 1).
The picture resembles much the chlorophyll distribu-
tion in the tomato mutant “Chloronerva” which lacks
the nicotianamine (Stephan and Scholz, 1993).
According to Brown (1978) green plants require a
continous supply of Fe as they grow. As soon as this
supply is interrupted growth is hampered (see Table 4)
and iron deficiency occurs as yellowing of leaves. The
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Table 4. Effect of Fe and bicarbonate on the yield of leaves, the Fe concentration in
younger and older leaves, and the Fe and HCOJ™ concentration in the nutrient medium.
Quartz sand solution culture (Mengel and Malissiovas, 1981)

Treatment Young leaves Older leaves  Nutrient medium
DM Fe conc. Fe conc. pH HCO;
gplant™'  puggT'DM  pugg~!DM mM
1. Control (+Fe) 6.6 106 223 52 —
without HCOZ')
2. without Fe 6.0 82 196 50 -
without HCO;
3. with Fe 3.3xx 215 250 85 157
with HCO; 184¢

@ Chlorotic leaves.

** Significantly different from the other two treatments at the 1% level.

primary process which needs Fe and which induces
growth reduction is not yet known. According to recent
results the reduction of ribonucleotide to deoxyribonu-
cleotide is brought about by a reductase in which Fe
plays an essential role (Reichard, 1993). This reduction
is a fundamental process since it is the prerequisite for
the synthesis of DNA which is required for cell growth
and cell division.

pH in leaf apoplast and chlorophyll concentration

It is not only the application of bicarbonate which
reduces the efficiency of Fe in leaves but also nitrate
because both raise the leaf apoplast pH. Mengel et al.
(1994) carrying out experiments with young sunflow-
er plants (Helianthus annuus) which were grown in a
nutrient solution without Fe so that plants were only
fed with Fe from the seed. In one treatment plants were
supplied with ammonium nitrate and in one with Ca-
nitrate. Plants grown without ammonium developed
typical symptoms of Fe chlorosis, while the plants
grown with ammonium nitrate had green leaves. After
12 days of growth in the different nutrient media the
nitrate grown plants had a leaf chlorophyll concen-
tration of 0.2 mg g~! fresh weight while the plants
grown with ammonium nitrate had a chlorophyll con-
centration of 1.18 mg g~! fresh weight. The difference
was highly significant. In this particular case Fe uptake
from the outer medium was not involved; therefore it
was simply the efficiency of Fe in the leaves which
was affected by the type of nitrogen nutrition. The
Fe concentration in the leaves was the same for both

treatments, namely 51 ug g~ ! dry weight. From these
results it was hypothesized that also nitrate may have
an influence on the pH in the apoplast and analogous
to the root also the pH in the apoplast of leaves is of
importance for the uptake of Fe from the apoplast into
the symplasm. It is supposed that also this process is
initiated by a reduction of Fe! dicitrate brought about
by a Fe! reductase located in the plasmamembrane
of leaves (Moog, 1993). Mengel et al. (1994) mea-
sured leaf apoplast pH by fluorescence according to
the technique described by Hoffmann et al. (1992). In
the experiments of Mengel et al. (1994) young sun-
flower plants were grown with and without Fe and
with Ca-nitrate and ammonium nitrate in the vari-
ous treatments. Chlorophyll concentration was mea-
sured in the opposite leaf in which leaf apoplast pH
was measured. In the latter case leaves were excised
and put with their petioles in a solution containing the
fluorescence dye (5-carboxyfluorescein) and nitrogen
and Fe according to the nutrient solution of the corre-
sponding treatments (concerning the technique of this
experimentation see Mengel et al. (1994). In Figure !
the results of this experiment are shown. There was a
very close correlation (r = - 0.97) between the degree
of iron chlorosis, indicated as leaf chlorophyll con-
centration, and the pH in the apoplast. Lowest pH
values were obtained in the ammonium nitrate treat-
ment and highest pH in the treatment with Ca-nitrate.
The experiment was repeated three times at different
dates with almost identical results which may show
the high reproducibility of the technique. It is of inter-
est that in this experiment also the Fe supply had an
impact on leaf apoplast pH. Probably plants not sup-
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Fig. 1. Relationship between leaf apoplast pH, leaf chlorophyll
concentration and source of nitrogen supply and Fe supply. Each
symbol is the mean of three replicates. The different symbols indicate
the date at which the experiments were carried out (after Planker,
1991).

plied with Fe were affected in their plasmamembrane
ATPase activity. Englisch (1993) found similar close
correlations between the leaf apoplast pH and chloro-
phyll concentrations in soya (r = - 0.97) and maize
(r = - 0.99). Tagliavini et al. (1993) came to analo-
gous results. These researchers worked with leaves of
Kiwifruit vines (Actinidia deliciosa) grown in the field
and showing different degrees of iron chlorosis. They
measured the chlorophyll concentration in the leaves
and the pH in the leaf extract. Tagliavini et al. (1993)
found also a very close negative correlation between
the leaf sap pH and the chlorophyll concentration in
leaves. This result, obtained with another technique,
confirms our hypothesis that the leaf apoplast pH is of
crucial importance for the efficiency of Fe in leaves.
As can be seen from Figure 1 the pH between the
treatments varied within only 0.4 pH units. Neverthe-
less this pH range had a remarkable influence on the
chlorophyll concentration which finding may demon-
strate that the process of Fel! reduction is highly pH
sensitive. This conclusion is in line with experimen-
tal data of Briiggemann et al. (1989), who found with
membrane vesicles obtained from barley roots a pH
optimum of 6.8 for the Fe"™-EDTA reduction and with
results of Holden et al. (1991) who reported a pH opti-
mum of 6.5 for the reduction of Fe!! citrate of vesicles
obtained from tomato roots. These authors found pH
optima for the Fe'! reduction. Tagliavini et al. (1993)
and we found a linear relationship between the chloro-
phyll concentration and the pH in the apoplast indi-
rectly providing evidence that the Fe™ reduction is the
better the lower the pH. This finding agrees well with

APOPLAST CYToSOL

Plasmamembrane

NADH
2FeM Citrate - V
\ Felll

T

‘Red.:
. -v,e‘.i- N NAD*+H*
2Citrate

- 2Fe?"

ATP

\ADPoOH'

e |

HY -t

°

e
NO3 —1=
He =

ll

i

Fig. 2. Scheme of Felll reduction at the apoplast/symplast interface
(plasmalemma) associated with the channel for Felt uptake (1), the
proton/nitrate cotransport (2) and the proton pump (3).

research data of Toulon et al. (1992) who found with
excised rape roots that the rate of Fe™! reduction was
the higher the lower the pH in the root apoplast. At
pH 4 the rate of Fe reduction was about five times
higher than at pH 8. Obviously vesicle production may
lead to some disturbance of the membranes and the
pH optima obtained by Briiggemann et al. (1989) and
by Holden et al. (1991) may therefore rather reflect an
artefact than the real in vivo situation. The assumption
hence is justified that also in leaf apoplast a low pH in
particular favours the Fe'!! reduction.

Iron is especially required in meristematic tissues
where new Fe containing prostetic groups such as FeS
clusters, ferredoxins and hem groups are synthesized.
These tissues demand also much nitrogen which may
be supplied in form of amino acids mainly over the
phloem and in form of nitrate mainly via the apoplastic
pathway. High uptake rates of nitrate at the interfaces
apoplast/symplast may result in high pH levels due to
the nitrate H* cotransport. This should be especially
the case if plants are only supplied by nitrate as the
sole nitrogen form (Fig. 2). Nitrate concentrations in
the xylem sap of decapitated tomato and sunflower
plants were in a range of 20 to 30 mM as was reported
by Kirkby et al. (1981) and Mengel and Simic (1973),
respectively. The concentration of nitrate still may be
higher at microsites of the apoplast/symplast interfaces
where nitrate is taken up into the symplasm with high
rates. This should raise the pH considerably. This spec-
ulation is in line with our observation that nitrate as the
sole nitrogen source raised the apoplast pH and induced
chlorosis.

In a preliminary experiment Mengel et al. (1994)
could show that under the conditions of nitrate supply
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the reduction of Fe' was depressed as compared with

ammonium supply. In this experiment the leaves were
perfused with ferrocene which forms a precipitation
with Fe?t. As shown in Figure 3, light transmission
was much higher in the nitrate treatment than in the
ammonium treatment. The difference is explained by
the Fel ferrocene precipitation which was obviously
much stronger in the ammonium treatment.

If our concept of the leave apoplast pH as the crucial
factor of Fe chlorosis on calcareous soils is correct than
a simple treatment of leaves with a diluted acid should
cure the chlorosis provided that this is not caused by an
absolute Fe deficiency. Plianker (1991) treated chlorot-
ic sunflower leaves with an acid mist (pH 3.2) which
resulted in a regreening of the leaves. Tagliavini et
al. (1993) sprayed citric acid which treatment cured
the chlorosis of Kiwi leaves grown in the field. The
spectacular results of Sahu et al. (1987) are shown in
Table 5. In this experiment the spray with sulphuric
acid yielded the best results. The authors speculate
whether this could be a sulphur effect and they did not
consider that this could have been a simple pH influ-
ence. It is of interest that in the experiment of Sahu et
al. (1987) also the application of “Mixtalol”, a mixture
of long-chain aliphatic alcohols, yielded a remarkable
effect. One may speculate whether the alcohol had an
influence on the plasmamembrane and even on the Fel!
reductase. According to the concept outlined above
also measurements which stimulate the plasmamem-
brane proton pumps should alleviate Fe chorosis. This
was actually found by Mengel and Geurtzen (1986)
who reported that chlorotic maize leaves after having
been sprayed with fusicoccin as well as with indole
acetic acid regreened.
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Table 5. Effect of sprayings with various chemicals on the
chlorophyll concentration in leaves and pot yield of peas
grown on a calcareous soil (Sahu et al., 1987)

Treatment Chlorophyll  Yield
mgg !FM  tha™!
Control 1.37 1.79
Mixtalol (SF) 1.85*% 338
Giberellic acid (SF) 1.32 2.36
Naphtalene acetic acid (SF)  1.84* 3.32
H;S04 (F) 1.83% 336
Fe-EDDHA (F) 1.78 315

* Significantly different from the control at the 5% level.
(SF) = Seed and foliar application.
(F) = Foliar application.

Concluding remarks

Iron chlorosis in practical farming is still a severe prob-
lem. Most of the remedies applied and recommended
are not always successful and in many cases expen-
sive. The cure of the chlorosis should come from the
biological side and for developing biological means
to overcome Fe deficiency the sequence of reactions
should be known which cause the chlorosis on calcare-
ous soils. As was shown in this article it is a physiolog-
ical problem which is related to processes both in the
roots and in the leaves. Even on calcareous soils the
Fe availability in the soil is sufficient due to numerous
siderophores produced by microbes. The critical prob-
lem is the reduction of Fe in the root apoplast; hence
the activity of the enzyme Fe!” reductase and the con-
ditions that influence the activity of this enzyme are
of importance. In this respect the pH in the apoplast
and therefore the plasmalemma located proton pumps
are of paramount importance. This applies not only
for dicots but probably also for monocots. Hence fur-
ther research and the development of new types should
have a look on these proton pumps.

In many cases sufficient Fe is translocated from the
roots to the leaves and it is the efficiency of the leaf
Fe which plays the critical role. There is now enough
evidence that this efficiency is related to the pH in the
leaf apoplast and to the activity of the plasmamembrane
located Fe' reductase. It is contended that this activity
also is pH dependent and is severely depressed at high
pH levels. Hence also in this case further research
should have a closer look at the proton pumps in the
leaves. In addition also the nitrate situation in leaves
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should be investigated. There are species which reduce
much of the absorbed nitrate in the roots. These species
should be less prone to Fe chlorosis and vice versa.
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