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Opening Address

P. CHAUDt1, Former President of the Swiss Confederation, President of the International Potash Institute,
Berne, Switzerland

Your Excellency,
Mr Dean of the Agricultural College of Sweden,
Ladies and Gentlemen,

I have the honour and the pleasure to welcome you at this 8th International Colloquium
organized by the International Potash Institute. Let me first express my deep gratitude to
His Excellency, Mr Ingemund Bengtsson, Minister of Agriculture of Sweden, for having
accepted to assume the High Patronage of this scientific gathering. I want to express our
lively appreciation and our great pleasure for having been able to hold in Sweden this

Colloquium on Biochemistry and Physiology of Potassium in Plants and Animals.
I have to express also my thanks to Mr Hjelm, Dean of the Agricultural College of
Sweden, allowing us to use the facilities of the Agricultural University in Uppsala. I should
like to express my gratitude to Prof. Jansson, Head of Department of Soil Fertility and
Management at the Agricultural College of Sweden and Member of the Scientific Board of
IPI, who kindly accepted to be the Chairman of this Colloquium and who gave us his
efficient support in organizing this Colloquium.
The bases of the programme for these three days were established by the 15 members of
the Scientific Board - particularly by Prof. Jansson and Forstander Dam Kofoed/Den-
mark assisted by Prof. Mengel and Director de Tarragon, Scientific Secretaries of IPI -
to whom I am extending my thanks. Finally, I want to express my gratitude to Mr Linddn,

Scientist, working in the Department directed by Prof. Jansson, for his co-operation in
setting up the arrangements for this scientific event together with the Directors and the
Staff of the International Potash Institute.
Let me also welcome the representatives of the Agricultural Press of Sweden. Their
presence is an encouraging sign for the interest which scientific research work encounters
in the modem information media which are constituting the indispensable link between
science and agricultural practice.
The organization of scientific Congresses and Colloquia on an international level consti-
tutes one of the main activities of our Institute. These gatherings are planned in working
cycles. The working cycle going from 1964 to 1966 was devoted to 'Potassium and the

Quality ofAgricultural Products' and comprised three Colloquia (1964: Morat/Switzer-
land; 1965: Belgrade and Lisbon) and one general Congress (1966: Brussels). The last
working cycle dealt with the problems of 'Role of Fertilization in the Intensification of

Agricultural Production', and comprised three Colloquia (1967: Finland; 1968: Florence;
1969: Israel) and one general Congress (1970: Antibes/France).
The purposes of the present cycle, which begins with our Colloquium here in Sweden, are
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to make the point of the present state of knowledge concerning fundamental potassium
problems, to open new ways for research and to determine the implication and conse-
quences of fundamental research for practical agriculture. As you know, the first event of
this working cycle is devoted to 'Potassium in Biochemistry and Physiology', the next one
will be devoted to 'Potassium in Soil', whereas the Colloquium in 1973 will deal with
similar problems but in relation with tropical conditions. In a final Congress, the
conclusions will be drawn from the latest basic research findings presented in the
foregoing Colloquia as well as their implication on farm production.
In establishing the Programme, the Scientific Board was fully conscious that the Colloqui-
um in Uppsala will constitute an experiment in so far as he has placed this event under the
topic 'Interdisciplinary Exchange of Scientific Knowledge'. It is hoped that the Colloqui-
um will help to bridge the often existing gap between different sciences and will allow
specialists of different fields and from different countries to get together. Keeping in mind
the high competency and reputation of the scientists presenting lectures and who are
working in different scientific fields, I am fully convinced that this Colloquium will engrave
in the memories of all participants the souvenir of a very useful meeting.
I declare open the 1971 Colloquium in Uppsala!
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Potassium and its Role in Enzyme Activation

HAROLD J. EVANS, Ph.D. and ROBERT A. WILDES, Ph.D., Department of Botany and Plant Pathology, Oregon
State University, Corvallis, Oregon/U.S.A.

Summary

Potassium, or some other activator univalent cation, is a necessary cofactor for many of the enzyme catalyzed
steps in metabolic pathways. We have reviewed the evidence for the necessity of univalent cations for the starch
synthetase reaction and for the activity of a series of enzymic steps in protein synthesis. Of those univalent
cations present in normal living tissues, potassium is the only cation that has the appropriate properties and that
is present in cells in sufficient concentration to fulfill the univalent cation requirements of the great majority of
those enzymes whose activities are dependent upon univalent cations.
In regard to the mechanism of potassium activation of enzymes we have concluded the following: (a) the subunit
structure of some enzymes is dependent upon the type of univalent cation present, (b) the capacity of some
enzymes to bind a particular coenzyme is univalent cation dependent, (c) univalent cations such as potassium
may behave as allosteric effectors, (d) univalent cations may influence the conformation of some enzymes
without causing gross changes in physical structure, (e) activator univalent cations may stabilize reaction

intermediates during enzyme catalysis or influence rates of catalysis by mechanisms not yet fully understood.
The interaction ofunivalent cations with certain antibiotics may serve as model systems for an understanding of

the interaction of univalent cations with enzyme molecules.

1. Introduction

Potassium is an essential element for all living organisms. It is the most abundant cation in

the tissues of higher plants, making up about 1.7 to 2.7 percent of the dry matter of normal

leaves (Evans and Sorger 1131). Animals also need large quantities of K+ as illustrated by

the report that 3 to 4 gm of KCI are necessary for a daily diet of 2000 calories (Hall 1141).

The K+ requirement of organisms cannot be completely satisfied by any other alkali

cation, although in some plant species beneficial effects of Na+ and Rb+ have been

reported when the K + supply was limited.

The consequences of K + deficiency in organisms are numerous. Some consistent effects of

K+ insufficiency are as follows (Evans and Sorger [131): (a) soluble carbohydrates and

reducing sugars accumulate; (b) starch and glycogen syntheses are impaired; (c) amino

acids accumulate; (d) protein synthesis is blocked; (e) the tilization of respiratory

substrates is retarded; and (0 oxidative phosphorylation and photophosphorylation rates

are decreased. It seems clear that K + has a profound influence on a whole series of

different metabolic processes.
In a recent review, Evans and Sorger 1131 pointed out that the activities of some fifty
different important enzymes known to participate in a variety of metabolic processes were

either completely dependent upon, or were stimulated by, K + or some other univalent

cation. They concluded: (a) that a large number of apparently unrelated types of enzyme-

catalyzed reactions were activated by K or other univalent cations; (b) that those

enzymes activated by K+ also were usually activated by Rb+ and NH4+, but were
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activated little by Na + and not at all by Li ; (c) that the few enzymes (associated with
halophyles) that were activated primarily by Na + also were activated by Li+, but that such
enzymes were not functional in the presence of K+, Rb +, or NH4+. They further noted that
the concentrations of univalent cations necessary for the activation of most of the enzymes
were relatively high, ranging around 0.01 M or greater for operation at one-half maxi-
mum velocities and at least 0.05 M for maximum velocities. The concentration of K+

necessary for activity of univalent-cation-activated enzymes was considered to be suffi-
cient to account for the high concentrations of K+ that are known to be essential for
normal growth and development of organisms. Evans and Sorger 1131 indicated that the
major role of K+ in cellular metabolism is that of an enzyme activator and they proposed
that K+ and similar univalent cations induced specific conformations of enzyme proteins
that are necessary for catalytic activity.
In a recent review, Suelter [641 has reconsidered the role of univalent cations in enzyme
activation, and has compiled a list of some 60 enzymes that appear to require univalent
cations for activity. He has separated these into two main classes of reactions, one
involving phosphoryl transfer and the second involving elimination reactions. Suelter
concluded that the enzyme-catalyzed reactions that require univalent cations either
involve, or are presumed to involve, keto-enol tautomers as intermediates. Suelter [641
postulated that univalent cations act in the formation of a bridge between the enzyme and
the keto-enol reaction intermediate.
In this paper, we propose to summarize information on the role of K+ in the syntheses of
protein and of starch as two examples of major metabolic processes that require K+ . In
addition, we propose to outline some of the recent results that we consider to be pertinent
to an understanding of the mechanism of enzyme activation by K+ and other univalent
cations.

2. Role of potassium in protein synthesis

Considerable nutritional evidence indicates that K + deficiency in several different kinds of
organisms results in impaired protein synthesis. Although such evidence suggests sites of
metabolic blocks, the consequences of nutritional deficiency often are complex and thus,
evidence suggesting a site of action of an element may be an indirect effect of some other
metabolic lesion. Detailed biochemical investigations, along with nutritional research may
provide more definitive information. Recent refinements in both physiological and bioche-
mical investigation have provided an opportunity for considerable insight into the role of
univalent cations in the protein synthesizing apparatus.

2.1 Requirementsfor the synthesis of nitrate reductase

As an approach to the problem of the role of K+ in protein synthesis, Nitsos and Evans
[35] have investigated the effects of K+ deficiency on the inductive formation of nitrate
reductase in Neurospora crassa. Since nitrate reductase is not synthesized by Neurospora
crassa in a medium lacking nitrate, the fungus may be cultured in a K+ deficient medium
containing glutamate and the mycelia utilized to study the effects of univalent cations on
the formation of nitrate reductase. Replicated portions of the K+ deficient mycelia were
transferred to a series of media all containing nitrate, but with a series of different
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Figure . Representative experiments comparing the effectiveness of different univalent cations for the adaptive
formation of nitrate reductase in Neurospora crassa. The mycelium was grown in a standard medium having no
added K4 and then transferred to the induction medium having a concentration of 2.5 mM of the indicated
univalent cation chloride. (From Nitsos and Evans [35]).

univalent cation chloride additions. Each series of mycelial mats was incubated for a 4-

hour induction period and the effects of variation in univalent cation additions on the

formation of nitrate reductase determined. K+ deficient mycelia exhibited no nitrate

reductase activity at the beginning of the induction period (Figure 1). During the 4-hour

incubation period the enzyme was rapidly formed in the medium containing 2.5 mM KCI.

In contrast, where no KCI was added, or where 2.5 mM LiCl or NaCI was added,
relatively little nitrate reductase was synthesized. In a similar experiment (Figure 1), RbCI

(2.5 aM) proved to be about 50 percent as effective as KCI. NH4CI was completely
ineffective as a cation cofactor in this system, but the NH4+ ion has been reported (Sorger

[59) to repress the synthesis of nitrate reductase. The induction of nitrate reductase in rice

seedlings also is accelerated by univalent cations, and the same order of effectiveness as

observed in Neurospora crassa was reported (Oji and Izawa 1371).
In other experiments (Nitsos and Evans [35]) the effects of a series of univalent cations on

the activity of pyruvate kinase, a constitutive enzyme in Neurospora crassa, were

measured during a 4-hour period when nitrate reductase was being induced. The different

univalent cation species had no consistant stimulatory effect on pyruvate kinase in these

tests. It appeared, therefore, that univalent cations were influencing the synthesis of nitrate

reductase rather than activities of enzymes in general.
Experiments that demonstrate an effect of univalent cations on the synthesis of a protein
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such as nitrate reductase do not permit the identification of the precise sites where K +

participates in protein synthesis. Such experiments, however, are relatively simple in
design and have the unique advantage of indicating the univalent cation requirements for
rapid synthesis of a single protein under in vivo conditions.

2.2 Site of univalent cation action

Relatively recent advances in our understanding of the detailed mechanism of protein
synthesis have made it possible to obtain some fairly precise information on the specific
biochemical sites where K + participates in the protein synthesizing process. Some of the
sites in the protein synthesis pathway where K + has been proposed to function are
illustrated in Figure 2.

2.2.1 Synthesis of ribosomes

In an investigation of the role of K + in protein synthesis, Lubin 1241 used an E. colt mutant
(strain B 207) that had lost its capacity to accumulate K + from the nutrient medium. This
organism grew rapidly in a medium with high levels of K +, but in a similar medium in
which Na+ was substituted for K +, cell division stopped, and was not restored by the
addition of amino acids, purines, pyrimidines, or vitamins. Further research (Ennis and
Lubin [111) revealed that K+ deficiency in the mutant resulted in an accumulation of
RNA, part of which was associated with 14S and 18S particles (K+-depletion particles).
When the deficient cells containing labeled 'K+-depletion ' particles were placed in a high
K + medium that supported growth, the particles were converted into normal 30S and 50S
ribosomes. Ennis and Lubin [121 indicated that the 'K+-depletion ' particles may contain
the messenger RNA (mRNA) necessary for the synthesis of ribosomal protein. When K +-

deficient cells were transferred to a medium containing 0.1 M KCI, rapid and preferential
synthesis of proteins necessary for formation of functional ribosomes was observed (Ennis
and Lubin [121). A role of K+ in ribosome synthesis seems to have been convincingly
demonstrated.
The stability of ribosomes of the halophytic bacterium, Halobacterium cutirubrun, was
reported (Bayley and Kushner 131) to be dependent upon K + and Mg ++.This organism
normally maintains high intracellular concentrations of salts and its ribosomes were
maximally stable in solutions of 4M or greater KCI and 0.1 M MgCh2. In media with low
K + and Mg++, or in media where K + was replaced by NH4

+, Cs +, or Na+ , the ribosomes
dissociated into 30S and 50S subunits.
Evidence was presented (Lubin and Ennis [25]) that K + functioned in the formation of an
effective polyribosome complex that apparently preceded the actual incorporation of
amino acids into protein. More recently, Ennis 1101 has provided convincing evidence of
the role of K + in the formation of polyribosomes in E. coll. Polyribosomes disintegrated
completely in cells depleted of K + and were found only in small numbers in cells grown in
media containing low K + concentrations. Protein synthesis, however, exhibited a greater
K + requirement than polyribosome formation. Ennis 1101 concluded that protein synthesis
was not limited by the polyribosome content during K + depletion.

16



Aminoacyl binding
site(B)

Ribos me GTP
T factor

f -a, , a. 2 Incoming

Peptidyl ' - aminoacyl-tRNA

site(P). , . . I i I it ill III I IIIll

fMet i ..l 3 3 a4 'qg- codons

The aminoacyl-tRNA
binding reaction
(requires GTP,
T factor and K+ 1

I l il l lit III oill I II M ill

Met aaI a2) a3 a4 messenger RNA
(degradation probably

requires K+)

The peptidyl
fMet-a transferase reaction

(requires K+)

Empty a

Iil 1*1 li- Ill Ii1 II *il Ip.

fMel al a, a3  u4

G The translocation
factor reaction

fMet-a 
GDP +Pi

Empty a'-
tRNAa1 is Nex amiacyl-tRNA

shoved off P &
p 'I . .I I I I p P i I P

fMet a, \ a a4

Figure 2. An illustration of the mechanism of the transfer of amino acids from aminoacyl-tRNA to the elongating
peptide chain on the 70 S microbial ribosome. The T factor is a cytoplasmic protein necessary for the binding of
aminoacyl-tRNA to the ribosome and the G factor is another cytoplasmic protein required for the translocation
reaction.
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2.2.2 Amino acid incorporation into polypeptides

2.2.2.1 Synthesis of aminoacyl-tRNA*

Schweet et al. 1531 have shown that the tyrosinyl-tRNA synthetase from hog pancreas was
much more active in a medium containing Kt that in one containing Nat . Also, the
activities of leucyl-tRNA synthetase (Yu and Hirsh [721 and the lysyl-tRNA synthetase
(Waldenstrim 1671), both from E. coil, were reported to be stimulated by NH + and K+ .

Lubin and Ennis [25] have investigated the possibility that K+ deficiency in E. coil resulted
in a lesion in the mechanism whereby tRNA is charged by amino acids. They [25] found
that the substitution of K+ for Na+ in the tRNA charging reactions involving 14C

phenylalanine and other amino acids produced no more than 2- to 3-fold increases in
activities. This magnitude of response in their opinion was not sufficient to explain the
striking effects of K+ additions on the rate of protein synthesis in the K+ requiring E. coli.

2.2.2.2 Protein synthesis from charged tRNA

The requirement of K+, or NH 4
+ , for the transfer of amino acids from aminoacyl-tRNA to

polypeptides has been firmly established in cell-free systems from several organisms
(Figure 2). This process was studied (Lubin [24!) in a cell-free reaction containing
appropriate cations, phenylalanyl-tRNA, poly U, GTP, ATP, buffer, and ribosomes and
soluble enzymes from E. coli. In this system, the transfer of phenylalanine into polyphenyl-
alanine proceeded at rates up to 20-fold greater in the presence of 0.05 M KCI than in a
similar reaction containing NaC (Figure 3). In these experiments NH 4

+ or Rb + substitut-
ed for K+, but Li+ and Na+ were inactive.
Polyphenylalanine synthesis from 4C-phenylalanyl-tRNA by a cell-free system from
rabbit reticulocytes also depended on the K+ concentration in the medium (Shaeffer et al.
[55]). Maximal activity occurred at 67 mM KCI and 6.7 mM MgCI2. Also the transfer of
amino acids from aminoacyl-tRNA to endogenous polypeptides in rat liver preparations
required 80 mM NH4+ for optimum activity (Skogerson and Moldave 1571). The evidence
seems to be consistent that the protein synthesizing apparatus from both animals and
microorganisms requires univalent cations for the incorporation of labeled aminoacyl-
tRNA into protein.

2.2.2.2.1 Aminoacyl-TRNA binding to ribosomes

The step in protein synthesis where aminoacyl-tRNA is bound to ribosomes also is

reported to require univalent cations (Figure 2). Spyrides [631 has studied the binding of
' 4C-phenylalanyl-tRNA to E. coi ribosomes in the presence of poly U and observed that
the reaction was stimulated markedly by NH4+ at a concentration of 0.16 to 0.2 M, and
that K+ at equivalent concentrations was about one-half as effective as NH4+. Both Na+

and Lit were inactive in this reaction. The binding reaction did not require GTP or soluble
transfer enzymes and, therefore, appeared to be non-enzymatic.
The binding of phenylalanyl-tRNA to reticulocyte ribosomes from the rabbit also marked-

* See: 'Abbreviations' page xxx.
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Figure 3. Kinetics of transfer of counts from L IC"Iphenyalanyl-tRNA to TCA-precipitable polypeptide at
37-C. Each milliliter of reaction mixture contained: 100 pmoles Tris-HCI (pH 7.4); 13 pmoles magnesium
acetate; 9 pmole mercaptoethanol; 50 pmoles sucrose; 0.03 pmole trisodium-GTP; 1.0 pmole disodium-ATP;
6 raoles disodium creatine phosphate; 2 0 

pg creatine phosphokinase; 80pgpolyuridylic acid; L-[C"lphenyl-
alanyl-tRNA (0.0075 pc, specific activity 210 p/pmole phenylalanine): S-30 fraction (4 mg protein); and
50 moles of either KCI or NaCI. (From Lubin and Ennis [25).

ly responded to K+ additions (Shaeffer el al. [55). In these experiments enzymic binding of
phenylalanyl-'H-tRNA to the reticulocyte ribosomes in the presence of poly U required
GTP and a soluble transfer enzyme, and occurred at K+ and Mg++ concentrations that
were optimal for the synthesis of polyphenylalanine (6.7 mM MgCI2 and 67 mM KCI).
When the MgCI2 concentration was greater, and the KCI concentration less than 6.7 and
67 mM respectively, non-enzymic binding was observed that did not require GTP or the
transfer enzyme. The most effective univalent cation for both enzymic and non-enzymic
binding was K+. NH4+ was one-third as effective as K+, but neither Na + nor Li+ were
functional in this system. Shaeffer et al. [551 proposed that the molar ratio of KCI to
MgClz may influence the type of aminoacyl-tRNA binding to the ribosomes by altering
ribosomal conformation. This conclusion is consistent with that of Schweet et al. 1521,
who also proposed that K+, or NH4+, and divalent cations played an important role in
protein synthesis by reticulocytes by influencing shape changes in the ribosomal structure.
Experimental results by Ibuki and Moldave [201 in which ribosomes from rat liver were
used and by Ravel el al. [441, who studied the binding of phenylalanyl-tRNA to E. co/i
ribosomes are generally consistent with those obtained by Spyrides [631 and Shaeffer et al.
[551. It seems clear, therefore, that univalent cations play some unidentified role in the
binding of aminoacyl-tRNA to ribosomes.
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2.2.2.2.2 Peptidyl transfer

By the use of puromycin as an inhibitor of protein synthesis evidence has been obtained
that the peptidyl transferase reaction (Figure 2) is univalent cation dependent. Puromycin
is an analogue of aminoacyl-tRNA and forms a peptide bond with the peptidyl-tRNA that
is bound to ribosomes. The resulting peptidyl-puromycin complex, which lacks the
nucleotide portion of aminoacyl-tRNA, is released from the ribosomes without further
reaction (Heintz et al. (161). Maden and Monroe [261 have demonstrated that both
univalent and divalent cations were required for the reaction between phenylalanyl-tRNA
charged ribosomes (from E. colt) and puromycin. The order of effectiveness of cations was
NH4+ > K+ = Rb+> Cs +. Activation by NH4+ and K+ progressively increased between
10 mM to I M, whereas, Na+ and Li+ at comparable concentrations failed to activate.
Maden and Monroe 1261 favor a model in which there is an interaction between univalent
cations and one or more protein components of the 50S ribosome subunit which induces
at the catalytic center a conformational change that is necessary for both peptidyl transfer
and puromycin binding.
Skogerson and Moldave [571 have demonstrated that NH4+ was required for the reaction
of puromycin with endogenous peptidyl-tRNA bound to rat liver ribosomes. The reaction
was stimulated 5-fold by 300 mM NH-CI. The formation of diphenylalanine from
reticulocyte ribosome-bound phenylalanyl-tRNA and phenylalanine in the presence of
peptide synthetase from reticulocytes was stimulated 2-fold by KCI or NH4CI at a
concentration of 67 mM (Shaeffer et at. [551). There seems to be general agreement that
peptidyl transfer is another site in protein synthesis where univalent cations participate.

2.2.2.3 GTP utilization

In the diagram (Figure 2) GTP is utilized in the aminoacyl-tRNA binding reaction and in
the translocation reaction of protein synthesis by E. colt. Also, as discussed by Boulter [61
GTP is utilized in the initiation reaction in which formyl methionyl-tRNA is bound to the
formyl methionine site of mRNA. In all three sites where GTP is utilized the products are
GDP and inorganic phosphate. Conway and Lipman [71 have studied the relationship
between polyphenylalanine synthesis (in a system containing poly U, 14C phenylalanyl-
tRNA and enzymes and ribosomes from E. coh) and the associated GTPase activity. In
this study both the polyphenylalanine synthesizing system and the associated GTPase,
required either NH4+ or K+, but failed to function in the presence of Na+ or Li+. From the
information available it is not clear whether the univalent cation requirement was
associated with the GTPase per se or whether the association of GTPase activity and
univalent cation content is an indirect consequence of some other univalent-cation-
requiring step in the protein synthesizing process.

2.2.3 Messenger RNA turnover

The degradation of mRNA from the ribosomes after protein synthesis requires RNA
depolymerising enzymes. The properties of K+-activated phosphodiesterases have been
investigated by several workers (Singer and Tolbert [561), (Spahr and Schlessinger [62]),
(Natori and Mizuno [331), (Spahr [611), and the possibility that enzymes of this type play
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a role in mRNA breakdown and turnover has gained increasing support. In a thorough
study of the properties of K+-activated phosphodiesterase from E. coil (RNase II), Spahr
[61] showed that the activity of the enzyme on polyuridylic acid was predominantly
exonucleolytic and that both K+ and NH4+ functioned as activators, whereas, neither Li+
nor Na + was effective. Maximum response to K+ or NH4+ was obtained at a concentra-
tion of about 0.05 M. The properties of a K+-activated phosphodiesterase isolated from
Salmonella typhimurium by Ray and Burma [451 were similar to those described for
RNase I] from E. colt (Spahr [611).
Natori and Mizuno [331 have investigated the degradation of rRNA and mRNA in wild-
type E. coil and a mutant lacking RNase I. The pattern of degradation of rRNA and
mRNA was similar in both organisms. The reaction proceeded much more rapidly in a
medium containing K+ than in a medium containing Na +. Natori and Mizuno concluded
that RNase II was involved in the degradation of mRNA in both E. coll strains.
Barnard [21 recently reviewed the evidence implicating RNase II in mRNA degradation in
E. coil and pointed out that the enzyme exhibits specificity for single stranded RNA, and
that the main action of the enzyme is exonucleolytic. Under in vivo conditions, therefore,
when mRNA is associated with DNA, or when it is bound to ribosomes, presumably it
would not be susceptable to attack. Messenger RNA would be susceptable to the
phosphodiesterase, however, during that phase of protein synthesis where mRNA is
detached from polysomes. There appears to be sufficient circumstantial evidence to
strongly implicate a role for K+-activated phosphodiesterases in mRNA turnover during
protein synthesis.

3. Role of potassium in starch synthesis

Although it is well known that many starch-producing higher plant species respond to
unusually high application of K+ fertilizer, and that K+ deficiency in many species results
in decreased starch contents (Evans and Sorger [13]), the role of K+ in the starch
synthetase reaction was not realized until recently. In 1966, Akatsuka and Nelson 11]
observed that the addition of K + salts stimulated starch synthetase activities of extracts of
immature maize seeds. The greater response was obtained when adenosine diphosphate
glucose (ADPG) was used as a substrate. Although no absolute K+ requirement was

demonstrated, and no effort was made to eliminate K + from the assay reagents, the results
clearly indicate that K+ increased starch synthetase activity and protected the enzyme
from thermal inactivation. Murata and Akazawa [29] and Nitsos and Evans [361 in 1968
and 1969 have provided more definitive information on the role of K + in the starch
synthetase reaction. The findings of these two groups in general are in good aggreement.
In this discussion, however, it is convenient to consider in more detail some of the results
from our own laboratory.
The ADPG-starch transglucosylase (starch synthetase) reaction may be illustrated as
follows:
ADP-glucose + starch - ADP + a (1-4) glucosyl - starch
The assay for starch synthetase routinely used by us involved a coupled reaction that
permitted the measurement of ADPG-dependent formation of ADP in presence of starch
synthetase and endogenous starch primer. After incubation of the reaction containing
particulate starch synthetase, ADPG, buffer, and the appropriate univalent cation salt, the
reaction was terminated by heating. Then the ADP was assayed by the use of the pyruvate
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kinase reaction which consumes ADP and produces pyruvate from phosphoenolpyruvate.
The validity of this assay was established by use of 14C glucose labeled ADPG, and
measurement of the rate of incorporation of radioactivity into starch. Granules containing
particulate starch synthetase and endogenous starch were prepared from seeds by an
acetone precipitation procedure, and were stored frozen. Before use the granules were
washed (suspended and centrifuged) at least three times in 0.1 M Tricine buffer, pH 8, in
order to remove most of the endogenous univalent cations. Commercial preparations of
ADPG or UDPG were converted to Tris-salts before use in the starch synthetase
reactions. The use of appropriate precautions to minimize alkali univalent cation contents
of reactions made it possible to obtain striking responses to univalent cation additions.
As illustrated (Figure 4), the rate of starch synthesis in a reaction catalyzed by a
preparation from sweet corn was strikingly influenced by chloride salts of K +, Rb+, Cs+,

or NH4+ . The addition of 0.05 M LiCI to a comparable reaction resulted in little
activation, whereas, 0.05 M NaCI produced small but reproducible stimulations. From
these results it seems obvious that starch synthetase from sweet corn is absolutely
dependent upon univalent cations, and that K + is the most effective.
An examination of starch synthetase preparations from a variety of plant sources,
including peas, soybeans, wheat, bush beans, and potatoes, revealed in every case a
striking response, but not an absolute univalent requirement (Table 1). Analysis of the
enzyme preparations from these species, however, indicated that the activities obtained
without univalent cation additions could be accounted for by the endogenous univalent
cation contents of the starch synthetase preparations. According to Murata and Akazawa
[30] the addition of K + salts to reactions containing starch synthetase from sweet potato
roots, white potato tubers, taro tubers, rice seed, barley seed and broad bean seed were
stimulated markedly by KCI. In other experiments (Nitsos and Evans [36]) the type of
anion added to starch synthetase reactions along with K + had no marked effect on activity
and the substitution of divalent cations for K + resulted in an inactive system.
Although one would expect that the synthesis of starch and glycogen would involve similar
mechanisms, the experiments of Nitsos and Evans [361 have shown no specific effect of
univalent cation salts on the synthesis of glycogen in reactions containing UDGP and a
glycogen synthetase preparation from rat livers. It is of interest that glycogen synthesis by
animal preparations requires glucose-6-phosphate as a cofactor and does not respond to
univalent cations, whereas starch synthetase from plants requires univalent cations and
apparently does not involve glucose-6-phosphate. Since the starch synthetase system from
higher plants is particulate and is not easily solublized and purified, no progress has been
made in elucidating the mechanism whereby Kt plays its important role in this reaction.

4. Mechanism of potassium activation

Although the effects of univalent cations on enzyme catalysis are striking it has been
difficult to associate catalytic effectiveness with physical effects of univalent cations on
enzyme proteins. The physical properties of some enzymes are markedly influenced by
univalent cation additions while other univalent cation requiring enzymes exhibit no
consistent physical alterations that are detectable by usual methods such as ultracentri-
fugation and ordinary electrophoresis. Sufficient evidence has accumulated, however,
showing that univalent cations may strikingly alter some physical properties of certain
enzyme proteins. Experiments in which effects are determined of univalent cations on the
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Figure 4. The effects of univalent cation chlorides on the activity of starch synthetase from sweet corn. Each
reaction mixture contained 10 Rmoles Tricine buffer, pH 8.0; 1.0 rtmole Tris2ADPG; 4 mg starch granules
(20 Vg protein); and the indicated univalent cation chloride concentration in a total volume of 0.2 ml. (From

Nitsos and Evans 1361).

Table 1. The effects of potassium on starch synthetase activity from different plant sources*

Source of enzyme KCI concentration (mM)

0 5 10 25 50 75 100

nmoles ADP/hour/ g protein

Sweet corn 0.0 3.8 4.6 5.4 6.5 6.9 7.1

Peas 0.6 2.9 3.5 4.8 5.6 6.8 7.3

Soybeans 0.7 3.6 5.7 9.0 10.0 12.4 13.1

Field corn 0.9 5.5 6.8 7.6 9.0 9.4 9.8

Wheat 2.0 4.5 6.0 6.8 7.2 7.4 7.5

Bush beans 2.1 5.0 7.2 7.4 7.9 8.3 8.3

Potato 2.8 6.1 9.8 12.6 15.2 17.4 17.4

* The reaction mixture contained the following components in a total volume of 0.2 ml : I0 pmolesTrcine buffer,

pH 8.0; 1.0 pmole ADPG, either 4 mg starch granules from bush bean seed, potalo tubers, wheat seed, field

corn seed, pea seed, sweet corn seed or 2 mg starch granules from soybean seed and the indicated univalent

cation concentration (From Niesos and Evans 136]).
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physical properties of enzyme proteins per se would not be expected to detect effects of
univalent cations on the stabilization of intermediates of enzyme catalyzed reactions as
suggested by Suelter [64].

4.1 Effects of univalent cations on physical properties

4.1.1 Immunoelectrophoresis and electrophoresis experiments

Sorger et al. [60] in 1965 reported that the immunoelectrophoretic pattern of a crystalline
preparation of pyruvate kinase was markedly affected by the type of univalent cation
present in the environment in which the immunoelectrophoresis was conducted. In the
presence of a buffered medium containing activator cations such as K+ , Rb+ or Na+, the
enzyme interacted with its antibodies after electrophoresis yielding a simple pattern that
was detected by staining. In contrast, when the immunoelectrophoresis experiments were
conducted in a comparable environment with the exception that non-activator univalent
cations such as Tris+ or Li+ were added, distinctly more complex patterns of interaction
of the enzyme with its antibody were exhibited. By shifting the cation environment from
inactivator to activator univalent cations in these experiments, the non-activator-cation
form of the enzyme was reversibly converted to the activator form. In control experiments,
antibodies were prepared to highly purified catalase, an enzyme that does not respond to
univalent cations, and the effects of univalent cations on the immunoelectrophoretic
patterns determined. The interaction of catalase with its antibodies in these experiments
was not influenced by the type of univalent cations in the immunoelectrophoresis environ-
ment. From these results it was concluded that activator univalent cations such as K+ ,

Rb +, and Na+ induced an active conformation of pyruvate kinase, and that non-activator
univalent cations such as Tris+ or Li+ favored a non-active form of the enzyme. The
recent results of Reuben and Cohn [46] confirm this interpretation.
Betts and Evans I5] have studied the effect of different univalent cations on the electro-
phoretic mobility of crystalline pyruvate kinase. The mobility of the enzyme in a solution
containing weakly buffered Tris and 0.1 M KCI was compared with that in a similar
solution with the exception that 0.1 M LiCl was substituted for KCI. Under these
conditions, the electrophoretic mobilities were not influenced differentially by these two
cations. Similar experiments were conducted with the exception that 0.01 M MgC2 was
added to the enzyme solutions in KCI and in LiCl. In this case the electrophoretic mobility
was consistently decreased in the solution containing Li+. Effects on mobility of K+ vs
Li+ also were detected in the presence of ADP and PEP, but the binding of substrates to
the enzyme was not differentially influenced by these cations. These results are difficult to
interpret because the addition of MgCl2 to solutions of enzyme in KCI and in LiCI may
differentially influence binding of K+ and Li+ and, thus, the observed effects may be
indirect.

4.1.2. Spectrophotometric and circular dichroism investigations

In a series of investigations with pyruvate kinase from rabbit muscle, Wilson et al. [71]
have observed that the enzyme was relatively stable in an environment where K+ , Rb + or
NH4+ predominated but was relatively unstable when kept in solutions of Tris + or Li+ .
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Figure 5. The effect of KCI as compared with LiCI at a series of concentrations on the difference spectra of
pyruvate kinase. Each 3-ml mixture initially contained 0.033 M Tricine (pH 7.4), 6.7 x 10-4 M tMercaptoethanol,
6 mg of pyruvate kinase, and concentrations of KC (sample cuvette) and LiCI (reference cuvette) as indicated.
The addition of increments of a concentrated solution of KCI or LiCl to attain the final molaricies of salts
indicated resulted in a dilution of the initial concentrations of buffer, mercaptoethanol, and enzyme by 0, 6. 12,
17, and 19% for reactions represented by Curves I, 2, 3.4, and 5, respectively. When the enzyme was omitted

from both cuvettes the spectrum due to the different salts was not appreciably different from the base line. (From
Wilson e al [711.)

These data indicated that stability of pyruvate kinase was associated with activator

cations, whereas, instability was associated with non-activator univalent cations. These

observations prompted a study of the effects of activator vs non-activator cations on the

ultraviolet difference spectrum of the enzyme. A comparison of the enzyme in KCI vs

enzyme in TrisCi revealed a striking difference spectrum. From further investigations it

was concluded that Tris+ was peculiar in that it induced perturbation of tryptophan

residues, which resulted in marked absorption changes at 286 and 295 mp.

In other experiments the effects of Li+ vs K+ at concentrations of 0. 1 M or less produced

no consistent evidence of ultraviolet perturbation. A comparison of the effects of these two

cations at concentrations ranging above 0.3 M revealed marked spectral changes in the

region near 286 and 295 mp (Figure 5). The intensities of the absorption differences at

these wavelengths were positively correlated with the concentrations of K+ and Li+ in the

enzyme solution. Since the extent of perturbation appeared to be proportional to salt

concentration it seemed reasonable to infer that the tryptophan residues of pyruvate

kinase may be perturbed by 0.1 M or lower concentrations of Li+ even though no such

perturbation could be detected by the methodology employed. Wilson and Evans [701

concluded that the capacities of cations to perturb pyruvate kinase at relatively high

concentrations were inversely correlated with capacities of univalent cations to function as

enzyme activators. Furthermore, they emphasized that the effects of univalent cations on

enzyme stability were negatively correlated with capacities of univalent cations to induce

ultraviolet perturbation.
Wildes et al. [691 have used circular dichroism to investigate the effects of univalent

cations on the structure of crystalline pyruvate kinase. No effects of univalent cations on

the helical structure of the protein were revealed. In contrast, 0.1 M KCI or LiCI caused

significant increases in elipticity in the 250 to 290 mu range. These changes in the CD
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Figure 6. The effect of 0.! M univalent cation chlorides on the CD spectrum of pyruvate kinase at 25

0
°C andpH 7.4. Curve I, KCI; Curve 2, LiCI; Curve 3, TMACI; Curve 4, no added cations. Solvent: 0.0! M Tricine,0.001 M 2-mercaptoethanol. The protein concentration was 2.9 mg per ml and the optical path length was1.0 cm. (From Wiles eta!. [691).

spectrum pccurred both in the absence and the presence of MgCI and phosphoenol
pyruvate. In control experiments 0.1 M tetramiethylammonium (TMA+), an ion that fails
to activate pyruvate kinase, induced very little change in the CD spectrum. In Figure 6 the
CD bands in spectra 1 and 2 at 262 and 268 mpt, and in spectrum 4 at 258 and 264 mp,
correspond closely to the GD bands produced by model phenylalanine compounds, and by
phenylalanine residues of peroxidase. It appears, therefore, that KCI or LiC1 additions to
pyruvate kinase results in an alteration of the asymmetric environment of phenylalanine
residues. The increase in ellipticity at 280 mpt also suggested that the presence of KCI and
LiC1 altered the asymmetric environment of tyrosine residues. Although these results are
interesting, they are difficult to relate to physiological roles of ions since Kt, an activator,
and Lit a nonactivator, of pyruvate kinase behave similarly. These results, however, are
consistent with the observations of Belts and Evans [SI indicating that the extent of
binding of substrates to pyruvate kinase were not differentially influenced by Li+ and Kt.
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4.1.3. Magnetic resonance studies

Mildvan and Cohn 127, 281 have obtained information on the mechanism of pyruvate
kinase reaction from experiments in which magnetic resonance techniques were used to

investigate the interaction of the enzyme and substrates with the paramagnetic Mn ++ ion.
Both Mn ++ and Mg++ are activators of pyruvate kinase and are bound at the active site.
The relaxation rate of water protons (PRR), as determined by nuclear magnetic reso-

nance, was enhanced when Mn + formed binary and ternary complexes with pyruvate

kinase and the substrates ADP, ATP, and pyruvate in the presence of K+ (Mildvan and

Cohn 1271). When KCI was replaced with TMACI, a non-activating univalent cation salt,

the enhancement of PRR in the presence of the ternary complex of enzyme, Mn + +, and

substrate was altered, indicating a change in conformation. Mildvan and Cohn 127]
concluded that K+ was necessary to maintain the correct conformation of the ternary
complexes.
Reuben and Cohn [46] have obtained additional information on the binding of Mn + + to
pyruvate kinase by use of electron paramagnetic resonance measurements. They conclud-

ed that a maximum of four Mn+t ions were bound to each pyruvate kinase molecule, and

that the number of Mn + ions bound decreased as the temperature was lowered from

37 0 C to 5 0C. These findings were interpreted to mean that the enzyme existed in two

conformations, one of which was active when four Mn++ ions were bound and the second

of which bound no Mn + and was inactive. The equilibrium between these two forms was

found to depend on the ionic environment. In the presence of K+ the equilibrium favored

the active form, but in the presence of TMA + the equilibrium favored the inactive form.

The conclusion of Reuben and Cohn 1461 that K+ stabilized the active form of the enzyme

confirms the results of Sorger et at. [601, which was published in 1965 but not cited by

Reuben and Cohn 1461.

4.1.4. Stability ofthe active enzyme form

In certain univalent-cation-activated enzyme systems univalent cations play an important

role in maintaining the stability of the active holoenzyme. Univalent cations may contri-

bute to the functional integrity of enzymes of this type by stabilization of the subunit

structure of the apoenzyme, or by facilitating the formation of an active holoenzyme from

the apoenzyme and coenzyme.
Glycerol dehydrase from Aerobacter aerogenes catalyzes the conversion of glycerol to fl-

hydroxypropionaldehyde and activity is dependent upon the presence of coenzyme 82 and

a univalent cation such as K+ , Rb+, or NH4+. Na + and Li+ are inactive in this system. The

glycerol dehydrase apoenzyme is composed of two protein subunits that individually are

catalytically inactive (Schneider et al. 511). Resolution of the two subunits was accom-

plished by passing the apoenzyme through a Sephadex G-100 column equilibrated with

the non-activating cations Na+ or cyclohexylammonium+. In contrast, when the apoen-

zyme was passed through a similar column equilibrated with the activating cations, K+ or

NH +, the apoenzyme emerged from the column intact and catalytic activity was retained.

A functional apoenzyme was reconstituted from the separate subunits in the presence of

K+. In the presence of Na + and the substrate, glycerol, the apoenzyme remained intact but

was inactive. It appears that the role of K+ in the glycerol dehydrase reaction is not limited

to that of maintenance of structural integrity of the apoenzyme but, in addition, is required

for activity of the intact apoenzyme.
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Formyltetrahydrofolate synthetase from Clostridium cylindrosporum has been reported
to be fully active in the presence of NH4+, K+, or Rb+; partly active in the presence of Cs+;
and essentially inactive in the presence of Na+, Li+ or Tris+ (Himes and Wilder [17]). By
use of ultracentrifugation techniques Scott and Rabinowitz [54] have determined the
effects of univalent cations on the stability of formyltetrahydrofolate synthetase In the
presence of 50 mM K+, NH4+, or Rb4 , the enzyme was stable and remained active, but in
the presence of 50 mM Na+, Li+ , Cs+, or Tris+, the enzyme dissociated into four subunits
and was inactive. Subunits of the enzyme resulting from dissociation by use of Tris were
reconstituted to an active form by placing the preparation in 50 mM KCI.
Welch et al. [681 conducted additional studies on the effects of univalent cations on the

activity of formyltetrahydrofolate synthetase and observed that a series of univalent
cations at 20 0 C prevented inactivation and dissociation into subunits by Tris+. The order
of effectiveness of cations in preventing inactivation and the order of effectiveness in
activating the enzyme were the same, i.e. NH4+ > Rb + > K+ > Cs + > Na+ > Li . A
mixture of substrates also was effective in maintaining stability at 200 C. At 370C,
however, prevention of inactivation required an activating univalent cation in addition to
substrates. Formyltetrahydrofolate synthetase exhibited an absolute requirement for an
activating univalent cation at 37 0 C, but under conditions in which the enzyme was stable
(20'C in the presence of substrate), NH4+ only stimulated activity 2-3-fold. NH4+

stimulated activity at 200C by reducing the Km for formate by a factor of 10. From these
results it is clear that univalent cations have two functions in formyltetrahydrofolate
synthetase systems: (a) they stabilize the active polymeric form of the enzyme, and (b) they
facilitate binding of formate to the active form. Welch et al. 1681 concluded that the
polymeric enzyme existed in two forms. The form in the presence of substrate alone
exhibited a high Km for formate and the second form in the presence of NH4+ exhibited a
low Km for formate. Welch et al. 1681 concluded that there was a conformational
difference between the two forms sufficient to change the affinity for formate but
insufficient to alter the sedimentation coefficient. In an investigation of the properties of
K+ activated D-fructose- -phosphate kinase from Aerobacter aerogenes, Sapico and
Anderson 1501 also concluded that two forms of the enzyme existed and that the active
form was favored by K+.

3-Aminolevulinic acid dehydratase of Rhodopseudomonas spheroides, catalyzes the con-
densation of two molecules of 6-aminolevulinic acid resulting in the formation of porpho-
bilinogen. The enzyme is maximally active in the presence of K+ , Rb+ , NH4+ , or Li+, but
exhibits only 50 percent of maximum activity in the presence of Na+ (Nandi et al. [31].
Nandi and Shemin [32] have shown that, in the presence of K+, the enzyme existed as an
equilibrium mixture of monomers, dimers and trimers, and that the monomer was the
smallest species that possessed catalytic activity. In the absence of K+, or in the presence
of Na +, only the monomer was found. The dimeric form was dissociated into the
monomeric form in the absence of K+ and the monomeric form was further dissociated
into two subunits by dialysis, or by treatment with urea. In the presence of K+ these
subunits apparently reassociated and were catalytically active. Activation of 3-amino-
levulinic dehydratase by K+, therefore, is accompanied by an association of the enzyme
into the polymeric forms.
It has been reported by Wilson el al. 1711 that the Schlieren pattern of crystalline pyruvate
kinase in the analytical ultracentrifuge showed one homogeneous peak of protein regard-
less of whether the enzyme was dissolved in K+, Li+, or Tris+ solutions. Thus, no tendency
for this enzyme to dissociate into subunits was observed in environments of either
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activator or non-activator univalent cations. The effects of univalent cations on the

association of subunits in the enzymes discussed above, therefore, appear to reflect a

mechanism of action of univalent cations that is different from the mechanism with

pyruvate kinase.
A role of K+ in the binding of the coenzyme to the apoenzyme has been observed with

some enzyme systems. Propanediol dehydratase from Aerobacter aerogenes requires

coenzyme B1z and K + for activity. The holoenzyme was resolved into the apoenzyme and

coenzyme B12 by gel filtration on Sephadex G-25 in the absence of K+ (Toraya et al. [661).

Incubation of the apoenzyme and coenzyme B2 in the presence of K+ resulted in the

reconstitution of the catalytically active holoenzyme. In the presence of substrate and K+,

coenzyme B12 was not removed from the holoenzyme, but in the presence of substrate and

in the absence of K+ , B2 coenzyme was completely removed. These results provide

convincing evidence that K+ plays an essential role in the binding of coenzyme B31 to the

apoenzyme. Also Toraya et al. [661 indicated that NH4+ would replace K+ in this

capacity.
Serine dehydratases from E. coil (Dupourque et al. [91) and from rat liver Nishimura and

Greenberg [341) require pyridoxal phosphate as a coenzyme and exhibit maximal activi-

ties in the presence of K+. Dialysis of rat liver serine dehydratase in a medium lacking K+

resulted in the dissociation of the holoenzyme into pyridoxal phosphate and apoenzyme

(Pestana and Sols [411). Inclusion of K+ in the dialysis buffer essentially prevented the

coenzyme'dissociation. The reconstitution of the holoenzyme from apoenzyme and

coenzyme was stimulated about 4-fold by K+ or NH 4
+, whereas, Na + was ineffective. In

the presence of K + the Km for the interaction of pyridoxal phosphate with the apoenzyme

was reduced from 50 mM to I mM (Pestaha 1401) indicating that the presence of K +

markedly increased the affinity of the serine dehydratase apoenzyme for pyridoxal

phosphate.
Happold and Beechey [151 also have observed that K+ or NH4+ stabilized E. coll

tryptophanase, an enzyme that also requires pyridoxal phosphate as a coenzyme. They

proposed a scheme in which an equilibrium between the active holoenzyme and an inactive

apoenzyme complex was maintained in favor of the active holoenzyme by K+ or NH4+.

There is convincing evidence, therefore, that the structural integrity of several enzymes is

strikingly influenced by the univalent cation environment.

4.2. Some kinetic effects of univalent cations

4.2.1. Ailosteric effects

Kinetic analyses of enzymic reactions have helped to elucidate the mechanisms involved in

the regulation of enzyme activity. Recently, the kinetic approach has revealed that

univalent cations behave as allosteric effectors in several enzyme systems.

In a detailed kinetic analysis of the raction catalysed by a Na+ + K+ activated adenosine

triphosphatase J(Na + + K+) ATPaseI from brain microsomes, Robinson [47] observed

that the relationship between the rate of Na+ and K+ dependent ATP hydrolysis and the

concentration of either Na + or K+ in the medium did not follow Michaelis-Menten

kinetics, but produced Lineweaver-Burk plots that curved upwards and linear Hill plots

with slopes greater than one. These results, when interpreted in terms of allosteric models,

indicated that both K+ and Na+ were acting as cooperative homotropic effectors of the

(Na + + K+) ATPase. Furthermore, changes in the concentration of either Na + or K+
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altered both V... and the Km for ATP in a manner indicating that Na+ and K+ were also
heterotropic effectors of the (Na+ + K+) ATPase. Estimates of the energy of activation
suggested that increases in salt concentration caused increases in the entropy of activation
of the (Na + + K+)ATPase. This finding suggested that conformational changes occurred
during enzyme activity.
More recently Robinson 149] has studied the kinetics of the K + dependent nitrophenyl-
phosphatase (NPPase) that is associated with the microsomal (Na + + K+)ATPase, and
which is considered to be an integral part of the overall ATPase reaction. As indicated by
a Hill plot of results K+ behaved as a cooperative homotropic effector of NPPase. Also K+

behaved as a heterotropic effector toward the substrate, affecting the Km for nitrophenyl-
phosphate. Furthermore, Robinson presented evidence indicating that Na+ modified the
NPPase activity as a result of interaction between separate Na + and K+ binding sites on
the enzyme. Although Robinson's interpretations of the kinetics of the (Na + + K+)ATPase
reaction have been questioned (Priestland and Whittam [431). recent evidence (Tobin et al.
[651), (Robinson [481), supports the conclusion that univalent cations serve as allosteric
effectors in the (Na+ + K+)ATPase reaction.
The activating effects of univalent cations on certain pyruvate kinases also are of the
allosteric type. Pyruvate kinase from liver (Jimiez deAstia et al. [211) and from yeast
(Hunsley and Suelter [ 19]) exhibits sigmoidal velocity responses to increasing concentra-
tions of the activating univalent cations, NH+ and K+ . These response curves were
converted to normal hyperbolic relationships in the presence of fructose-1, 6-diphosphate.
In contrast to the above pyruvate kinases, the pyruvate kinases from muscle and higher
plants do not exhibit cooperative kinetics.
Adenosine-5-monophosphate deaminase from rabbit muscle (Smiley and Suelter 1581)
exhibits a sigmoidal velocity response to increasing concentrations of the substrate AMP.
In the presence of KCI this response curve was converted to a hyperbolic function. The
apparent Km for AMP was lowered in the presence of KCI, but the Vnax was not altered.
K+ is not required for catalysis by this enzyme but acts as a heterotropic effector.
-Aminolevulinic acid dehydratase of Rhodopseudomonas spheroides also displays cha-

racteristics of an allosteric enzyme. The substrate has a cooperative homotropic effect that
gives rise to a sigmoid response curve. The univalent cations K+, NH4+ , Rb +, or Li + when
added to reactions containing high substrate concentrations, stimulated the maximum
velocity of the reaction by approximately 2-fold and behaved as heterotropic effectors
towards the substrate, changing the sigmoidal response curves to hyperbolic functions.
Allosteric models propose that the binding of allosteric effectors to topographically
distinct sites on an enzyme influences the enzymic properties of the active site by inducing
conformational changes in the enzyme. Although the interpretations of kinetic data are
not always unequivocal, it is clear that in certain enzyme systems univalent cations
possess the properties of allosteric effectors, and in terms of allosteric processes may be
considered to influence enzyme activity by inducing conformational changes in some
enzyme molecules.

4.2.2. Effects of hydrostatic pressure

Recently Becker and Evans [4] have investigated the univalent cation requirement of
highly purified j-galactosidase under different hydrostatic pressures. When lactose, or p-
nitrophenyl-/j-D-galactopyranoside (PNPG) were used as substrates at atmospheric pres-
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Figure 7. The effects of hydrostatic pressure on the Na (A) and K + (B) activated hydrolysis of p-nitrophenyl-fr
0-galactopyranoside by f-galactosidase. The incubation mixture (4.0 mal) consisted of 0.1I M histidine, 2.3 mM
p-nisrophenyl-D-galactopyranoside, 5mrM dithiothreitol and the enzyme preparation (0.72 g protein). The
pressure was varied as indicated. (From Becker and Evans 141.)

sure, activity was strikingly increased by Kt but only weakly stimulated by Nat.
Application of hydrostatic pressure ranging up to 1 500 atms to f-galactosidase reactions

containing o-nitrophenyl-/3-D-galactopyranoside (ONPG), PNPG or lactose revealed
that increasing pressure increased the rate of hydrolysis when Nat was used as the
activator, but markedly inhibited reactions with the same three substrates when K + was
added as the activator. Typical results from these experiments are presented in Figure 7.
Control reactions provided convincing evidence that the enzyme was not inactivated by
hydrostatic pressure because the hydrolysis in the presence of fi-galactosidase continued
at a normal rate when hydrostatic pressure was released.
The effects of pressure on the rates of fl-galactosidase catalyzed hydrolysis of substrates
were interpreted by use of the rationale outlined by K. J. Laidler 1231. He has presented an

equation from which the volume change, AV*, of the activated enzyme substrate complex
may be calculated provided that rates of hydrolysis at different pressures are known.

When ONPG and PNPG were utilized as substrates (Table 2) at different pressures in the
presence of Kt,AV was positive. Consequently, Kt activation apparently occurred with
an increase in volume of the activated enzyme-substrate complex. In contrast, in the
presence of Na+ the rates of hydrlysis were increased by pressure and the AX* indicated
a decrease in volume of the enzyme-substrate complex during catalysis. Although these
experiments indicate effects of univalent cations on volume change of the activated
enzyme substrate complex under pressure they do not provide insight into the basis for the

differential effects.
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Table 2. The effects of hydrostatic pressure on the rate of hydrolysis of o-nitrophenyl-o-Dgalactopyranoside
and p-nitrophenyI-o-D-galactopyranoside by j-galactosidase*:

Substrate Substrate Cation Cation Pressure AV'
conc. conc.

mM mM atm cc/mole
o-nitrophenyl-P-D-
galactopyranoside 2.3 K- 10.0 1500 +10.1

10.0 K4  30.0 (500 +16.9
2.3 Na' 1.0 1500 0.0

10.0 Na+  
3.3 1500 - 42

p-nitrophenyl-o-D-
galactopyranoside 2.3 K +  

20.0 1500 +20,4
10.0 K +  

30.0 500 + 4.2
10.0 K +  

30.0 W0n + 8.6
10.0 K +  

30.0 1500 + 17.9
2.3 Na+  1.0 1500 - 6.8

10.0 Na +  3.3 1500 - 5.0

*The incubation mixture (4 ml) for the hydrolysis of ONPG and PNPG consisted of the substrate, 5 mM dithio-
threitol, the appropriate cation chloride addition and the enzyme. The assay mixtures were incubated at 50C
for I hour at the designated pressure. Activity was determined on the basis ofthe change in absorbance at 410 nm.
The volume change (AV-) was calculated on the basis of the rates at atmospheric and the applied pressures.
(FromBecker and Evans 141).

In a recent paper Penniston [391, reported effects of hydrostatic pressure on the activities
of a series of enzymes and concluded that the activities of multimeric enzymes were
inhibited and the activities of monomeric enzymes stimulated by application of hydrostatic
pressure. According to Penniston, the dissociation of protein multimers resulting from
pressure is a primary cause of decreased enzyme activity. The results of Becker and Evans
[4], obtained with multimeric fi-galactosidase, show that a change of K+ to Na+ in the
medium reversed the effects of pressure on enzyme activity. This behavior is not readily
explained by an effect of pressure on the dissociation of #-galactosidase into subunits.
In considering the effects of pressure and univalent cations on the activity of f-galactosi-
dase it is useful to review some of the reported effects of pressure on the structure of water
in a medium containing univalent cations. Horne [18 states that highly hydrated cations
such as Li+ and Na + contributes toward the association and thus the structure of water
molecules, whereas, ions such as K+ or Rb + apparently play no such role. As hydrostatic
pressure is applied to hydrated cations in solution, the sphere of water of hydration
decreases and thus the local water structure in the immediate vicinity of the cations is
destroyed. After the water is stripped away by pressure, the electrical conductivity of
solutions containing univalent cations is directly correlated with the crystal ion radii of the
cations.
As discussed in a subsequent section of this paper, investigations on the interaction of
univalent cations with antibiotic molecules such as nonactin (Prestegard and Chan 142])
have revealed that the sphere of water of hydration of univalent cations is lost as the cation
is complexed with antibiotic. If one extrapolates results obtained from model systems such
as univalent cation-antibiotic complexes and utilizes the reported information on the
effects of pressure on the hydration sphere of univalent cations toward an interpretation of
the effects of pressure on f-galactosidase, the following arguments would seem rational:
(a) at atmospheric pressure, K +, a weakly hydrated but efficient activator of f-galacto-
sidase might be expected to be bound without its water of hydration to an enzyme site of
dimensions appropriate for complexation with K+; (b) at high hydrostatic pressure one
might postulate an alteration in the dimensions of a univalent cation binding site to an
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Figure 8. The nonactin-K + complex viewed down the b crystal axis. Carbon atoms are represented by open
circles, oxygen by shaded circles and K* by the heavy circle. (From Kilbourn et al. [22!.)

extent that K+ no longer could form an appropriate complex and as a consequence
enzyme activity might be inhibited; (c) in contrast, when pressure is applied to fl-
galactosidase in an environment of Nat a loss of the hydration sphere of the cation would
be expected. The decrease in the hydrated radius of Na+ resulting from pressure might be
expected to allow the Na + ion to more closely fit the binding site. Under these conditions,
Na + dependent catalysis would be increased by pressure. The possibility cannot be ruled
out that pressure results in the dissociation of f-galactosidase in a K+ environment and
that dissociation is prevented in a Na+ environment. It will be of great interest to
determine whether improvement of the enzyme activator capacities of Na+ by pressure is a
general phenomenon applicable to whole series of univalent-cation-activated enzymes.

4.3. Potassium-antibiotic complexes as models

Investigations of the effects of certain antibiotics on mitochondria have revealed that some

of these molecules promote the transport of ions across membranes. Gramicidin and
valinomycin both inhibit oxidative phosphorylation by mitochondria and facilitate the
transport of external K+ into the mitochondria. Gramicidin is relatively nonspecific,
facilitating the movement of K+, Li+ , Na +, Rb + and Cs+ , but valinomycin accelerates
transport or K+, Rb + or Cs +, but not Na+ or Lit. The macrotetrolide, nonactin, is highly
specific for the transfer of K+ and Rb + across membranes but fails to stimulate the
transport of Na + . Detailed chemical investigations of some of these types of antibiotics
have provided basic information on the nature of the univalent cation complexation and
the mechanisms involved in the transport of ions through membranes. As an example of
these investigations, Kilbourn and associates 1221 have utilized X-ray diffraction to
establish the three-dimensional structure of the K+ complex of nonactin (Figure 8). The
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authors state that K+ is surrounded by 4 oxygen atoms from the furane rings and by 4
oxygen atoms of keto-groups forming an approximate cubic eight coordination. This type
of complexation provides a plausible explanation of how nonactin facilitates K+ transport
through membranes.
Prestegard and Chan [421 have studied the K+ complex of nonactin by use of NMR and
concluded that K + was bound to the nonactin molecule without its water of hydration.
They observed a change in the conformation of the nonactin ring upon formation of the
K+ complex. In their opinion the nonactin molecule is quite flexible and thus, the size of
the apperture in the ring was considered unlikely to be the controlling factor in discrimina-
ting between univalent cation species. Since cations must be stripped of their water of
hydration before complexation with the antibiotic, they suggest that the hydration energy
of the cation may be the controlling factor in cation specificity. This conclusion is
consistent with the model of Diamond and Wright [8] which correctly predicts observed
patterns of ion specificity by comparing the energy of the ion-site interaction with the free
energy of hydration of the univalent cations. The results of Ovchinnikov et al. [38]
concerning the conformation of the K+ complex of enniatin B are in general agreement
with those of Prestegard and Chan 1421.
The detailed definitive information that is now available on the univalent cation complexes
of antibiotics may serve as useful model information for the interpretation of the role of
univalent cations in enzyme catalysis. By extrapolation it would seem logical to assume
that univalent cations may lose their water of hydration as they form complexes with
univalent-cation-requiring enzymes. Furthermore, it would seem reasonable to conclude
that the interaction of univalent cations with enzymes, or enzymes to which substrates are
attached, may result in conformation changes in enzyme-substrate-cation complexes. It
will be of great interest to learn whether segments of univalent-cation-requiring enzymes
may be obtained that possess a capacity to react with univalent cations, forming
complexes analogous to the univalent-cation-antibiotic-complexes.

5. Conclusions

Potassium is a cofactor for a large number of enzymes that participate in several major
metabolic processes. In this review we have considered K+, and other univalent cations, as
necessary cofactors for the syntheses of protein and starch, two metabolic processes of
primary economic importance for food production by the agricultural industry. In
addition we have summarized information that is considered pertinent to an understand-
ing of the biochemical role of K + and other univalent cations in enzymic catalysis.
In the series of steps involved in protein synthesis, K+ or other univalent cations are
rquired for: (a) the synthesis of effective ribosomes; (b) the assembly of functional
polyribosomes; (c) the enzymic synthesis of some of but not all of the aminoacyl-tRNA's;
(d) the binding of aminoacyl-tRNA's to ribosomes; (e) peptide bond synthesis by the
pejtidyl transferase reaction, and (f) very likely for the degradation and thus turnover of
mRNA during protein synthesis. In regard to the univalent cation specificity for cell-free
protein synthesis NH4+, K+ and Rbt generally are effective activators for the overall
reaction and the individual steps, but neither Na + nor Lit are effective. In the synthesis of
nitrate reductase in vivo by Neurospora crassa K+ is the most effective univalent cation,
Rb+ is partially effective but neither Na+, Li+ nor NH 4

+ substitute for K+ in this process.
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The failure of NH4+ to function in the synthesis of nitrate reductase, however, is a specific
case perhaps related to the established capacity of NH4+ to function as a repressor of the
synthesis of nitrate reductase. A concentration of at least 0.05M KCI is necessary for the
vigorous activity of the protein synthesizing apparatus in E. coli (Lubin and Ennis
[25]).The concentration of NH4+ in normal E. coli cells however ranges from 5 to 10 mM
which is insufficient to satisfy the univalent cation requirements for protein synthesis
(Lubin and Ennis [25!).
Since appreciable concentrations of NH4+ are generally toxic to organisms and since only
traces of Rb+ are found in nature, K+ is the only univalent cation present in living material
in sufficient quantity to satisfy the requirements for protein synthesis.
The starch synthetase reaction also requires K+, NH4+ or Rb + at relatively high concen-
trations (i.e. 0.05 M), but in this reaction K+ again is the only univalent cation present in
normal tissues in sufficient quantity to meet the requirements for starch synthesis.
In a consideration of the specific mechanisms whereby K+ or other univalent cations
directly or indirectly influence enzyme catalysis the following general conclusions have
been made: (a) the association and dissociation of some but not all of the multimeric-
univalent-cation-activated enzymes are strikingly influenced by the univalent cation
species that predominate in the enzyme environment. Generally, activator cations such as
K+ favor association, whereas nonactivator cations such as Tris+ or Na + contribute
toward subunit dissociation; (b) another group of univalent-cation-activated enzymes that
require a coenzyme such as pyridoxal phosphate or coenzyme Bi2 retain a capacity to
effectively bind their particular coenzyme in an activator univalent cation (i.e. K+)

environment, but lose coenzyme binding capacity in an environment where nonactivator
cations such as Tris+ or Na+ predominate; (c) univalent cations function as allosteric
effectors for some univalent-cation requiring enzymes suggesting an effect on the interac-
tion of enzyme subunits; (d) in other groups of univalent-cation-activated enzymes,
activator univalent cations such as K+ or Rb + induce an active conformation while
nonactivator cations such as Na + or Li+ induce an inactive enzyme conformation. Such
physical changes may be relatively minor, and may not be detected by ultracentrifugation
or electrophoresis methods that ordinarily are used to detect gross physical changes in
protein structure.
By extrapolation of information obtained from investigations of the interaction of univa-
lent cations with those antibiotics that are known to facilitate cation transport it is
suggested that the hydration sphere of water surrounding univalent cations is lost as the
cations bind to enzyme molecules, and that the binding of univalent cations to enzyme
molecules may alter their conformation. Furthermore, the evidence indicates that cation
specificity for enzyme activation is determined by the energy of ion-site interaction and the
free energy of hydration of the univalent cation. Some of the interactions of univalent
cations with enzymes may involve a complex of certain enzyme sites and keto-enol
reaction intermediates (as suggested by Suelter). It is obvious from this review, however,
that univalent cations profoundly influence the properties of many of the univalent-cation-
activated enzymes in the absence of reaction intermediates.
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List of abbreviations

AMP adenosine-5'-monophosphate
ADP adenosine-5'-diphosphate
ATP adenosine-5'-triphosphate
ATPase adenosine-5'-triphosphatase
ADPG adenosine diphosphate glucose
C.D. circular dichroism
DNA deoxyribonucleic acid
GDP guanosine-5'-diphosphate
GTP guanosine-5'-triphosphate
GTPase guanosine-5'-tripbosphatase
NMR nuclear magnetic resonance
NPPase p-nitrophenyl phosphatase
ONPG o-nitrophenyl-f-D-galactopyranoside
PNPG p-nitrophenyl-fl-D-galactopyranoside
PEP phosphoenolpyruvate
Poly U polyuridylic acid
PRR proton relaxation rate
RNA ribonucleic acid
RNase 11 ribonuclease II
mRNA messenger ribonucleic acid
tRNA transfer ribonucleic acid
rRNA ribosomal ribonucleic acid
TMA tetramethylammonium
Tricine N-tris(hydroxymethyl)methylglycine
Tris tris (hydroxymethyl)aminomethane
UDPG uridine diphosphate glucose
AV* volume change accompanying the transformation of enzyme and

substrate into an activated complex
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The Effect of Potassium Deficiency on the Fine
Structure of Proplastids

Dr. CHARLOTTE HECHT-BUCHHOLZ, Assistant Professor, Institute for Plant Nutrition, Technical University,
Berlin/Germany

Summary

Electronmicroscopic investigations were carried out with corn root tips after removal of potassium. Potassium
was removed by treatment with 25 mM NaCI solution or by treatment with the antibiotic mycostatin. After these
treatments the potassium content of the corn root tips decreased to 35 -15 % of the initial content. The removal of
potassium caused a remarkable change in the fine structure of the proplastids. The proplastids were swollen, the
matrix appeared thin and had many electrontransparent areas. This appearance did not occur in treatments with
25 mM KCI or in treatments where besides mycostatin 10 mM KCI were present. Therefore these changes in the
fine structure of proplastids are obviously specific symptoms of potassium deficiency. The findings are discussed
in relation to the functions of potassium in carbohydrate and protein metabolism.

1. Introduction

Known visual symptoms of potassium deficiency in higher plants are brown necrotic spots
on the older leaves and stems. In his anatomical studies of deficiency symptoms using the
light microscope Bussler (21 observed that the development of these necrotic spots begins
with a collapse of the cells in the outer cell layers. Electronmicroscopic investigations on
plants with potassium deficiency were carried out by several authors, who found a
destruction of the chloroplast structure (Thomson and Weier [14], Vesk et aL [151) and a
breakdown of mitochondria (Kursanov and Vyskrebentzeva [61). But it is questionable if
changes in the fine structure observed in these long-term studies are typical and specific
symptoms of potassium deficiency. Plants growing without potassium for a long time may
not only show potassium deficiency but also unspecific symptoms. For instance the
disturbance of the carbohydrate metabolism by potassium deficiency may cause retarda-
tion of growth and symptoms of senescence.
In order to avoid such unspecific symptoms we used methods by which potassium can be
removed in a very short time. For this purpose we used root tips of corn (Zea mays) in
which potassium was removed by exchange for sodium (treatment with sodium chloride)
or by treatment with the antibiotic mycostatin which increases the permeability of the cell
membranes specifically for potassium.

2. Experimental

Root tips of Zea mays were treated for several hours in the following solutions (24 0C):
1. buffer* alone
* 0.8 meq NaH2POS, pH 5.5
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2. buffered 25 mM NaCI solution
3. buffered 25 mM KCI solution
4. buffered 4 x 10- 1 M*W mycostatin solution
5. buffered 4 x 10-' M mycostatin solution + 10 mM KCI
Potassium and sodium were determined by flame photometry.
The method for the electronmicroscopic investigations was as follows: Fixation: glutar-
aldehyde/Os04; embedding: epon-araldit: ultra thin sections: Ultrotome 111, LKB Stock-

holm; contrast: uranyl acetate, lead citrate; photographs: electronmicroscope EM 9, Fa.
Zeiss.

3. Results

3.1 Potassium content and changes in fine structure of corn root tips

The influence of the different treatments on potassium content and fine structure of the
proplastids is shown in Table 1. The potassium content of the untreated root tips was
75 eq/g freshweight. After treatment with phosphate buffer alone there was still 89 % of

the initial potassium content present. After treatment with 25 mM NaCI for 8 hours the

potassium content decreased to 15 %, after treatment with mycostatin for 2 hours to 37%

and after treatment with mycostatin for 4 hours to 17% of the initial content.
In both cases, after removal of potassium by treatment with NaCI or by treatment with
mycostatin, remarkable changes occured in the fine structure of the proplastids. In the

controls (untreated, buffer alone) the proplastids had a dense matrix and well defined

inner membranes (Figure 2), but after removal of potassium the proplastids were swollen,

the matrix of proplastids appeared thin and there were many electrontransparent areas

(Figures 1, 3). This swelling of proplastids was not caused by an unspecific salt effect,

because it did not occur, when corn root tips were treated with 25 mM KCI (Figure 2)

instead of NaCI. After treatment with 25 mM KCI the matrix of the proplastids was not

swollen, but was dense and did not differ from the controls (untreated, buffer alone). When

besides mycostatin 10 mM KCI was also present the root tips still contained 75 % of the

initial potassium content and changes of the fine structure of the proplastids did not occur.

The matrix remained dense as in the controls. Even after treatment with mycostatin for 4

Table 1. Fine structure of proplastids and potassium content of corn root tips after treatment with NaC1 or

mycostatin (4 x 10-' m)

Treatment K y otinitial content proplastids

untreated .tO................... 100/75/peoqg FG dense

8 h buffer ......... ........................... 87.8 dense
8 h 25 mM NaCI ....... .............. ............ 14.6 swollen

8 h 25 m M KCI ............................ ..................... 156.1 dense

2 h m ycostatin ................................. ..... ... . 36.6 swollen

2 h mycostatin + 10 mM KCI .................... ..... . 78.3 dense
4 h mycostatin ......................... 17.0 swollen
4 h mycostatin + 10 mM KCI ................. ................... 75.0 dense

" Mycostatin (= Nystatin, MG - 937. Fa. Sena, Heidelberg) was dissolved in 2 ml dimethylformamid and

diluted with aqua dest. 1:500.
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2, buffered 25 mM NaCI solution
3, buffered 25 mM KCI solution
4. buffered 4 x 10 r ' mycostatin solution
5. buffered 4 x 10 M mycostatin solution - 10 mM KCI
Potassium and sodium were determined by flame photometry.
The method for the electronmicroscopic investigations was as follows: Fixation: glutar-

aldehvde/OsO4: embedding: epon araldit: ultra thin sections: Ultrotome 111. LKB Stock-

holm; contrast: uranyl acetate, lead citrate: photographs: electronmicroscope EM 9. Fa.

Zeiss.

3. Results

3II Potassium content and changes in fine structure of corn root tips

The influence of the different treatments on potassium content and fine structure of the

proplastids is shown in Table 1. The potassium content of the untreated root tips was

75 eq/g freshweight. After treatment with phosphate buffer alone there was still 89 N of

the initial potassium content present. After treatment with 25 mM NaCI for 8 hours the

potassium content decreased to 15%, after treatment with mycostatin for 2 hours to 37%

and after treatment with mycostatin for 4 hours to 17% of the initial content.

In both cases, after removal of potassium by treatment with NaCI or by treatment with

mycostatin, remarkable changes occured in the fine structure of the proplastids. In the

controls (untreated. buffer alone) the proplastids had a dense matrix and well defined

inner membranes (Figure 2). but after removal of potassium the proplastids were swollen,

the matrix of proplastids appeared thin and there were many electrontransparent areas

(Figures I. 3), This swelling of proplastids was not caused by an unspecific salt effect.

because it did not occur, when corn root tips were treated with 25 mM KCI (Figure 2)

instead of NaCI. After treatment with 25 mM KCI the matrix of the proplastids was not

swollen, but was dense and did not differ horn the controls (untreated, buffer alone), When

besides mycostatin 10 mIM KC1 wi, ao presen the root tipssil contained 75 , of t l e
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Figure 1. 8 h 25 mM NaCl (15% K of the control): The proplastids are swollen. The matrix appears thin and has
electron transparent areas. The ribosomes are aggregated.
Figure 2. 8 h 25 mM KCI (156% K of the control): The matrix of the proplastids appears dense. The fine
structure of the cells of this treatment was the same as in untreated controls and after treatment with phosphate
buffer alone. Therefore Fig. 2 is representative also for both of these treatments.
Figure 3.4 h mycostatin (17% K of the control): The proplastids are swollen. Similar to the treatment 25 mM
NaC (Figure 1) the matrix appears thin and has electron transparent areas.
Figure 4.4 Ib mycostatin -10 m/ KC 175% K of the control): The effect of mycostatin is prevented by the
addition of KCI. The proplastids have a dense matrix.

Figure /-4. Parts of cells of corn root tips. Fixation: glutaraldehyde OsOc; micrographs: electronmicroscope
EM 9 Zeiss. 18,000: 1. The scale marker in all micrographs is equal to 0,5 per, P= proplasrids, M mitochond
ria.
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hours the proplastids were not altered, provided 10 m KCI was additionally present
(Figure 4), but were extremely swollen after 4 hours treatment with mycostatin without
KCI (Figure 3).

4. Discussion

It was the aim of this investigation to find specific changes in the fine structure of the cell

after removal of potassium. The problem was to find a method of removing potassium
without causing secondary effects. Our first attempt of inducing deficiency symptoms by
treatment with tetraphenylboron, a precipitant for potassium, which removes potassium
very quickly, failed, because tetraphenylboron itself causes severe damage of the fine

structure and alters the membranes in a remarkable way as has been described
previously (Hecht-Buchholz and Marschner [31). After treatment with NaCI there occured
besides swelling of proplastids several changes in the fine structure: appearance of

polysomes instead of monosomes (Figure 1), aggregation of endoplasmic reticulum,
accumulation of mitochondria and cytosomes as have been described previously (Hecht-

Buchholz and Marschner [41, Hecht-Buchholz et al. [5). These changes appeared only

after NaCI treatment, but not after treatment with mycostatin, therefore they are not due

to the removal of potassium but seem to be specifically caused by sodium. In contrast to
this a swelling of proplastids occured in both cases of removal of potassium, i.e. after
treatment with NaCI and after treatment with mycostatin. Swelling of proplastids after

treatment with mycostatin was prevented when potassium was present simultaneously.
Therefore we can consider this swelling of the proplastids as a specific symptom of
potassium deficiency. This finding that the effect of mycostatin on the fine structure is
overcome by addition of KCI agrees with the findings of Marini et al [91, who found that
the toxic effect of mycostatin on the growth of cells of microorganisms could be eliminated
by addition of KCI.
The chloroplasts are known to have a relatively high potassium content (Larkum [71).

Consequently a profound effect of potassium deficiency on proplastids is not astonishing.
But what are the reasons for swelling of the proplastids after removal of potassium?
Although less information is available about the role of proplastids, the fact that starch is
built up in proplastids permits the deduction that they play a role in carbohydrate
metabolism. Known symptoms of potassium deficiency are decreased activity of starch
synthetase (Nitsos and Evans 1 1) and increased activity of hydrolytic enzymes such as
amylase and saccharase (A nberger [11. Moll [101). This leads to accumulation of soluble
carbohydrates, especially monosaccharides and these probably increase the osmotic
pressure in the proplastids causing the swelling. Because potassium is obligatory for the
synthesis of polypeptides (Lubin and Ennis [81, Spyrides 1131), the synthesis of proteins is
restricted under potassium deficiency conditions. The resulting accumulation of soluble
nitrogenous compounds may also cause an increase of osmotic pressure and swelling of
the proplastids. Besides swelling of proplastids due to accumulation of soluble compounds
as a result of the disturbed carbohydrate and nitrogen metabolism in potassium deficient
plants, we may assume an alteration of the protein structure of the proplastids by

replacement of potassium by other cations like sodium or hydrogen. In addition to our
electronmicroscopic studies we are now carrying out biochemical investigations con-
cerning the carbohydrate and nitrogen compounds under conditions of potassium defi-
ciency. Since for a succesful diagnosis of reasons the employment of different methods is
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often indispensable, we do hope that our investigations employing both - electronmicro-
scopic and biochemical methods-will yield more information about the role of potassium
in plant metabolism.
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Effects of Potassium and Sodium on the
Contents of Soluble Carbohydrates and
Nitrogenous Compounds in Grass

T.Z. NOWAKOWSKI. Ph. D., Rothamsted Experimental Station Harpenden, HertsJGreat Britain.
I,

Summary

Italian ryegrass, grown in pots containing potassium deficient soil with two nitrogen levels and with or without
potassium and sodium sulphates applied at equivalent rates, was analysed to assess the effects of replacing
potassium by sodium on the organic constituents.
With 40 ppm of nitrogen, potassium but not sodium increased the total yield of two cuts. With 160 ppm of
nitrogen, both potassium and sodium increased yields but potassium more so than sodium.
At the lower rate of nitrogen, potassium and sodium decreased the reducing sugars, increased the sucrose but
had little effect on the fructosan in the grass of the second cut. With 160 ppm of nitrogen, all the sugars were
increased by potassium and sodium, especially fructosan; potassium increased fructosan more than sodium.
Potassium, and to a lesser extent sodium, decreased the free amino acids, ammonium- and nitrate-nitrogen and
increased protein nitrogen in the grass given 160 ppm of nitrogen.

1. Introduction

There is much evidence that sodium can to some extent replace potassium in its effects on
growth of plants [2,61 but little work has been done to investigate the effect of this
replacement on the organic constituents of the dry matter. Since potassium deficiency in

plants has been linked with both carbohydrate and nitrogen metabolism [2], work has

recently been started at Rothamsted to study how the replacement of potassium by sodium
affects various carbohydrate and nitrogen fractions in grass. This paper describes some
preliminary results obtained from a pot experiment done in 1969.

2. Experimental

The soil used in the experiment was Woburn sandy loam derived from the Lower

Greensand. The air-dry soil contained 40 ppm exchangeable K, 13 ppm exchangeable Na
and had a pH of 6.5 in water. The experiment tested all combinations of 0 and 160 ppm N
(as ammonium nitrate), 0 and 120 ppm K (as potassium sulphate) and 0 and 70 ppm Na
(as sodium sulphate). Sodium and potassium were given on an equivalent basis. Each pot
containing 2350 g of air-dry soil had a basal dressing of 1.0 g Ca (H2PO4)2.H20 and 0.3 g
MgSO4.7H20. On the 13th June Italian ryegrass (Lolium multiIorum) S22 was sown.

The grass was cut on the 8th July and on the 28th July at 2.0 cm above the soil surface.
After the first cut all N and Mg dressings were repeated. The freeze-dried grass from the

second cut from all treatments was analysed for soluble carbohydrates but only the grass
given the larger N dressing was analysed for nitrogen compounds.

45



3. Analytical methods

Soluble carbohydrates were extracted from plant material with 80% (v/v) ethanol as
described by Nowakowski [13]. Reducing sugars were determined in both the alcohol
extract and in a water extract of the residue, both before and after hydrolysis with 0.1 N
H2SO4 using the colorimetric method of Nelson [11] as modified by Somogyi [15].
Non-protein nitrogen was extracted from plant material with 80% (v/v) cold ethanol. The
ethanol extract was evaporated to dryness under reduced pressure on a rotary evaporator
(below 400C) and the residue was re-extracted with water (<40 0C) and made up to a
known volume. Various nitrogenous compounds were determined in this solution as
described by Nowakowskiet al. [14]. Free amino acids were determined in a portion of the
aqueous solution of the ethanol extract, shaken in a separating funnel with three times its
volume of chloroform to remove pigments [1]. The chloroform-extracted solution was
evaporated to dryness under reduced pressure below 40 0C and redissolved in 10 ml
0.01 N HCI containing 0.1t.mole norleucine. A known volume (0.5-1.5 ml) of this
solution was analysed for the individual amino acids using the Technicon Amino Acid
Analyser.

4. Results

Total dry matter yields of two cuts (Table 1)
With the smaller amount of nitrogen (40 ppm), sodium did not affect yields but potassium
did. With the larger amount of nitrogen (160 ppm), both sodium and potassium increased
yields; the effect of potassium was significantly greater than sodium. Although there was a
negative interaction between potassium and sodium, sodium increased yields significantly
even when potassium was given.

Table! . Effects of nitrogen, potassium and sodium on total yields of two cuts of ryegrass

g f).M./PoT

40 ppm N 160 ppm N
Without Na With 70 ppm Na Without Na With 70 ppm Na

Without K 7.22 7.37 11.93 15.49
With 120 ppm K 8.01 7.95 16.96 18.38

Standard error + 0.160

Soluble carbohydrates in the second cut (Table 2)
At the lower rate of nitrogen (40 ppm) potassium and sodium decreased the reducing
sugars, increased the sucrose but had little effect on the fructosan content of ryegrass.
With the larger dressing of nitrogen (160 ppm), both sodium and potassium increased the
content of all sugars, especially fructosan; potassium increased the fructosan content
more than sodium. Potassium and sodium given together produced more fructosan than
potassium alone.
Nitrogenous compounds in the second cut (Table 3)
In the grass given the larger dressing of nitrogen (160 ppm) both potassium and sodium
decreased all the free amino acids, ammonium- and nitrate-nitrogen concentrations, but
the effects of potassium were larger than sodium. Dicarboxylic acids and their amides,
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Table 2. Effects of nitrogen, potassium and sodium on yields and percentage of soluble carbohydrates in the
second cut of ryegrass

7, in Dry Matter
Fertilizer supplying D.M. yield Reducing Sucrose Fructosan Total soluble
(as ppm of weight of soil used) g/pot sugars carbohydrates

N K Na

40 0 0 3.94 3.5 2.8 18'8 25.1
40 120 0 4.37 2.7 3.3 19.2 25.2
40 0 70 3.85 2.6 3.7 19.2 25.5
40 120 70 4.23 2.2 4.4 19.6 26.2

160 0 0 6.19 5.7 2.5 0.5 8.7
160 120 0 9.92 8.5 4.9 7.1 20.5
160 0 70 8.80 8.4 4.9 3.5 16.8
160 120 70 10.84 6.7 4.7 14.3 25.7

Standard error ±0.180 ±0.16- ±0.13" +0.48' -

' Standard error of duplicate estimations on composite samples of three replicates

Table 3. Effects of potassium and sodium on free amino acids, ammonia and nitrate concentrations in the second
cut of ryegrass given 160 ppmN

Fertilizer supplying

(as ppm of weight of soil used)

Na 0 0 70 70
K 0 120 0 120

pg amino acid per 8.0 g dry leaf

A spartic acid ... . .......... . .............................. 549 293 375 396
Asparagine ................... ............................ . 4050 283 1131 189
Threonine ............................... ................. 903 280 360 211
Serine ....................................................... 1304 471 574 334
G lutam ic acid ............................................... 592 225 252 327
Glutamin e ................................................... 6362 730 1252 834
Proline ...................................................... 369 119 134 90
G lycine ..................... ............................... 129 53 61 44
Alanine ..................................................... 881 732 756 612
Valine ...................................................... 783 237 298 172
M ethioni ne .................................................. - 25 - 8
iso-Leucine .................................................. 369 132 164 99
Leucine ..................................................... 337 183 212 146
Tyrosine .................................................... 242 119 148 99
Phenylalanine ................................................ 485 208 258 178
fl-Alanine .......... 48 21 tr. tr.
4-amino-n-butyric acid ........ .......... 1265 1024 1119 923
Ethanolam ine ................................................ 336 248 253 182
Lysine ...................................... ............... 548 169 205 118
H istidine .................................................... 158 61 29 37
A rginine ..................................................... 318 108 133 78

Ammonia (as NH,) ........................................... 990 244 270 103
Nitrate (as NO,) .............................................. 6330 381 885 355

Protein N as % of total N ..................................... 77.9 88.1 87.7 90.7

serine, threonine, valine and lysine were most affected, alanine and 4-amino-n-butyric acid
least. Free methionine occurred only in grass given potassium. Protein nitrogen was
increased by either potassium or sodium and more by both. This result for protein nitrogen
resembles that of Joham and Amin [9) obtained with cotton.
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5. Discussion

There is little information available on the specific role which sodium plays in the nutrition
of plants. This is not surprising since the function of potassium in plants is still a subject
for much speculation. The results of this experiment show that the effects of sodium and
potassium on both the yields and the organic composition of grass are closely associated
and confirm previous findings that whatever physiological processes are disturbed by
potassium deficiency, these can be, in part at least, corrected by sodium [5, 8, 16].
Grass given sodium as well as potassium yielded more, contained more fructosan and less
soluble nitrogen, than grass given potassium alone. This suggests that sodium may have
some independent function other than that of replacing potassium in the growth and
metabolism of ryegrass. Lehr [10] discussing the results of twelve experiments with oats
gave a similar explanation for the effect of sodium on yields. Although there is no
convincing evidence that sodium is an essential nutrient for any agricultural crop, except
the halophyte Atriplex vesicaria [41, sugar beets and mangolds give higher yields when
they are given sodium in addition to adequate potassium [6, 16]. Cooke [61 stated that in
such crops sodium is able to perform certain functions of potassium, and to perform them
better. The hypothesis that sodium may have some independent function in plant metabo-
lism is supported to some extent by Evans and Sorger's [71 views on the mechanism of
action of univalent cations on various enzyme systems. They stated that 'those enzymes
that are activated by K+... are activated little by Na+... Conversely, those few enzymes that
are activated by Na+... are activated much less or not at all by K....'. Bollard and Butler
13] suggested that sodium is a 'functional nutrient' (a term proposed by Nicholas [121),
i.e. a mineral element that may function in some precise way in plant metabolism
irrespective of whether or not its action is completely specific or indispensable.
The results of this experiment indicate also that investigations on the effect of K-deficiency
in soil on the growth and organic composition of plants must take into account the level of
exchangeable sodium in the soil.
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Why Can Sodium Replace Potassium in Plants?

Prof. Dr. H. MARSCHNER, Institute of Plant Nutrition, Technical University Berlin/Germany

Summary

The extent of replacement of potassium by sodium depends decidedly upon the plant species. There is a clear
positive relationship between the uptake and translocation of sodium to the shoot and the extent of replacement
of potassium in the plant species.
In its functions within the vacuole (osmotic pressure) potassium is replaceable to a large extent by sodium
because this function is nonspecific. This replacement within the vacuole makes potassium available for specific
functions within the cell or for retranslocation.
Compared with potassium the activating effect of sodium on enzymes is generally small. At least in some plant
species however sodium also is able to activate enzyme systems remarkably: in these cases the ratio potassi-
um/sodium is of special importance.
From the high concentration of sodium in the chloroplasts of natrophilic plant species one can assume that in
these cases sodium can replace potassium at least partially in its function in activating enzymes and in flux
processes through thylacoid membranes (photophosphorylation). On the other hand in natrophobic plant species
(e.g. beans) an exchange of potassium by sodium in the chioroplasts causes serious changes in the fine structure
of these organelles.
In certain plant species like sugar beet sodium shows a high mobility in the phloem; therefore in this species
sodium should be able to replace potassium also in its function in long distance transport processes.
In addition to its ability to replace potassium more or less in plant species like sugar beet sodium has also positive
effects on growth and composition of these plants. This can be explained with the existence of isoenzymes which
show their highest activity when potassium and sodium are simultaneously present.
Sodium can however be clearly shown as essential plant nutrient only in the case of halophytes.

For answering the question why can sodium replace potassium in plants it is necessary
first to specify possibility and extent of replacement of potassium by sodium. About this
problem many papers are already published (see reviews of Wybenga [82]; Baumeister
[41). These are often contradictory however; one reason for this is that the results are
obtained mainly from field and pot experiments using soils where - due to the native
sodium content of these soils - the sodium content of the plants is already high without
sodium fertilization (e.g. Dorph-Peterson and Steenbjerg, [16)). In certain plant species
like Beta vulgaris however a partial replacement of potassium by sodium can be demon-
strated practically in all experiments. This was shown already by Stoklasa [731 in pot
experiments where - besides the replacement of a high proportion of potassium - there
was also an additional stimulating effect of sodium on the growth of this plant species.
This specific effect of sodium in Beta vulgaris could be demonstrated later very often
(Scharrer and Kiihn [651, Scharrer et al. [661), and was also confirmed recently (Tinker
[751; Draycott et al. [17]; El-Sheikh et aL [191). This question of a specific function of
sodium will be discussed later.
With respect to the replacement of potassium by sodium the experiments of Harmer and
Benne [24] and Harmer etal. [251 give the best survey. In the field experiments performed
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BETTER GROWTH
WITH SODIUM

No
facultative

Minimum need
of plants to develop
without distinct
deficiency symptoms K

irreplaceable

....... . -- - C ;

I Fodder beet Cabbage Barley Buckwheat
Mangold Coconut Flax Maize
Sugar beet Cotton Grass Rye
Spinach Lupins Millet Soya bean

Chenopodiaeae 1 Swiss chard Oats Rapeseed Swede
Table beet Potato Wheat

Rubber
Turnips

Figure 1. Tentative scheme for classification of crops according to potassium-replacing power of sodium and
independent sodium-effect on yield. (From Lehr, 1401).

by these authors it was shown very clearly that mainly the plant species decides the degree
of replacement of potassium by sodium. The results of Harmer and Benne [241 and others
were summarized schematically by Lehr [401 in Figure 1. Certainly one can doubt the
absolute proportions in this figure but the tendency is reflected correctly. This is also
shown in water culture experiments with several plant species (Truog et al. [761;
Montasier et al. [491). The great differences between the plant species with respect to
replacement of potassium by sodium and the specific effect of sodium in certain plant
species are generally accepted today and are the basis for answering the question why
sodium can replace potassium.
When comparing plant species it is obvious that there is a high variation in the relation
potassium/sodium within the plants. In field experiments (Harmer and Benne [241) this
relation varies between 0.78 (celery) and 13.39 (asparagus) and is mainly or entirely
caused by differences in the sodium content.
In water culture experiments with equivalent supply of potassium and sodium using
several plant species Collander [121 found high variation in the potassium/sodium ratios
in the shoots between 0.43 (Atriplex hortense) and 44.3 (Zea mays). A comparison of the
potassium/sodium ratio in the shoots and effect of sodium especially with respect to its
ability to replace potassium clearly shows that if potassium and sodium are supplied in
comparable amounts the more the sodium taken up and translocated to the shoot the
higher is the replacement (Bower and Wadleigh I 71;Larson and Pierre [371; Saalbach and
Aigner [641). An example for this is demonstrated for maize and sugar beet in Table 1.
Differences between both plant species are existing already during accumulation in the
roots, the differences however are more pronounced during translocation to the shoots.
While in maize the sodium taken up is localized mainly in the roots and translocation to
the shoots takes place only at higher external concentrations (or in long term experi-
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Table I. Uptake and translocation of potassium and sodium in maize and sugar beet plants (peotfresh matter]
4 hours) Marschner and Schafarczyk [42J.

External solution Maize Sugar beet
me/l. Roots Shoots Roots Shoots
Presence of lmeq
Ca

2
+/1 K Na K Na K Na K Na

I NaCI + 1 KCI 9.4 3.3 0.9 0.0 7.5 9.0 2.5 4.5
10 NaCI + 10 KCI 15.0 5.9 3.0 1.4 10.7 15.4 6.1 10.6

ments) in sugar beet sodium is readily translocated into the shoot. Similar conditions as in
maize are existing in beans where a preferential accumulation of sodium in the stele of the
roots and the stems could be demonstrated (Wallace et al. [80]; Jacoby [31]; Pearson
[55; Rains 1591). This preferential accumulation of sodium in the stele takes place also in
maize roots (Shone et aL[68]). Even during passage through the xylem vessels of the roots
the re is a preferential accumulation of sodium by the surrounding tissue of the stele;
therefore with increasing length of the passage through the roots (Table 2) the relation
sodium/potassium in the xylem sap shifts in favour of potassium (from 0.26 to 0.03).
One can consider this as a mechanism of regulation that restricts the translocation of
sodium to the shoots. In such plant species sodium can replace potassium only to a limited
extent.

Table 2. Absorption and translocation of labelled sodium and potassium by detached maize roots of different
lengths: Volume of the exudate and Na/K ratio in roots and exudate (From Shone et at [681).

Length of the root Root: accumulation ratio Exudate

cm Na/K Volume ml/root Na/K ratio

4 0.023 0.026 0.26
8 0.014 0.071 0.10

16 0.017 0.092 0.03

Presumably in some plant species like beans there exists an additional mechanism which
prevents a sodium accumulation in the shoots: sodium is translocated again from the
shoot to the root and is also given off to the external solution (Barbier and Chabannes [31;
Cooilet al. [131; Solovyov [70]; Brouwer and Levi [8]). Differences in the accumulation of
sodium in the shoot are therefore decisive for differences between plant species with
respect to replacement of potassium by sodium. To answer the question however why
sodium can replace potassium one has to consider the general and specific functions of
potassium in metabolic processes in the plant.
As a general function the effect of potassium on the osmotic pressure of the cell sap can be
considered. Cell elongation and turgescence of vacuolated cells are governed by soluble
substances in the cell sap; inorganic ions and organic salts contribute mainly to this
osmotic pressure of the cell. An example for this is shown in Table 3.

Table 3. Osmotic value in atm. of the most important compounds in cell sap of leaves of Secale cereale (From
Knodel [33]).

Sugar Inorganic salts Organic salts Organic acids

4.31 6.71 2.10 2.24
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Investigations on 200 plant species by Ilfin [30] showed that in 84% of the species the
contribution of inorganic ions to the total osmotic pressure was more than half, in 63% of
the species even more than 2/. Extreme conditions exist in halophytes where more than
90%,of the osmotic pressure is attributable to inorganic ions (Steiner [721). Normally in
their effect on osmotic pressure among the cations in glycophytes potassium and in
halophytes sodium are the most important. In glycophytes the concentration of potassium
in the vacuole ranges between 50 and 200 mmol (Pierce and Higinbotham [571). In this
nonspecific function within the vacuole potassium might be replaceable to a high extent.
The pronounced beneficial effect of sodium on growth under conditions of insufficient
supply of potassium might be mainly due to this replacement of potassium within the
vacuole. This replacement can make potassium available for specific functions within the
cell (vacuole - cytoplasm) as well as for retranslocation within the plant from older
to younger leaves e.g. Such a retranslocation can be deduced from the results of Coic et al.

[11; El-Sheikh and Ulrich 1181, and El-Sheikh et al. 1191 (Table 4). In plant species which
hardly translocate sodium to the shoot (e.g. maize) at least a replacement of potassium
within the root will take place and make this potassium available for translocation into the
shoot. A very low potassium content in the roots is then the result of this replacement. This
can be demonstrated in a comparison between maize and sugar beet plant (Table 5) under
conditions of insufficient supply of potassium but high supply of sodium.
One can conclude that in its functions within the vacuole (osmotic effect; maintenance of

the cation/anion-balance) potassium is presumably entirely replaceable by sodium be-
cause these functions are not specific and can be taken over by other cations like sodium.
The extent of this replacement of potassium is dependent upon the rate by which sodium is
taken up and translocated in relation to potassium.
Specific functions of potassium are the influence on charge and hydration and therefore on
conformation of the protein part of enzyme molecules and as the result of this on the enzy
matic reaction itself. This influence is reflected in stabilization of the enzyme conformation
(Sorger and Evans 1711, affecting the Km-values, i.e. the affinity between enzyme and
substrate (Hiatt [271), or in increasing the V., -values, i.e. making more binding

Table 4. Effect of potassium and sodium on growth and content of potassium and sucrose in sugar-beet plants
(From El-Sheikh and Ulrich 118t

Treatment meqJl Dry matter in g meq K/100g Sucrose in

young old storage roots

K' Nat Shoot Storage root blades petioles

1 0 36 6.2 59 52 8.0
1 16 96 32.1 32 7 8.6
12 0 86 46.2 79 182 8.0
12 16 99 53.6 89 192 9.4

Table S. Content of potassium and sodium (peoqg fresh matter) in maize and sugar-beet plants after growth in
nutrient solutions with 0.16 meq K* and 2.5 meq Na'fl (From Marschner and Schafarczyk [43]).

Roots Shoots

K Na K Na

m aize ..................................................... 6.3 50.0 29.3 13.0

sugar-beet ... ....................................... 28.0 15.5 52.0 51.5
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sites available (Evans et al. [211). These functions of potassium were reported in a review
by Evans and Sorger [201. For answering our question however it is only interesting to
know if at all or to what extent potassium can be replaced by sodium in this functions.
Several comparable experiments dealing with this question have been carried out. From
these experiments however only limited conclusions can be drawn with respect to the
extent of replacement, because in most cases only potassium alone or sodium alone were
compared with each other. An example for this is demonstrated in the activation of the
pyruvic kinase by univalent cations (Table 6).

Table 6. Influence of univalent cations on the pyruvic kinase activity from pea seeds. Relative values at maximum

velocities (From Miller and Evans 147/).

K' Rb* NH 4 ' Na +  
Li*

100 85 76 31 0

Similar results were obtained by Latzko [38] using bakers yeast and by McCollum et al.
[451 using seeds of cucumber..The effect of sodium is small in comparison to potassium,
but an effect is present. In contrast to this potassium is not replaceable at all by sodium in
activating the acetic thiokinase from spinach leaves (Hiatt and Evans [28]).
Potassium also strongly activates the starch synthetase in higher plants (Murata and
Akazawa [52]). A comparison between potassium and sodium on the activity of the starch
synthetase from sweet potato is shown in Table 7. Compared with potassium and other
univalent cations the effect of sodium is small. - But there are still many questions open
for discussion, e.g. the existence of pronounced differences between plant species in the
activation of the starch synthetase by potassium (Murata and Akazawa 1531). Presumably
the existence of isoenzymes (Momotani and Kato [48]) is of special importance in
accounting for these differences. Investigations on isoenzymes are receiving increasing
attention, isoenzymes are detectable not only between different plant species but also
within the tissue of one species. For example from rice leaves 4 isoenzymes of the malic
dehydrogenase have been separated by starch gel electrophoresis (Rocha and Ting [621),
and from rice seeds several isoenzymes of the 2-amylase have been isolated (Tanaka et
al. [74]). If the protein molecules of these isoenzymes have such different properties that
they can be separated it might be expected that also the external conditions like ion
environment have a different influence on their activity. It would be of special interest for
example to investigate the effect of potassium and sodium on the activity of the starch
synthetase from sugar beet leaves.

Table 7. The apparent KA and V., values for different univalent cations in the activation of starch synthetase
from sweet corn. (From Nitsos and Evans [54]).

Cation K^ V-,
mM • m pmol ADP/hr/p~g

Protein

K ' . .............................................. ........... 6 1.67
R b . .......................................................... 11 1.49
C s ' ............................................... .......... 14 1.44
N H 4+  .. . ..... .................................. 19 1.54
N a . ......................................... ................. 3 0.25
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In enzymatic studies usually only single salts of potassium and sodium are compared. For
answering the question of ability of sodium to replace potassium such experiments alone
are not sufficient because there is no doubt that potassium is essential for metabolic
processes and cannot be replaced entirely by sodium. For our question rather these

experiments are of special interest in which the ratio potassium/sodium had been varied.

Thus Hansson and Kylin (231 and Kylin and Gee [341 obtained very instructive results in

activating the ATPase from plant tissue by potassium and sodium (Figures 2 and 3).
The highest activity of the ATPase from sugar beet roots (Figure 2) and A vicennia leaves

(Figure 3) was not obtained by potassium or sodium alone but at certain combinations of

potassium and sodium. The appearance of several peaks could perhaps be explained with

the existence of isoenzymes or structural changes within the enzyme molecule.
The highest activity of this enzyme system in the presence of both potassium and sodium
in sugar beet tissue is in agreement with the results of growth experiments with this plant

species where the best growth and the highest sucrose content (Table 4) are also obtained

in the presence of both cations.
To influence enzymatic reactions directly via charge and hydration of the protein molecule

or more indirectly via water structure (Alekseev and Abdurakhamanov [2]) relativly high

concentrations of potassium are necessary. These concentrations are 103 times higher

than the substrate concentration (Sorger and Evans [711). It is conceivable that in this

ionic environment - in spite of the different properties of the potassium and sodium ions -
a part of potassium is replaceable by sodium without significant influence on the protein

conformation and therefore on the enzymatic reaction itself. In this case sodium could

compensate an insufficient supply of potassium. In addition to this probably in higher

plants (see Figures 2 and 3) there are enzyme systems or at least isoenzymes which show

their highest activity in an ionic environment of both potassium and sodium and not of

potassium alone.
Besides its ability to replace potassium partially sodium would have in this case an

additional function namely as can be shown on its influence on growth and sucrose content

of sugar beet plants even at high levels of potassium (Table 4). Sodium can however

assume the role of an essential plant nutrient in the strict sense of the term only if certain

enzymatic reactions take place in the presence of sodium only as it is the case in
halophytes (see below).
In certain plant species sodium seems to be of special importance for the phosphate

metabolism. This can bee seen from the activation of ATPase from sugar beet roots
(Figure 2) or from roots of Pinus taeda (MeClurkin and McClurkin [44!). This impor-

tance of sodium is most pronounced in algae: In Ankistrodesmus (Simonis and Urbach

[69]; Ullrich-Eberius and Simonis [781) for example the uptake of phosphate in light and

dark is much higher in presence of sodium than in presence of potassium (Figure 4). This

could have a connection with a possible special function of sodium in transport of

phosphate through the membranes of these cells (Ullrich-Eberius and Simonis [791; see

also Baumeister et al. [5). Using isolated mitochondria of Brassica rapa (Shah and

Wedding [67]) were able to demonstrate that the esterification of phosphate and the

quotient P04/02 were increased much more by sodium than by potassium. It is an open

question if this beneficial influence on the phosphate metabolism has some connection with

the formation of complexes with ATP; potassium might influence the phosphate metabo-

lism by forming complexes with ATP (Lowenstein [411; Rechnitz and Mohan 1611) and

sodium is able to form more stable complexes with polyphosphates than potassium

(Lamm and Malmgren [35).
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Figure 2. Effect of the sodium/potassium proportion on the ATPase-acuvity from sugar beet roots. (From
Hansson and Kylin, [231).
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Figure 3. ATPase-activity of the microsomal fraction of Avieennia leaves at different proportions of sodium and
potassium. (From Kylin and Gee, [341).
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Of special interest is the question of replacing potassium by sodium in the photosynthesis.
The special function of potassium in this process was demonstrated by Pirson 158], the
effect on the photophosphorylation is especially remarkable (Latzko and Methsner 39]).
As shown by Dilley and Vernon 1151 and Rumberg et al. i63] in this case flux processes of
potassium and H through thylakoid membranes of the chloroplasts could be of special
significance. Besides its function in activating the chloroplast enzymes potassium there
fore seems to have additional functions within the chloroplast and so the high potassium
content of these organelles is easy to understand.
As shown in Table 8 chloroplasts can also contain high concentrations of sodium (e.g.
Beta vulgaris): in chloroplasts of Limonium vulgare the content of sodium is even higher
than the content of potassium. Considering the beneficial effect of sodium in Beta vulgaris
it is thinkable that besides potassium sodium participates in activating chloroplast
enzymes and perhaps also in flux processes through the thylakoid membranes - and
therefore in photophosphorylation of this plant species. A prerequisite for this replacing
function is a high membrane permeability lor sodium. From the high mobility of sodium
within the plant it may be concluded that in Beta &ulgaris this prerequisite is fulfilled.
Without doubt, also in the chloroplasts the extent of replacement of potassium by sodium
is mainly dependent on the plant sepcies. Indications for this are the pronounced changes
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in the fine structure of the proplastids in cells of the maize root tips after exchange of
potassium by sodium (Hecht-Buchholz and Marschner 126]). Maize belongs to those plant
species which are sensitive against higher concentrations of sodium.
In chloroplasts of bean leaves also similar changes occur in the fine structure after
exchanging potassium by sodium. As shown in Figure 5 after replacing of about 75% of
the original potassium content of the leaf tissue by sodium there is a pronounced swelling
of the chloroplasts. Either there are in the chloroplasts proteins which are sensitive against
sodium or/and sodium is unable to participate in flux processes through the thylakoid
membranes of this plant species. The sensitivity of bean plants to sodium is well known
and preferential accumulation of sodium in the root and stem tissue of this plant species
suggests a protective measure against high sodium concentrations in the leaves, especially
in the chloroplasts.
The special function of potassium in the water economy of the higher plants is well known.
As shown by Peaslee and Moss [561 this effect of potassium on water economy is at least
partially caused by influencing the stomata movement. Under the influence of light
potassium is translocated from the surrounding epidermal cells to the chlorophyllous
stomata cells and increases in these cells the osmotic pressure and therefore the turges-
cence; this causes the stomata opening in light (Fischer [22]). In this function potassium is
replaceable only to a small extent by sodium in leaf strips of Viciafaba (Figure 6). In this
case however a generalization is not permitted because in leaf strips of Commelina
communis sodium is even more effective in influencing the stomata opening than potas-
sium (Table 9).

12 -

10 -

8

O 6 K A'

J 0
CL 4 Li-
<C 0e CS*

.j 2 " No'

0 20 40 60 s0 100
0
VCATION CONCENTRATION (meq/l)

Figure 6. Stomatal opening of Viciafaba Epidermal strips in response to the cations (as chlorides) in light. (From
Humble and Hsiao, 1291).

Table 9. Stomatal opening am) in light of isolated epidermis of Commelina communis, as affected by the concen-

tration of KCI and NaCI in the incubation medium (From Wilmer and Mansfield [81j).

mtol KCI or NaCI

0.0 0.1 0.2 0.3

K C I .............. ......................... 0....... ...... . . 0.0 3.5 5.5 5.9
N aCI ....... .......................................... ...... ... 0.0 5.7 7.6 7.5
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Prerequisite for this influence on stomata movement is a high permeability of the
membrans to these ions. From the differences between the plant species with respect to the
membrane permeability for potassium and sodium one can suppose that in plant species
with high membrane permeability to sodium (e.g. Beta vulgaris) potassium is at least
partially replaceable also in this function in the water economy of the plant.
There is also a suggestion that sodium plays a specific role in water economy of the plant.
Adriani I] and Tullin [771 found a remarkable reduction of the transpiration after supply
of NaCI. Presumably this reduction is caused however by changing the leaf anatomy
towards succulence by chloride (Meiri and Poljakoff-Mayber [461) and is not a specific
effect of sodium.
A high concentration and mobility of potassium in the phloem as well as the continuous
circulation within the plant (e.g. potassiumis translocated from the shoot to the root even
at high supply of potassium in the external solution) are indications for a special function
of potassium in long distance transport processes in higher plants. Dijkshoorn et al 114]
developed the interesting conception that potassium is retranslocated from the shoot into
the root as counterion of organic acid anions. After degradation of the organic acid anion
in the roots potassium is available as a counterion for nitrate which is taken up from the
external solution and both potassium and nitrate are translocated together to the shoot.
After nitrate reduction in the shoot and the production of an equivalent amount of organic
acid anions (Ben-Zioni el al. [61) this retranslocation can be repeated. This function of
potassium as a counterion in long distance transport should not be specific and other
cations should be able to replace potassium in this function provided they are mobile in the
phloem. In comparative experiments with maize and sugar beet (Table 10) it was obvious
that even at higher external supply of both sodium and potassium a retranslocation of
sodium from the maize shoot is not dedectable. In contrast to maize in sugar beet the
influx of sodium into the shoot (2.3 peq) is nearly equal to the efflux of sodium from the
shoot in direction to the root (2.2 peq) and even higher than the simultaneous efflux of
potassium (0.9 peq). Therefore in sugar beet there is a similar circulation of sodium
within the plant just as the circulation of potassium in other plant species. It can be
concluded that in this plant species sodium can replace potassium to a high extent in its
function in long distance transport, e.g. nitrate translocation.
In addition to its ability to replace potassium more or less in some plant species sodium
has also specific functions in certain species and there represents an essential plant
nutrient. This can be demonstrated most clearly in halophytes (Keller [321; Brownell and
Wood [91, e.g. Atriplex vesicaria (Table 11). In the absence of sodium the growth ceases
and the plants show pronounced sodium deficiency symptoms. These symptoms disappear
only after addition of sodium. Immediately after addition of sodium respiration and
chlorophyll content increase, followed by an increase in growth rate (Brownell and
Jackman 1101). Potassium cannot replace sodium in this plant species.

Table 10. Flux of potassium and sodium in shoots of maize and sugar-beet plants. External solution 10meq KCI +

10 meq NaC. Values in peoJg fresh matter per 4 hours (From Marschner and Schafarczyk [431).

Potassium Sodium

Maize Sugar-beet Maize Sugar-beet

Influx ....................................... 1.8 2.7 0.7 2.3
Efflux ..................................... . 0.2 0.9 0.0 2.2
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Table II. Effect of sodium on the growth of Atplex vesicara in water culture (From Brownell and Wood [9))

Treatment meql as sulfates Dry matter/vessel after 48 days

0.00 0.056
0.02 Na 0.340
0.10 Na 0.513
0.60 Na 0.493
0.60 K 0.066

It is also typical for Atriplex species that they not only show better growth in presence of
sodium (Mozafar et al. (40]) but also take up sodium in preference to potassium (see also
the reserve of dual mechanism in uptake in the mangrove Avicennia marina; Rains and
Epstein [60]). In addition in these plant species sodium competes with potassium but
potassium does not compete with sodium during uptake (Mozafar et al. [50]). Without
doubt in this genus sodium has specific and essential functions.
There are still many questions open with respect to potassium replacement by sodium.
More attention to differences between plant species, consideration of the existence of
isoenzymes even within a cell, and modified studies also in enzymatic investigations
(variation of the ratio potassium/sodium instead of using single salt solutions) will
presumably enable us to give a more precise answer to the question: Why can sodium
replace potassium in plants?
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Transport of Sodium and Potassium, and
Properties of (Sodium ± Potassium)-Activated
Adenosine Triphosphatases: Possible
Connection with Salt Tolerance in Plants

Dr. A. KY LIN and G. HANSSON, Botanical Institute, University of Stockholm/Sweden.

Summary

An extrusion mechanism for Na+ was demonstrated in the unicellular green alga Scenedesmus. Sodium had also
an influence on the uptake and retention of rubidium (and, by inference, potassium). This led us to a search for
(Na+ + K+activated adenosine triphosphatases in plants. They were demonstrated in sugar beet and in the
mangrove Avicennia nitida. Further work, presented in this paper, compares the salt accumulation of inbred
lines of sugar beet with the properties of their (Na + + K+)-activated ATPases. High- and low-salt lines show only
one peak each, with different sodium-potassium requirements for the two types. Intermediate lines show double
peaks for activation. To the extent that electrochemical data are available for vacuolated plant cells, they indicate
two mechanisms for extrusion of Na + from the cytoplasm: the one in the plasm alemma, coupled to uptake of K+

;
the other in the tonoplast. Furthermore, salt tolerance in vacuolated plants seems to be correlated with a high
ratio of Na:K, contrary to what is found in nonvacuolated cells. It is argued that the occurence of two transport
systems for sodium could give the salt tolerant plants maximum protection of the cytoplasm against Na+ , at the
same time as sodium can be utilized as an osmotic agent in the vacuole. The two activity peaks in our material
may represent protection at the levels ofthe plasmalemma and the tonoplast respectively.

1. Introduction

Extrusion of sodium has been recognized as a key process in animal cells and tissues,
where it occurs coupled to uptake of potassium and, biochemically, reveals itself as
(Na+ + K+)-activated ATPases (review by Skou [121). Contrary to this, the classical view
of plant physiology was that the control of sodium transport is to be found in uptake
processes. However, electrochemical measurements indicated that sodium extrusion could
be of importance in plants, although it was at that time not possible to exclude permeabili-
ty barriers during the uptake as the main points of control (review by Dainty [2]). We
became interested in these questions, when we found that the unicellular green alga
Scenedesmus can be manipulated so that it reverts from sodium uptake to sodium
extrusion (Kylin (71). The presence of sodium in the medium has a regulating influence on
the uptake and retention of rubidium (and, by inference, potassium) and cesium (Kylin
[81).
With the background given above, it seemed logical to try to find (Na + + K+)-activated
ATPases in plants, where they had so far not been detected. From the preparative point of
view, Scenedesmus was not suitable for the purpose. It was decided that sugar beet should
represent a fair chance to achieve the goal. It is well known that the dry weight of the beets
is increased by adding sodium to the fertilizer. Lack of sodium leads to symptoms similar
to those of K deficiency (El-Sheik et al. [31). It was tempting to think of this sodium effect
as connected with influences on potassium transport, a combination which might lead to a
comparatively good chance to find the ATPases.
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The data of Van Steveninck [151 on how iris influences the transport of potassium in beet
tissue made us look for other buffer systems. Successful results to prepare homogenates
with (Na+ + K+)-activated ATPase properties were obtained when roots of beet seedlings
were homogenised in 0.03 M histidine-HCI at pH 7.2 with 0.20 M sucrose as osmoticum.
The optima for pH and Mg' + were determined for the fraction taken between 2500 g and
20000 g and treated for 1 hour with 0.1% deoxycholate. We could then demonstrate that
the ATPase activity was further increased by monovalent cations and varied with the ratio
of Na:K at a given constant level of (Na + + K+) (Hansson and Kylin [41).
Animal systems usually show only one peak of activation, but the beet ATPase was
activated at two different ratios of Na:K. In homogenates of the saltexcreting leaves of the
mangrove Avicennia nitida, an ATPase with activity peaks at 3 different ratios of Na:K
has been demonstrated (Kylin and Gee 191). Technically, these findings, together with the
effect of varying salt concentrations, may explain the difficulties that have met in various
attempts to find (Na + + K+Yactivated ATPases in plants (Kylin and Gee [91).
Theoretically, the multiple ratios of Na:K for activation may be explained in different
manners, for instance as allosteric transformations (cf. Rothstein [11]) or as the presence
of different types of ATPases in different types of membranes in the homogenate. Some
support for the latter possibility has been given by separations on sucrose gradients (Jan
Karlsson, unpublished).

2. Correlation between field properties and A TPase activation

For research purposes, Dr. 0. Bosemark of the Swedish Sugar Company has produced a
selection of inbred lines of sugar-beet, with different properties as regards salt uptake in
the field. These strains range from (low salt, high proportion of potassium) to (high salt,
high proportion of sodium) varieties. Seedlings of these strains have been produced under
uniform conditions in climate chambers, and the ATPase properties of root homogenates
have been tested under a variety of Na:K ratios at different total (Na+ + K +) concentra-
tions (G. Hansson, in preparation). The main data from these experiments are collected in
Figures I to 4.
In this series of figures, (1) represents the (low salt, high proportion of potassium) extreme,
with (2) and (3) successively leading over to the (high salt, high proportion of sodium) type
in (4). The Na + dependency of the ATPase is represented by the distance between the two
curves, which denote the highest and lowest activity at the K+ concentration given by the
abscissa.
The extremes give only one peak of activation each. The peaks are exhibited at extremely
different combinations of sodium and potassium. The ATPases from the intermediate lines
show two peaks each - just as the normal field variety - and in this pattern there is a
gradual change from the one extreme to the other.

3. Discussion

To form a hypothesis on the biological implications of our findings, it may be useful to
recall that the protection of cytoplasm against overhydratation may be one of the primary
functions of the extrusion of sodium ions with their swelling activity (Rothstein [11]).
Observations by Norkrans and Kylin 1101 fit with this general wiew. Their data indicate a
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Figure 1. The (Nat + K) influence on the ATPase Figure 2. As Figure I for the intermediate line
activities of root homogenates from the (low salt, BEDA (G 114/10/12).
high proportion of potassium) inbred line ADA (M
15/10/18). - Abscissa: Concentration of KCI in
reaction medium (logarithmic scale). Ordinaie: Spe-
cific activity expressed as nmoles Pi released per mg
protein and minute. The activity obtained in. the

* basic medium ofo.75 mM ATP and 3 mM MgCl in
40 mM histidine-CHI buffer at pH 6.75 is taken as
zero value. All tests run in duplicate at 300C.
Experiments were repeated with independent
batches of beet seedlings. The upper and lower line
denote the highest and lowest activity obtained with
concentrations of 0, 2.5, 5, 10, 25, 50, 75, and
100 mM NaCI mixed with the KCI concentrations
indicated. The shading thus indicates the sodium
influence.
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Figure 3. As Figure I for the intermediate line EVA Figure 4. As Figure I for the (high salt, high propor.
(M 25/4/23). tion of sodium) inbred line FIA (F 183/1/18).
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stronger uptake of K+ and extrusion of Na+ in the salt tolerant yeast Debaryomyces than
in normal Saccharomyces, where the uptake of K+ rather seems connected with excretion
of H+ . As a consequence, the salt tolerant yeast has a higher ratio of K:Na than the non-
tolerant cells.
However, in higher plants with their great central vacuoles, the opposite was reported by
Collander I1]. As a rule, halophytes showed low ratios of K:Na, whereas the ratio was
high in non-tolerant species. The highest and lowest levels of K+ varied only by a factor of
2 to 3, where the Na+ variation was by a factor of 20 to 60 when the different species were
compared.
It seems possible to reconcile the apparent conflict between the data from yeast and from
higher plants by remembering that protection of the cytoplasm against Na + cannot be a
sufficient prerequisite for salt tolerance in higher plants, where the cells contain large
central vacuoles. Such cells must also have a mechanism to beware their turgidity under
osmotic stress.
The double prerequisite of protecting the cytoplasm against Na + and maintaining the
turgor could be achieved by a double mechanism for the extrusion of Na + , the one situated
in the plasmalemma and the other in the tonoplast. When the plasmalemma mechanism
cannot alone keep the sodium ions out of the cytoplasm, sodium would be translocated
into the vacuole by the tonoplast pump. In this concept, sodium will be utilized as an

osmotic agent, at the same time as maximum protection of the cytoplasm is obtained.
Refined techniques have given electrochemical evidence for sodium extrusion from the
cytoplasm at both the plasmalemma and the tonoplast levels (cf. Jennings [61), in
characean algae (Spanswick and Williams [141, Spanswick et al [131) as well as in higher

plants (Higinbotham [5).
Within this framework, it is tempting to regard the (low salt, high proportion of
potassium) line ADA to have been obtained through a selection mainly for a transport
ATPase localized in the plasmalemma, whereas the (high salt, high proportion of sodium)
line FIA should chiefly contain a system localized in the tonoplast. The intermediate forms
BEDA and EVA may contain both systems in various proportions or with various
affinities for K+ and Na + .

This work has been pursued with the aid of grants from the Swedish Council for Forestry
and Agricultural Research. The technical assistance of Miss Gun Bjdrklund is gratefully
acknowledged.
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Discussion, Session No. 1

Dr. T.Z. Nowakowski(Harpenden/England):

Because it seems that both potassium and sodium are required for ATPase activity, does it
follow that sodium is an essential nutrient?

Prof. H.J. Evans (Corvallis/USA):

Apparently (Na + K) ATPase has been identified only in a few species of higher plants. If it

is established that Na + K ATPase is generally distributed in and is functional in higher
plants then such information would suggest that Na+ is an essential element. Other
information however would be required for proof of essentiality.

Prof. Dr. K. Mengel (Hannover/Federal Republic of Germany):

On the question in regard to N-assimilation and ATP:
The binding of NH4 to aspartic acid or glutamine acid needs ATP.

Prof. H.J. Evans (Corvallis/USA):

There may be an indirect role of K + in the process of N2-fixation. N2 fixation requires a
reductant and a source of ATP. ATP for N2 fixation must be supplied directly or indirectly
by photophosphorylation and oxidative phosphorylation. There is definite evidence that
both oxidative and photophosphorylation require K+ or some similar cation.

Prof. Y. Coc (Versailles/France):

1) First reflection: In the majority of the non-leguminous vegetal species the ammonium
ions is not transported directly from the roots to the leaves, but is transformed before to
amids in the roots.
2) Question: The bacteria have the property to accumulate phosphorus and energy in the
form of polyphosphates minerals. Is K+ necessary for the synthesis of these polyphos-
phates, as it is for that of ATP?

Dr. H.J. Evans (Corvallis/USA)

Since the synthesis of polyphosphates involves the synthesis of a high energy bond, one

may presume that ATP or an equivalent amount of energy is needed.
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Dr. A. Kylin (Stockholm/Sweden):

When it is stated that ATP is necessary for the formation of pyrophosphate, I have to
make an objection. I do not know about the situation in Rhizobium, but it was shown by
H. Baltscheffsky and his group that photo-induced transport of electrons in Rhodospiril-
lute can give either pyrophosphate or ATP, with the choice between them made on the
level of a high energy intermediate. Both pyrophosphate and ATP are biologically active
in chromophores of Rhodospirillum as well as in chloroplasts of higher plants. In my own
group, we have produced evidence for a similar situation in the microalga Scenedesmus as
regards the determination of whether inorganic polyphosphates or ATP is to be produced
by photophosphorylation.

Dr.P.M. Riis (Copenhagen/Denmark):

In one of the first slides Dr. Evans had listed some enzymes requiring K +. The table also
gave some values for concentrations of K +.Did these values indicate the concentrations
needed for maximum activity of the enzymes?
For the enzyme fructose 1.6-diphosphatase the table gave a value of 0.1 M, which is well
above the highest value he gave for K+-concentration in normal fresh leaves. Do you think
that K+-concentration normally limits the activity of an enzyme such as fructose-1.6-
diphosphatase? I think, we can conclude from what Dr. Evans said, that this question
concerns not only the particular enzyme mentioned but mainly other ones. It appears that
K+ has a general effect on'conformation of practically all proteins and hence an allosteric
effect on many enzymes. I believe this idea is in accordance with the results presented by
Dr. Hecht-Buchholz. Dr. Evans mentioned that it has been shown for about 60 enzymes
that they have a specific requirement for K+.I wonder whether there are any enzymes,
which are absolutely unaffected by K +.Dr. Evans concluded that the concentration of K +

required for maximum activity of many enzymes was of the same order as the concentra-
tion found in normal leaves. However, would it not be worthwile to emphasize that for
some important enzymes the optimum K+-concentration is higher than that found in
normal fresh leaves. If this is significant, does it not mean we should look for means of
increasing the cellular potassium level so that potassium is no longer a limiting factor?

Prof. Dr. Dj.B. Jelenic (Zemun-Belgrade/Yugoslavia):

1) In the Table 2 there are shown the data of the effects of N, K and Na on yields and % of
soluble carbohydratesin the second cut of ryegrass. Have you conducted the experiment
with the different levels of phosphorus in relation to N, K and Na?
2) Have you the results from your experiments on the effects of potassium and sodium on
the protein content and its amino acids composition? (to compare with the data on free
amino acids - Table 3)

Dr. T.Z. Nowakowski (Harpenden/England):

1) No, I have not investigated the effect of different levels of phosphorus on soluble
carbohydrates.
In my experiment each pot received 1.0 g Ca(H2PO4)2.H20 (246 mg P) to swanp out any
effect of P.
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2) Literature evidence suggests that mineral nutrition has very little effect on the quantita-
tive distribution of individual amino acids in the protein hydrolysate, which is influenced
more by genetic factors. Therefore, my main interest was concerned with various non-
protein nitrogenous fractions. Nevertheless, the topic touched by you is a project of
subsequent work.

Dr. R. Scott Russell (Wantage/England):

The clarity of Dr. Hecht-Buchholz's paper has left no need for questions, but this
discussion would be incomplete without reference to the particular quality and value of the
photomicrographs and electron-micrographs which she showed us. To my mind they
provided an excellent example of one way in which modern experimental methods are
increasing our ability to study, in detail, many aspects of the absorption and metabolic
effects of potassium and other nutrients. This type of work holds promise of placing many
of our vague present concepts on a firmer foundation.

Prof. Dr. I. A rnon (Rehovot/Israel):

1) Refer to experiment on effect of several cations on nitrate-reductase synthesis. K-
deficient treatment gave a relatively steep increase in N-reductase formation after 3-4
hours. No indication that this was the peak of the graph. Has any investigation been made
after 4 hours?
2) Have you considered the possibility of using one or more of the 60-odd enzyme
activities in which K plays a vital role, for developing a diagnostic method for K-
requirements of plants?

Prof. H.J. Evans (Corvallis/USA):

1) In our investigations of the effect of univalent cations on the inductive synthesis of nitrate
reductase we purposely kept the induction period as short as possible in an effort to avoid
complicating factors. We felt that initial rates of synthesis would provide the most reliable
information. No investigations were made on induction of nitrate reductase for periods
greater than 4 hours.
2) We have considered the feasibility of using a potassium activated enzyme as an
indicator of potassium requirements and have concluded that too many complications are
possible. One has to consider the efficiency of extraction of the enzymes from plant
materials. Very seldom is it possible to quantitatively extract enzymes from plant tissues.
Also it is difficult to perfect highly reproducible extraction procedures. Also since there are
excellent assays for potassium contents of tissues, we feel that potassium analysis is the
most reliable method for determining potassium requirements.

Dr. A. Kylin (Stockholm/Sweden):

In plants where there is no obvious vital need for sodium although sodium has a beneficial
effect, one could imagine that the linked transport of Na and K enters the picture. A
certain amount of Na to be extruded, might help to keep the vital K inside the cytoplasm.
With too little Na present, K may enter the transport system from both sides of the
membrane, that is, K would be circulated in the membrane, may be with the risk of being
lost to the medium.
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Prof. Dr. K. Mengel (Hannover/Germany):

If there is an outwardly directed Na pump in the root cells of higher plants the Na efflux
should be affected by metabolic conditions. Efflux experiments we carried out with maize
roots did not show an effect of metabolism upon the Na efflux.

Dr. A. Kylin (Stockholm/Sweden):

a) We have not tried maize, so the question is difficult to answer. With regard to its
physiological behaviour, one can perhaps guess the situation may resemble the one in the
(low salt, high proportion of potassium) line of sugar-beets; that is, a predominance
of a transport system localized in the plasmalemma.
b) I think the status of our ideas is that of a reasonable working hypothesis, which covers a
good number of experimental data from the literature. The hope is that, starting from the
hypothesis, useful experiments can be devised so that new facts are recorded, which in turn
may lead to modifications of the hypothesis.

Prof. Dr. L Arnon (Rehovot/Israel);

Have you considered the possibility of using your results for developing a tool for
plantbreeders for isolating saltresistant strains?

Dr. A. Kylin (Stockholm/Sweden);

Yes, I think that this approach would be a sound way to breed for salt resistance, although
I cannot promise quick results.

Dr. W. Dijkshoorn (Wageningen/The Netherlands):

The experiment on Scenedesmus showed a loss of Na from the cells in terms of
concentration in the cells.
Is it possible that after adding phosphate the cells grow so fast that the concentration falls
as a result of dilution by growth with no fall in the total amount of Na in the cells?
Dr. Kylin said that growth was not so fast as to interfere in this way.

Dr. A. Kylin (Stockholm/Sweden):

Growth was no problem for our work with Scenedesmus. The experiments were done in a
series of vessels with the same amounts of inoculate and the same amounts of medium. All
cells in a vessel were harvested at the same time and circularly mounted for counts of their
total contents of Na (22Na was used in the experiments). Furthermore, the experimental
time was too short to give appreciable growth; and some experiments were performed in
darkness, where no growth at all can occur.

Prof. Dr. K. Mengel (Hannover/Federal Republic of Germany):

Is there sufficient evidence that in cells of higher plants an outwardly directed Na pump is
existing?
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Dr. A. Kylin (Stockholm/Sweden):

Rothstein (reference cited in my paper) once pointed out that sodium extrusion is
necessary for naked cells, to prevent overhydration of the cytoplasm; but that the function

could be less important in plants, where the mechanical pressure exerted by the cell wall

may replace the need for sodium extrusion. This is one of the reasons why we started our
work with plants known to be halophytes, where the need for well developed sodium

extrusion must be greater than in glycophytes. Our general idea is that, once the system is

known and defined, it may be possible to trace it also in more glycophytic plants; that is,
plants exerted to less sodium stress.
One should, however, realize that there are plants where the protection against sodium

occurs at the root level. For instance, the mangrove rhizophora does not allow sodium to

pass the roots. No data on such plants are available, but there is an alternative

biochemical possibility, which should be explored. Antibiotics of the valinomycin type

represent carrier systems with a high grade of specificity, which makes the membranes

permeable for potassium but not for sodium. It is, therefore, conceivable, that some plants

may have developed very specific carriers to take different hydrophilic ions through the

lipophilic parts of the membranes. Protection against sodium could then be obtained by a

barrier of differential permeability. We know nothing about this, but the possibility should

be born in mind.

Co-ordination Lecture for Session No. 1

Prof. Dr. D.B. JELENIC. Head of Department of Agricultural Chemistry and Plant Physiology of the Faculty of
Agriculture, University of Belgrade. Yugoslavia; Member of the Scientific Board of the International Potash
Institute.

The knowledge of the problems concerning biochemical and physiological functions of

potassium in plants is very important, not only for the theoretical aspect of plant

biochemistry, but also for the practical actions in intensification of agricultural produc-

tion. Potassium is an essential element for all living organisms and the most abundant

cation in the tissues of higher plants. There are numerous consequences of potassium ion

deficiency in plant organism - (a) soluble carbohydrates and reducing sugars accumula-

tion; (b) starch and glycogen syntheses are impaired; (c) amino acids accumulate and

protein synthesis is blocked; (d) the utilization of respiratory substrates is retarded; (e)

oxidative phosphorylation and photophosporylation rates are decreased etc., and it seems

clear that potassium ion has a fundamental influence on a whole series of different

metabolic processes in plant.
Detailed biochemical investigations may provide more definitive information on the

potassium role concern:
- protein synthesis and enzyme activation
- carbohydrate metabolism and starch synthesis
- photosynthesis and respiration, etc.

73



Not all physiologists agree on the relative importance of the mechanism involving
potassium. They are certainly very diversified and the same modes of action are cited in
the main lecture presented by Prof. Evans, and in the communications presented by Dr.
Hecht-Buchholz, Dr. Nowakowski, Prof. Marschner and Dr. Kylin.
Taking into account the subject matter of this Colloquium, the main lecture and the
contributions at this Session concerning the 'Potassium in Biochemistry and Physiology of
Plant', had a special significance.
In the main lecture Prof. Evans gives the essential scientific information on the fundament-
al role of potassium in plant organism. Potassium is a cofactor fo" a large number of
enzymes that participate in several major metabolic processes. In their papers authors
have reviewed the evidence for the necessity of potassium and other univalent cations for
the syntheses of protein and starch, two metabolic processes of primary economic
importance for food production by the agricultural industry. Of all univalent cations
present in normal living tissues, potassium is the only cation that has the appropriate
properties and that is present in cells in sufficient concentration to fulfill the univalent
cation requirements of the great majority of those enzymes whose activities are dependent
upon univalent cations.
In regard to the mechanism of potassium activation of enzymes Prof. Evans has
concluded some facts: (a) the subunit structure of some enzymes is dependent upon the
type of the present univalent cation and the capacity of some enzymes to bind a particular
coenzyme is univalent cation dependent.
Special to say that (b) univalent cations such as potassium may behave as allosteric
effectors; and (d) univalent cations may influence the conformation of some enzymes
without causing big changes in physical structure.
In this session was not discussed the problem of the potassium influence on the photosyn-
thesis. But, recent experiments have confirmed the universal need for potassium in the
mechanisms of photosynthesis. Any shortage of potassium leads to a reduction of
photosynthetic activity, a reduction that may or may not be reversible according to the
severity of the deficiency. This effect will be the result of an alteration of protein
metabolism and of the impaired functioning of a specific enzyme. Potassium will have a
direct effect on the production of chlorophyll, on which photosynthesis directly depends.
In his communication, Dr. Nowakowski has studied the problem 'The effects of potassium
and sodium on the carbohydrates and some protein metabolism in grass'. Many observers
have confirmed that protein metabolism is disturbed in plants inadequately provided with
potassium. In potassium deficiency, there is an accumulation of aminoacids and amids in
place of proteins. The soluble nitrogen compounds accumulate on account of an intensive
hydrolysis of proteins, no longer counterbalanced by an equivalent amount of polymerisa-
tion as would be the case in a cell normally stocked with potassium. Dr. Nowakowski
gives us a view of what we need for the approach of this problem.
Dr.Ch. Hecht-Buchholz has choiced to give us the results of her investigation with the aim
to find specific changes in the fine structure of the cell after removal of potassium. Using
electronmicroscopic techniques in her investigations.
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Dr. Hecht-Buchholz finds that the removal of potassium caused a remarkaole change in

the fine structure of the proplastids, and the findings she has discussed in relation to the

functions of potassium in carbohydrate and protein metabolism.
Prof. Marschner as well as Dr. Kylin and Dr. Hansson pointed out the problems of

replacement potassium by sodium (Marschner) and the transport of sodium and potassi-

um in plant (Kylin and Hansson). The extent of replacement of potassium by sodium

depends upon the plant species.
The main lecture and the communications have given us a very good contribution and very

interesting statement of greatest value.
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The Uptake and Distribution of Potassium
in Crop Plants

R. ScOn RUSSELL, D. Sc., Ph.D-, F.I. Biol. and D.T. CtAAKSON, B. Sc., Ph. D., Agricultural Research Council
Letcombe Laboratory, Wantage]England

The subject we have been invited to review, the uptake and distribution of potassium by
crop plants, could be interpreted as embracing almost every aspect of the absorption and
utilization of this element by the intact plant. A comprehensive discussion of the whole
subject is thus impossible and it has seemed appropriate to direct attention mainly to
aspects on which there has been progress in the recent past or on which the need for
further information is particularly evident. On this basis, relationships between the
structure and physiology of root systems and their ability to absorb potassium and
translocate it to other parts of plants are an obvious starting point.

1. Root structure and the absorption of potassium

The total quantity of nutrients which intact root systems can absorb in solution culture or
from the soil has been studied extensively. There is also much information on uptake by
detached roots but it could be stated less than five years ago, 'only a very incomplete
picture is still available of the relative extent to which ions enter or are translocated from
different parts of the root system of any plant' (Russell and Sanderson [381); the
intervening years have added to our knowledge which is, however, still confined to very
few species. None the less the agricultural relevance of identifying the parts of root
systems where absorption and translocation mainly occurs is obvious. The older zones of
root systems, which are relatively close to the soil surface, frequently experience very
different environmental conditions from the younger tissues which develop at a greater
depth. The significance of the contrasting distribution of root systems which can arise both
from genetic and environmental causes can be judged only with knowledge of the
performance of their component members. The academic interest of understanding how
the successive processes of nutrient absorption and translocation change as roots mature
could scarcely have been expressed more clearly than by Prevot and Steward [35]; yet for
nearly three decades little new information was forthcoming to supplement their prelimi-
nary findings. Experimental difficulties provide the explanation. The extent to which ions
enter any one part of an intact root system, or are translocated from it, can be greatly
influenced by the activity of other parts of the root system. Thus to obtain unequivocal
information on the contribution of different root members to the nutrition of the intact
plants, it is essential that nutrients which reach shoots from any one zone should be
distinguished from those contributed simultaneously from elsewhere. This requirement
could be fully satisfied only when radioactive tracers became available; previously it had
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been necessary to have the recourse to'such expedients as applying ions not normally
encountered by the plant (e.g. bromide) and inferring the normal uptake pattern from the
results obtained. This method was subject to obvious limitations but more recent workers
have reason to admire the manner in which Prevot and Steward 1351 defined subjects for
subsequent study by this means.

1.1 Experimental methods

The size and complexity of root systems makes evident the magnitude of the task of
mapping the pattern of uptake even in an approximate manner. A cereal root system, for
example, may within two or three weeks of germination develop over 50 metres of root
comprising upwards of a dozen seminal and nodal axes, the longest of which may exceed
0.5 metre, and perhaps 2000 laterals of variable length. If ah intact root system has been
exposed for short periods to nutrients labelled with radioactive tracers, it is now relatively
simple by electronic scanning to compare the quantities retained by different root
members (Bowen and Rovira [31). However, a complete understanding of the contribution
of individual root members requires simultaneous measurements of translocation as well
as uptake. Selected zones must therefore be provided with labelled nutrients while the
remainder of the root system receives an unlabelled supply.
Gregory and Woodford 1201 were among the pioneers in designing equipment for isolating
different parts of root systems though they were interested largely in water uptake;
Brouwer [4] used a basically similar design. However, to survey the entire root system this
equipment had the serious disadvantage that only the apical unbranched zones of roots
could be isolated for independent examination. The same limitation applied to simpler
equipment developed by Wiebe and Kramer 1471; root apices were threaded through pairs
of holes bored across the diameter of pliable tubing through which labelled nutrients were
circulated after the holes had been sealed. A modification of this device (Figure 1) however
enables it to be attached to any part of the root system (Russell and Sanderson [38]).
Holes wide enough to receive root segments are bored across the diameter of plastic tubing
which is then cut through half its diameter so that when pressure is applied to the intact
side the cut opens to receive the root; when the tube is suitably supported it is practicable,
with sufficiently dexterous manipulation, to achieve an adequate seal with a number of
non-toxic substances. Because of the considerable variability which occurs between
seemingly comparable parts of different roots it is very important to make simultaneous
measurements on comparable segments from different plants. It is also possible to
measure water uptake by fitting micropotometers to the absorption cells (Clarkson and
Sanderson [91).
So that observations can be made on zones of roots where lateral branches are relatively
closely spaced, the absorption cells are usually made of narrow tubing (e.g. 3.5 mm
diameter). Appreciable longitudinal movement occurs in the cortex but both retention in
the treated segment and translocation from it can be reliably observed.
The work now to be described was conducted mainly with barley (Hordeum vulgare
varieties Mars Badger and Midas) and in each experiment the entire root system was
exposed to a uniform concentration of nutrients. Potassium was usually labelled with 42K
except in experiments with very dilute external solutions when 16Rb was sometimes used
as a tracer; there is evidence that the two elements move similarly in plant tissues.
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Figure 1. Apparatus for measuring the uptake of nutrients by different parts of intact root systems.
a. Absorption cell, made from polythene tubing, across the diameter of which roots are sealed.
b. Incisions in cell to receive roots; with pressure from below incision is opened for the entry of root (see inset).
c and d. Reservoir and peristaltic pump for circulating labelled solution in absorption cell.
e and f. Supports for absorption cell and plants.
g. Outer tank containing unlabelled nutrient solution.

Based on Russell and Sanderson [38]

1.2 Root age and the absorption of potassium

The young apical parts of roots in which the stele has lately differentiated have commonly
been regarded as the main absorbing zone; the thin walls of the cells in this region would
appear to provide little barrier to the movement of water and solutes and their high rate of
respiration and abundant cytoplasmic contents, including numerous mitochondria (Brown
and Broadbent [6]), indicate high metabolic activity. In contrast the older root tissue
appears less fitted for the radial transfer of ions. For example, 40 to 50 cm from the apex
of the seminal root axes of barley the rate of respiration is lower (Table 1) the
endodermis with its heavy tertiary thickening appears, under the light microscope, to form
a virtually continuous sheath round the stele, there being few passage cells; moreover the
outer cortical cells are frequently moribund and collapsed. None the less the absorption of

Table ). Rates of oxygen consumption by excised segments of Barley root taken from various distances from the

tip of seminal axes

Segment position (relative to root tip) (cm) Qo(pl O g-' [dry weight] min')

I- 2 91.5
7- 8 65.2

15-20 48.3
Basal (approx. 40) 30.8

Measurements on segments excised from 17 day old barley plants incubated at 20' without exogenous substrate.
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potassium can occur along the entire length of the axis (Table 2); uptake by the older
segments is usually smaller, but as large a fraction of that which has been absorbed
reaches the stele and is translocated to shoots as from the apical zone.
Electron microscopy suggests an explanation of the ability of ions to traverse the heavily
thickened endodermis in the basal regions of seminal root axes. Numerous pits occur in its
inner tangential walls and plasmodesmata, passing through the pit floor, maintain
protoplasmic continuity with the cells of the pericycle, thus providing a route for
movement into the stele (Clarkson et al. 181). The transfer of phosphate across these older
root tissues, which is, in several respects, comparable with that of potassium has been
studied in greater detail and calculations indicate that the number and cross-sectional area
of the plasmodesmata should be sufficient to carry the observed flux of phosphate and also
water into the stele.
No localized part of the cereal root system can thus be regarded as a unique absorbing
zone; the entire root system possesses the ability both to absorb and translocate
potassium provided that some cortical cells remain alive. However, experiments with
phosphate suggest that when the entire cortex has collapsed transfer to the conducting
tissue is likely to sink to a negligible level. The roots of dicotyledons have as yet been
studied in less detail but experiments with Cucurbita pepo (Murray and Clarkson 131])
suggest that the relationships between root structure and uptake in that species resemble
those found in barley (Table 3).

Iable 2. Uptake of potassium and trantlocation by segments (3.5 mm long) of intact root axes of Barley (Hor-
deun .ulgare)

External concentration 1.0 0.1 0.1
mM of potassium
Type of axis Seminal Seminal Nodal

Distance from root apex Uptake- 7 Uptake' Y. Uptake- 7.
(mm) translocated translocated translocated

10 11.5 40 1.69 48 1.10 40
20-40 11.7 64 2.32 61 5.29 55
60-80 12.8 71 - - 1.86 71
150 - - 0.94 48 2.54 57

>300 6.6 35 2.5 48 3.74 56

•n moles mm - a day - '
Growth conditions: Uptake solution, 0.1 or 1.0 mM KCI, 0.1 mM CaCI, 0.003 mM K H, 2PO4 pH 6.5

Temperature, 20 'C: relat ie humidity 65-75 % : light intensity 2 x I' lux; day length 16 hr.

Table 3. Uptake and Iranslocation of potassium by segments (3.5 mm long) of intact primary roots of Marrow
plants (Cucurbita pepo var. Greenbush) 10 days old

Distance of segment from root apex Total uptake Percentage
(mm) n moles mm- 3 hr - ' translocated

5 ...................... ...................................... 2.32 ± 0.35 54

10 l... . . . . .. . .. . . .. .. .. .. . . .. . . . . . .. . ... . . .. .. . . .. .. . . .. .. .. . . 1.9 7 0 .4 3 5 7
20 ..................... ...................................... 1.66 + 0.22 67

150 ........ .................................................... 2.38 ± 0.37 58
250 ............................................................ 2.83 ± 0.48 54
300 ........................................................... 1.26 ± 0.16 48
cir. 500 .................................................... 1.66 ± 0.31 49

Growth conditions: Uptake solution, 0.5 mM KCI, 0.15 mM Ca (NO,),. 0.01 mM KH 2 PO4, pH 6.5.
Uptake period,6 hr;temperature, 20 °C; relative humidity, 65-757 %light intensity 2 x 10' lux.

Based on Murray and Clarkson 1311
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1.3 Contribution of different root members to the potassium nutrition of the entire plant

Observations on numerous segments of different types combined with information on the
dimensions of the root system make it possible to estimate the contribution of the main
components of the root system to the nutrition of the plant. This question has been studied
more fully with phosphate and calcium but Table 4 shows a preliminary calculation for
the uptake of potassium by barley plants 3-4 weeks old which had been grown with an
abundant supply of nutrients. The important contribution of the laterals is evident. Over
the entire root system there is no simple and consistent relationship between the uptake
and translocation of potassium and the length, volume or surface area of the root tissue;
relative to their dimensions the contribution of the thicker nodal axes is greater. However
absorption is on average considerably more closely related to volume than to the other two
parameters. It must be emphasised that this applies to root systems growing in well-stirred
solutions so that all parts of the root system are exposed to a uniform external concentra-
tion. It is evident that under these circumstances absorption is not primarily controlled by
the flux of ions per unit area of the root surface.

1.4 Comparative uptake of potassium and other ions

In discussions of interactions between ions in absorption it has usually been assumed that
although their rates of transfer contrast, the distribution of absorbing power throughout
the root system is comparable for all nutrients. Comparative studies of uptake of different
ions by different parts of intact root systems now show that the situation is more complex.
Potassium and calcium contrast in many respects in the extent to which they are absorbed
and translocated by different types of tissue. In particular little calcium reaches the
conducting tissues of the older parts of seminal root axes in which the tertiary endodermis
is well developed (Clarkson et al [10). The reason for the exclusion of calcium from this
pathway, which is accessible to potassium, is not yet fully understood. In the younger
parts of the root system the behaviour of the two ions differs less, but is not identical. The
absorption of potassium and phosphate have also been compared; both traverse the older
root members but the patterns of uptake of these two ions are again not identical. Sodium
contrasts still more strikingly with potassium; for example appreciable movement of

Table 4. Estimated contribution of different types of root member to the absorption of potassium by the root
systems of Barley plants 4 weeks old

Entire root system Percentage contribution of
Seminal axes Nodal axes Laterals

Dimension of root system-
Length ................................ 5720 cm 8 7 85
Surface area .................... ...... 467 cm' 12 18 70
Volume ............................... 3.8 cns

3  15 38 47

Absorption of potassium'-
Total uptake .......................... 9.4 p moles day-' 5 42 53
Translocated ......................... 4.3 p moles day - ' 6 44 50

* From Hackett (21 ** Calculated from measurements of representative root segments
Growth conditions: Uptake solution, 0.1 mM KCI, 0.l mM CaCI 2, 0.003 mM KH 2 POJ pH 6.5.

Temperature, 20C: relative humidity 65-75%; light intensity 2 x 104 lux; day length 16 hr.
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sodium into the vascular tissues occurs in young portions of the roots of Zen mays, but
with increasing distance from the root tip discrimination against the absorption of sodium,
relative to potassium, increases markedly (Shone et al. [411).

2. Absorption by roots: an 'active'process

Discussions of the uptake of ions by plants are frequently concerned primarily, if not
entirely, with their entry into roots and subsequent radial transfer to the vascular tissue.
This, however, is only one aspect of the subject and, as will be shown later in this review,
the metabolic requirements of the shoot can on occasions exert a dominant influence on
the quantity of potassium which is absorbed. None the less, it is appropriate to refer first to
the general nature of the processes which occur in roots, though the extensive literature on
this subject makes it unnecessary to provide more than a brief summary.
It is well established that although ions can enter by diffusion into the 'free space' external
to the endodermis, continuing uptake is dependent upon metabolism. This is demonstrated
by the influence of the rate of respiration and the supply of carbohydrates on absorption,
as well as by the effects of respiratory inhibitors. Moreover, the concentration of ions in
the vascular tissue can, in some circumstances, considerably exceed that in the outer
media.
None the less, when the external salt concentration is high, nutrient uptake can be closely
correlated with the rate of transpiration and this has sometimes encouraged the view that
ions can also traverse roots passively by mass flow in water (Hylmo" (27]). This view was,
however, shown to be untenable many years ago by Broyer and Hoagland [7]. In plants of
low salt status the absorption of potassium and bromide was virtually independent of the
movement of water through the root; salt uptake varied with transpiration only when
plants were of high salt status. These workers and many others since have concluded that
the transfer of ions across plant roots was dependent on metabolism, but that the
subsequent upward movement to the shoot could occur passively in the water stream. In
plants of high salt status this latter process was considered to be rate limiting so that
variations in transpiration affected the rate of the overall process. Investigations by Russell
and Shorrocks [391 support this conclusion; when the rate of transpiration and the
external nutrient supply are both low, the concentration of rubidium (and it may be
presumed potassium) in the transpiration stream may be 30 or more times that in the
ambient medium.
It can be concluded therefore that ions do not pass from the soil to the shoots of growing
plants by mass flow but none the less it does not follow that all ions are necessarily actively
transported in the strict sense of the term, that is to say that they are moved against a
gradient of electrochemical potential, or 'uphill' thermodynamically. The active transport
of one ion could cause an ion of opposing sign to move from a compartment of lower to
higher concentration, thus maintaining the electrostatic balance. But the movement of this
latter ion would, in strict terms, be passive as metabolic energy would not be directly
expended on restraining it during transfer.
This subject can be investigated by comparing the concentration of an ion within a tissue
with that which would be expected, on the basis of the Nernst equation, if it were in
electrochemical equilibrium with the external medium for any observed value of the
membrane potential. If the observed internal concentration is higher than that predicted,
the ion has been moved actively, but if it is lower passive diffusion can be responsible. Such
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calculations are strictly valid only when there is flux equilibrium, both the external
concentration and that in the tissues remaining constant. This condition is rarely satisfied
in growing roots but, when they and other plant organs are excised and kept in mineral
salt solutions steady state conditions can be approximately attained. This procedure was
used by Higinbotham et at 1241. Their results with excised roots of Arena saliva in salt
solutions containing I mM KCI are shown in Table 5. The predicted values are the
equilibrium concentrations of the ions expected at the electrical potential difference which
was observed across the plasmalemma, viz. -84 mV. The magnitude and arithmetic sign
of the difference between the observed and predicted concentrations reflects the degree of
departure from equilibrium and hence the direction of the passive driving forces of
diffusion. Thus potassium entered the cells against an electrochemical gradient so that the
maintenance of the steady state concentration of that ion in the roots was dependent on
active transport; the results for calcium were, however, compatible with passive diffusion.
Other evidence of active transport of potassium into roots has been provided by Pitman

1341.
The concentration of potassium in the work illustrated in Table 5 was near to, or above, the
maximum that plant roots would normally meet with in agricultural soils. However it is
interesting, in connection with proposed carrier mechanisms, that Higinbotham et al.

showed that a 10-fold increase in the external concentration of potassium reversed the
direction of the diffusion gradient for that ion. In these circumstances the internal
concentration was less than half the predicted equilibrium value, which suggests that when
the external concentration is sufficiently high, uptake may be less directly dependent on
metabolism. However, from the viewpoint of plant growth little interest attaches to the
response of plants to salt concentrations much in excess of those they normally experience.

On the basis of kinetic analysis of relationships between external concentration and the
absorption of potassium and other ions by detached roots it has been suggested that two
different carrier mechanisms bring about absorption in roots, one being operative when
the external concentration is low, the other when the external concentration is high
(Epstein (151, Lanes [28). It is unfortunate that these investigations were not carried out
under rigidly sterile conditions as it is now well established that unless micro-organisms
are rigorously excluded they can be responsible for a considerable part of the apparent
uptake of potassium and rubidium by plant roots from solution (Barber [l). Figure 2
compares the absorption of rubidium in 24 hours from solutions containing from

Table . Comparison of observed steady-state concentrations of ions in excised roots of Arena saties with those
predicted if ions were in electrochemical equilibrium

Ion Concentration in Steady-state concentration in plant Direction of diffusion
external medium (maM) gradient
(mM) Observed Predicted'

K 1.0 66 27 root-.external medium
Ca 1.0 3 1400 external ;dedium - root
H2PO4  1.0 17 0.04 root -external medium

Predicted values calculated from the equation: Cj i = Cj* exp. ± Z F

where E = potential difference across the membrane (-84 mV);
Cj' and Cj* = the concentrations of the ion j inside the cell and the outside solution;
Zj = algebraic valency of the ion j :
F = Faraday (constant) and other symbols have their usual meaning.

Based on Hiqinbotham et al. [241
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Figure 2. Effect of micro-organisms on the uptake of rubidium by detached barley roots from solutions of
varying concentration of Rb C1 in the presence of0.05 mM CaCI2.
Based on Barber and Frankenburg [1]

0.01-0.1 meq rubidium -' by sterile and non-sterile detached roots of barley. Both sets
of roots had been grown from sterile seed under rigidly sterile conditions but the non-
sterile roots were subsequently infected through aeration with unfiltered air. Apart from
the microbial infection the two sets of roots were thus identical so that differences between
the quantities of rubidium they have absorbed shows the microbial contribution in the
unsterile roots. It is thus evident that over the lower part of the concentration range
illustrated in Figure 2, micro-organisms rather than plant physiological processes can be
largely responsible for the apparent absorption by roots, though at higher concentrations
their proportionate contribution is smaller. These findings show the desirability of re-
examining carrier hypotheses under rigidly sterile conditions.

3. Distribution and utilization by the whole plant

Potassium is both the most abundant and the most mobile cation within plants and its
internal translocation is strongly directed to points where active growth is occurring. It is
essential in a wide range of osmotic and metabolic functions, some of which are highly
specific for potassium. The close involvement of potassium in growth appears to exert a
feed-back type of control over the rate of potassium absorption by roots.
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Figure 3. Changes with time in the nutrient content and dry weight of spring wheat under field conditions.

Based on Woodford and McCalla 1491

3.1 The transloeation of potassium to meristematic zones

After the initial absorption and radial transport to the vascular system, potassium, like

other nutrients, moves towards shoots in the Xylem, but unlike divalent ions, e.g. calcium,

is not subject to restraint by ion-exchange reactions (Bell and Biddulph [2]). Its movement

is strongly directed to the meristernatic zones of leaves and stems although movement into

mature and even senescent leaves may occur. In leaves of these latter types the cessation of

meristemnatic activity results in a net export of potassium out of the leaf to growing parts of

the plant. Transport is presumably through the phloemt which has been found in some

species, e.g. Salix, to contain concentrations of potassium as high as 2% w/v (Peal and

Weatherley [339.
Detailed information on the turnover of potassium in plants is surprisingly meagre but an

interesting general illustration was provided by Greenway and Pitman 1181 who applied
4K at the third leaf stage to barley plants which had previously received the same

concentration of potassium but in unlabelled form. Thus in the subsequent days potassium

which had recently entered could be distinguished from that which had been absorbed

before the 41K was applied. Table 6 is based on their results. In the oldest leaf which was

mature, but not senescent, the intake of potassium from the roots was broadly similar to

that simultaneously lost by redistribution so that the potassium content of that leaf
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Table 6. Turnover of potassium in leaves of Barley plants when the third leaf has emerged
Concentration of external solution: 2.5 m. equiv./lK 4 with a'balanced supply of other nutrients

Tissue Oldest leaf and coleoptile Second leaf Youngest leaf

(LI) (L2) (L3)

Initial' dry weight (mg) 20 13 1.8
Initial potassium content (p equiv.) 46 26 2.9
Intake (p equiv. day- I):
From roots 1.9 2.7 2.0
By distribution from other tissues -1.6 0.7 1.3

- At commencement of period when intake rates were measured
Based on Greenway and Pitman 118]

changed little. The greater part of the potassium redistributed from this leaf reached the
youngest leaf (number 3) which was then expanding; it also received potassium from the
root and thus its content increased rapidly. Leaf number 2 was intermediate. The
quantitative uncertainty of such assessments was emphasized by the authors but the
general pattern appears to be beyond doubt and probably represents the general situation
in other plants. In addition to redistribution within the shoot system there is a considerable
interchange of potassium between the shoot and the root system. Mature leaves and stems
of a variety of species may be injected with solutions containing a label for potassium
(either 42K or t6Rb) and sufficiently large amounts of radioactive tracer move to the roots
within 24 hours for this to be used as a technique for demonstrating the quantity of roots
in bulk soil samples (Russell and Ellis [371). Our own experiments have shown that
potassium can enter the phloem of intact segments of roots and be translocated directly to
root meristems, whereas calcium appears to be translocated only towards the shoot in the
xylem. Segments of root near to the apex of roots direct the major portion of translocated
potassium to the root tip, while potassium absorbed directly in the meristem is mainly
retained there (Steward and Koontz [43!).

3.2 Growth and the internal demandfor potassium

Since the pattern of internal distribution is so strongly determined by meristematic activity
it follows that, at stages of the development of a plant where the number of active
meristems is greatest, the potassium 'requirement' will also be greatest. The early stages of
growth of a cereal plant when all or most of the leaves are still expanding is likely to be a
period when an adequate supply of potassium from the soil is most critical; when leaves
mature redistribution of previously absorbed potassium to the growing regions may partly
offset limitations imposed by external nutrient supply. Gregory and Richards [19! found
that barley plants were most likely to develop potassium deficiency symptoms with
concomitant decreases in carbon assimilation when the fifth and sixth leaves on the main
axis were expanding. Subsequently, however, carbon assimilation and growth returned to
normal levels, and potassium deficiency symptoms diminished when the peak period of
vegetative growth was passed and the development of the ear began. In addition to internal
redistribution of potassium from mature to growing parts of the plant there is evidence
that as the internal demand created by the meristems diminishes there is a net loss of
potassium from the plant, for example Woodford and McCalla [491 found that at maturity
the total potassium content of barley plants was only 60% of that at midseason (Figure 3).
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It seems probable that most of the potassium loss will occur by leaching from ageing
leaves (Tukey [45]), although there are some reports of the outward movement of
potassium from mature roots (Helder [231); net losses from actively growing roots are not
usually observed (Greenway and Pitman [181). The stage of growth can thus greatly
influence the 'requirement' for potassium and changes in internal demand may conse-
quently affect the rate at which it is absorbed by roots.

3.3 Role of potassium in growth and metabolism

Although it is clearly established that potassium is 'required' by growing tissues, many
biochemical aspects of cellular metabolism remain poorly understood. Thus the reasons
why potassium is an essential element in growth cannot yet be fully explained. Its more
general function as a major cation maintaining the osmotic pressure of cells is easier to
appreciate. The increase of cellular volume by mitosis and expansion requires a net
increase in the salt content of the plant so that turgor of the cells is maintained. This is at
least a partial definition of what is meant when growing tissues are described as 'sinks' for
potassium and other ions.
There is evidence that potassium is rather specifically involved in osmo-regulation in
certain plant cells and that its role cannot be taken over by related alkali cations. Thus the
well known 'sleep' movements of leaves of acaciod plants which involve the closure of
leaflets in darkness are probably due to relative changes in turgor pressure in the cells of
the pulvinules which result from a net transport of potassium from cells in the ventral to
those at the dorsal surfaces of the pulvinules (Satter et al [40]). These results are
particularly interesting since these leaflet-closure responses can be controlled by the
phytochrome system and suggests an interaction between the permeability of mem-
branes to potassium and photomorphogenetic responses.
Another interaction between light and the concentration of potassium in cells has been
found in the opening and closure of stomata. It has been shown that light-induced opening
of stomata in isolated strips of epidermis from Viciafaba is specifically dependent on the
presence of potassium in the outer medium and that the degree of opening depends on the
non-exchangeable absorption of potassium which increases the osmolarity of the sap in
the guard cells (Fischer [161). Sodium cannot be substituted for potassium (Fischer and
Hsiao [171). The specific involvement of potassium has been further demonstrated by
Thomas [44] who showed that there was no specificity for the accompanying anion in the
stomatal opening of epidermal strips from Nicotina tobaccum. Thomas also showed that
the opening response was inhibited by 10-6 M ouabain which is known to inhibit adenosine
triphosphatase pumping systems which transport potassium in other plant and animal
cells (Raven [361, Whittam [481).
A second role for potassium is that of a universal carrier of positive charges. In the course
of metabolism many macromolecules synthesised within cells possess excess fixed nega-
tive charge. Cations become associated with these sites by electrostatic binding. The
specificity of the binding site for potassium may be influenced by the interactions of the
site and other groups in its immediate chemical environment (Ling [29]). As potassium is
an abundant and mobile cation it seems probable that it can neutralize a high proportion
of these fixed negative charges. It seems unlikely, however, from activity measurements in
cytoplasm using ion-specific microelectrodes that more than a minor portion of potassium
can be sequestered in this way in algal cells (Vorobiev [46], Spanswick [421).
The elucidation of biochemical processes in which potassium directly participates is
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rendered difficult not only because it is not a constituent of any stable organic compound
but also because the first detectable effect of its deficiency is frequently a general
retardation of growth. Thus an extensive study of potassium deficiency in Zea mays by
Hsiao et al. [25, 26] showed that major effects on nucleic acid metabolism and protein
synthesis - for example an increase in the ratio of amino acids to protein - could be
detected only after the rate of growth had declined. Moreover, when potassium was
provided to the deficient plants, the normal ratio of amino acids to protein was not restored
until normal growth had been resumed. The excessive accumulation of amines and
increased respiration in potassium-deficient barley plants was noted some years ago
(Coleman and Richards [111, Hackett et al. [22], and is indicative of a general breakdown
of control mechanisms. Although it has been established in cell-free systems that potas-
sium is essential in protein synthesis at the stage when amino acids are deposited at the
ribosomes from transfer RNA (Lubin 130]), the foregoing results seem to indicate that the
disruption of protein synthesis is a consequence rather than a cause of retarded growth in
potassium-deficient plants. This is clearly a subject which merits more critical and
intensive biochemical study.

4. Conclusions: The control of potassium nutrition in intact plants

Any generalization on the overall manner in which the potassium economy of plants is
controlled must have an unsure foundation until the detailed nature of its participation in
metabolism is more fully understood. Some useful purpose may, however, be served by
considering the extent to which the potassium content of plants is determined, in different
circumstances, by the two main groups of factors which have been indicated in the
preceding discussion, namely those which control its transfer across roots to the vascular
stele and the demand created by metabolic processes.
When the external supply of potassium is sufficiently low to limit plant growth there can be
little doubt that the performance of the root system exerts the dominant control. The
external concentration then limits the rate of absorption by any one part of the root system
and the total uptake of the plant varies with the extent of root development. It may be
noted also that when potassium is deficient, root growth, and especially the development of
laterals, may be markedly retarded (Hackett [21]), a situation readily compatible with the
general effects of potassium deficiency on metabolism to which reference has already been
made.
In modern agriculture, however, the use of fertilizers is increasingly removing restrictions
on plant growth caused by nutrient deficiency. In the words of Cooke [12] 'fertilizers
eliminate one natural limitation of crop growth - the supply from sod'. If, in addition to
containing an adequate concentration of nutrients, the rooting medium is favourable for
root growth and adequately supplied with water, nutrient uptake is no longer determined
solely by the extent of root development. This is clearly indicated by the work of Brouwer
and Kleinendorst [5] who have shown that under these conditions the removal of part of
the root system has little influence on the nutrient supply which plants receive, absorption
by the remaining part of the root system being increased. The ability of roots to modify
their rate of absorption in response to the demands of the plant is also illustrated by other
evidence. For example, Drew and Nye [14] showed that the absorption of potassium by
parts of the intact root system of young rye grass plants (Lolium perenne) can be some five
times greater when the rest of the root system is growing in a nutrient-free sand as opposed
to soil of the same nutrient status. Such effects can occur within a few days, that is to say
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before root growth is visibly affected. This is but the first stage in the response of root
systems to a variable nutrient supply. Over a hundred years ago Nobbe [321 recognized
that roots eventually proliferate in zones where nutrients are more abundant. More recent
work shows that this effect is particularly marked when only a small part of the rooting
zone is in a favourable nutrient environment; lateral development can then considerably
exceed that which would occur if the same concentrations of nutrients were available to
the entire root system (Drew and Ashley [131). These complex and varied responses of
root systems show that neither the growth of roots nor their ability to absorb nutrients is
determined solely by the local environment to which they are exposed. The enhanced
absorption by part of the root system when the remainder has been removed might be
explained on the basis that an increased supply of substrates is available from the shoot,
but a more subtle explanation is necessary to account for the localized response of parts
of root system to variations in the external nutrient supply. Such observations are
interpretable in no other way than that nutrient requirement of the plant can influence the
transport of ions across the root/soil interface and also the movement of metabolites to
sites where subsequent root growth occurs. This situation is not unique for potassium - it
occurs equally with other nutrients. As yet, however, we are able only to recognize that
diverse metabolic processes in the intact plant are closely co-ordinate - no detailed
explanation can be possible without much fuller understanding of growth control mecha-
nisms, both in roots and shoots. These are perhaps the most intriguing of all aspects of
plant physiology - they are perhaps also the most difficult to study.
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The Equilibrium between Potassium and
other Cations in the Organs of Higher Plants

Y. Colic and Mme C. LESAINT Central Station for Plant Physiology, C.N.R.A., Versailles/France.

Summary

Mineral cation composition of plant organs depends essentially upon processes of absorption, transport and
accumulation, which themselves depend upon the type of plant under consideration and upon the environment.
We emphasize the important influence of NO- metabolism on these processes especially the great influence of the
site of nitrate reduction (roots or leaves) on the cation content and composition of leaves and the development of
these characteristics as influenced by various factors. The high mobility of potassium accompanying amino acids
and soluble glucides explains the composition of organs to which these substances are supplied and it is also
thought that potassium can normally perform several migration cycles, more especially in certain types of plant
The particular cationic composition of certain organs (stem nodes of cereals) demands attention as well as the
accumulation of sodium in the aerial parts of some species or in the roots of others.

1. Introduction

Cation composition, specifically in K, Na, Ca and Mg, of plant species and organs
depends upon the processes of absorption, transport and accumulation. All these pro-

cesses are dependent upon species under consideration, in other words genetic factors, on

the one hand, and composition of the growing medium on the other. Among environmental
factors mineral nutrition is particularly important for the agronomist, in his aim to

increase yield, that is to say the harvest of organic material. The comparative accumula-
tion of a mineral element relative to increase in organic matter determines the content of

that mineral on a dry matter basis.
Mineral cations are associated with mineral anions in the nutrient medium. Some

mineral anions are subject to transformations in the plant of such a kind that the balance

between anions and cations is modified as a result. It must therefore be conceived that

transport and accumulation of ions depend very much upon the metabolism of particular

anions. For example the Cl- ion (not metabolised) and NO3 play very different roles in

these processes. The nitrogenous ions, expressed on an equivalent basis, are absorbed and
metabolized in very large quantity.
If the metabolism of ions has an important influence on absorption, transport and

accumulation of cations, N03- would be expected to have the greatest effect.
In accordance with the policy of this colloquium we shall not present a complete or

extensive survey but consider only thoe experimental results which will allow us to give an

explanation of the physiological processes concerned.
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2. Cationic composition of leaves.

2.1 Differences between species.

The absorption of cations varies greatly according to species and is expressed more
particularly in great differences in cationic composition of the leaves. Since we know that
the type of nitrogen supply, ammonium or nitrate, is concerned in determining leaf
composition, we have compared two plants which show typical differences in cationic
composition of the leaf, viz. maize and tomato. These were both grown with N supplied
either exclusively as ammonium or as nitrate. The two dropping nutrient solutions were
made up in such a way that the concentration of each anion (PO4H2-, S04=, Cl-) was the
same, the concentrations of NH4+ and NO3- were equivalent and that the concentration of
each cation was twice as high in NO3 as in NH4+ nutrition. Proportionality between
cations in the nutrient solution was thus conserved, an essential condition in studies of
variation in equilibria between cations in the plant.
The two following conclusions can be drawn from Table 1:
1) While the leaves of the two species have roughly similar cation content and

composition under NH4+ nutrition there are large differences under NO- nutrition.
2) While there is little difference in mineral content and composition of maize leaves

between the two types of N - nutrition, great changes appear in tomato leaves.
Corresponding with this difference in content of mineral cations between maize and
tomato there is a considerable and parallel difference in content of total organic acids (free
and combined). We know that the amount of organic acid in the leaf is evidence for the
amount of nitrate reduced there (Arnon [1l. CoFc et al. 141, Coic [71, Cole et al. 1111, Cole
et al. [121).
A feature of the difference in behaviour between maize and tomato under nitrate nutrition
is the difference in content of organic acid anions in the leaves of the two plants. A high
proportion of nitrate taken up by tomato is reduced and metabolised in the leaf (thus
losing its anionic property) while in maize a large proportion of nitrate has been
metabolised in the root.
The nitrate ion is transported from root to leaf with an equivalent amount of cations and
there is no specificity for particular cations, their proportions depending mainly upon the
cationic composition of the nutrient supply to the plant. When nitrate is reduced in the leaf
it is replaced by organic acid anions and those cations which are not fixed by cellular
structures (particularly the walls) accumulate in the vacuole. When nitrate is metabolised
in the root electrostatic equilibrium is achieved by compensatory absorption of further
mineral anions, in particular of nitrate, that is to say absorption of anions is greater than
that of cations thus causing physiological alkalinisation (Coe et al. [101). When nitrate is
transformed into amino- or amido-acid it is transported with a lesser quantity of cations
than is the case with NO-. On the other hand there is some selectivity among cations
accompanying this organic nitrogen and potassium is preferred in comparison to magnesi-
um and more particularly to calcium.
We attribute, therefore, the difference in cation content between the leaves of maize and
tomato to the difference in capability of the roots to metabolize nitrate: when NO3-
absorption by the two plants is equal, maize metabolises a much greater proportion of
NO3- in the roots than does tomato.
But why are divalent cations accumulated in preference to potassium in the tomato leaf?
The accumulation of an element in an organ reflects the balance between incoming and
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Table 1. Coic et al [4

meq/100 g fresh weight Maize (blade) Tomato ([cal

NO; NH NO; NH:

young old young old
leaf leaf leaf leaf

Total N ....................... 45 49 55.1 31.1 75.6 50.2
Total P ....................... 7.5 12.4 8.2 5.0 14.8 15.2
K ....... .................. 13.1 13.1 11.5 10.8 8.2 8.3
Ca ........................... 6.2 4.0 20.6 33.0 2.9 5.3
M g ..... .................... 5.2 3.3 7.9 11.4 1.8 3.9

Total cations ................... 24.5 20.4 40.0 55.2 12.9 17.5
Organic acids (free and combined). 12.4 3.6 20.8 32.8 0.7 0.5

outgoing of that element. The very high content of calcium and moderately high content of
magnesium in the tomato leaf is not obviously due to selection of Ca++ and Mg+ + by
mineral anions (particularly NO3- because it is the most abundant) in transport to the leaf.
It is caused by transport from the leaf of K+ bound with organic materials synthesized in
the leaf.
Leaves of various species also differ greatly in accumulation of sodium.

2.2 Comparison of leaves of varying age (Core [ 71).

With ageing, Mg and even more Ca assume greater importance among the cations. The
leaf has a tendency to accumulate cations continuously (cation content of dry matter
depending upon relative accumulation of cations in proportion to that of dry matter) but
relative enrichment in calcium and magnesium in comparison with potassium is due to the
fact that as the leaf ages it supplies more and more organic nutrient to other parts of the
plant, particularly to storage organs. These migrating organic substances are mainly
accompanied by potassium. If the storage organs cannot accumulate potassium the latter
may be excreted, as happens, for instance, in cereals at the end of vegetative growth.
All this emphasizes the great mobility of potassium within the plant and we think that
potassium may serve this purpose several times, that is to say for several cycles in the
transport of substances.
On the other hand it is quite clear that in plants of the maize type the sum of cations in dry
matter and cationic composition shows less variation with increasing age than is the case
with plants of the tomato type, where accumulation of Ca and Mg increases progressively
with increasing age. In effect, the accumulation of cations, and more particularly of Ca
and Mg in the leaf depends entirely (as does the accumulation of organic acids) on the
amount of nitrate which is metabolised there. When the plant metabolises a high
proportion of the absorbed nitrate in the leaf, the difference in the amount of nitrate which
is metabolised between young and old leaves is more important and results in a consider-
able difference in cationic composition Ca + Mg (CoFe et al. [I 1, Co~c et al. 1121, CoF¢ et
al. [131). K
In plants whose leaves can accumulate sodium one finds that this element behaves as Ca
and Mg and not as K as is shown in Table 2 relating to endive.

95



Table 2. Endive (Cichorium lntybus) - I' year (meq per 100 g d.m.)

Sampled 6 h October
Young leaves Adult leaves Old leaves

K ...................................................... 98 70.5 46
N a .. ................................................... 39 67 88
Ca ............................ 34.5 83.5 141.5
M g ....... .......... ................................ 27 38 64

2.3 Influence of various factors.

a) Type of N nutrition
We have seen the effect of nitrate versus ammonium nutrition on cation balance in the leaf.
The magnitude of variation is particularly marked in plants where nitrate metabolism in
the leaf is normally an important process.

b) Effect of nitrate deficiency
If one suppresses nitrate supply to the tobacco plant (a type metabolizing much NO3 in the
leaf) cation content of the leaf is much reduced (-N or -N-N compared with +N or
+N+ N) and increases again considerably when N03 supply is restored (-N+ N).

Table 3. (Cofc et al.[tl]) Cation content (meq per 100 g d.m.)

Young leaves Adult leaves Old leaves Very old leaves (S + P + V)

hst Harvest
1 K 75.2 74.4 89.2 113.5 197.0N a 0.9 1.7 3.5 5.6 1.3Plants -N Ca 33.0 36.5 68.0 159.5 20.5
Mg 5L7 50.0 103.5 207.0 39.2

Total 160.8 162.6 264.2 485.6 258.0

K 104.5 131.5 145.0 149.5 192.0
Na 0.9 2.2 2.6 3.5 1.3Plants +N Ca 62.0 83.0 117.5 170.5 19.5

Mg 72.5 95.0 151.8 207.0 36.7
Total 239.9 311.7 416.9 530.5 249.5

2nd Harvest
(K 60.5 60.0 86.2 115.0 119.0
I Na 09 2.2 4.8 7.0 0.9Plants -N-N Ca 42.0 40.5 86.0 183.0 14.5

1Mg 46.7 48.3 119.0 242.0 25.8
Total 150.1 151.0 296.0 547.0 160.2

K 106.0 122.0 129.0 129.0 192.5
Na 1.3 2.6 2.6 4.8 1.3Plants + N+N Ca 81.5 11.0 138.0 195.0 27.0

iMg 85.0 113.0 166.0 222.0 42.5
Total 273.8 348.6 435.6 550.8 263.3

K 113.0 121.0 137.0 137.0 144.0
P Na 1.3 2.6 3.5 5.6 1.3Plants -N+N Ca 83.0 91.0 119.0 176.0 19.5

Mg 88.5 107.8 147.0 218.0 36.0
Total 285.8 322.4 406.5 536.6 200.8

S+P+V = Stems+Petioles+Veins
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Absorption of the three cations, K, Ca and Mg is not lowered equally and it is K which
varies most. The aerial part of the plant loses K while gaining a little Ca and maintaining
Mg nearly constant.
While the old leaves only show a slight loss of potassium, the stem, petioles and main veins,
very rich in K, lose an appreciable quantity of this element, the resumption of NO
supply restores the situation favouring a gain of potassium by the leaves, even the old
leaves which normally (+N +N) do not gain K during this period; but the stem, which is
not yet fully supplied again with nitrates recovers its K content more slowly.

Table 4. (Coic et al. [111) Gains in cations (meq per plant)

Young Adult Old Ly+La+Lo Veryold Total S+P+V Total
leaves leaves leaves leaves lamina
(Ly) (La) (Lo)

K 4.3 -0.1 -2.3 1.9 -1.9 0 -19.8 -19.8
I Na 0.1 0.2 0.1 0.4 -0.1 0.3 - 0.1 0.2

-N-N Ca 4.5 2.2 1.2 7.9 -2.5 5.4 - 0.6 4.8

Mg 3.8 1.6 0.2 5.6 -3.3 2.3 - 2.5 - 0.2

Total 12.7 3.9 -0.8 15.8 -7.8 8.0 -23.0 -15

K 28.1 5.7 -1.0 32.8 -3.1 29.7 105.5 135.2SNa 0.4 0.3 0.7 0.7 0.7 1.4
Ca 24.3 13.6 6.5 44.4 -2+3 42.1 19.9 62.0

1Mg 24.3 11.5 5+6 41.4 -3.1 38.3 27.2 65.5

Total 77.1 31.1 11.1 119.3 -8.5 110.8 153.3 264+1

K 23.0 11.8 6.7 41.5 -2.1 39.4 5.7 45.1
Na 0.3 0.2 0.5 -0.1 0.4 0.3 0.7

N+N Ca 18.7 12.2 7.4 38.3 -3.0 35.3 4.1 39.4

Mg 18.5 13.3 5.9 37.7 -4.0 33.7 6.7 40.4

Total 60.5 37.5 20.0 118.0 -9.2 108.8 16.8 125.6

S + P + V - Stems + Petioles + Veins

c) Potassium deficiency,
Tables 5 and 6 summarize results obtained in a pot experiment on the effect of potassium
deficiency on barley. Table 5 shows us that in barley at shooting stage sodium as well as
calcium and magnesium replaces a large proportion of potassium.
Analysis at the earing stage shows us that the substitution is more pronounced in the older
pans. It should be noted that the balance between the cations is scarcely altered in the ear.
Replacement of potassium by calcium and magnesium is also evident in the potato. But,
while in barley there is no increase in total cations when K is deficient, this is not the case
in potato, a plant which metabolises a high proportion of nitrate in the leaf. However at the
first sampling, young potato leaves, which receive their nutrient largely at the expense of
the older leaves, can only accumulate small amounts of alkaline earth cations and the sum
of cations is thus not augmented in K deficiency.
We think that the increasing in total cations in K deficiency results from the fact that when
K is abundant it moves freely and serves in the potato, as in tobacco, for several migration
cycles (roots - leaves - roots) that is to say it is concerned more than once in the
transport of mineral anions from the roots.
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TableS. (Coicer al./51) Resultsexpressed in millicquivalentsper 100gdry matter(+ K = with added potassium:
- K=without added potassium)

K Na Ca Mg Total
cations

+ K ............... ............................ 164 6 56 12 238
- K ....................................... ... 77 51 81 22 231

Difference ( + K) - ( - K) .......................... 87 -45 -25 -10 7

Table 6. (Core et al. /5) Results expressed in meq per I00 g d.m.

K Na Ca Mg Total
cations

old parts ............................... 79.0 " 12.6 43.0 10.1 144.7
+ K young parts ............................... 55.7 4.3 32.5 10.8 103.3

ears . ................................ 25.7 0.9 8.8 10.0 45.4

old parts ................................. 11.8 33.9 68.5 18.3 132.5
- K young parts ............................... 25.2 11.7 47.0 19.1 103.0

ears ..................................... 24.9 1.6 10.9 11.2 48.6

Table 7. Composition of the dry matter of potato leaflets (meq/I00 g d.m.)
K. = plot with potassium deficiency
K = plot rich in potassium

I" sampling 2'
n 

sampling 3rd sampling

Young Old Young Old Young Old
leaves leaves leaves leaves leaves leaves
K, K , K K, K K, K K, K K. K

K 49 79.5 19 82 25 77 15.5 64 15.5 72 6.5 40.5
Ca 61 54.5 295 220 123 64.5 333 299 178 91 342 317
Mg 31.5 26.5 83.5 56 54 29 100 65.5 92 43.5 117 32

Total 141.5 160.5 397.5 358 202 170.5 448.5 428.5 285.5 206.5 465.5 389.5

d) Effect of water shortage
Water deficiency does not affect absorption of all the cations equally: absorption of
potassium and magnesium being reduced less than that of calcium and sodium. But the
effect of lack of water on cation balance varies with age. Table 8 shows us that when water
is deficient the younger parts of barley plants are relatively richer in potassium and
markedly lower in calcium.

Table 8. (Coic et al. [5]) Contents expressed in meq per 100 g d.m.)

K Na Ca Mg Total
cations

old parts ................. 79.0 12.6 43.0 10.1 144.7
Optimum water supply young parts .............. 55.7 4.3 32.5 10.8 103.3

tears ..................... 25.7 0.9 8.8 10.0 45.4
fold parts ................. 74.2 • 6.2 47.5 13.1 141

Water shortage young parts .............. 63.6 1.7 20.0 12.4 97.7
tears ..................... 30.8 0.7 8.5 11.6 51.6
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e) Influence of root temperature
Refrigeration of maize roots to 10-l12 compared with a normal temperature of 20-25o
inhibits reduction of nitrate in the root; but the depression of respiratory metabolism
causes other modifications with complex consequences. Nevertheless so far as we are
concerned one finds that the leaf metabolises a greater proportion of absorbed nitrate
(increase in organic acid content of the dry matter) and the contents and proportions of
calcium found in young or adolescent leaves increase while K content diminishes.

Table 9. (Coic et al. [91)

Young leaves Adolescent leaves

Normal Low Normal Low
temperature temperature temperature temperature

Organic acid concentration
(meql100g fresh weight) 5.4 8.2 7.6 14.1

Proportion of each cation K 78.5 76.5 55 49.2
(o% of total) Na 0.3 0.6 0.2 0.4

Ca 6.8 8.7 19.8 26.9
Mg 14.4 14.2 25 23.5

100 100 100 100

.) Effect of cationic composition of the medium on cationic composition of the leaves
(Coic et al. [8)
The effect of change in the cationic composition of the growing medium varies greatly
according to plant species. In plants like maize, whose roots metabolise nitrate to a great
extent, there is a kind of selectivity in the transport of cations to the leaves while in tomato
the competition between different cations has a much more evident effect upon leaf
composition. Thus high Ca concentration (8 meq/t; Mg= 1, K= 1) in comparison to
equal concentration of all three (I meq/1) and high Na has very different effects on
leaves of tomato and maize: the contents of Mg of the maize leaves remain approximately
the same, while those of the tomato leaves are strongly reduced by the high Ca
concentration in the nutrition medium.

Table 10. (CoIc ef al.[8])Mineral content of leafblades (meq per I0 Ig d.m.)

Young leaf blades Old leaf blades

high Na high Ca high Na high Ca

K . .................................... 148 144.5 141 123.5
N a ...................................... 1.7 0.8 2.6 0.7M aize Ca ...................................... 6.1 14.6 26.9 48.9

M g ...................................... 20.8 19 27.8 26.4

Young leaflets Adult leaflets Old leaflets

high Na high Ca high Na high Ca high Na high Ca

K ...................... 103 102 111 96 112 92.5
Na. 11 1 21 1.2 31 1.5Tomato Ca ...................... 60.5 137 118.5 241 175 299

M g ..................... 50 30 78 41 ill 59
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3. Cationic composition of other organs. (Cole et al. [61)

The cationic composition of organs depends essentially upon the role which they play in
the physiology of the plant. Organs containing chlorophyll and particularly the leaf are
concerned with photosynthesis. The roots and leaves are implicated in mineral metabo-
lism, in particular of NO3- and NH4+. Stems, petioles and veins are concerned with the
transport of mineral and organic substances. Fruits, grain, tubers, bulbs, certain roots and
rhizomes are storage organs accumulating organic material. This is how we regard in a
general way the processes of accumulation. The accumulation of mineral cations in an
organ represents the balance between ions coming into and leaving that organ.

1) Incomings:
Mineral cations reach the organ together with mineral anions and/or organic substances.
Among the mineral anions, NO3 is the most important on a quantitative basis. Organic
substances concerned in transport are the proteids, mainly amino-acids, glucides (hexoses,
holosides and sugar phosphates) and in certain circumstances to a lesser degree organic
acids. K is the cation mainly associated with the transport of organic substances and
magnesium is concerned to a lesser degree.

Table 11. (Coe et al [6]) Cation content of various organs of young tomato plants (meoqI Og fresh weight)

K Ca Mg

L eaflets .............................................................. 6.8 16.0 8.8
Stem s and Petioles ................................................... 8.5 2.7 2.6
R oo ts .... ......... .................. ............. .......... ...... 4.7 0.7 1.5

Table 12. (Coc et al.16]) Mineral composition of tomatoes (comparison of fruits and leaves) meq/100g dm.)

Young leaves Old leaves Small fruit Large fruit
(green) (green)

K .......................................... 54.9 71.2 103.8 104.5
C a ......................................... 89.8 341.0 9.2 7.1
M g ................................... .... . 32.0 76.3 20.4 35.2

Table 13 (Core et al. [61)Mineral composition of carrots (comparison ofleaves and storage roots) meq/100 g d.m.

Leaves Roots

K ................................................................... 170 116
C a . ........ ..................... ......... . ............ ............... 93.5 16.5
M g ........ ........... . . .............................. ............... .. 32.8 20.2

Table 14. (Cole et al. [6]) Mineral composition of potatoes [comparison of leaves (young and old) and tubers]
meqO100g d.m,

Young leaves Old leaves Tubers

K ........................................................ 60.5 46 45
C a .......... ......... .................................. 152 258 2
M g ...... ................................... 60.5 53 7.6
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2) Outgoings:
We have spoken about the accumulation of cations, as salts or organic acids, in the
vacuoles of leaf cells as a consequence of the metabolism of nitrate. But there are other
ways in which they are retained in the cell. Of a physico-chemical nature by absorption on
the polyuronic acids of the cell wall, on the chloroplasts or cytoplasmic colloids; and of a
chemical nature by the formation of compounds in reserve organs (Mg and Ca phytate for
example).
We can say in general that organs which feed mainly upon organic substances will be
particularly rich in potassium and poor in calcium. This is true for the young organs
during growth, stems, fruits, tubers, storage roots, etc. We shall give several examples
(Colc et al. 161).

Tables 15 and 16 are interesting in that they demonstrate that the tumors on the stems
or leaves caused by Bacterium tumefaciens are sharply distinguished in their mineral
composition from the organs which carry them since they receive an organic food supply
carrying much potassium.
It is well known (Isidore-Pierre, 1141, Corc et al. [3]) that the nodes of cereal plants are
particularly rich in mineral cations. Table 17 shows us once more that potassium
deficiency affects the nodes less than other parts of the plant.

Special case of the accumulation of sodium
The problem of the accumulation of sodium in plant organs does not seem to have been
resolved, particularly the capability of some plants (beet, endive, barley.. .) to accumulate
Na in their aerial parts while one does not find such accumulation in other plants. But in

Table 15. (Cole e, at 16]) Comparative mineral composition of leaves and leaf borne tumors of Brvophyllum

(meq per 100 g dm.)

K Na Ca Mg

Leaves ..................... ............................... 76.5 3.5 391 49.7
Tumors .................................................. 55 1 72.6 17.7

Table 16. (Care et aL /6]) Comparative mineral composition of stems and stem borne tumors of Bryophvlum

(meq per 100 g d.m.)

K Ca Mg

Stems .............................................................. 89.5 99.5 38.2
T um ors ......................... .................................... 98 50 3 1.6

Table 17. Cation contents of different parts of barley plants grown on potash deficient (K.) and non-deficient (K)
soil (meq per 1fig d.i.)

Nodes Inter-nodes Sheathes Leaf blades

K4 K K, K K. K K. K

K 73.9 155 27.9 82.1 31.2 96.2 28.7 89.1
Na 9.8 4.3 8.5 5.9 6.1 3.5 3.7 3.1
Ca 13.9 12.4 6 7.1 30.1 26.6 91 55
Mg 33.7 19.7 13.9 9.9 26.3 18.1 28.7 23

Total 131.3 191.4 56.3 105 93.7 144.4 152.1 170.2

101



the latter kinds one can find considerable accumulations in the roots. There are two
possible hypotheses (Barbier and Chabannes [21) either penetration of Na across the root
tissue towards the vessels and its transport upwards is impeded more than that of
potassium with the result that Na accumulates in the lower portions; or, on the contrary,
Na is more mobile, passes through all parts of the plant more easily and go down again to
be accumulated in the roots. To decide this the authors grew peas in solution cultures
divided into two compartments so that sodium was supplied to only one half of the root
system (0.6 meq/l). Much Na accumulated in the roots not directly supplied with Na.
Of the two hypotheses suggested it appears that the second, 'accumulation per descens-
um,' should be adopted.

Table 18. (Barbier et Chabannes 121)

Roots with Na Stems and leaves Roots without Na

1) 0.1 meq K per litre of solution
meq Na per 100 g ............... .......... 30 4.6 26.7
Ratio Na/K ................................. 1.5 0.12 0.87

2) 0.5 meg K per litre of solution
meq Na per 100 g ......... .............. . 21.5 4.8 16.4

Conclusion

The physiological processes which govern the accumulation of a mineral cation in plant
organs are still relatively poorly understood. We have emphasised those concerned with
N03-metabolism and its localisation. The processes of transport of cations with organic
substances play a fundamental role. The behaviour of sodium is controversial.
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Inorganic Cations and Carboxylates in Young
Sugar-Beet Plants

F. VAN EGMOND, 1r., Department of Soils and Fertilizers, Agricultural University, Wageningen/The Netherlands

Summary

It is shown in a field experiment, that in sugar-beet (Beta vulgaris L.) plants, supplied with nitrate as source of
nitrogen, the amount of meq. (inorganic cations - inorganic anions) is equal to that of carboxylates (organic
anions) and to the amount of m mole organic N. The distribution of organic N and of carboxylates over the plant
leads to the conclusion that the organic N was transported from elder to younger leaves. The cations Na+, Ca 2+

and Mg2 accumulate in the aerial sections of the sugar-beet plant in equivalent quantities with oxalate-ions. The
Na-K substitution-effect in sugar-beet is explained on the strength of experimental material presented here.

1. The aim of research

It is generally assumed that the difference between the total sum of cations and inorganic
anions in plant material is rather specific for different plant species. This difference is
compensated by the presence of carboxylates.
The aim of this research is to study the content and transport of ions between the different
parts of the sugar-beet plant (Beta vulgaris L.) as it takes place during the vegetative stage
under field conditions. Special attention is paid to the part which can be played in this
transport by the carboxylates (RCOO-).
Nitrogen dressings are included in this study because of the effect of nitrate-utilization on
the formation of carboxylates.

2. Experimental

2.1 Field experiment

On the 2nd of May 1969 an experimental site was prepared on a light coloured, gravelly
sandy soil, poor in organic matter*. Following doses of fertilizers (kg/ha) had previously
been applied to this field:

133 kg K (160 kg KO) as 400 kg of muriate of potash 40%
83kg P ( 84kg P205 ) in the form of 600 kg of basic slag

and (108 kg P20) in the form of 600 kg of superphosphate
45 kg Mg ( 50 kg MgO) as 200 kg of kieserite

and ( 25 kg MgO) in the dolomitic-limestone
174 kg Ca (435 kg CaCO 3 ) as 500 kg dolomitic-limestone

* Wageningen-Hoog experimental fields of the Department of Field Crops and Grassland Husbandry of the
University.
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Figure 1. Scheme of experimental field.

When the site was ready for sowing 60 kg of N/ha were applied in the form of nitrate of

lime. Per hectare 20 kg of borax were applied to prevent the occurence of B-deficiency.
Pyranin was applied as pre-emergence weed killing spray.
Diploid sugar-beet seed was drilled at plant distance 80 x 80 cm, 3 seeds per hole. After
emergence of the crop one half of the field was top dressed with 190 kg of N per ha in the
form of nitrate of lime. In figure I the schema of experimental field is shown that was
obtained after above mentioned treatments.

2.2 Maintenance of the crop and harvesting procedure

After the emergence the number of plants was reduced to one plant per hole. Owing to the
wide spacing the field had to be hoed frequently to suppress the weeds. The open stand also

promoted infection by lice and the crop was therefore sprayed at regular intervals.
The soil being rather susceptible to drought several spray irrigations were applied in the
course of the sunny and dry season of 1969.
This paper is based on analysis of samples harvested on the 3rd of July 1969. Each sample
consisted of ten plants collected at random from each treatment. After harvesting, the
plants were divided into the following sections: leaf blades, petioles, tops and roots. During

the growth of the crop the number of leaves was regularly counted and leaves of the same
numerical order marked with plastic strings. Figure 2 illustrates the way of sampling.
Blades of leaves of the same numerical order from ten harvested sugar-beet plants were
mixed together to form one sample. Similarly the corresponding petioles formed a sample
bearing the same number of the leaf. Sample A consists of ten root tops, sample B of ten
roots.
After determining the fresh weight, all the samples were dried at 70 0C for 24 hours,
weighed again and finely ground for chemical analysis.
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Figure 2. The location of the separate samples in the sugar-beet plant.

2.3 Laboratory methods

Samples were analysed for Na, K, Ca, Mg, HZPO4, N03, Cl, S04, total N, organic acids
(i.e. oxalic, malic acid, citric acid, fumaric acid, succinic acid and malonic acid).
Subsamples were analysed after digestion in concentrated sulphuric acid and hydrogen
peroxide in the presence of salicylic acid. In this digest, the Na, K and Ca contents were
determined flamephotometrically, the H2PO4 content colorimetrically, the Mg content by
atomic absorption and the nitrogen content (total N) by the micro-Kjehldahl procedure.
Other subsamples were extracted with water (0,5 g of plant material and 50 ml deionized
water: shaking time 2 hours). In this extract the nitrate-content was determined with an
Orion nitrate electrode, the Cl content was determined coulometrically with a chloro-
counter and the S04 content colorimetrically. The total content of carboxylates (C-A) was
calculated by substracting the sum of inorganic anions from the sum of inorganic cations
(de Wit et al. [11). The carboxylates were converted into organic acids by decationization
with a H+ sulphonic acid resin, these then were resolved by partition chromatography and
quantitatively determined with an automatic titrator.
Since the treatment did not extract all the oxalates, the remaining oxalates were determin-
ed oxidimetrically with KMnO4 following a double treatment of the samples with 2 N
HCI. (In the blank determination hardly any KMnO4 was used.)

3. Results and discussion

3.1 (C-A) value as compared with the sum ofcarboxylates

It is generally assumed, that the difference between the total sum of inorganic cations and
the sum of inorganic anions found in plant material is compensated by the presence of
carboxylates [2, 3, 4, 5, 6, 7, 8]. Therefore there should be at least two methods to
determine the total sum of carboxylates, e.g.
a) by separate determinations of the inorganic cations and anions and substracting the

latter from the former according to the formula C-A =(meq K+ + meq Na+ + meq
Ca2 + + meq Mg+)(meq Cl- + meq NO3- + meq H2PO4- + meq SO4Z).
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In case other inorganic ions should be present in considerable quantities they also must
be included in the above calculation.

b) by determining seperately the different carboxylates and summing up the found values.
Determination of the difference C-A has the advantage of being done quickly and very
accurately. The disadvantage is that only the total amount of carboxylates is found in this
way without any information on its component parts.
Seperate determination of carboxylates has the advantage of providing information on
quality and quantity of different carboxylates in a given sample. For the study of this
subject this fact is of great importance because of differences between the nature of the
various RCOO--groups. The disadvantage of this method is its laboriousness and
therefore its high cost. In view of the object of this study it was quite natural to use both
methods because the inorganic cations and the carboxylates had to be determined
anyhow. By using both methods it was possible to compare the direct determination of
carboxylates with the calculation of (C-A) as described above.
The material available in the form of leaf blades and petioles shows a great variability in
the carboxylate contents and in the (C-A) value as well, which makes it very suitable for
calculation of the regression function between (C-A) and the anions of water-soluble
organic acids. Results of this calculation are given in Table 1; in Figure 3 all the data are
represented in a graph.

Table I. The relation between (C-A) and carboxylates

Fertifizer dose Number of samples Regression equation, y = a + b x Correlation
Coefficient

250 kg N/ha 16 leaf blades C-A = -740+ 1.17 [E(carboxylates)] r = 0.99
250 kg N/ha 16 petioles C-A = -410+ 1.04E ((carboxylaes)] r = 0.98
60 kg N/ha 15 leaf blades C-A = 110+ 1.05 (Z(carboxylates)] r = 0.97
60 kg N/ha 14 petioles C-A = -170+ 1.00 [Z(carboxylates)] r = 0.92

Total 61 C-A = -410+ 1.11 Z (carboxylates)] r = 0.97

(C-A) and carboxylates in meq per kg dry matter

iC-A) eq p r kg
drn matlr

"' iCAt * C ,. )0.1.1t [rka boy0l..1

N.1 r 0,97

0 1 2 3 4 5 6
arwyLAes eq to r kg dr mattt

Figure 3. Relation between carboxylates and (C-A).

107



The high correlation coefficients leave no doubt about a correlation existing between the
value of(C-A) and the total amount of carboxylates. It is also clear that the value of(C-A)
increases by practically one unit when the total amount of carboxylates show a one unit
increase.
Freeman [9] pointed out, that high NO3-contents in samples may cause too high values to
be found when determining malate and citrate. It is noticeable that in the 'high-N' group
the sum of carboxylates is always somewhat higher than the value for (C-A). Since very
high NOr--contents are found, in this material, this phenomenon seems to be in agreement
with the disturbance as described by Freeman.
In general terms it can be stated that the following equation holds for both the leaf blades
and petioles of the sugar-beet plant at this stage of development:
(C-A) = f (carboxylates)
wherein both terms are expressed in equivalents.

3.2 Relation between the total amount of(C-A) and of organic nitrogen in the plants

Several scientists have studied the factors which may affect the value of(C-A) as found in
crop samples [2, 10, 11, 71. Houba et al [12] give a review of the processes influencing the
carboxylate pool (Table 2).
When plants are supplied with nitrate-N it is the process of NO3-reduction which mainly
determines the amount of formed carboxylates. Other processes given in Table 2 can
cause appreciable difference between the amount of meq of the total of carboxylates and of
mmole of organic N. For sugar-beet grown in nutrient solution, Houba et al. [121 have
shown that for plants grown on nitrate as the only source of nitrogen, the reduction of
NO,- determines both the amount of organic N and the total sum of carboxylates as well.
It appears therefore, that under these conditions only the process No. 3 plays a part of
importance. The summing-up of the figures which give the contributions from different
parts of the plants for the harvest discussed here, leads to the same conclusion, as is
demonstrated in Table 3. In Figure 4 data from Houba et al. [121, van Egmond et al. [131
and this experiment are represented together.

Table 2. Processes which influence the carboxylate pool

Process Carboxylate

I. Uptakeof Na* +K* +Ca' +Mg?+ meq < uptake ofNO; +CI +SL - + H2 PO. meq decrease
2. Uptake of Na

4 
+ K+ +Ca 2 

+ Mg2* meq > uptake of NO; +CI-+ SO!- +HPO- meq increase
3. Nitrate reduction increase
4. Sulphate reduction increase
5. Transition of NH: into organic N decrease

Table 3. Total amount of organic N and (C-A)

Fertilizer dose 250 kg N/ha 60 kg N/ha

Section Organic N in mnmole C-A in meq Organic N in mmole C-A in meq

Leaf blade 235 257 186 188
Petiole 30 40 23 37
Top 12 2 4 2
Root 30 17 24 9
Total 307 mmole/10 pl 316 meq/10 pl 237 mmole/10 pl 236 meq/10 pl
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Figure 4. Relation between organic N and (C-A) in sugar-beet plants.

The conclusion must be that in young and normally dressed sugar-beet plants the amount
of organic N corresponds with the amount of carboxylates. This again indicates that
under given conditions young sugar-beet plants show a neutral ion absorption, which
observation is in accordance with the findings described in [121.

3.3 Age of leaves, (C-A) and organic-N content

Taking the plant as a whole, it is shown that the value of C-A - organic N. However this
agreement does not hold when separate parts of the plant are considered. In figures 5, 6, 7
and 8 values of (C-A), sum of carboxylates and organic N are plotted against the leaf
number (age). They show clearly the content of organic N decreases with age while the
sum of carboxylates, on the contrary, shows a strong increase. Inorganic cations reach the
leaf mainly together with N03 and are then partly tied up by non-mobile RCOO- groups.
These carboxylates accumulate in the leaf. Organic N appears to be very mobile and is
transported from elder into younger leaves. This is shown by the fact that in old leaves C-
A > organic N while the reverse is the case in young leaves. In this line of reasoning (C-A)
is considered as a slag formed during the process of the reduction of nitrate.

3.4 Distribution of the cations and anions over the various organs of the sugar-beet plant

The fact that values found for (C-A) depend on leaf age and the knowledge that the
contents of cations and anions in plants also may vary from place to place give reason to
compile the contents of cations and anions in absolute and relative sense as they were
found in different sections of the plants. These data are shown in Table 4 and Figure 9 and
10.
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Table 4. Distribution or the ions over the various organs of the sugar-beet plant. Amounts in meq per plant. Plants 45 days old

See- Na* K' Ca
2  

M 2  
C- NO; SO- H2 PO" C-A Oxalate

tion
meq eq meq e meq eme mcq 5 meq %4 meq % meq %4 meq 54 meq %4 meq %4 meq

Fertilizer dose: 250 kg N/ha

a. 2.74 76.0 9.37 58.0 9.40 83.4 8.41 83.8 0.25 38.2 2.84 41.0 0.15 42.8 1.02 66.5 25.67 81.4 27.00 79.6 23.17 83.6 2.83 54.6
b. 0.63 17.4 4+35 27.1 1.60 14.2 1.10 11.0 0.32 49.8 3.00 43.3 0.10 29.5 0.27 17.8 3.98 12.6 4.66 13.8 3.24 11.7 1.42 27.4
C. 0.04 1.2 0.32 1.9 0.04 0.3 0.09 0.9 0.02 2.7 0.18 2.5 0+03 8.6 0.04 2.8 0.23 0.7 0.44 1.3 0.32 1.2 0.11 2.2
d. 0.20 5.5 2.04 12.7 0.23 2,0 0.43 4.3 0.06 9.4 0.91 13.2 0.06 19.2 0.20 13.0 1.66 5.3 1.81 5.3 0.99 3.6 0.82 15.8
Total 3.61 16.09 11.27 10.03 0.65 6.93 0.34 1.53 31.55 33.91 27.73 5.18

Fertilizer dose: 60 kg N/ha
a. 2.60 75.1 7.21 59.2 6.26 80.7 5.17 82.7 0.16 29.2 1.09 29.4 0.35 67.4 0.84 64.3 18.79 79.8 17.80 76.1 15.35 81.0 245 55.2
b. 0.64 18.6 3.80 31.2 1.25 16.1 0.72 11.5 0.34 60.1 2.11 57.0 0.09 16.9 0.22 16.6 3.66 15.6 3.96 16.9 2.55 13.4 1.41 31.8
c. 0.03 0.8 0.16 1.4 0.06 0.7 0.05 0.9 0.01 2.1 0.06 1.7 0.02 2.9 0.03 2.3 0.18 0.8 0.33 1.4 0.26 1.4 0.07 1.6
d. 0.19 5.6 1+00 8+2 0.19 2.5 0.31 5.0 0.05 8.6 0.44 11.9 0.07 12.8 0.22 16.8 0.92 3.9 1.30 5.6 0.80 4.2 0.51 11.4

Total 3.46 12.17 7.76 6.25 0.56 3.70 0.53 1.31 23.55 23.39 18.95 4.44

Section: a.=leafblade b. =petiole c. = top d. root *E(Carboxylates) **=Z(Carb.)-Oxalate

0.0
0n - 0

po.o... s a

Ino -=00 R



Comparing the total contents of cations K+ , Cal' and Mg 2+ in the plant with those of the
anions Cl-, S04' - and HzPO4- it appears that in all the sections the former are present in
much greater quantities than the latter. Correspondingly the figures for (C-A) show a
great excess of inorganic cations which is compensated by the sum of carboxylates.
Oxalate is the most prevailing organic anion.
The distribution of the components is very much affected by the pattern in which the dry
matter, as formed by the plant, is distributed over its different sections at this stage of
development. Table 5 shows this distribution of the dry matter.
Considering the sections of leaf blades and petioles as aerial part and the sections tops and
roots as subterranean parts of the plants, it appears that irrespective of the N-dose the
subterranean parts constitute 23-24 per cent of the total amount of dry matter produced
by these young plants. Almost all the ions show a distribution whereby the greatest share
of the total quantity is located in the aerial parts. The best similarity between the
distribution of the ion and dry matter is found with the ions K+ , Cl-, NO3, S042-,
HzPO4- and (Z [carboxylatesi - oxalate). 10-30 per cent of the total amount of these
components is located in the subterranean sections. Na+ , Cal+, Mg +, -(carboxylates),
and oxalate show a markedly different distribution: less then l0 per cent is contained in
the subterranean sections, in some instances like Ca2+ even not more than 2-3 per cent.
Accumulation of the ions Na +, Ca' + , Mg2+ and oxalate obviously shows figures of the
same magnitude.

Table 5. Distribution of dry matter over the different sections of 45 days old sugar-beet plants.

Section Nitrogen dressing

250 kg N/ha 60 kg N/ha

gram % gram

Leaf blade 7.49 59.0 5.32 57.0
Petiole 2.18 17.4 1.83 19.7
Top 0.53 4.2 0.23 2.5
Root 2.50 19.4 1.92 20.8

Total 12.7 9.3

3.5 Relation between inorganic cations and the various anions

Accumulation of Ca 2+, Mg 2+ and Na+ in the aerial parts of plants is a phenomenon which
has often been observed. Data described in the previous chapters justify the presumption
that certain oxalates are accumulated in the foliar tissues. It should be mentioned
however, that a connection found between a cation and oxalate does not necessarily mean,
that the accumulation of the cation is caused by oxalate. Most obvious is the correlation
between the sum of cations (C) and the oxalate because in this material the former
practically corresponds with the absorbed amount of NO3- while the amount of oxalate
almost equals the amount of reduced NO3.
When the foliage is constantly supplied with cations in one and the same ratio and the
cations are not carried off, a connection is to be expected between the quantity of inorganic
cations and oxalate.
In Figure II the content of the different cations is plotted against that of oxalate, while
Table 6 shows the regression equations and correlation coefficients for the different
cations and oxalate.

112



3- 2-

1 2 5 6 0 1 1 6 Figure 11. Relation between K+ , 
Na + , 

Ca' , Mg 2+ 
and oxalate in leaf

.1.1.s 11 ;, 4g -1, blades and petioles of 45 days old sugarbeet plants.

Table 6. Compilation of regression functions between inorganic cations and oxalate (y =a + bx)

Fertilizer do. 250 kg N/ha 60 kg N/ha

Number of meq per kg d. m. Correlation Number of meq per kg d.m. Correlation
samples coefficient samples coefficient

16Lb Na
+ 

= - 70+0.14(Ox) 0.96 15Lb Na
+ 

= -70+0.20(Ox) 0.96
15p Na = - 20+0.23(Ox) 0.98 14p Na = -70+0.30(Ox) 0.98

16 Lb K ' - 980 + 0.07 (Ox) 0.52 15 Lb K
+  = 1010 + 0.10 (Ox) 0.61

15 p K +  
=1440 + 0.36 (O.) 0.75 14 p K 

+  = 1240 + 0.57 (Ox) 0.91

16 Lb Ca 
2  --340 +0.51 (Ox) 0.99 15 Lb Ca' * = 0 +0.42 (Ox) 0.93

15 p Ca ±  - 150 + 0.66 (Ox) 0.97 14 p Ca 
2  = 10 + 0.45 (Ox) 0.90

16 Lb Me +  --270 + 0.45 (Ox) 0.99 15 Lb Me a + - - 60 + 0.37 (Ox) 0.95
15 p Me 2+  

220 + 0.20 (Ox) 0.96 14 p Mg a + =  180 + 0.15 (Ox) 0.93

16 Lb Na + Ca 
2 + + Me2 + =- 700 + 1.11 (Ox) 0.99 15 Lb Na

+ 
+ Ca' + Me 2 + = 90 + 0.99 (Ox) 0.96

2p Na + Ca0F
+ 

+ Me 
+ 

- 50 + 1.10 gux) 0a98 14 p Na+ + Caa
+ 

+ Me = 120 + d9 (Oxa 0.94

e e gbLb,=klaafabtade po=5pgtiole



Table 7. Regression functions between K + and the sum of anions-oxalate (y - a + b x)

Number of samples meq per kg d.m. Correlation
coefficient

Fertilizer dose: 250 kg N/ha
16Lb K+ =620+0.59 [NO+C- +SO 2- +H2 PO-+±2(Carb-Ox)] r = 0.66
1

6
p K+ = 250 +0.71 [NO; + C- + SO2 - + H 2PO; + E: (Carb.-Ox)j r = 0.93

Fertilizer dose: 60 kg N/ha
15 Lb K + = 420 + 1+02 [NO; + C- + SO- + H2PO; + Z (Carb.-Ox)] r = 0.71
14p K+ = 620 + 067 [NO + C- + SO4 - + H2PO + E (Carb.-Ox)] r = 0.70

Lb = leafblade p = petiole

It appears that irrespective of the nitrogen dose, the contents of Na +, Cal + and Mg 2+ in
both leaf blades and petioles are closely correlated with the oxalate content, the same is
the case when the sum of these cations is considered whereby it is to be noted that the
increase of the sum of Na+ + Ca 2+ + Mg 2+ is equivalent to that of the oxalate (see Figure
12). This suggests a combined accumulation.
On the contrary, the potassium content does not show a high degree of correlation with the
oxalate content (with the exeption of petioles where a high correlation coefficient is
calculated at the dose of 60 kg of N per ha). Obviously the K-content depends only slightly
on the oxalate content. Similar calculations have been made too on Spinach (Spinacia
oleracea L.) by Bengston et al. [8]. Our experiments suggest that the correlation coefficient
as calculated by these authors between the K+ + Na+ + Ca 2+ + Vg 2+ content and the
oxalate content will be lower than the correlation coefficient between Na + + Ca 2+ + Mg 2+

content and the oxalate content.
When NO3- supply is sufficient Nat, Ca 2+ and Mg 2+ appear to accumulate in the foliage
of the sugar-beet, together with the oxalate, in a I to I ratio. Occasionally K+ can be
accumulated together with the oxalate as, for instance was observed in-the low calcium
nitrate treatment.
Equivalency between the sum of Na + + CaZ+ + Mg 2+ and the amount of oxalate suggests
that the potassium ion content should be correlated with the sum of inorganic iones and
Z(carboxylates - oxalate).
Table 7 indicates that potassium which is evenly distributed in the plant, shows a
correlation with the amount of mobile anions. This observation is in accordance with the
transport function of potassium.
Correlation and linear regression functions have been calculated in order to investigate
whether there would be any connection between the K+ content and any separate anion
content. The results of these calculations are given in Table 8. The low values of
correlation coefficients show that there is no connection between the amount of potassium
and any particular anion. Exeptions are formed by the high correlation coefficients
between K+ and NO1 especially in the high nitrogen plants and the negative correlation
between Kt and H2PO;" in the petioles in both nitrogen treatments.
This correlation between Kt and NO; can be caused by a simultaneous transport to the
foliar system. The negative correlation between K+ and H2PO is probably caused by
pseudo correlation between H 2POi and NO5. the K+ and NO 5 data are shown in Figure
13.
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Table8. Compilation of regression functions between K and the anions (y = a + bx)

Fertilizer dose 250 kg N/ha 60 kg N/ha

Number of ceq per meq per Correlation Number of meq per meq per Correlation
samples kg d. m. kg d.m. coefficient samples kg d.m. kg d.m. coefficient
16 Lb Kf = 320 + 12.26l(C- 0.78 15 Lb K' 1570 - 8.27 (C] -0.46

15 p K+ = 
1170+ 0.58 (C1-) 0.17 14 p K'+= 1040+ 0.97 (C1 ) 0.82

16 Lb K
+ 

= 730 + 1.45 (NO;') 0.91 15 Lb K' = 700 + 3.36 (NO;') 0.82
15 p K4 = 560 + 1.08 (NO ') 0.98 14 p K + 

= 1040 + 0.97 (NO3 ) 0.82
16 Lb K+ = 1250 - 0.30 (SO2-) -0.24 15 Lb K + 

= 620+ 10.06(SO 4 -) 0.29
15 p K

+ 
= 2070 - 2.15 (SO i-) -0.06 14 p K+ 

= 1510 + 10.66 (SO.,-) 0.78

15 p K
+ 

= 3630 - 13.73 (H2PO4 ) -0.92 14 p K+ = 3050 - 7.88 (H12PO ") -0.91
16 Lb K+ 

= 740 + 1.02 EZ(Camb-Ox)] 0.74 15 Lb K + 
=870 + 0.96 [,Z(Carb-Ox)] 0.77

15 p K 
+ 

= 760 + 1.51 LE(Carb-Ox)j 0.60 14 p K+ 
=1920 + 0.25 [-f{Carb-Ox)] 0.12

- Lb = Leaflblade p = petiole
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4. The sodium-potassium substitution in regard to the accumulation of the
inorganic cations in the foliar system

All results so far obtained, indicate that when NO3 is in ample supply, the sugar-beet
plant absorbs the cations and anions in equal quantities. Cations and anions are brought
up through the xylem into the foliar system of the plant where the reduction of nitrate
takes place. During this process the NO3 ion is substituted by the carboxyl-ion, which is
here mainly oxalate. Together with the oxalate the cations Na + , Ca 2+ , Mg 2+ and K+
accumulate in the leaf tissue but at a different rate. Accumulation of Na, Ca and Mg in the
aerial parts of the plant is a phenomenon often described in literature. In case of Ca and
Mg the poor (low) solubility of the oxalates may be the most obvious reason for
accumulation in sugar-beet leaves. Accumulation of Na in the leaves of sugar-beets and
some other species like Spinach e.o., may be caused by inclusion of Na into Ca-oxalate
crystals or by formation of double salts. Na-oxalate itself is reasonably water-soluble but
the solubility of the acid salt Na-bioxalate is only moderate. The oxalates of potassium
have roughly the same solubility as the sodium oxalates.
When sufficient quantities of Na, Ca and Mg are present to precipitate the oxalate as it is
formed, potassium remains in solution being than the only mobile cation present in large
quantities. When the supply of Na, Ca and Mg is less than the amount of oxalate, a certain
part of potassium may also be tied up as oxalate. Data of Table 6 show that accumulation
of potassium has been observed in our experiment when a low dose of nitrate of lime was
applied. This fact is in agreement with the assumption that sometimes the oxalate-ion
plays a part in the accumulation of potassium.
Literature data presented in Table 9, given as example to illustrate the fact that
application of extra doses of sodium increases the total amount of potassium in the root
section of the sugar-beet crop, support the above view of the mechanism. Moreover, it
appears from Rosanow's data that out of the total amount of potassium present in the

Table 9. Uptake and distribution of potassium (by sugar-beet) after increasing doses of sodium

Draycott et al. / 14]

Treatment ewt Na+/acre K' in washed beet
kg/acre

N a 0 ............................................ ....... 0 31.8
Na ..................... ............................... 1 327
Na 2 ................... ............. 2 34.2
N a 3 .......... ............ ................................ 3 34.7

Rosanow [15]

K dose 0 kg K20 100 kg K 20 200 kg K20

Treatment Total K K in roots Total K K in roots 100 Total K K in roots xl10
in crop Kintotalc 

x 
100 in crop K in total crop in crop Kin total crop

Na, (K. + KAS)* 23" 190 250 19.3% 235 14.3%YoNa2 (K20 +KAS) 234 190 271 21.7% 293 21.2%

Na3 (K+Chs) 225 14% 263 23.1% 248 17.2%
Na.K 2 o+Chs) 2 267 23.6% 292 22.9%

- K2 , K = potash salt 20 and 40 percent ** kg K per ha
KAS = lime-ammonium nitrate
Chs = Chilean nitrate

116



plant, a relatively greater part is to be found in the roots, as and when the dose of sodium
applied is increased.
It is known that substitution of a part of K by Na occurs in other crops too. According to
the above conception, sodium would be able to tie up a considerable amount of carboxy-
lates in the foliage and by doing so release especially the K-ions. These free and mobile K-
ions are than translocated to the growth regions.
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The Effect of the Potassium Status of Tomato
Plants on the Transport of Organic Compounds
to the Fruits

Maija VIRo and Dr. H.E. HAEDER, Landwirtschaftliche Forschungsanstalt Buintehof. Hannover/Federal
Republic of Germany

Summary

I. The influence of potassium nutrition on the transport of labelled compounds from tomato leaves to the fruits
was studied.

2. Generally, the flux ofthe 14C labelled compounds from the leaves to the fruits and roots increased with time.
3. After 6 hours of" CO2 application, most of the assimilated "C was still found in the leaves, in the stem and

only small amounts in the fruits and roots. This was true for the ethanol-soluble and the insoluble fraction.
4. Plants with a higher nutritional potassium status showed higher translocation rates for 14C labelled

compounds from the leaves to the fruits than plants poor in potassium.
5. Plants rich in potassium showed 18 hours after having finished the 4

CO2 application about 20% of the total
label in the fruit whereas the plants poor in potassium had only accumulated about 8% of the total label in
their fruits. According to this better translocation of organic material to the fruits the decrease of the label in
leaves of potassium poor plants was less than in leaves high on potassium.

6. The sugar fraction of the ethanol-soluble extract showed the heaviest labelling, both in stems and fruits.
Organic acids and amino acids were only slightly labelled.

7. Potassium was the predominant cation in all plant organs except the leaves. In the fruits, potassium accounted
for 82% of total cation content.

It is well known that crop plants being adequately supplied with potassium accumulate
large amounts of carbohydrate, sugar or fat in their storage tissues (Forster 13], Herlihy
and Carroll [ 71, Hofmann and von Schmeling [8], Mengel and Forster [10]).
This favorable effect can be ascribed to a higher photosynthetic activity of plants better
supplied with potassium. But also the rate of transport of organic material to the fruits and
storage organs may be the cause for higher carbohydrate or sugar contents in these
tissues. In this respect, investigations of Hartt [4, 5] are of interest revealing that
particularly the K status of the plants considerably affects the transport of organic
material in the phloem. Ddkshoorn [21 also assumes that K has an important function in
the phloem transport by balancing the organic anions (carboxylates). The proper function
of K in the phloem transport, however, remains still to be clarified. Bowling tII found K
concentrations in the sieve elements of Vitis vinifera up to 90 mM. He presumes that K is
in some way involved in the phloem transport.
Hartt's [4, 5 experiments were carried out with sugar cane plants. As it is known that this
plant species has a special C02 assimilation pathway (Hatch and Slack [6]). it was of
interest to know whether the beneficial effect of a high K status on the translocation of
organic material could also be observed in other plant species. The experiments described
in this paper therefore were carried out with tomato plants. The study was focused on the
question whether a high K status favors the transport of organic compounds from the
leaves to the fruits. In order to eliminate differences in the photosynthetic activities due to
the different K supply of the plants, the 4C labelled material transported to the fruits was
always related to the total labelled material of the whole plant.
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Material and Methods

The experiments were carried out with tomato plants (Solanum lycopersicum). They were
grown in the greenhouse in solution culture of two different potassium levels: K. = 1 mM
K, K2= 10 mM K, given as K2S04. To reduce the plant material, the plants were cut
above the first fruit branch and the number of fruits was reduced to 5.
The assimilation experiments were carried out when the first two fruits had reached a size
of 3-4 cm in diameter. Then the plants were placed in a plexiglass growth chamber of
about 6001 capacity, 6 or 8 plants per treatment, and they were fed with I mCi I4C carbon
dioxide, developed from barium 14C carbonate with hydrochloric acid. The illumination
was artificial, 10000 lux.
The plants were allowed to assimilate '4C02 for two hours at a constant temperature of
20 0C and a humidity of 90%; during the following 4 hours the residual "CO2 was
pumped out of the box before this was opened and the first plants harvested (=time 0).
At harvesting the plants were divided into leaves, fruits, stems and roots. Each fraction
was treated separately. The fresh material was extraced with 75% ethyl alcohol, the
extract was evaporated to dryness in vacuo at 40 °C, the remainders were resolved with
50 ml water + 50 ml chloroform. The water phase was used for the subsequent experi-
ments and for measurements in the liquid scintillation counter (Packard Tricarb Liquid
Scintillation Spectrometer). The ethanol-insoluble plant material was dried, ground,
combusted and absorbed in ethanol amine; the activity of this material was also measured
in the liquid scintillation counter. By this technique it was possible to study the distribution
of the '4C labelled material in the whole plant. Further it was of interest to know which are
the main assimilation products being transported to the fruits and which are the most
important labelted storage compounds. For this purpose the extracts were fractionalized
using ion exchangers. The aqueous solution was first passed through a cation exchanger
(Dowex 50 W x 8, H+form), thus separating the amino acids. The effluate from the cation
exchanger was transferred to an anion exchanger in order to separate the anions from
the sugars (Dowex I x 8, formiate form).
The effluate from this column contained the sugar fraction. The amino acids were eluted
from the cation exchanger with 2 N NH4OH, the organic acids from the anion exchanger
with 5 N formic acid. The activities of these three fractions were measured in the liquid
scintillation counter.

Results

Since each plant differs from the other it appears reasonable to express the distribution of
the labelled 14C in % of the total labelled material of the plant. Thus higher or lower
assimilation intensities of individual plants are eliminated to some extent. Two series of
experiments were carried out: in the first series, also the green fruits were allowed to
assimilate; in the second series, the fruits were kept in the dark by covering them with an
aluminium sheet in order to block assimilation by the fruits. The first important problem
was: how long does it take before there are measurable amounts of labelled 'mC in the
fruits. The answer can be found in Tables I and 2 showing the labelling of the various
plant organs in dependance on time. From Table I it can be seen that immediately after
application about one half of the labelled soluble assimilation products are to be found in
the leaves, one third in the stems, and 10% each in the fruits and roots. 2 hours later, the
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Table 1. Course of '
4

C labelling in various plant organs in dependance on time (in %4 of total '
4
C in the whole

plant). Mean values of 2 plants each. K = 10 raM. Soluble fraction.

Hours after application Leaves Fruits Stems Roots

O h ...... ........... ............................. 49 10 31 t0
2 h ................................................ 48 II 27 14
4 h ................................................ 42 14 31 13
6h ............................................. 31 28 23 17

Table 2. Course of '4C labelling in various plant organs in dependance on time (in V4 of total "C in the whole
plant). Mean values of 2 plants each. K = 10 nM. Insoluble fraction.

Hours after application Leaves Fruits Stems Roots

O h _ . .......................................... 77 2.6 18 2.6
2 h ... ................................... ........ 74 4.4 17 4.1
4 h ................................................ 74 4.9 16 4.8
6h .......... ............................. 63 16.0 15 5.3

amount of labelled products in the leaves and stems shows a slight decrease while in fruits
and roots a slight increase was observed due to the transport of organic material from the
leaves and stems to the fruits and roots. This trend becomes even more evident 6 hours
after application. Then about only one third of the labelled soluble assimilation products
could be found in the leaves; the amount of labelled 14C in the fruits and roots had
increased considerably. The same tendency, i.e. a decrease of labelled ' 4C in the leaves,
can also be seen in the insoluble fraction (Table 2). Immediately after application, 77% of
the label is found in the leaves, 6 hours later it is only 63 %. Also the amount of insoluble
assimilation products increases in the fruits (from 2.6% at time 0 to 16% 6 hours later)
and in the roots (2.6 % at time 0, 5.3 % 6 hours later). Both in the soluble and the insoluble
fraction, there is only a slight decrease to be seen in the percentage amount of the labelled
1
4C compounds in the stems, the tissues of which serve as main transport organs. In

Tables 1 and 2 only one variable has been considered: the time after application. The main
object of this study, however, was to ex.mine the influence of varied K nutrition on the
transport of assimilation products. Tables I and 2 show that there are already consider-
able amounts of labelled compounds accumulated in all plant organs after an application
period of 6 hours. It should be stressed that the first plants, at zero time, had been
harvested 6 hours after jntroducing ' 4COz into the growth chamber. It therefore seemed
reasonable to harvest in the following experiments 2 plants of each K level immediately
after discontinuance of, '4CO2 application, whereas two plants were harvested 2 hours
later.
Table 3 presents the percentage distribution of the 14C labelled soluble assimilation
products in tomatoes at two different K levels: Ki = 1 mM K, K2= 10 mM K. At both K

Table 3. Influence of the K status on the distribution of "C labelled material in various plant organs. Soluble
fraction: total label of the whole plant = 100%. Mean values of 2 plants each.

Hours after "4CO2 application Leaves Fruits Stems Roots

K, K 2  K, K2  K, K 2  K,. K2

Oh ....................... 58% 54% 2.8% 6.5% 36% 38% 2.4% 2.2%
2h ..................... 52%4 5054 5.9% 15.2% 395 335 3.3% 2.6%
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levels immediately after application more than 50% of the total label was found in the
leaves, about one third in the stems, whereas the amounts found in fruits and roots were
considerably lower. It was interesting to see that more '4C labelled compounds had
accumulated in the fruits of the K2-plants than in the fruits of the Ks-plants, whereas in the
leaves rather the opposite pattern was observed. 2 hours later, the amount of the label in
the leaves shows a light decrease at both K levels. In the stems no marked changes
occurred. An increase of labelled assimilation products could be observed in the roots and
especially in the fruits. It could be noted that the increase of radioactivity in the fruits of
the K2-plants is considerably higher than in the fruits of the Ks-plants.
Table 4 presents the data for the insoluble material of the same plants. The K status had no
influence on the percentage proportion of the label in the leaves, stems and roots, but the
fruits of the K2-plants show a by 3 times heavier labelling. The percentage proportion of
labelled compounds in the fruits compared with the total labelling of an individual plant
can differ widely.
These differences are primarily due to the assimilation capacity of the fruits. Green fruits
assimilate fairly high amounts of CO2 while fruits at a more advanced stage of maturity
have a low assimilation rate. In experiments with young green fruits not described in this
paper, up to 30% of the total label were present in the fruits. This clearly demonstrates the
high assimilation capacity of young green fruits.
In order to eliminate this C02 assimilation of green fruits, in a further experiment the
young fruits were covered by aluminium sheets. By this technique, it was possible to
measure the proper amounts of labelled compounds having been transported to the fruits.
The results of this experiment are presented in Table 5. The amount of ,4C found in the
fruits was very low immediately after application. In the Ki-plants only 0.2% of the total
label was found in the fruits whereas in the K2-plants 5.4% of the total label was found in
the fruits. Since the amount of labelled compounds in the fruits was rather low, it was
decided to harvest the next plants 18 instead of 2 hours later as before, in order to evaluate
the influence of time on the transport of labelled assimilation products at different K
levels. It was interesting to see that 18 hours later the amount of 14C in the leaves had
decreased to a larger extent in the K2-plants than in the Ki-plants; in the stems no major

Table 4. Influence of the K status on the distribution of -
4C labelled material in various plant organs. Insoluble

fraction; total label of the whole plant = 100%. Mean values of 2 plants each.

Hours after "CO , application Leaves Fruits Stems Roots

K, K2 K, K2 K, K2 K, K2

Oh ....................... 70% 68% 0.7% 2.7% 27% 26% 1.4% 1.7%
2h .................... 71% 70% 1.2% 3.0% 27% 27% 1.3% 1.2%

Table 5. Influence of the K status on the distribution of "C labelled material in various plant organs when
assimilation by the fruits was blocked. Soluble fraction. The values given are mean values of 6 plants each.

Hours after "CO. application Leaves Fruits Stems Roots

K, K, K, K 2  K, K 2  K, K2

Oh ...................... 65% 64% 0.2% 5.4% 33% 31% 0.3% 0.6%
18 h...................... 52% 44% 7.7% 21.0% 32% 25% 4.7% 9.9%

121



Table 6. Percentage proportion of label in the water soluble sugar, amino and organic acid fractions. Total label
of these 3 fractions = 100%

Sugars Amino acids Organic acids

K, K, K, K2  K, K2

Fruits ......................... 86% 91% 5.5% 4.0% 8.2% 5.3%
Stems ......................... 89% 90% 5.6% 5.3% 5.7% 4.7%

changes in the 14C label were observed. At both K levels the amount of 14C found in the
roots and fruits had increased within 18 hours. This increase was much higher in the fruits
of the K2-plants (21% of the total label) than in the fruits of the Kt-plants (7.7%). The same
applies to the roots. Table 6 shows that by far the greatest part of the label is found in the
sugar fraction, both in stems and fruits.
The influence of the K supply of the plants is not yet fully clarified, but it could be seen that
generally the Ki-plants had a higher label in the fraction of amino acids and organic acids,
whereas the K2-plants showed a slightly higher label in the sugar fraction.
The percentage proportions of the different cations found in the various plant organs,
expressed in me Ca, Mg, K and Na, are presented in Figure 1. The important part of K
played in tomato fruits becomes obvious; only in the leaves the percentage amount of Ca is
higher than that of K, in all other plant organs K is the dominating cation.

Discussion

The data of Tables I and 2 show that the 14C labelled compounds are transported from the
leaves to the fruits and roots. This is in full agreement with the transport conditions
assumed for organic material in entire plants. The results clearly demonstrate that the
major CO assimilation organs are the leaves whereas fruits and roots are physiological
sinks for these synthesised compounds. They further prove that the technique used here is
suited to study the transport of organic compounds to the fruits of tomato plants. The
transport rate depends on the K status of the plants, as can be seen from Tables 3, 4 and 5.

Mg 9% Mg 9%
5% Mg 18% Mg 17%

4%
Ca 13%

Ca 53% Ca 28% Nt 8%

N. 5%

K 82%
3%

K 62%
K 49%

K 35%

Figure 1. Percentage proprotions of K+, Na + , Ca ++ and Mg++ in various plant organs expressed in me.

(K
+ + Na + + Ca ++ + Mg + + = 100%)
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Table 7. K content in dry matter (7,)

Leaves Fruits Stems Roots

K , K2 K , K K 2 K, K2

2.5 4.9 3.2 3.6 1.9 3.4 2.5 5.8

It is obvious that the plants with a higher K status accumulated higher proportions of '4C

labelled compounds in their fruits than those with a lower K status. This effect cannot be

explained by a higher photosynthetic activity of the K21plants as the labelled quantities are

expressed in relative values. The values obtained for the absolute 14C assimilation rates,
not discussed here, showed that the K nutrition had a major influence on the 14C

assimilation rate. This is in full agreement with observations of Hartt [4, 5]. There is no

doubt that in plants poor in K CO2 assimilation (Jones [91, Peaslee and Moss [131) and
also photophosphorylation are lowered (Pfiiger [141). The Kl-plants used in the experi-
ments here, however, were not so poor in K, as can be seen from Table 7. It therefore

seems that the transport of organic compounds depends more on the K supply of the
plants than photosynthesis.
Fruit development, particularly during the last phase, depends on the transport of organic

material from the leaves to the fruits because at this stage the photosynthetic activity of the
fruits themselves is rather low.
The data presented here cannot give major information concerning the transport mecha-

nism of organic material. It is without any doubt that this transport chiefly takes place
through the sieve elements of the phloem (Milthorpe and Moorby [12]). Since K by far
ranks first of all cations in the phloem sap, it is probable that it is in some way involved in

the transport of organic material in the phloem or in the secretion of organic compounds
into the sieve elements. DUkshoorn's [21 opinion that K+ has to balance the organic anions

of the phloem sap cannot be proved by the data presented here. But it appears from Table
6 that the bulk of the labelled material being transported to the fruits are sugars and not

organic anions.
The relatively high K content of the phloem sap seems to be responsible for the very high K

proportion in the fruits (Figure 1). This indirectly demonstrates that the fruits mainly are

supplied by the phloem 'sap which usually is rather poor in Ca and Na. The leaves show

quite another cation pattern (Figure 1). Here the Ca contributes to more than 50% to the
total cation equivalent. This high Ca content is mainly due to the Ca transported by
transpiration via the xylem to the leaves (Michael and Marschner [11 I).
The high K requirements of the fruits are to some extent supplied by other plant organs.

As can be seen from Table 7, the K content in the fruits of the two K treatments did not
differ widely, whereas the K contents of the other plant organs were significantly affected
by the K concentration of the nutrient solution.
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Influence of Potassium on Water Economy

Prof. Dr. W. H61'NER, Institut Mifr Pflanzenernlhrung der Justus-Liebig-Universitit Giegen/Federal Republic of
Germany

Summary

The role of potassium in the water economy of plants, including its effect upon transpiration coefficients, root
pressure and osmotic pressure in plant sap in connection to transpiration and stomatal opening is discussed on
the basis of the osmoregulating action of this element.

Most of the work done on potassium water relationship in cultivated plants reveals the
fact, that plants well supplied with potassium exhibit lower transpiration coefficients than
potassium deficient plants. This fact, well known since long time (Arland [2]), has been
confirmed many times by recent results (Blanchet et al. [4];.Amberger [1]; Kahn and
Linser [171; Linser and Herwig [18]).
A new experiment in this field was conducted to comprehend the water saving effect of

potassium not only by the final yield, but also by following the increments of growth
ocurring during the successive stages of the vegetation period (Herwig [101). The trials
well supplied with potassium showed lower transpiration coefficients during the period of
most intensive growth compared with the trials of lower potassium supply. On the other
hand, there was no difference in the transpiration coefficients between both treatments,
when the calculation was made on a final yield basis (Table 1). However, mention has to

be made, that the control used in this experiment, contrary to the minus potassium control
usually used, was supplied with a potassium level (0.42 g K20/pot) high enough to
prevent visual K deficiency symptoms. This might explain the 10% difference in yield

between the treatments reached in this experiment only.
With these results a basic question has been raised whether the lower values of transpirat-
ion coefficients are resulting from higher yields and unaltered water consumption or from

Table l. Influence of K on the transpiration coefficient of oat (Herwig, 1970; unpublished data)

K, K2

Growing period yield water consum transp. yield water consum transp.
(g) (ml) coeffic. (g) (ml) coeffic.

4.6-19.6. 21.6 6435 298 28.8 8042 279
19.6-27.6. 16.8 4893 291 20.3 5309 262
27.6.- 3.7. 10.8 4717 437 10.1 5145 509

22.5-31.7. 75.0 26742 393 84.1 30269 393
(36.9 grains) 725 (40.9 grains) 740
(38.1 straw) 702 (43.2 straw) 701

K, = 0.42 g KzO/pot. K,_ 20 g K 20/pot. Water supply = 80% water capacity
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unaltered yields and reduced water consumption. According to this a water saving effect
can be achieved on quite different ways, and looking for the physiological reasons one
must be aware of the different effects of potassium on the water economy.
Among these considerations the positive effect of potassium on the metabolism of
carbohydrates and proteins may be recognized (Amberger [11). On the other side the
important role of potassium in osmoregulation and its responsibility for the establishment
of the osmotic gradient between plant and soil has to be kept in mind. Such osmoregulat-
ing role of potassium is mainly maintained by the preferential uptake and continuous
accumulation of potassium in the plant tissues, in spite of its usually lower concentration
in the soil solution compared to that of other cations. . .
This regulating effect becomes evident in arid climate with high contents of sodium
chloride in soil solution (Di Giorgi et. al. [51). Citrus seedlings, grown under saline
conditions varying from 13 to 35 mg Na/l, always take up more potassium than sodium.
Even at the K:Na ratio of 1:30 in the culture solution, the potassium uptake was twice that
of sodium. This leads to an osmoregulating effect, and balances the unphysiological Na:K
ratio of the saline nutrient medium (Table 2). In experiments with a halophytic chlamydo-
monas, also the absorption rate of potassium rises when the NaCI concentration of the
culture solution is raised (van Auken and McNulty [231). This produces a 30to 40-fold
increase of the K-concentration inside the cells compared to that of the growing medium,
whereas the Na concentration reaches only 10 to 16% of that outside the cell (Table 3).
Following an effective osmoregulation in the roots increased values of osmotic pressure
are detected in the different plant parts as well. This results from an active secretion of
ions into the xylem, by which the osmotic pressure is transmitted to the vascular and other
tissues of plant. Such phenomenon was reconfirmed by measuring the osmotic pressure of
exudates, which always exhibit higher values than the nutrient medium (Hi-hfner and
Herwig [121). Under normal conditions potassium is mainly responsible for the changes in
osmotic pressure in the plant. However, such role of potassium can be taken over by other
osmotically active organic and inorganic substances, when they become the major
constituents in the medium and can be taken up by the plants (Bernstein [31).

Table 2. K- and Na-content in Citrus aurantium (in % of the total content of K, Na, Ca and Mg in meq) as
affected by salinity and K:Na ratio of the nutrient media (Di Giorgi et al. [1967])

Salinity of the K
culture solution Na 100 in the culture solution

(meq/l Na) Control 3 20 30 50

K Na K Na K Na K Na K Na

13.0 14.1 7.5 14.8 7.6 18.5 9.4 19.5 7.2 19.5 8.6
21.7 14.1 7.5 15.2 8.9 16.8 6.6 20.7 10.7 22.1 10.7
35.0 14.1 7.5 17.6 9.4 35.4 17.5 28.2 11.1 30.0 11.3

Table 3. Intracellular concentrations of sodium and potassium in Chlamydomonaa (Van Auken and McNulty
[1969])

Nutrient medium Intracellular concentrations of
K Na

1.0 ool NaCI
0.0025" KCI 70 cmot 100 mmol

5.0 mol NaCI
0.0025" KCI 110 mmol 800 mnol
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The latter observation was proofed with experiments on root pressure. The promotion
effect of potassium on the root pressure measured in terms of stem exudate can be
replaced e.g. by Na +, Rb + , Mn++ and NO3- as shown by Hdfner [II]; Hdfner and Herwig
[12] with sunflower plants and by Mengel and Pfliiger [211 with corn seedlings, in which
the root pressure accounts for 75% of the water transport (Locher and Brouwer [20]).
These experiments demonstrate the close relationship between establishment of an osmot-
ic gradient between inner and outer solution and the active uptake of ions. Moreover, any
promotion of the ion uptake through aeration or higher temperature of the culture solution
or better nutrient supply may effect indirectly the regulation of the water economy of the
plant. As mentioned before, the preferential uptake of potassium creates a higher
concentration of this element and in turn increases osmotic pressure in the leaf (figure 1),
thereby leading to a higher water retention against transpiration. It is interesting to see,
that a detectable rise of the osmotic pressure in the sap of aerial plant parts during day
time parallels an enhanced K transport to the same parts, while during night the reverse
procedure occurs (Bernstein [3). Among the different elements in the leaf sap of beans,
only K shows these changes of concentration, which parallels the diurnal fluctuation of
osmotic pressure, while none of the other main elements shows a comparable behaviour.
The reason for this special behaviour of potassium is not yet clear, but might be due to a
preferential secretion into the phloem during night, which in turn accounts for a dominant
concentration in the phloem sap and a basipetal translocation.
The previous observations might have a connection to a direct influence of potassium on
the regulating mechanism of stomatal opening, which already has been mentioned 50
years ago (lfUin [15]; Imamura [16]), and recently gained interest again by qualitative and
quantitative experiments with epidermal strips (Fujino [9]; Fischer [6, 7]; Fischer and
Hsiao [81; Humble and Hsiao [14]). According to these results potassium is taken up
actively in light by the guard cells of the stomata and produces through a rise of cell turgor
an optimal aperture of the stomata. In the dark, the guard cells release potassium again,
which was demonstrated by 86Rb, and this is thought to be responsible for a lowering of
turgor and a subsequent closing of stomata. The other alkaline ions, with the exception of
Rb, normally not present in plants, do not show this effect at comparable concentrations in
light. Only at concentration of 100 mM in the buffered solution, serving as incubating
medium for the epidermal strips, Na, Li, and Cs produce an opening of stomata similar to
that of K at 0.1 mM concentration (figure 2). In the dark no difference in the degree of

Ii. , " ___ ____. __. __ ___ __.

Figure 1. Osmotic pressure of leaf sap of dwarf red Figure 2. Stonatal opening in response to the ca-
kidney beans as influenced by the osmotic pressure tions K+, Rb+ , Cs , Li , and Na , with C- as the
of the culture solution (Lagerwerf and Eagle associated anion, in light (Humble and Hsiao
(19611) [19691)
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stomatal opening is obtained by the different alkaline ions at equal concentration. The
special effect of potassium is explained by a light dependent specific uptake of potassium
(Fischer and Hsiao [181). This would be the first time, that a specific effect of potassium in
the plant tissue is demonstrated.
Mention has to be made that the increase in potassium in the guard cells is accompanied
by a decrease in starch content. Starch hydrolysis and increasing osmotic pressure due to
sugar production have been known as a major reason for regulating stomatal opening
since long time (Iin [15]), and it is questionable, which of these reactions plays the main
role.
According to theoretical calculations, the potassium concentration inside the guard cells is
increased very quickly to a threefold of the original value by the active uptake process in
light. This would be quite sufficient to account for the necessary turgor, and there would
be no need for an additional increase of osmotic pressure by starch hydrolysis (Zelitsch
[25]). In addition the pronounced stomatal opening after treatment with KCI compared
with that of K2S04 points to a secondary role of starch hydrolysis, because Cl- is knwon
to reduce the activity of hydrolytic enzymes (Hofmann [13]). This might not exclude that
starch hydrolysis is an integral part of an energy supply reaction for active ion uptake,
through which the guard cells, lacking any plasmodesmatal connection to the surrounding
cells, can only maintain a high ion content (Fischer and Hsiao [8]).
A different action of the accompanying anion on this potassium effect can be observed
with C1- and SO4- (Figure 3) though 70% of the light dependent potassium uptake is
independent of C- uptake (Pallaghi [22]). On the other side, there is a marked influence of
Ca on this uptake, which can be seen in a higher sodium effect on stomatal opening
compared to that of potassium at the presence of 50 mM Ca (Pallaghi [22]). A higher
effect of sodium on stomatal opening than potassium was also reported by Willmer and
Mansfield [22]. The same authors drew attention to the importance of divalent cations and
pH-values of the incubation medium, which contributes to the specific effect of the
monovalent ions. However differences in the reaction of different plant species were

12

10

2 A •KCI

J 
K SO,

io 4 soa ir,

ConcelntraItioa (n,.q/5)

Figure3. Effects on stomatal opening of the anions Cl and SO.- in light (open symbols) and darkness (closed
symbols), when associated with K (Humble and Hsiao [1969)
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observed as could be shown in a comparative study with Vicia and Commelina (Willmer
and Mansfield [24!).
Further confirmation and additional results are needed before a true evaluating of this
potassium effect can be achieved. Related to water economy, this specific K-function
would have to be considered direct and indirect at the same time, because on the one side it
regulates transpiration, and on the other it affects CO2-assimilation. But a confirmation of
such function would present a valuable contribution to a better understanding of the
observations, we till now only can declare as water saving effects of potassium.
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Recent Aspects of the Influence of Potassium
on Stomatal Opening and Closing

Dr. G.TROLLDENIER, Landwirtschaftliche Forschungsanstalt Biintehof, Hannover/Federal Republic of
Germany

Comprehension of the mechanism of stomata] opening and closing is not only of
theoretical interest but also of practical value, because these processes control plant
transpiration and uptake of C02 closely connected with plant growth and yield.
In a film, stomatal opening and closing was shown during the 2nd Session of this
Colloquium, with the three main types of stomata (Trolldenier 1161). A comprehensive
review of the function and different build-up of guard cells is given in another publication
(Trolldenier [171).
As already shown by v. Mol (91, stomata] opening is controlled by variations in turgor
and volume of the guard cells.
Numerous hypotheses have been developed to find an explanation for the variations in
turgor. At first, it was assumed that stomata opening in light could be ascribed to the
photosynthetic formation of osmotically effective sugars. Today it is known that the
photosynthetic activity of guard cells is too poor for bringing about the observed rapid
increase in osmotic pressure.
Recently, interest has focused on the part of inorganic ions, especially potassium, played
in stomatal opening and closing. Further information on this subject will be given in the
following.

Influence of various ions on stomatal opening and closing

Older papers, discussed in detail by Stdlrelt [13], mainly deal with the influence of salts
on the enzymatic hydrolysis of guard cell starch. hUM 171 was the first to find that
potassium and sodium salts favour the hydrolysis of starch in the guard cells whereas
calcium and magnesium salts retard it. According to I1fin and other researchers, hydroly-
sis of starch and formation of soluble sugars would result in an increase of osmotic
pressure and thus be the virtual cause for stomatal opening. Imamura [8] was the first to
ascribe a decisive part to the potassium ion in the function of stomata. According to
Imamura, the potassium content of the guard cells rises during opening and is lowered
when the stomata close again. This action of K was ascribed to a swelling of the plasma
colloids.
It was not till recently that potassium has been recognized to have a direct influence on
the variations in volume of guard cells. According to this new concept, it is assumed that
the amount of K + and the associatedanions taken up during opening would be responsible
for the increase in turgor and volume of guard cells (e.g. Fujino 14], Fischer and Hsiao [21,
Humble and Hsiao I5], Thomas [141).
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Several workers, using different methods, found a higher potassium content in guard cells
of opened stomata than in those of closed stomata. Fujino [41 as well as Humble and
Hsiao [61 used histochemical staining of potassium, Hsiao et al (Fischer and Hsiao [21,
Humble and Hsiao [61) measured the uptake of labelled rubidium as a tracer for potassium
in guard cells of epidermal strips, and Sawhney and Zelitch [121 used the electron
microprobe technique. All results obtained clearly demonstrate that guard cells of open
stomata contain more potassium than those of closed stomata. Calculations of Fischer
and Hsiao [21 indicated that K + concentration of guard cells in epidermal strips of Vicia
faba appeared to be more than tripled. The initial K+ concentration of closed stomata was
150 mM or slightly less. With the aid of the electron microprobe, Sawhney and Zelitch
[12] found a potassium concentration of 2 10 mM in closed tobacco stomata. Nearly the
same concentration was observed in adjacent epidermal cells, viz. 190 mM, and 500 mM
in fully opened stomata. Fischer and Hsiao as well as Sawhney and Zelitch stated a direct
relationship between potassium concentration in guard cells and stomatal aperture.
Evidence for a specific stimulating effect of potassium on stomatal opening in light has
been provided particularly by investigations of epidermal strips floating on salt solutions.
In isolated epidermal strips of Viciafaba, stimulation of stomatal opening by KCI was
highest at about 10 mM (Fischer and Hsiao [21). This is supported by very recent results
obtained by Thomas [14] with epidermal strips of tobacco, using another technique. With
a newly constructed solution-flow porometer, opening and closing of stomata of the same
epidermal strip could continuously be recorded. In dependence on alternating light and
dark the stomata of epidermal strips of tobacco bathed in 10 mM KCI opened in light and
closed in the dark. Thomas also found a reduction in aperture under the influence of
higher K+ concentrations (20 and 50 aM) whereas Hsiao et at even observed a maximum
of stomatal aperture in Viciafaba up to a concentration of 100 mM K +.

At a concentration of 10 mM KCI, solutions of other monovalent cations, such as Li+,

Cs+ and Na+ , have very little influence and do not show any light-activated specifity
(Humble and Hsiao [5). Simultaneous recording of stomatal aperture and uptake of
labelled rubidium and sodium, respectively, showed a light-dependent stimulation of
opening together with active ion uptake only for rubidium and not for sodium (Humble
and Hsiao [61). No opening is produced by NH4+ and Mg ++. The effect of Ca++, a cation
often considered as being essential for maintaining the integrity of the cell wall, is an open
question. In various papers, a reduction in stomatal aperture or entire closure of stomata
after addition of Ca++ to the bathing medium is reported (Fujino [41, Pallaghy [101,
Willmer and Mansfield [181).
Some authors not only stated a light-dependent stomatal opening in the presence of
potassium but also for sodium. Pallaghy [101, using epidermal strips of Vicia faba,
observed nearly the same stomatal aperture with 10 mM NaCl as with an equimolar
solution of KCI. Since the first measurement had been made after 2'/2 hours only, it
cannot be excluded that differences existed at least in the aperture rate. Willmer and
Mansfield [181, in contradiction to Fujino [41, also stated light-stimulated opening in
Commelina communis with NaCl. Results obtained by Thomas [141, using the very
sensible solution-flow porometer method, are more convincing. The response to a change
from light to dark by stomata of epidermal strips of tobacco when bathed in 10 mM NaCl
was considerably less than with 10 mM KCI. In contrast to the stomata bathed in KCI,
those floating in a NaCI solution only gradually opened in the dark. When adding I mM
KCI to the NaCI medium of this epidermal strip, the aperture immediately diminished.
With a subsequent change from light to dark the stomata resumed their normal behaviour.
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Thomas concluded from his experiments that the K+ influx mechanism probably has only
low affinity for Na +.

There are, however, some plants, e.g. Kalanchoe marmorata, which apparently have no
light-dependent K uptake mechanism. This Crassulacea is known for stomatal opening in
the dark and closing in light. In epidermal strips, the stomata of K. marmorata showed no
response in light nor in the dark when treated with 10 mM KCI. With 10 mM NaC1 as
bathing solution, however, the stomata opened in the dark and closed in light just as those
of intact plants (Thomas 1141). Similarly to illumination, the addition of 0.1 mM ATP
(adenosine triphosphate) resulted in a persistent diminution of aperture. According to
Thomas, the behaviour of stomatal opening of K. marmorata may be explained by the fact
that negative charges of the guard cells are built up in the dark due to the synthesis of
organic acids thus leading to a diffusion of Na+ in the guard cells. Illumination increases
the supply of energy substrate (ATP) in the course of photosynthesis and stimulates a Na +

efflux mechanism so that the stomata will close. These interesting findings need, however,
confirmation by experiments with other plants whose stomata also open in the dark and
close in light.
Whereas the influence of cations on the behaviour of guard cells differs rather widely, the
associated anions seem to be of minor importance (Humble and Hsiao [65], Thomas
[14]). Cl-, Br- and NO3, in the form of potassium salts, showed the same reaction, SO4
led to a somewhat smaller aperture only at concentrations of more than 10 me/l.

Hypotheses regarding the specific mechanism of potassium accumulation

The above mentioned results suggest that the accumulation of potassium in guard cells
during the opening of stomata in light might be mediated by a light-stimulated K+-specific
mechanism, denoted also as 'potassium pump'.
The assumption of Fujino 141 that an ATPase system might be involved in the transport of
K+ has been supported by experiments of Thomas [15]. According to Thomas, the
assumption that K+ transport through the membrane of guard cells is effected by means of
a carrier offers a good explanation for the high K+ uptake rate during stomatal opening,
being greater than that observed in other plant cells. The data of Humble and Hsiao 61
suggest that the photosystem is located in the chloroplasts of guard cells and the cyclic
electron flow supplies the necessary energy for ATP synthesis. Until now, it could not yet be
explained how potassium moves out of guard cells during stomatal closure. It can,
however, be assumed that this is a passive process.

The importance for the adjustment of stomatal aperture to prevailing ecological
conditions

The influence of potassium on stomata] aperture could also be clearly demonstrated in
field experiments. Plants having received different applications of potassium show differ-
ent capacity of aperture control. Plants adequately supplied with potassium, in compari-
son with K deficient plants, behave in warm summer days like plants resistent to drought
against plants susceptible to drought. Stomata of well nourished plants open early in the
morning and close when drought is to be feared. According to Frommhold [31, the
stomata of potassium-deficient plants are the most widely opened in the morning. They
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remain open also during midday heat so that transpiration is much higher. An explanation
for these remarkable findings could not yet be given.
According to Cooper et al. 11], heavy supplies of K also increase the number of stomata
per unit leaf area. With sufficient water supply, stomatal aperture of lucerne, according to
these authors, is increased with increasing potassium applications. The same has been
observed in maize (Peaslee and Moss (111). Since gaseous exchange through widely
opened stomata is much better, large potassium dressings thus exert a favourable
influence on photosynthesis and, in the end, on yield.
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An Assessment of Plant Nutrient Content
as a Guide to Nutritional Status

AJ. BRERETON and G.A. FLEMING, An Foras Taluntais (The Agricultural Institute). Johnstown Castle
Research Centre, Wexford/lreland

1. Introduction

The value of plant nutrient content as a guide to nutrient supply depends on the extent to
which the plant content of a nutrient is independant of variation in external factors other
than that nutrient. In our work, we have found that plant nutrient contents frequently were
not well correlated with soil nutrient levels (Figure 1). It is the purpose of this paper to
show how the low level of correlation could be due in part to variations in plant content
which were independent of soil nutrient levels.

2. Theory

Several workers have shown that only the apical portions of the root are active in the
uptake of nutrients. The rate per unit time at which a nutrient is taken up across unit
area of active root surface depends on (i) the rate per unit time 'c' at which the nutrient
is supplied from the medium' and (ii) on a plant determined parameter 'a' which has
been termed 'the plant demand coefficient'(Nye and Tinker [1]).

u = ac ........... (1)
Each segment of root is active for a short period (t) when it is near the apex. Over this
period, when the total root surface area and the root surface area active in uptake (RSA)
may be assumed constant, the total uptake (U) for this period (t) is determined by the rate
of uptake per unit area and by the surface area of the number of segments active in
uptake (RSA) and by the length of the period.

U = u(RSA)t ............ (2)
Combining,(l) and (2) gives

U = ac (RSA) t ........... (3)
For longer periods of time (i.e. a growing season) although total root surface area is
changing during the period, the final total root surface provides an estimate of the
root surface which has been active during the period, each roof segment being active
only for a short period (t) when it is near the apex. Using final root surface area and
an average value for a and c (the average of all the values of a and c occurring in the
system during the season) then (3) becomes:

U = K (RSA)t ............ (4)
Nutrient content (X) is generally expressed as a percentage of dry matter yield.

X = 100 yield ........... (5)

134



40

30

'0

1020

10

Figure Ia. Relation between % K in the plant and soil K.

i.a

0.9 0

0*7 *

4

.1

034

0-2

0-I

Figure lb. Relation between % P in the plant and soil P.

135



Combining (4) and (5)
.. . X t(R SA ) (6)

X - o ield ............

From (6) it is clear that the percentage content of a nutrient in the plant will vary subject
(Table 1) to fluctuations in (1) nutrient supply rate from the rooting medium (2)
R.S.A./yield ratio and (3) the plant demand coefficient. Brouwer and Troughton have put
forward, as a general rule, that the ratio root yield/total yield decreases as the supply of
mineral nutrients to the plant increases and increases as light or C02 supply is increased
(Troughton [21 and Brouwer [3]. It has been suggested that this decrease in the ratio
operates as a mechanism for the maintenance of balance in the uptake of nutrients from
the roots and of carbohydrate from the leaves. Therefore, if this suggestion is true, %
nutrient at a given level of supply of that nutrient to the roots would vary as climatic
conditions or other nutrients varied.

Table 1.
% = me - (RSA) = __ (RSA) % - (RSA)

K 0akckt -Yil P = lO0apC~l Yield 7oN - QO 100 Sa)c
YieldYieldYield

3. Experimental

Swedes (Var. Danish Bangholm) were sown at 19 sites in the Irish Republic. The sites
were selected to represent a wide range of the climate and soil conditions occurring in the
country. The crop was sown in June in drills 0.711 m wide and thinned to approximately
50,000 plants per hectare in July. In one block at each site potassium was applied at 0, 80,
160 and 240 kg K per hectare (as muriate of potash, 50% K). The treatments were applied
in a random block design with three replicates. In a second block phosphorus was applied
at 0, 36, 72 and 112 kg P per hectare (as superphosphate, 8% P) using the same design as
for the potassium experiment. A basal dressing of 60 kg N per hectare (as calcium
ammonium nitrate, 26% N) was used in each experiment. In the potassium experiment a
basal dressing of 92 kg P/ha (as superphosphate, 8% P) was applied. In the phosphorus
experiment a basal dressing of 160 kg K per hectare (as muriate of potash, 50% K) was
applied.
The plots measured 5.5 x 16.5 m. Two metres of the end of each plot were discarded. The
yield data discussed in the following paragraphs refers to the material harvested from the
four centre drills of each plot. The crop was harvested in October. Leaf samples for
chemical analysis were taken in August.

4. Results and Discussion

4.1 Potassium experiment

The results of the potassium experiment are given in Tables 2 and 3. The data for sites
giving similar responses to potassium have been averaged.
The ratio RSA/total yield was unaffected by potassium application within sites. The
arithmetic increase in the rate of potassium application was not reflected in the increase in
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Table 2. Potassium experiment. Yield data

% Response Total Yield (mT/Ha) Root/Leaf RSA*/Total Yield No.
Category Sites

Ko K, K2 K 3  Ka K, K2 K3  Ko K, K2 K3

0- 3% 74.5 74.8 76.5 74,5 2.49 2.62 2.71 2.83 .068 .068 .069 .070 7
7-15%O 59.0 66.9 66.7 64.6 1.70 1.84 1.97 1.98 .068 .069 .069 .070 7

18-26% 61.2 71.4 70.3 70.1 2,0 2.62 2.68 2.78 .072 .070 .071 .070 5

* Root surface area is calculated from the weight of swollen root. Bleasedale 14] has stated that root surface

area of fibrous roots in swedes is proportional to (swollen root weight)'
6

. Our own observations have shown
that the weight of fibrous roots is related to weight of swollen root in this way.

Table 3. Potassium experiment. Plant chemical composition

% Response % K % P % N No.
Category Sites

Ks K, K, K, Ko K, K, K3  Ks K, K, K,

0- 3% 2.3 2.6 2.8 2.7 .74 .74 .76 74 6.9 6.6 6.7 6.9 7
7-15% 2.4 2,7 3.0 3.2 .81 .75 .69 .74 6.9 6.9 6.7 6.6 7

18-26% 2.3 2.6 2.7 28 .72 .74 .77 .75 6.3 6.4 6.4 6.4 5

% K in the plant in response to potassium application i.e. increase in % K tended to level
off as potassium application increased. In terms of the equation for % K in Table I these
results indicated that the plant demand coefficient for potassium decreased with increas-
ing application of potassium i.e. RSA/yield was constant and c, was increasing
arithmetically - therefore the failure of % K to increase arithmetically was due to a
decrease in at. The relative constancy of both % P and % N within sites may be
interpreted in terms of the equation for % P and % N in Table 1. RSA/yield and c, and 6.
were constant in both cases. The constancy of% N and % P when potassium was applied
indicated that potassium applications did not affect the plant demand coefficient for either
nitrogen or phosphorus. On the basis of the suggestions by Troughton 121 and Brouwer [31
the higher overall ratio of RSA/yield for the higher response group of sites may be taken
to indicate a deficiency of nutrient or nutrients at these sites. The fact that % N values
were lower in this group (Table 3) supports this indication.

4.2 Phosphorus Experiment

The phosphorus experiment results are given in Tables 4 and 5. The ratio RSA/yield was
reduced by phosphorus application in all groups of sites. The effect was most marked in
the high response group of sites (i.e. in the phosphorus deficient group of sites). As in the
case of potassium, phosphorus was applied in arithmetically increasing increments. In
general, the increase in % P (Table 5) in response to phosphorus applications tended to
level off with increasing level of application of fertiliser. This levelling off can be
interpreted in terms of the equation for % P (Table 1) as the result of the decreasing
RSA/yield ratio or of a decrease in the plant demand coefficient for phosphorus or of
both.
The decrease in % K (Table 5) with phosphorus applied reflects the decreasing ratio
RSA/yield. The data provides no evidence to show that the plant demand coefficient for
potassium changed as phosphorus applications increased. The % N values (Table 5) show
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Table 4. Phosphorus experiment. Yield data

% Response Total Yield (mT/Ha) Root/Leaf RSA/Total Yield (g/plant) No.
Category Sites

Po Pi P2  P3  P0  Pi P2  P3  P0  Pi P2  P,

6- 8 % 77.2 86.2 85.4 84.7 2.41 2.41 2.43 2.38 .067 .066 .065 .064 4
9-11 % 63.8 67.6 70.5 70.3 2.91 2.78 2.65 2.74 .073 .071 .069 .071 5

13-20% 56.3 64.4 71.3 68.7 2.53 2.32 2.36 2.26 .077 .074 .070 .071 5
22-35% 41.5 60.7 63.6 69.2 2.63 2.30 2.33 2.26 .085 .071 .071 .069 5

Table 5. Phosphorus experiment. Plant chemical composition

% Response % K %P % N No.
Category Sites

Po P, P2  P 3  Po P, P, P, P0  P P2  P3

6- 8 % 3.0 2.2 2.9 3.1 .80 .83 .90 .95 7.0 7.1 7.4 7.0 4
9-11% 2.8 2.6 2.6 2.6 .66 .70 .78 .82 6.4 6.5 6.6 6.4 5

13-20 % 2.8 2.7 2.6 2.4 .60 .64 .72 .70 6.4 6.4 6.5 6.5 5
22-35 % 2.8 2.6 2.7 2.4 .52 .66 .72 .72 6.3 6.4 6.7 6.7 5

a tendency to increase with the application of phosphorus. Since the RSA/yield ratio is
decreasing and C for nitrogen is constant (Table 1) it seems clear that increased
phosphorus supply to the plant resulted in a marked increase in the plant demand
coefficient for nitrogen.
The tendency for % K to be higher in general in the low response group of sites may be the
result of a higher potassium status of the soil at these sites. A similar explanation may
apply to % N but in the case of% N the tendency can also be explained by the increase in
the plant demand coefficient for nitrogen associated with the higher phosphorus status of
these sites.

4.3 Discussion

The foregoing interpretation of the results indicates that percentage nutrient content in the
plant is not uniquely related to the level of supply of the nutrient in the soil. The following
assumptions have been made here:
(a) that the final root surface area was an estimate of the root surface that was active in

uptake during the season;
(b) that the weight of fibrous roots could be estimated from a simple relation with the

weight of the swollen part of the swede root;
(c) that the weight of the fibrous root system provided an estimate of surface area;
(d) that the nutrient content of the leaves provided a measure of the nutrient content of

the whole plant;
(e) that application of each fertiliser had no effect on soil availability of other nutrients.
From the considerations presented in the introduction and from our experience we feel
that these assumptions are at least approximately true. Because these assumptions, which
require verification, have been made, the equations given in Table I have been used only in
a qualitative way. A semi-quantitative assessment of these effects in the phosphorus
experiment may be obtained from Figures 2 and 3 where % P has been plotted against the
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root/yield ratio. Approximately, the slope of the line relating % P to the ratio should
provide a measure of apc. Figure 2 refers to the control plots so that c4 was varying
relatively widely between sites. In Figure 3, which uses data only from the maximum yield
plots, 4p was constant between sites. The period t during which any portion of root sur-
face is active in uptake is always constant.
It is notable that in Figure 2 the variation in % P induced by variation in the RSA/yield
ratio in each response category covered almost the same range of values as variation in %
P between response categories. In Figure 3, where soil phosphorus level at each site was
brought to the level sufficient to give maximum yield the % P variation covered much the
same range of values.
The effect of phosphorus on the ratio of RSA/yield is in keeping with the suggestion
[2] that increased nutrient supply to the plant generally has this effect. The poor
correlation between % P and soil P (Figure 1) may be taken to be the result of the
compensating effects of the reduction in the RSA/yield ratio and plant demand coefficient
as the phosphorus supply increased and of variations in the ratio in response to
uncontrolled soil and climatic variations between sites.
The absence of any effect of potassium on the ratio possibly reflects the role of potassium
in the plant as a factor in leaf photosynthesis. The decrease in the ratio in response to
increases in nutrient supply has been interpreted as a mechanism for the maintenance of a
carbohydrate-mineral balance in the plant. In the case of potassium - its effect in
increasing photosynthetic efficiency of the leaf renders an adjustment of the ratio
unnecessary. The tendency for potassium to accumulate to very high level (luxury
consumption) may be taken to be a reflection of its failure to reduce the ratio of RSA/yield
and this may also explain the fact that % K gives a better correlation with soil K than in
the case of phosphorus (Figure 1).
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The Distribution of Potassium, Calcium, and
Magnesium between Aerial Organs of Five
Grasses at Early Maturity

G. A. FLEMING and A.J. BRERrON, An Foras Taluntais (The Agricultural Institute), Johnstown Castle Research
Centre, Wexford/Ireland

1. Introduction

Potassium is unique in being the only univalent cation that is indispensable for the growth
of all living organisms. Its content in plant leaves varies over a wide range and may reach
levels of 10 per cent and over in such species as tomatoes and sugar beet. Such levels have
been recorded at this station for commercially grown crops [111. It is not surprising
therefore that in general, its level in plants exceeds that of any other cation. There is
abundant evidence that potassium functions as a cofactor for a variety of enzymes
involved in such metabolic processes as carbohydrate, nucleic acid, and protein synthesis,
and while this may account in part for its generally high levels in plants, it is also true that
potassium is one element that is frequently absorbed in luxury quantities. In the plant it
occurs mainly as soluble inorganic salts and to a lesser extent as salts of organic acids. Its
role in plant physiology has been reviewed in a submission to a previous International
Potash Institute Conference by Fowler [61 while more recent reviews include those of
Nason and McElroy [101 and Evans and Sorger [3].
Calcium and magnesium are related to potassium in plant nutrition and it seems
expedient to consider the three elements together.
Calcium also acts as a cofactor in enzyme systems but is also regarded as having a
structural function in the plant where, as calcium pectate, it occurs as a cell wall
constituent. Magnesium is probably best known as a constituent of chlorophyll but it is

also required non specifically by a large number of enzymes involved in phosphate
transfer.
Work on the distribution of the above mentioned elements in other grass species has been
reported by the author [41 while more recent studies involving distribution at different
growth stages have been recorded by Davey and Mitchell [21 and by Pritchard, Pigden
and Folkins [131.
The present paper deals with distribution in grasses not reported in the previous study [41
and endeavours to lay emphasis on the contribution of the different aerial organs to whole
plant contents. The significance of mineral distribution from the animal nutrition view-
point is also discussed.

2. Experimental

The five grasses studied were Bent grass (Agrostis tenuis) Yorkshire fog (Holcus lanatus)

Crested dogstail (Cynosurus cristatus) Italian ryegrass (Lolium Italicum) and Rough
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stalked meadow grass (Poa trivialis). The species were grown singly in plots (5 x 5 m) and
representative samples taken at early maturity i. e. when heads had formed but before any
seeds had shed. Basal fertilizer was applied as follows; 2 kg/ha calcium ammonium
nitrate, 5 kg/ha superphosphate and 2 kg/ha potassium chloride. The experiment was in
the form of a randomized block on an acid brown earth of medium base status
(Dystrocrept). The pH over the site varied between 6.0 and 6.2. Samples were separated
by hand into heads, leaves (+ sheaths) and stems, dried at 80 0C and ground in a stainless
steel mill. Potassium and calcium were determined by flame photometer while magnesium
was determined colorimetrically using thiazol yellow. All results are reported as percent
on oven dry matter.

3. Rbsults and Discussion

The actual contents of K, Ca and Mg are shown in Table I and the variation (t-test) in
contents between the different organs, in Table 2.
It will be apparent for Ca that no statistical variation could be recorded between any
organs in Yorkshire fog and between head and stem in Italian ryegrass. This situation
arose because the replicate analyses were in fact identical but an inspection of the actual
contents shown in Table I reveals that the differences between the organs are relatively
large. For instance the Ca content of the leaf of Yorkshire fog is twice that of the head
which in turn is twice that of the stem. Differences of roughly similar magnitude are
apparent in the case of Italian ryegrass. Table 3 shows the percentage contribution of the
different organs to total dry matter and to total K, Ca and Mg.

Table 1. Potassium, calcium and magnesium in different organs of five grasses*

(% on dry matter)

K Ca Mg

Species Heads Leaves Stems Heads Leaves Stems Heads Leaves Stems

Agrostis 1.3 1.4 1.5 0.33 0.80 0.13 0.17 0.16 0.11
Yorkshire fog 1.4 2.1 2.2 0.40 0.80 0.20 0.22 0.22 0.12
Crested dogstail 1.9 2.3 2.5 0.17 0.93 0.27 0.16 0.22 0.13
Italian ryegrass 1.1 1.9 1.1 0.50 1.20 0.30 0,14 0.18 0.08
R.S. meadow grass 1.7 2.5 2.1 0.47 1.13 0.30 0.18 0.26 0.10

* Averages of three replications

Table 2. Variation of potassium, calcium and magnesium between different plant organs

K Ca Mg
Species H-L H-S I-S H-L H-S L-S H-L H-S L-S

Agrostis ** - S.
Yorkshire fog - Z.V. Z.V. Z. -
Crested dogstail * - 5* - *5

Italian ryegrass * - 5 Z.V. ** ** **
R.S. meadow grass ** "" S * *5 **

**P=.0l *P=.05 Z.V.=zcrovariance between replications -not significant
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Table 3. Percentage contribution of heads, leaves and stems to total dry matter and to total content of potassium
calcium and magnesium.

Dry matter K Ca Mg

Species H L S H L S H L S H L S

Agrostis 17 14 69 16 13 71 22 42 36 33 19 59
Yorkshire fog 19 16 65 13 18 69 19 41 40 42 23 51
Crested dogstail 16 18 66 12 18 70 7 42 51 30 26 57
Italian ryegrass 14 13 73 10 16 74 16 36 48 34 24 56
R.S. meadow grass 24 15 61 20 19 61 24 36 40 48 28 42

H=Heads L= Leaves S=Stems

The statistical data in Table 2 reveal some clearcut differences between the five grasses. In
the case of Agrostis no significant differences in potassium occurred between any of the
organs while with rough stalked meadow grass differences were apparent between all
organs. Viewing the grasses as a group it may be said that the differences between organs
were less marked for potassium than for either calcium or magnesium (four differences at
the I per cent level for K as against eight for Ca and seven for Mg). This is held to be a
direct reflection of the greater mobility of potassium within the plant compared with either
calcium or magnesium. A similar analysis carried out for the different elements when
present in both limiting and luxury supply might however prove rewarding.
When the contribution of the different organs to the total dry weight and to the total
contents of K, Ca and Mg, is studied, some interesting differences emerge. In the case of
both dry matter and potassium the stems of all species contributed some 70 per cent of
totals. The remaining 30 per cent was shared between heads and leaves in proportions
varying approximately between equality and 1.5 to I.
With calcium, leaves and stems contributed about 80 per cent of the total, and in the case
of Agrostis, Yorkshire fog and rough stalked meadow grass, this amount was shared
relatively evenly between leaf and stem.
The magnesium data reveal that stems contributed over half the total and leaves quite
clearly the least. This relatively low contribution of the leaves to the total magnesium
content might at first sight appear strange but with increasing plant maturity magnesium
is known to move from vegetative to reproductive tissue where it is used in seed formation.
At this stage of maturity the leaf and head contributions of phosphorus are very similar to
those of magnesium (5) and in this respect it is interesting to recall that magnesium is
required for enzymatic reactions involving group transfer, namely those in which phos-
phate participates [0].
Further studies on the mode of combination of nutritionally important elements in
different plant organs certainly seem warranted. Apart from increasing our knowledge of
general plant chemistry there is the practical question of how elements in different forms
of combination are available to the grazing animal. That elements in different plant parts,
and in plants at different stages of maturity, can vary in digestibility has been shown by
several workers [9, 12, 14, 15). Using in vitro digestibility (. V.D.) techniques, Mowat,
Christie and Winch [91 showed that live leaves had a higher I.V. D. than dead leaves which
in turn had a higher I.V.D. than heads or stems. Terry and Tilley [14) pointed out that
with advancing maturity, the digestibility of stems falls faster than that of heads and a
decline in digestibility was associated with a reduction in the content of water soluble and
protein constituents in the plant. A biochemical basis for selection of forage of high
digestibility is inherent in this work. While the bulk of digestibility studies have been
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concerned with the organic components of plants, the availability of mineral elements has
received attention from such workers as Hutton, Jury and Davies in New Zealand [7, 81
and Armstrong, Thomas and Armstrong in England [1]. Hutton et al. showed that with
lactating cows, the retention of magnesium was as low as 8 per cent while that of
potassium was 50 per cent and calcium 65 per cent while Armstrong et al. pointed to the
differing availability of calcium in three common grasses.
It is clear that the studies briefly outlined above form the basis for a relatively unexplored
field of work which would endeavour to relate the form of combination of nutrient
elements in plants and their component parts to their assimilation by the animal. The
primary aim of this paper is to focus attention on this area of research.
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Discussion, Session No. 2

Dr. R. Scott Russell (Wantage/England):
Prof. Mengel has asked me to comment further on the hypothesis that salts are absorbed
in plants by two carrier mechanisms, one being operative at low concentrations the other
at high concentrations. These views of course rest primarily on relationships observed
between the external concentration and ion uptake in detached root systems or tissue
slices. There seems no doubt that a 'break' in the curve occurs at intermediate concentra-
tions (usually above 0.5-1.0 meq/l). However, the interpretation of the two hyperbolic
curves for the lower and upper concentration ranges seems less certain. Work on this
subject has normally been done under non-sterile conditions and in my paper with
Dr. Clarkson we compared the relationships which Barber obtained under sterile and non-
sterile conditions for the lower concentration range; both the uptake by sterile roots and
the additional uptake of micro-organisms on non-sterile roots are of the general form
which, on the basis of the Michaelis-Menten analysis, has been assumed to imply a single
mechanism. However, the large contribution of micro-organisms at the lower concentra-
tions indicates that work must be carried out under rigidly sterile conditions if precise
conclusions on plant function are to be reached.
The concentrations at which the second mechanism dominates are above those which can,
in general, be regarded as in the physiological range. I entirely agree with Professor
Mengel that this mechanism may well be due solely to the passive diffusion of ion in the
tissues under these abnormal circumstances. It is perhaps surprising that this possibility
was not examined in detail before the two mechanisms were proposed and it is of interest,
as noted in our paper, that Higinbotham and his colleagues found evidence of the active
transport of potassium only in the lower concentration range.

Dr. H.E. Haeder (Hannover/Federal Republic of Germany):

In your last figure we saw a decrease of the potassium content in the plants with time. You
pointed out that this must be lost by leaching out of the leaves and by efflux of the roots.
In our former experiments with maturing barley plants in hydroponics we found only a
small efflux from the roots (less than 1%). Therefore the decrease of potassium content
with time will be due only to the leaching of the leaves.

Mr. F. van Egmond (Wageningen/The Netherlands)
(replying to the question of Dr. Kirkby):

When sugarbeet plants are grown in nutrient solution with NO as nitrogen source, the
pH of the solution will hardly change, (C.A.) and organic N will have the same value for
the whole plant. Conclusion: cations and anions are taken up in equal amounts.

10 145



Prof. Dr. H. Marschner (Berlin/Germany):

In your experiments most of the 14C -assimilates which moved to the fruit were sugars, the
amount of 4C-organic acids was low. Do you think that despite of this, there were still
enough organic acid anions moving in the phloem as counter ions to account for the
simultaneous high flow of K + in the phloem to the growing fruit?

Dr. H.E. Haeder (Hannover/Federal Republic of Germany):

There are two hypothesis for, the reaction of K+ on translocation of carbohydrates in
plants.
1) Kursanov and co-workers found an enzyme in the phloem sap (Fructokinase) which
catalyses the translocation of fructose through the cells to the veins. This enzyme is
stimulated by K+ .

2) The other opinion deals with the 'turnover' of the transported sucrose from the veins to
the storage tissues. Our recent results confirmed this hypothesis. We observed a faster
turnover of the labelled 14C from sucrose to other compounds in the tomatoes.

Dr. L.K. Wiersum (Haren-GroningenThe Netherlands):

Evidence for Na-extrusion might be related to the fact that Na-application or Na-arrival in
a leaf of a glycophyte is followed by partial effiux out of the leaf through the phloem.
The retaining Na could be extruded into the vacuole as it seems to be not readily
exchangeable.

Dr. L.K. Wiersum (Haren-Groningen/The Netherlands)
in reference to equivalency of K and sugars in phloem:

Data obtained in the group of Tammes and van Die on yucca phloem sap demonstrate
that the amount of sugars (10-15 %) is far higher than K. The K content seems indeed to
be balanced by the mixture of organic and inorganic ions. Complete data will be published
as they are being investigated at this moment.

Dr. A. Reinberg (Paris/France):

Biological rhythms have been demonstrated objectively in plants as well as in animals
including men. For any metabolic study in men, and particularly for that of potassium we
have to take into consideration the existence of periodic and thus predictable variations.
Therefore my question to plant physiologists is: as methodologic background, is it
important or not, when studying (among others) potassium metabolism to consider the
clock hour of the experiment in relation to regime of light - dark alternation?

Prof. Dr. W. Hdfner (Gielen/Federal Republic of Germany):

To answer the question of Mr. Reinberg, concerning recognition of cyclic processes in
plant physiology studies, I want to draw your attention to the exudation experiments done
in our department. According to the results of Herwig, the well known diurnal fluctuation
of exudation rates of decapitated sunflower plants is paralleled with the amount of K
within this exudate. K is the only element, which concentration goes along with the
exudation rate, and this points to the osmoregulation function of this element.
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Co-ordination Lecture for Session No. 2

Prof. Dr. K. MENGEL, Head of the Agricultural Research Station Bfintehof, Hannover/Federal Republic of
Germany.

The papers presented at the 2nd session obviously demonstrate that there was a real
progress during the last decade in understanding ionic relationships in the plant. As was
shown by Core's paper the nitrogen nutrition and the nitrogen metabolism controls the
uptake and distribution of inorganic ions to a high extent. Even the plant organ in which
the nitrate is reduced predominantly plays a role in cation uptake and cation translocation
from roots to the upper plant parts. It further appears that a balance between cations and
anions is a prerequisite for normal plant life. This balance relates to the gross uptake and
release of cations and anions by plant roots as to the balance between cations and anions
in various plant parts as well. The ionic balance at the uptake of ions from the nutrient
solution is mainly a balance between inorganic ions, whereas in the various plant parts the
organic anions represent a major anion fraction in balancing the bulk of cations. This is
especially true when nitrate is the main N source of the plant. The anion equivalent of the
nitrate shifts over to the anion equivalent of an organic anion during nitrate-N assimila-
tion. This relationship became evident in Van Egmond's data, showing that the amount of
organic anions was nearly identical the amount of organic N. This correspondence has to
be expected, provided the release of OH- or HCO- or the uptake of H+ by the roots is
negligible.
A further important factor in ionic relationships is the ability of ions to be transported in
basipetal direction. Van Egmnond's graphics showed that older leaves have higher contents
of oxalate that younger ones, which he explained by the low solubility of the oxalates. It
remains open, whether this explanation is sufficient, as plant species having malate as the
main organic anion also show a higher organic anion content in older leaves.
Ion content and ion distribution cannot only be explained by the N metabolism, but
depend largely on the ability to be actively transported through biological membranes. As
was outlined clearly by the main speaker Scott Russell potassium can be transported
against an electrochemical potential gradient, whereas for calcium and sodium such an
active uptake by cells of higher plants has not yet been proved. This unique feature of
potassium absorption enables the root to take up potassium with high rates even from
rather dilute solutions. This property is inherent in plant roots along the whole range from
the apical to the basal part, and a short root segment of this range can supply the entire
plant with potassium, provided the potassium supply from the environment to this root
segment is sufficient. Therefore rather the potassium transported to the roots than the root
surface controls the total potassium uptake. In agreement with this deduction Scott
Russel's data showed that the relationship between the potassium uptake and the root
surface or the root length is poor. The best relationship exists between the root volume and
the potassium uptake. This is surprising and the question which parts of the plant roots
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and to what extension under field conditions are related to the total ion uptake needs
further investigations.
The unique feature of potassium to be accumulated in plant cells by active uptake
mechanisms affects the water economy too. As was reported by Hdfner an accumulation
of potassium in the xylem vessels effects an osmotic gradient, which is responsable for the
water uptake from the root environment and for the root pressure. Also the potassium
accumulation in the guard cells of the stomata, effecting stomata opening and closing
plays a major role for the water economy of the plant. The film and the comments of
Trolldenier illustrated the stomata movement obviously.
The high potassium concentration found in sieve tube vessels justifies the assumption that
potassium is secreted into the sieve tube vessels actively. Here it is the dominant cation
balancing the various organic anions. It is possible that the favorable influence of
potassium on the transport of photosynthates from the leaves to the fruits, clearly shown
by Miss Viro's data, is caused by this balancing effect. On the other hand it still remains
clarified, whether the potassium for the transport of organic compounds in the phloem
tissue has still a more specific function.
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Ion Transport through Biological Membranes

Dr. VALBORG KoEFOED-JOHNSEN, lecturer, and Prof. Dr. H.H. USSING, Institute of Biological Chemistry A,
University of Copenhagen/Denmark

Summary

The properties of some ion transporting epithelia are discussed. The isolated frog skin and the urinary bladder of
toad are extensively used as examples, since much information about active transport processes have been
obtained from studies of these tissues.
The electric potential difference between the outside and inside of the isolated frog skin bathed with Ringer
solution on both sides is maintained by active transport of sodium from the outside to the inside solution.
The varying hypotheses for the development of the potential difference are discussed. It is concluded that the frog
skin seems to possess a variable intercellular shunt path which together with the cellular shunt and the active
sodium transport mechanism determines the level of the frog skin potential.

It is a well-known fact that it is of vital importance for all cells to maintain a constant ionic
composition. Most cells, both plant and animal cells, possess the ability to accumulate
potassium and exclude sodium, and they are able to maintain the constancy of their
internal ionic environment even though their cellular composition of inorganic ions differs
greatly from that in the surrounding medium.
During the last half century much interest has been focused on the problem of ion
accumulation and secretion. The advanced analytical and electronic techniques of the
recent years have added greatly to our knowledge of transport processes and their
regulation, and the literature dealing with the subject is immense. (For reviews covering
the field of transport phenomena see a.o the following: Ussing et al. [371, Comar and
Bronner [7a], and Keynes[15].)
For the present we shall mainly discuss the properties of some epithelia which have in
common the capacity that they can transport sodium from their physiological outside to
their inside. The tissue comprises such a variety as e.g. the skin and urinary bladder of
amphibians, intestinal mucosa, gallbladder, and the epithelium of rumen in ruminants.
Since much information about active ion transport has been obtained from studies on toad
bladder and frog skin the following discussion of basic transport properties will especially
deal with observations originating from these tissues.
The isolated frog skin has during the last twenty years or more been the object for
transport studies in our laboratory, and has proved to be a valuable preparation for
examining general features of transport processes through epithelia. By means of this
preparation it has been proved that active transport of sodium is the source ot the potential
across the frog skin (Ussing [30]), and by use of the short-circuit technique (Ussing and
Zerahn 1341) it was shown that the net flux of sodium ions can account for the current
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drawn from the skin, i.e. that sodium is the main ion actively transported. Flux ratio
analysis (Ussing [31]) of chloride ion movements has shown that these ions move
passively through the isolated skin (Koefoed-Johnsen, Levi, and Ussing [19]). The active
transport seems to be energized mainly by oxidative metabolism, and the stoichiometry
between sodium transported and oxygen consumed has been established to be 18 sodium
ions per I molecule of oxygen (Zerahn [411).

1. The nature of the frog skin potential

On basis of knowledge of the overall picture of ion transport through epithelial cell layers
and of single cell systems the so called two membrane hypothesis was put forward in order
to explain the origin of the frog skin potential (Koefoed-Johnsen and Ussing 121]). The
spontaneous potential across the isolated frog skin bathed on both sides with Ringer
solution is considered to be the result of active transport of sodium ions and the shunting
effect of passively moving ions like chloride ions. The maximal obtainable potential will
consequently develop only in the ideal case where there is no shunting by passively
diffusing ions.
The hypothesis is based on the following assumptions:
1) A continuous cell layer forms the barrier between the inside and outside solution.
2) The outward and inward facing membranes of these cells have different selectivities.
3) The outward facing membrane is selectively but passively permeable to sodium, and

virtually impermeable to all other cations (except lithium), and furthermore rather
permeable to chloride and other small anions.

4) The inward facing membrane is highly permeable to potassium and small anions while
the passive permeability to sodium is very low.

5) The active transport is located at the inward facing membrane and is visualized as
a sodium-potassium exchange pump (Figure 1).

Ouide Ce/I In s ide
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Figure 1. Diagram of an epithelial cell. The concentration levels of the cations are indicated by the size and the
level of the chemical symbols. The oblique arrows designate passive, but highly specific diffusion. P is a 'pump'
mechanism.
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From these assumptions it follows that the electrical potential which the sodium pump
develops across the epithelium in absence of penetrating anions should be composed of
two potentials: One between the outside medium and cell interior determined by the
respective sodium concentrations, and another between the cell interior and the inside
solution dependent on the respective potassium concentrations. The potential across the
skin would then be the sum:

E = RT/F ln(a) + 1 (K)'

subscripts o, c, i denoting outside, cell, and inside.
The experimental evidence on which the hypothesis is based is o.a. the following. The
selectivities of the outward and inward facing membranes can be demonstrated when the
shunting effect of the anions is stopped, either by treating the outside of the skin with
copper at a concentration of 10- ' M which decreases the chloride permeability consider-
ably (Koefoed-Johnsen and Ussing [21]), or by substituting a virtually non-penetrating
anion like sulfate for chloride. Under these conditions a frog skin from R. temporaria can
obtain very high potentials (occasionally as much as 180 mV), and responds to changes
in the ionic composition of the bathing media as if the outside surface were a sodium
electrode and the inside a potassium electrode. In agreement with the model the resistance
of the skin increases considerably when sodium in the outside solution is replaced by
potassium (Ussing and Windhager [36). Volume changes of the frog skin epithelium
produced by altering the K/Na ratio in the presence of penetrating and non-penetrating
anions can also be satisfactorily explained in accordance with the model (MacRobbie and
Wssing [251).

The effects of many inhibitors and stimulators of the sodium pump can also be explained
in terms of the model. The potential (Fukuda [12) and the sodium transport (Koefoed-
Johnsen [54) are dependent on the presence of potassium in the inside bathing solution
and are highly reduced in the absence of potassium. The cardiac glycoside ouabain which
is generally accepted as a specific inhibitor of Na/K pumps inhibits the sodium transport
in frog skin and abolishes the potential when added to the inside solution, but has no effect
when added to the outside (Koefoed-Johnsen [171). The diuretic amiloride is a strong
inhibitor of sodium transport. Its effect can only be seen when the drug is added to the
mucosal side of the toad bladder (Bentley [31) or to the outside of the frog skin (Baba et al.
[11), Nielsen and Tomlinson 1271). The action of amiloride is attributed to a restriction of
the entry path for sodium. Addition of neurohypophyseal hormones to the inside bathing
solution of the frog skin leads to an increased active transport of sodium (Ussing and
Zerahn [341) and an increased permeability to water (Koefoed-Johnsen and Ussing 1201),
and the same effects are found in toad bladder (Leaf and Dempsey [23], Bentley [21). The
stimulating effect of these hormones has also been explained in terms of the model
(MacRobbie and Ussing [251, Frazier, Dempsey and Leaf [111): The hormones increase
the permeability of the outer border leading to an increased cellular concentration of
sodium, which in turn stimulates the pump to an increased activity.
That a permeability change is involved in the reaction has been demonstrated in toad
bladder (Civan and Frazier [ 71) where the fall in electric resistance was found to occur at the
mucosal surface. Under conditions of zero net sodium transport obtained by reducing
the electrochemical gradients for chloride across the tissue to zero, vasopressin was found
to decrease the electrical resistance as expected, but not to increase the transepithelial
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potential. This indicates that the effect of the hormone is not a direct stimulation of the
pump (Civan, Kedem, and Leaf [61). Recently the effect of vasopressin has been
reinvestigated on isolated sheets of epithelial cells and isolated epithelial cells scraped
from toad bladder (MacKnight, Leaf, and Civan [24]). After exposure to vasopressin
these cells contain significantly more sodium, chloride, and water; and the concentrations
of the ions are also increased. The cellular potassium is not affected, though its concentra-
tion fell significantly. These findings would be expected if vasopressin increases the
permeability of the cells to sodium, whereas the cells would have lost sodium and would
have been shrunk, if the hormone had stimulated the extrusion of sodium by the pump.

2. Localization of the ion selective membranes in the frog skin

Although many observations have been satisfactorily explained in light of the hypothesis,
others do not fit the pattern so well.
Originally the outer and inner ion selective membranes were thought to be the outer and
inner cell membranes of the stratum germinativum, the basal layer of the frog skin. The
assumption was in agreement with intracellular potential measurements made by means of
Ling Gerard type electrodes (Engbcek and Hoshiko 19]). In most cases only one stable
plateau was found within the skin epithelium. However, in later micropuncture studies
(Ussing and Windhager [35]) several stable plateaus were found on the advancement of
the electrode from the outside, the first potentials encountered being consistently more
negative than the following ones.
Potassium exchange studies furthermore seem to indicate that the sodium selective,
potassium impermeable membrane must be situated further towards the outside of the
skin, right underneath the very thin cornified cell layer (Koefoed-Johnsen [18]). In these
experiments the inside of the frog skins was exposed to Ringer containing 41K. After
varying times of exposure the skins were rapidly frozen onto a horizontal area of solid agar
on the stage of a freezing microtome and cut into thin sections parallel to the outer surface
of the skin. The specific activity of "K in the single sections was then measured. It turned
out that the specific activity of potassium was the same throughout the epithelium whether
the skin had been exposed to 41K for 15 minutes or 3 hours (Table 1). In other words: All
epithelial cell layers could exchange their potassium with that of the inside bathing
solution. In cases where the isotope had been added to the outside bathing solution there
was no measureable uptake by the skin after the same periods of time.

Table ). Abdominal skins from six R. temporaria activated with "K in Ringer solution from the inside'

Skin Activation time Per cent exchange of K between epithelial layers and inner solution

No. (min) Section 1, basal layer Section 2, middle layer Section 3, outer layer

1 15 22 23 27
2 is 30.3 30.3 29.5
3 180 81.7 87
4 180 92.2 99 -
5 ISO 98.3 IO
6 ISO 101 96

SAfter varying periods of time the skins were cut on a freezing microtome into sections (20p) parallel to the
skin surface (V Koefoed-Johnsen 181).
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On the basis of these and other observations the following revision of the model was
proposed (Ussing and Windhager [361): The epithelial cells are interconnected by inter-
cellular bridges of low resistance, while the intercellular space forms a continuous system of
channels which communicate rather freely with the inside bathing solution through pores
in the basement membrane. Towards the outside the interspace system is more or less
completely closed by zonulae occludentes, the 'tight seals', between the cells of the first
living cell layer. This model is in many respects in agreement with that proposed on basis
of electron-microscopical studies (Farquhar and Palade [10]).
In the revised model (Figure 2) the sodium selective membrane has been moved to the
outside facing membrane of the first living cell layer, while the potassium selective
membrane with the sodium pump would be the total surface of all epithelial cells facing
the intercellular space. The picture is in agreement with the finding that all ATPase can be

found located along the surface of the cells lining the interspace, but not along the outer

surface of stratum corneum or along the inner surface of stratum germinativum (Farquhar

and Palade 1100.
The model is, however, still not quite satisfactory. Thus is has been pointed out that the
transport pool of sodium in the epithelium seems to be much smaller than the total
epithelia sodium content (Cereijido and Rotunno 5]. Zerahn 1421). The discrepancy
might be explained in terms of compartmentalization of some part of the sodium. Thus it is
known that nuclei concentrate sodium preferentially (Mirsky and Allfrey 126). Another

;iii ... !i~ii~ii j ~iiiii :ii~ iii~ ....... .... ................ ... ... .........

No

'No selective membrane Bosement membrone -1
Figure 2. Diagram of the frog skin epithelium, showing the active transport path, the cellular and the intercellular

shunt spaths.
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explanation could be that the outermost living cell layer performs the greatest part of the
sodium transport.
The question whether all cell layers participate to the same extent in the transport of
sodium can still not be answered with certainty. Some experiments with bearing on this
problem have been made, however (Voate and Ussing 138-391). If the sodium transport
is increased by passing an inwards going current, e.g. double the short circuit current
through the skin, the cells in the first living cell layer swell, while the rest of the epithelium
is increased by passing an inward going current, e.g. double the short circuit current
shrink with no significant change in deeper cell layers. These results seem to suggest that
the main part of the sodium transport takes place in the reacting cells. It remains though to
be proven that the changes are due to changes in sodium content.

3. The interspace system

Whether only one or several cell layers participate in the transport process all transported
sodium has, according to the model, to leave the epithelium via the interspaces. Accord-
ingly the shape and volume of the interspace system might influence the transport rate, or
reversely, the transport rate might influence the shape of the interspace.
Some experiments elucidating this relationship have been made (Voate and Ussing [40]).
Small hydrostatic pressures (of 5-40 cm) of water were applied to the inside of frog skins
leading to a reversible expansion of the interspace the volume of which increases with
increasing pressure. In spite of the drastic changes in interspace volume the short circuit
current and thus the active transport remains constant. The potential is unaffected in some
skins, in others the stretching of the skin leads to a reversible decrease in potential,
possibly caused by the creation of a shunt through the zonulae occludentes. Such a leak
would not measurably affect the current output during short circuiting, but would
diminish the potential during open circuit.
The question of the influence of the transport rate on the interspace volume has been
examined by determining the size of the interspace at different hydrostatic pressures with
and without active transport. The latter situation was established by substituting choline
for sodium in the outside bathing solution. When no transport takes place the interspaces
are smaller than in the transport cases. When no hydrostatic pressure is applied the
interspace system is totally collapsed in the absence of transport, while a measurably
volume persists in the presence of sodium transport.
In the original version of the hypothesis for the development of the frog skin potential the
ion pump was assumed to be a sodium potassium exchange pump, carrying one potassium
ion into the cell for each sodium ion pumped out. The functioning of the model is, however,
independent of the coupling ratio between sodium and potassium. The ratio 1: 1 was
chosen because the cation pumps in erythrocytes, nerve cells, and muscle fibres at that
time were believed to operate with such a coupling ratio. Attempts to determine the
coupling ratio of the sodium pump in frog skin have not been successful so far. No relation
between the Na-transport and the uptake of 42K has been found. The potassium exchange
with the inside bathing solution seems hardly to be affected by changes in the sodium
transport (Cereiido and Curran 14]). It is a question, however, whether a structure like
that of the frog skin epithelium makes possible a meaningful determination of the Na/K
coupling ratio. If we assume that the main part of the sodium transport takes place in the
first living cell layer the interspace facing the surface of these cells must also be the site of
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the Na/K exchange pump. If 42K is added to the inside solution in order to determine the
ratio, the K-ions passing through the long winding interspaces may have been in and out
of several cells before they reach - if ever - the reacting cell layer. As potassium is present
in low concentration in the Ringer solution and in high concentration in the cells, the
system may act as an ion exchange column so that a 42K-ion present at one end of the
interspace system is more likely to enter a cell than to pass further on through the
interspaces. Such an exchange resin effect would very much complicate determinations of
the Na/K coupling ratio.
In some epithelia, like that of the gall bladder, the interspaces are so long and narrow that
the transport of NaCI into the interspaces may build up a substantial concentration
gradient of this electrolyte, a 'standing gradient', which may lead to an osmotically driven
transport of water even between isotonic solutions (Diamond [8). Such an effect is not
present in the frog skin the water transport between isotonic solutions being less than
I p l/cm2 /h.

4. Shunt paths

In the frog skin the interspaces are normally closed towards the outside solution by
zonulae occludentes, the 'tight seals', between the cells of the first living cell layer. In gall-
bladder epithelium and certain other epithelia, e.g. small intestine, these seals are
somewhat leaky to water and small ions (Diamond [8). Under certain conditions,
however, even the frog skin can be transformed into a leaky epithelium. Thus if the
osmotic pressure of the outside bathing solution is increased relative to that of the inside
solution the potential across the skin decreases, and the skin becomes permeable to large
molecules like sucrose (Ussing [321). The hypertonicity of the outer medium has apparent-
ly created a shunt path.
Recently it has been possible to demonstrate directly that this shunt path is an intercellular
pathway. If the solution bathing the outside of a skin contains Ba-ions and the inside
bathing solution sulfate-ions a precipitate of BaSO4 will be formed where the two ion
species meet. The result of such an experiment was that the interspaces were Filled with
BaSO4 crystals whereas no crystals could be seen in the epithelial cells. The phenomenon
stands out very clearly when the outside medium is made hypertonic with urea, but even
with Ringer on both sides of the skin crystals may develop after several hours (Ussing
[331).
The frog skin thus seems to possess a variable intercellular shunt path which together with
the cellular shunt and the active sodium mechanism determines the level of the skin
potential.
Similar considerations are valid for other epithelia. However, the relative importance of
the shunts, the length of the interspaces with ensuing smaller or greater transport
anomalies due to standing gradients may modify the net result of the active sodium-
potassium exchange pump.
Although sodium pump systems quantitatively dominates the picture of ion transporting
epithelia, sodium independent transport systems can be found in some organs. A well-
known example is the transport of hydrogen ion and of chloride ions in the gastric mucosa
(Hogben 14]). In insects (but probably not in vertebrates) a sodium independent potas-
sium transport seems to play an important role (Ramsay 1281, Harvey and Nedergaard
[131).
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Biological Rhythms of Potassium Metabolism*

Dr. A. REINBERG*, Maitre de Recherches au C.N.R.S., Paris, France

Summary., see at the end of this paper

1. Introduction

Biological rhythms of potassium metabolism can be demonstrated in man as well as in
other animal [ 1- 19, 24, 52, 69-72, 75, 95]. These rhythmical and predictable variations
have been studied extensively a) in healthy human subjects under various experimental
situations and/or conditions e.g. new-borns raised in self demand [20, 21]; adults
following their usual daily routine of activity and rest, or desynchronized by environ-
mental manipulations such as underground isolation without time cue [9, 17]; and in
iutercontifiental flight across several time zones (transmeridian flight) [13, 22, 95] and b)
in patients suffering from various diseases such as adrenal insufficiency - Addison
disease - [7, 23-261, adrenal hyper-activity - Cushing syndrome - [19, 27, 281, etc.
Nowadays biological rhythms of potassium metabolism can be taken as an illustrative
example of biorhythm analyses in man leading to a better knowledge of our biologic time
structure. Apart from a contribution to basic sciences, parameters of potassium bio-
rhythms can be used as rhythm references for other physiological rhythms; alterations in
potassium metabolic rhythms related: a) to diseases and b) to some of the pharmacologic
effects of drugs (such as corticosterolds) are, inter alia, interesting indexes from the point
of view of temporal pathology as well as temporal pharmacology.
To clarify this review it may be useful to summarize some specific advances in biorhythm
research.
Biological rhythms can be defined as statistically validated physiologic changes recurring
with a reproducible waveform. From a 'macroscopic' point of view, a rhythm implies
regular periodicity of data displayed as a function of time. With the help of electronic
computers and special programs - developed for this purpose at the University of
Minnesota [29-331 - it is now possible to obtain a 'microscopic' characterization and
quantification of rhythm. These methods of data analysis can reveal properties of time
series with a power analogous to the resolving power of a good microscope [331.
From biologic time series a rhythm can be objectively detected (P < 0.05) and then can be
characterized by the statistical estimation of several parameters: (average) period, r,
• This review is dedicated to Prof. Jirgen Aschoff.
0* Equipe de Recherches de Chronobiologie (C.N.R.S.; NO 105) Laboratoire de Physiologic, Fondation A. de
Rothschild 29, rue Martin, F-75019, Paris/France.
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and/or (average) acrophase - crest time, 0, or crest angle, (o, - amplitude C and
(average) rhythm adjusted level Co. Endpoint and confidence interval estimates for these
rhythm parameters are obtained by the use of approximating functions inter alia, by
functions of the form:

y,, = C 0 + C cos(ct+ )

where t = the angular frequency and t= time.
With reference to the period, r (or to frequency: l/r), rhythms can be analysed, as a
spectrum with statistically significant components in several spectral domains [19, 29, 561.
These are domains of high frequency rhythms (r < 0.5 hour), medialfrequency rhythms
(0.5 h. <r<2.5 days) and low frequency rhythms (r >2.5 days).
No longer can one postulate that an animal organism is constant within the limits of a day,
a month, or a year, etc.
Circadian rhythms (20 h. < <28 h.) are included in the medial frequency domain. Most
of the described cyclical changes in potassium metabolism have been circadian rhythms;
therefore they will be the focus of this review.
Within certain limits, the period, amplitude and phase of circadian rhythms can be
influenced by the cyclic variations of certain environmental factors. There are the
alternation of day and night, heat and cold, noise and silence [7, 12, 17, 19, 34-541. For
man, the hours of work and repose, related to the duties of social life [12, 15, 17, 19,
55-58), comprise influences upon circadian rhythms. These factors are called synchro-
nizers 159] Zeitgebers [601 or entraining agents [611 the three terms being synonymous.
Under the conditions of daily life, when the alternation of activity (in light) and rest (in
darkness) is tied to a relatively regular schedule, the period of our circadian rhythms is, on
the average, 24 hours. It will be the same for experimental animals in DL: 12/12. After
certain manipulations of synchronizers (or of the organism) changes in phase and/or
period can be observed. Nonetheless, synchronizers may influence 0, r and C, but they do
not cause rhythms. An organism's time structure as revealed by its rhythms can be
considered a function of its genetic heritage.
For some species with their usual behavior and environment - and under certain
experimental circumstances - some synchronizers can be called 'primary' or 'dominant'.
Light-dark alternations are primary synchronizers for experimental animals [11, 19,
34-54,621 and cyclical changes of socio-ecologic factors are primary for men 112, 15, 17,
19, 55-58, 37, 95]. This has strong implications for the methodology of research.
From a methodological point of view, any study on biological rhythms has to be realized
under conditions standardized for periodicity 134, 58]. The following environmental
conditions must be controlled: (1) lighting regimen for experimental animals, sleep-
wakefulness schedule for human subjects; (2) duration and stability of the synchronization
prior to the study. Without these criteria the analysis of data may be meaningless and it is
possible to misinterpret the results.
Chronobiology is the study of the temporal characteristics of biologic phenomena,
providing an objective description of biologic time structure 119, 35]. Biologic time
structure, in turn, can be defined as the total sum of non random, and thus predictable,
temporal aspects of organismic behavior. This includes bioperiodicity, rhythms of suscep-
tibility, and developmental changes. Biologic time structure characterizes species and
individuals as well as groups of organisms or their components: organ systems, organs,
tissues, cells and intracellular elements (including ultramicroscopic structures). Rhythmi-
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cal changes can be observed and demonstrated at all levels of organization. Thus
rhythmical activity can be considered objectively as a fundamental property of living
matter [7, 17, 19, 361.
Chronobiology includes a number of 'subspecialities', among them:
1. Chronophysiology: investigation of the temporal features of physiologic behavior and
of physiological factors underlying biologic temporal characteristics.
2. Chronotoxicology: investigation of undesired or harmful consequences from chemical,

-physical, or other agents including poisons, pollutants and overdoses of drugs as they
affect biologic temporal characteristics and as they act as functions of biologic timing.
3. Chronopharmacology: investigation of drug effects upon biologic temporal characteris-
tics and drug effects as a function of biologic timing.
4. Chronopathology: investigation of alterations in biologic temporal characteristics as a
function of disease and as determinants of disease.
Experiments in chronobiology have been selected for summary in this review on the
following bases:
1. appropriate methodology for optimum control of synchronizers and data gathering; -
2. accurate technical procedures for determinations, measures, etc., on each biologic
variable selected as an index of periodicity; and most important - 3. statistical analyses of
time series data, by microscopic rather than macroscopic methods of parameter estima-
tion. At the present stage of knowledge in chronobiology, a quantitative description of
rhythmic phenomena should take priority over other problems such as the interpretation
of observed rhythms.

2. Circadian chronophysiology of potassium metabolism in the man

2.1 Healthy adults (controlled usual routine of activity and repose. Spontaneous diet.)

Circadian variations in K+ concentration have been detected in plasma, in cells (erythro-
cytes) and in urine.
Plasma potassium variations are of small amplitude [66, 67]. This explains the conclu-
sions of several authors, from macroscopic examination of time series, that such rhythms
do not exist. In fact, they can be detected objectively.
However the rhythm in erythrocytes and above all, in urines, is an easier way to study
these variations. For this reason mainly, most of the investigations devoted to potassium
rhythms in physiology, pharmacology and pathology are focused on urinary excretion.
Several parameters characterizing urinary circadian rhythms in potassium excretion are
presented in Figure 1. Twelve healthy adults synchronized by L:0700-2300/
D: 2300-0700* for at least 8 days collected their urines every 4-hours (At: 4 h.) during
24 h.(T= I day). In these conditions the acrophase,0 (peak of the sine function used to
approximate the rhythm) is found at 1344 (from 1200 to 1456 with 95% of security).
Circadian amplitude C, expressed as per cent of deviation from mean is 44 (from 33 to
55).

0 Clock hours are given according to international nomenclature in hours and minutes for 24 h. (i.e., 6
am=0600; 6 p.m. and 37 min.= 1837; noon midday= 1200; noon midnight= 2400 or 0000).
Alternation of 12 h. of darkness, 12 It. of light can be written: DL: 12/12. Constant light=LL. Constant
darkness = DD.
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Figure 1. A biological rhythm can be assimilated to a sine function. Halberg's cosinor and related means of
analysis are useful to find the best fitting sine function (least squares method); this leads to estimate several
parameters which characterize objectively the rhythm: the period z, the acrophase 0 or W, the amplitude, C, the
rhythm adjusted level, Co etc. With the electronic computation, each one of these parameters is obtained with
95% confidence limits.
The circadian rhythm of K+ urinary excretion is taken here as an dlustrative example. Transverse study - 12
subjects - Synchronization (for at least one week before the study) with L (light): from 07m to 23. and D
(dark): from 23- to 07'. Duration of each individual study: T=24-48 h. Sampling interval: A t: 4 h.
Spontaneous diet. The period r is given here by the experimental conditions. As a mean r =24 =360. The
acrophase (peak of the sine function used to approximate the rhythm) can be given in hours and minutes with
midnight (0000 or 24n as an (arbitrary) phase reference. This computative acrophase 0= 134 (95% C.I
12m- 1456). The acrophase can be given also in degrees (r- 3600) with midsleep as the phase reference of greater
biological interest. This external acrophase =-154o (from -128- to -172-). The amplitude, C, can be
expressed in mEq/h.: C= .l10(from 0.82 to 1.38) or expressed as percentile deviation from Co: C =44 (from 33
to 55). In other words K+ urinary excretion can be as high as 3.9 mEq/h. at the acrophase, and reach 1.1
mEq/h. 12 h. later or earlier for the choosen experimental example. (Data from Reinberg, Zagula-Mally, Ghata,
and Halberg [ 761.)

Figure 2 shows a circadian aspect of human temporal structure including potassium
variations in erythrocytes and urine. There is a time relationship between the circadian
peak (acrophase) of the considered functions. Nervertheless time relationship does not
mean necessarily direct causal relationship.
When healthy subjects are submitted to similar synchronization, longitudinal study (i.e.
one subject collecting his urines for 21 days with A t - 4.5 h.) and transverse study (i.e. 7
subjects collecting their urines during I day with A t=4 h.) lead to similar results (see
Table 1).
Longitudinal as well as transverse studies have been done on various circadian rhythms by
different investigators working independently in different cities and countries of the world.
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Human Circudin System
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Testosterone 4
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Figure 2. Aspect of human (healthy adults) circadian temporal structure. For each of the studied physiologic
variables the acrophase 9is given with its 959% confidence limits. P correspond to the peak of the cosine function
used to approximate the rhytmical variation with Halberg's cosinor method. This circadian acrophase chart,
shows timing in relation to light span, on top. Acrophase,P, in relation to the rest-activity cycle, may roughly be
approximated by reference to bottom scale. (Halberg. Nelson, Doe, Barter, and Reinberg (741).
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Table I. Circadian rhythm of several functions - Comparison between longitudinal and transverse studies

Variable No of subjects Noise to P Circadian Ref.
investigated (No of days) signal Rhythm Amplitude C Acrophase 0
(site) [dt. h] SE/C Detection (95% confidence limits)

Oral tempera-
ure: *C
(France) 1(21) [2-10] 0.071 - 0.50 (0.42 to 0.58) - 185' (- 174 to - 196) [64]
(France) 7(1) [4] - <0.006 0.18(0.07to0.29) - 183* -135 to -219) [641
(Minnesota) 1(39) [3-24] 0.167 - 0.18 (0.12 to 0.24) - 197"(- 178 to -216) 164]
(Minnesota) 11(1) [1.5] - <0.005 0.27 (0.20 to 0.33) - 199'- 181 to -220) [64]

Heart rates
beats/min.
(France) 1(21) [2-10] 0.111 - 9.3 (7.2 to 11.4) - 219' (-203 to -236) (64]
(France) 7(1) [4] - <0.002 7.7 (4.5 to 10.9) - 194"(- 162 to -220) (64]

Potassium:
Urinary excr.
meq/h
(Minnesota) 1(52) [3.3] 0.135 - 1.6 (1.1 to 2.2) - 171 (-156to -186) [63]
(Minnesota) 8(l) (3] - < 0.001 2.1 (1.4 to 2.8) - 157' (- 130 to - 181) 64]
(France) 1 (21) [2-7] 0.111 - 1.2 (0.9 to 1.4) - 159' (-146 to -172) 1641
(France) 7(1) [4] <0.001 1.1 (0.7 to 1.5) - 161'(- 142 to -178) 165]

17-hydroxy-
corticosteroid,
ur. excr. mg/h
(Minnesota) 1(34) [4 0.171 - 0.17 (0.13 to 0.20) - 130' (-117 to -144) [63]
(France) 7(l) [4] - <0.005 0.07(0.03 to 0.11) -134' (- 7to -174) t65]

Microscopic analyses of these time series are in good agreement, as it can be seen on

Figure 3, for two physiological functions: urinary potassium and 17-hydroxycorticoster-
oid excretion in healthy subjects with known synchronization.
All the results presented thus far reflect potassium metabolism in apparently healthy
adults carrying on their usual activities during the day and following their usual diet
unchanged in quantity, in quality as well as in timing of food intake.

2.2 New-born

A set of physiologic variables have been studied in new-borns raised in self-demand from
first day of life to about I or 2 years [17, 20, 21,68 1. According to Hellbriigge [20, 211: a)

different physiologic functions develop a circadian rhythm independently; b) the circadian

rhythm of the different functions becomes apparent at different times after birth; c) the

development of circadian rhythm depens upon the maturity of the child at birth. The

circadian periodicity develops later in premature than in children born at term. Daynight

differences become statistically significant (P < 0.01) during the 1st week of life for

electrical skin resistance, between the 2nd and the 3rd week for sleep wakefulness pattern,
body temperature, between the 4th and the 20th week, for heart rate, urine volume,

potassium and sodium excretion, between the 16th week and the 20th month, for

phosphate and creatine excretion, etc.

Rhythmical activity can be demonstrated in new-born with a progressive shift from

ultradian ( r < 20 h) to circadian prominence. This possibility is suspected for potassium

excretion but as yet is not demonstrated experimentally.
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Figure 3, Circadian aerophase chart, showing timing in relation to light span, on top. Acrophase, v, in relation to
the rest-activity cycle, may roughly be approximated by reference to bottom scale. The figure reveals the extent of
agreement in the timing of the circadian acrophases in 17-OHCS and potassium urinary excretion from healthy
human beings living on different continents. (Halherg, Reinhardl ea a!. 164]; Reinberg, unpublished data).

2.3 Manipulations o ffood and/or potassium intake

Circadian variations of potassium metabolism can be detected in fasting subjects, during
total deprivation of potassium intake, and in subjects receiving equal quantities of food
and potassium at equal intervals.
Healthy adults were submitted IS] to different diets during 48 hours before and during the
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study (T= I day, A t=4 h.). A: neither potassium nor sodium intake; B: KCI I g, NaCI
3 g/24 h.; C: potassium overload - 8 g of KC/24 h.; water and salts being given at
equidistant intervals; Caloric intake was not controlled. Macroscopic examination of time
series for potassium excretion [5] as well as microscopic analyses do not show alteration
of phase and amplitude values. The level of the function (Co) is the lowest with diet A and
the highest with diet C.
Mills et al. [69, 70, 71, 721 reported circadian rhythms of potassium and sodium excretion
in a subject continously engaged in laboratory work and taking small identical liquid
meals every hour [69], in a subject remaining recumbent and fasting after waking in the
morning [721 and on a 12-hour cycle of activity [711.
Potassium excretory rhythm among other circadian variations have been studied by
Reinberg et al [65] with the help of seven healthy adult volonteers on two regimens: a)
habitual diurnal activity and uncontrolled diet and b) complete 36-hour bedrest with 4-
hourly hypocaloric meals during sampling (K+: 42 meq/24 h. - glucose 84 g/24 h.).
Acrophases and amplitudes of the studied rhythms do not show any statistically signifi-
cant difference between a and b (Figure 4).
Apfelbaun, Reinberg et al. (unpublished data) did not find any statistically significant
changes in urinary circadian rhythms of K, 17-OHCS, 17-KS in 16 healthy obese young
women before and after 2 to 3 weeks of caloric restriction and loss of - 10 kg of body
weight. (The controlled diet was: 220 cal/24 h. as protein exclusively, and K:
20 mEq/24 h.).
Thusfood intake (spontaneous diet or food restricted to 220 ca1124 h. as proteins as well
as to 336 calJ24, as glucose), potassium intake (from 0 to - 140 meq/24 h.) bedrest, etc.
do not detectably alter the acrophase and the amplitude of potassium circadian excretory
rhythms among others of healthy synchronized subjects (with L: from - 0700 to - 2300
and D from - 2300 to - 0700).

2.4 Suppression of known synchronizers

Circadian components in the spectrum of rhythms characterizing sleep/wakefulness,
rectal temperature and the excretion of K+ and 17-hydroxycorticosteroids were evaluated
in two healthy adults, a man and a woman, a) in the absence of known synchronizers
during 3 and 4 months isolation in caves without time cues, and, b) under conditions of
synchronization by societal cycles [17, 37, 56, 57, 73]. Time series of the above variables
were analyzed by special electronic computer techniques.
For the case of isolation, such analyses suggest that the circadian rhythms in urinary K +

and 17-hydroxycorticosteroid excretion, in rectal temperature and in sleep: clock while:
1) Persist in the absence of known synchronizers;
2) Are desynchronized with statistical significance from local 24-hour clock time; while:
3) Certain phase relations among the rhythms themselves are maintained. In isolation,
just as it does under conditions of societal synchronization, the circadian acrophase of 17-
hydroxycorticosteroid excretion continues to preceed the rectal temperature acrophase
(within about a quarter period). Such a finding indicates that this aspect of the human time
structure persists in the absence of environmental synchronization.
In subjects exposed to societal cycles, the influence of synchronizers manifests itself in a
modification primarily of the average period, in that the 24-hour cyclic societal routine can
impose its cycle length upon the rhythms. Findings in the present study indeed demon-
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ACROPHASE AND ITS CONFIDENCE LIMITS (P<0.05)

DARK (Sleep) from
2300 to 0800

Z17-OHCS
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B: Complete 36-hour bedrest with 4-hourly hypocaloric meals

Figure 4. Circadian rhythmic heart rate, blood pressure and urinary potassium, 17 hydroxycorticosteroid and
catecholamine excretion of healthy human adults during usual routine and bedrest with 4-hourly hypocaloric
diet.
Acrophase, amplitude and corresponding 95% confidence limits were estimated on several circadian rhythmic
variables of seven healthy adult volunteers on two regimens: a) habitual diurnal activity and uncontrolled diet, or
b) complete 36-hour bedrest with 4-hourly hypocaloric meals during sampling (336 cal., 42 mEq of potassi
um/24 hI.). On both regimens, subjects were in darkness from 23 to 0800, most of these hours being spent in
uninterrupted sleep before the study began. (L: from 0800 to 230, D: from 23 m to 0800, for at least one week
before the study).
Heart rate and systolic blood pressure were measured and urines were collected starting at 070 on a Sunday and
continuing every 4 hours for 24 hours. The series were analyzed by electronic computer method, including the
cosinor procedure; a statistically significant rhythm was detected for all variables under both conditions. Since
complete bedrest over a span of 36 hours and an equidistant hypocaloric diet do not lead to their immediate
disappearance, circadian rhythms in the urinary excretion of K+ , 17-OHCS, adrenaline, noradrenaline and
vani[mandelic acid and in heart rate or blood pressure are not directly dependent upon cycles of rest and activity.
(From Reinberg, Ghata, Halberg, Gervais, Abulker, Dupont, and Gaudeau, [65).

strate resynchronization after prior spans of isolation associated with desynchronized
rhtyhms.
We have to precise that, under conditions of study, a circadian peak occurs at T= 24.6 h.
for the woman and at r = 24.8 h. for the man, both of these being statistically different
from exactly 24 h. Spectral analyses of the considered time series for K+ excretion show
also additional prominent peaks in other spectral domains than circadian.
The results as a whole provide further evidence to suggest that 1) circadian rhythms (e.g.
K+ among others) depends, at least in part, upon factors that characterize the biologic
system rather than its environment and that 2) environmental factors play, primarily, the
role of a synchronizer.
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2.5 Phase shift of synchronizers (Problems of transmeridian flights, of night-working and
of shift-working)

The circadian system of healthy man is readily amenable to phase-shifting as a result of
night-work or of intercontinental flights across several (at least 5) time zones - transme-
ridian flight (Figure 5). In such circumstances a phase-shift of socio-ecological synchro-
nizing factors takes place without change in the synchronizing period (r=24 h. as a
mean).
Studies on 'dyschronism' (alteration of temporal structure) occuring after transmeridian
flights [13, 15, 19, 22, 75, 77, 951 lead to the following remarks: 1) There will be a lag
between a synchronizer phase-shift and corresponding shifts in the circadian rhythm
acrophase of the physiologic variables studied. The time required to phase-shift the latter
will vary according to the physiologic variable and to the subject and may range from a
few days to several weeks.
2) This 'acclimation time' 181] after a transmeridian flight: a) varies from subject to
subject for a given physiologic function; b) varies from function to function for a given
subject (Figure 5); c) varies for a given function with direction of flight (being shorter after
an East to West flight than after a West to East flight) (Figure 5).
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Figure 5. Two phase-shifts of human cardian system, following Intercontinental Flights (Minnesota, U.S.A., to

Central Europe for 22 days and return to Minnesota).
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A complete phase-shift of urinary K + circadian acrophase takes about I to 2 weeks [19,
22, 75], while it takes about 2 to 5 days for sleep-wakefulness rhythm and about 2 to 3
weeks for 17-OHCS circadian urinary excretion (Figure 5).
Continuous working at odd hours (i.e. habitual night work) results in acclimation of
circadian rhythms, e.g. potassium among others [3, 78]. The circadian system of man
usually working at night in Paris (phase shift of about 12 h. in work-rest timing)
ressembles in some instance, that of a night-sleeping and day-active subject living at the
antipodes; both are desynchronized by about 12 h. in comparison with the night-sleeping
and day-active subject in Paris.
From a chronobiologic point of view schedule of work with frequent shifts (i.e. weekly) or
repeated and irregular shifts do not favor the synchronization of certain circadian
rhythms (i.e. K+ and 17-OHCS excretory rhythms) which usually take more than a week
to phase-shift their acrophase.
As far as K+ excretory rhythm a) is relatively easy to study; b) can be considered as a
circadian index reflecting the kidney and the adrenal time structure (see interpretation of
potassium rhythm), it could be interesting to select this physiologic variable when
problems related to shift-working are concerned. This could help an understanding of the
relation between diseases and alterations of time structure resulting from certain shift-
working systems.

2.6 Urinary near-24-hour rhythms in subjects living on a 21-hour routine in the arctic

In addition to a single shift and to a suppression of known synchronizers it was pertinent
to investigate the repeated synchronizer alterations which will occur if a routine is not
precisely 24-hour periodic. The results of instituting an artificial 21-hour 'day/night cycle'
in the continuous light of the arctic summer [79, 80, 81] for subjects accustumed to a 24
hour cyclic routine are useful and interesting to consider. Time series corresponding to
longitudinal studies performed by Simpson [791, Simpson and Lobban [80], were reana-
lyzed microscopically by these authors and Halberg [81]. The occurence of beats in data
from human beings living on a 21-hour day led Halberg [12, 19] to postulate a near 24-
hour rhythm as an effect superimposed upon the artificial 21-hour input.
Eight human adults, living up to 7 weeks on a 21-h. regimen and collecting 18 subject-
weeks of observation (1296 urine collections) provide no inferential statistical evidence for
a progressive acclimation of the circadian 17-OHCS rhythm to the artificial circadian
routine. For several variables the amplitude of the 21-h. effect represents a personal
characteristic seemingly unaffected by increased experience of a 21-h. day.
Evidence was found to suggest that the desynchronized component does not have a period
of precisely 24.0 h.; on the average it was slightly longer than 24 h.
The relative contribution of a 2 1-h. cyclic input into the human body to that organism's
near 24-h. output can be assessed by a 'circadian amplitude ratio' (CAR). It may be
computed from selected paired amplitude from the least square window.
The C at a 2 1-h. trial period, corresponding in this case to the social 'input' is divided into
the C at z = 24.2. The latter spectral crest correspond to a presumably organismic
contribution to the output. The CAR will roughly approximate the relative contributions
of organism and environment to circadian periodic behaviour on an abnormal schedule.
'Nature's' contribution predominates over that 'nurture' when the CAR is larger than
unity, and vice versa.
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CAR's suggest (Figure 6) that in the case of 17-OHCS and potassium a presumably
largely intrinsic spectral component has, on the average, at least twice the amplitude of the
social 21 -h. cycle effect.
By contrast, the 21-h. social routine is relatively important in generating circadian
changes in urine pH, the CAR being 0.37.
A CAR ratio near unity in sodium, chloride, water and in sodium/potassium ratio is in
keeping with nearly equal contributions of presumably intrinsic and extrinsic factors.

3. Circannual rhythm in potassium metabolism

From macroscopic examination of data collected in 1952-1954, on urinary volume and

potassium excretion, Ghata and Reinberg [61 reported that a circannual rhythm seemed to
occur. These time series have been microscopicaly reanalyzed for a well documented
discussion about circannual rhythms in mice (see Haus and Halberg [821).
Circannual rhythms may be expressed, among others, as changes in level and/or in

Circadian Hierarchy of Urinary Variables In Healthy Man on a 21-b 'day' Routine
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Figure 6. Amplitude ratios of the 24-hour frequency to the 2 I-hour frequency drived from least squares spectrum
analysis. For 17-OHCS and potassium the 24 hour frequency had twice the amplitude of the 21-hour frequency.
In contrast, pH showed mainly the 2 I-hour rhythm.
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parameters (0 or C) of each of the rhythms in the several frequency domains so
characteristic of the organism's biologic time structure Our data [6] suggest the occurence
of a circannual shift in circadian acrophase of urinary volume and K+ excretion by human
subjects. A circadian acrophase was computed by the least squares fit of a 24-h. cosine
curve to data on 6-8 subjects, each sampled at 4-h. intervals over a 24-h. span during
either September or October in Paris (1952, 1954) and Copenhagen (1953), or during
March-April (1954) in Paris. In order to focus upon possible circannual changes in
circadian acrophase, the site where the profiles were obtained can be ignored. In ignoring
further the circular distribution (in view of the location away from 3600 of the acrophase
and their proximity one to another), an F-test was then used to compare the 3 series
obtained in September-October with that obtained in March-April. A statistically signifi-
cant difference (below the 5% level) was thus detected. The circadian acrophase (with
their standard errors) expressed as delay from local 0000 were located at -1890 ± 8° for
urine volume and at -1840 + 60 for urinary potassium excretion during September-
October. The corresponding values for March-April were located at -261o and at -233o,
respectively.

4. Examples of cireadian chronopathologic alterations in human potassium
excretion

From a macroscopic point of view alterations of circadian rhythm in water, K+ and Na+
excretion have been reported in several diseases such as congestive heart failure, cirrhosis,
kidney disorders, adrenal dysfunctions, etc. [7, 10, 23, 24, 25, 27, 39, 75, 83, 84].
As illustrative examples adrenal insufficiency and adrenal hyperfunction have been
selected because a) adrenal secretion and K+ metabolism are closely related, and b)
objective analyses of time series are available for these two endocrine diseases.
Alterations of the K+ excretory circadian rhythm have been described, as a group
phenomenon, in patients suffering from primary adrenal insufficiency (Addison's disease)
or secondary to pituitary insufficiency [5, 25, 86]. Macroscopic examination (Figure 7) as
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Figure 7. Circadian changes in K
+ 

urinary excretion in 21 healthy adults (left) and of 8 patients suffering from
adrenal insufficiency (right). (T=24 h.; A t=4 h.; L from - 070 to - 220, D from - 22 to - 070;
spontaneous diet). 4-hourly excreted K+ is expressed as p. cent of total excreted K+ 

for 24 h. Confidence limits
are given for 95% security. As group phenomenon K + 

excretory rhythm is altered in patients.suffering from
adrenal insufficiency. (Azerad, Ghata, Reinberg [231; and Reinberg [861).
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well as microscopic analyses of time series in transverse study show that K+ circadian
excretory rhythm cannot be detected. Alteration of several circadian rhythms (e.g.
circulating blood eosinophils: Halberg et al. [87] have been described objectively in human
adrenal insufficiency as well as in adrenalectomized mice (Halberg [12, 881. For certain
patients, alteration of urinary K + circadian rhythm is not found [75, 851. Several
explanations can be proposed for these alterations such as: variations in adrenal insuffi-
ciency, difficulties of interpretation in short individual time series, etc. Thus, one must point
out that alteration of K+ excretory circadian rhythm (among others) in untreated adrenal
insufficiency is detected as a group phenomenon.
Cushing's syndrome corresponds to a pathologic hyperactivity of the adrenal secretions.
Alterations of rhythm (or dyschronism) have been demonstrated objectively by Halberg et
al. [74] and Doe [89] as a group phenomenon, in five patients suffering from this disease
for the following variables: plasma hydroxycorticosteroid, urinary 17-OHCS, K +, Na+

and Mg ++ (see Table 2).
Thus, the alteration of K + metabolism (among others) as a result of adrenal dysfunction
has to be considered not only from the point of view of classical pathology but also as an
example of chronopathological trouble in the circadian time structure of the organism.

Table 2. Circadian rhythmometry detects dyschronism in patients with Cushing's syndrome (")

Group studied P; Cosinor Mean, X Amplitude, C ± SE Acrophase, O
(N of subjects) (P; SE/C) or level, C,±SE or (.95 confidence limits)

Plasma-hydroxycorticosteroid (og/ 10 ml)
Healthy (13) <.005 13.5 + .9 4.1 (2.3 to 6.0) -100'(- 63 to - 137)
Healthy (8) <.002 7.4 ± .9 5.3 (2.7 to 7.9) -113'(- 61t to-151)
Cushing's Syn. (5) >.10 33.6 ±5.7 3.0 - 64

[Cushing's Syn. (5) (> .10) 34.1 +2.2 2.7 +3.5 - 75'

Urinary 17-hydroxycorticosteroid (mg/hr)
Healthy (4) <.03 .35 ± .04 .15(.04 to.26) - 129'(- 83to -200)
Healthy (8) <.05 .35 ± .02 .12 (.06 to.17) - 153- (-128 to -177)
Cushing's Syn. (5) >.10 1.23 ± .13 .06 - ill

[Cushing's Syn. (5) (>.10) 1.23 ± .06 .05 ± .02 -343'

Urinary potassium (mEq/hr)
Healthy (5) <.005 3.2 + .2 1.3 ( .7 to 1.9) - 161' (- 98 to - 202)
Healthy (8) <.001 3.4 + .2 2.1 (1.4 to 2.8) -157' (-130 to -181)
Cushing's Syn. (5) >.10 3.2 ± .4 .6 - 38'

[Cushing's Syn. (5) (>07) 3.1 ± .2 .6 + .60 - 6'

Urinary sodium (mEq/hr)
Healthy (5) <.02 9.4 ± 1.6 2.6 ( .9 to 4.3) -200'(-13510 -250)
Healthy (8) <.02 5.4 ± .5 2.4 ( .6to4.1) -186' (-169 to - 244)
Cushing's Syn. (5) >10 4.8 + 1.3 .9 - 54'

[Cushing's Syn. (5) (>.10) 4.5 ± .3 .9 - 31'

Urinary magnesium (mEq/hr)
Healthy (8) <.04 .47 ± .04 .08 (.01to.16) - 3'(-294to - 58)
Cushing's Syn. (5) >.10 .40 ± .05 .04 -332'

[Cushing's Syn. (5) (>.10) .39 + .06 .04 -310'

Acrophase reference = middle of daily sleep span (average 2 1 w-0 630).
(3) Rhythm detection carried out by the fit of a 24-hour cosine curve followed by cosinor summary of the paired
(C, 0) values thus obtained for each individual series. (In last row for each variable, a fit to the mean values of
the five patients with Cushing's Syndrome also is summarized and found to agree well with cosinor result+)
No circadian rhythm is detected for the patients with Cushing's Syndrome (Halberg et aL [74]: Doe [89]).
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5. Examples of circadian chronopharmacological changes in human potassium
excretion

The possibility to induce a shift of circadian acrophase of certain rhythm by timing of drug
administration, is now well documented [90].
Cortisol and corticosteroids are able to induce a shift of circadian acrophase in K +

excretion. Two examples can be given to illustrate this fact.
Circadian rhythms in peak expiratory flow rate (PEFR) and in urinary excretion of
potassium and chloride are detectable in healthy children as well as in children suffering
from asthma. Reindl et al. [92] and Halberg [931 have shown that prednisone treatment
did not act similarly when the drug was given at different phases of the circadian system to
children with severe steroid-dependant asthma. The different fixed times of drug admini-
stration were 01"m, 0700,1300 or 1900. When prednisone was given daily at 0700, i.e. at (or
near) the acrophase of the endogenous plasma 17-OHCS rhythm, the K+ excretory
acrophase remained roughly unchanged (Figure 8) as well as PEFR acrophase. Compara-

tble doses of the identical drug given at other circadian system phases induced a
statistically significant shift in the acrophases of the studied rhythms. This effect consisted
of a statistically significant delay when the drug was given at 1300 daily. By contrast, an
advance of acrophase was recorded when the drug was given daily at 0100 or at 1900
(Figure 8).
The other example is concerned with a study by Reinberg el al. [26, Figure 9] of 'timed'
treatment in adrenal insufficiency. The circadian rhythm of rectal temperature, heart rate,
grip strength and urinary excretion of 17-hydroxy corticosteroids, 17-ketosteroids, potas-
sium and sodium were assessed in seven healthy adults and in seven adult patients with an
adrenal cortical insufficiency secondary to hypophysectomy for removal of adenoma (two
patients) or as result of Addisons's disease (five others). Similarly synchronized subjects
were sampled at 4-hourly intervals for 24 or 48 hours. Oral corticosteroid treatment
(Cortisol, 25-35 mg/24 h., with or without 50p g/24 h. of 9-a-fluordcortisol) was given
in one of two ways to the patients with adrenal insufficiency. Mode A: three equal
medications at 0800, 1300 and 20" (mealtimes). Mode B: two unequal doses, % or % of
the total dose at 07m (at awakening or on getting up) and the rest at 2300 (upon retiring).
Four of the patients were studied on both medication modes.
For all groups, healthy subjects and patients with adrenal insufficiency treated according
to Mlode A or B, statistically significant rhythms were detected. Differences in amplitude
or acrophase were not detected for rectal temperature and heart rate in the patients, as
compared to healthy subjects. Circadian rhythms in grip strength and urinary excretion of
17-OHCS, 17-KS; K+ and Na + in patients treated according to Mode A are delayed in
acrophase by about 6 hours, as compared to controls. By contrast, the acrophase and the
amplitude of the same functions did not differ detectably between the healthy subjects and
those patients treated according to Mode B. The physiologic results are in keeping with a
suggestion that in the treatment of adrenal insufficiency the daily dose of corticoids be
distributed in such a fashion that % or of it are given on awakening and the rest
before retiring.
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Phase Shift (A () of Circadian Rhythm in Urinary Potassium
Excretion as a Function of Timing of Prolonged
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Figure 8. Drug-induced shift of circadian acrophase in urinary poassium excretion; also drastically different

effects as a function of the timing of medication. (Reindl, Falliers, Halberg, Chat, Hillman, Nelson [92]; Halberg
[931).

6. Interpretation ofpotassium excretory rhythm. Its practical applications

From all the experimental facts summarized in this review it appears that potassium
excretory is a well documented example of an intrinsic rhythm in man. Several of its

parameters can be changed by the manipulation of synchronizers, nevertheless synchroni-

zers do not create the rhythm.
Several temptatives have been done to find a specific relationship between potassium
rhythm and a physiologic function (Conroy and Mills H75r.
Obviously, the kidneys, the adrenal glands td other organs or tissues with rhythmic
activity play a role to induce K+ excretory rhythm; but no one of these organs or tissues

alone can be considered as the clock or as the inducer of this rhythm.
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Figure 9. Circadian acrophase of a set of physiologic variables in healthy subjects and in patients suffering from
adrenal insufficiency (A.1) when receiving cortisol at different times (T=24-48 h.; A t: 4 h.; L from 07" to
23", D from 230 to 07-, spontaneous diet).
Circadian rhythms in grip strength and urinary excretion of 17-OHCS, 17-KS, K* and Na + in patients treated
with 3 equal doses ofcortisol at 08", 13" and 20 are delayed in acrophase by about 6 hours, as compared with
controls. By contrast, the acrophase of the same functions did not differ detectably between healthy subjects and
patients treated 2/3 or 3/4 of Cortisol daily dose at 07" and the remaining fraction at 23m. (Reinberg, Ghata,
Halberg, Apfelbaum, Gervais. Boudon, Abulker. Dupont [94]).

We know that, on the one hand, biorhythms can be demonstrated at all level of
organization, including molecular level, since the rhythmical activity is a fundamental
property of the living matter; on the other hand, the temporal structure leads us to
consider a rhythmical physiologic variation as the result of several component variations
taking place at various levels of organization. Therefore potassium excretory rhythm is
likely to be the result of several component cyclic variations involving rhythmical activities
in adrenals, kidneys, nervous system, etc. Even if the adrenal seems to be a very important
factor in sodium and potassium excretory rhythms, other factors have not to be neglected.
In addition, rhythms of adrenal secretions are themselves associated with adrenal activity
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rhythms such as circadian variations in mitoses, metabolic processes, response to ACTH
stimulation, etc. [15, 17, 19, 93] which can be considered also as component rhythms. A
better interpretation of the K+ metabolic rhythm will become possible when more objective
studies will be published. Rhythm quantification is the first problem to be solved in this
context. Such consideration has been forgotten many times leading to opposite interpreta-
tions and misunderstandings between authors.
From a biological point of view, potassium rhythms cannot be neglected or ignored in
studies devoted to potassium metabolism, or in which potassium changes are involved.
This important practical aspect has been recognized by several authors since the early
fifties [2, 4,5, 23,24].
From a chronobiologic point of view, the K+ excretory rhythm - as well as body
temperature rhythm - can be considered as a reference circadian rhythm in the study of
human temporal structure 176, 94). Both are easy to obtain and well documented. Urinary
potassium acrophase is one of the good indexes of circadian synchronization (or dysyn-
chronization) and it can be used as phase reference.

7. Summary and Conclusions

Potassium metabolism, as reflected by plasma level, erythrocyte content and mainly
urinary excretion, is not constant but varies rhythmically and predictably. Circadian -
about 24 h. - rhythms have been demonstrated and studied in healthy man under a wide
variety of experimental conditions.
Inferential statistical analyses - done with the help of special computer programs (F.
Halberg) - characterize rhythms by defining several of their parameters; the period, r, the
acrophase, 0, the amplitude, C, the rhythm adjusted level, Co, etc. Each one of these
parameter is given with its confidence limits for a desired degree of security, usually 95%.
These 'microscopic' methods are the best we have to detect rhythms (p < 0.05) and to
analyse objectively changes or alteration in certain experimental or pathological circum-
stances. Results presented in this paper were selected on the following basis: They were
based on experimental studies far from major methodological criticism; the conclusions
were founded on objective analyses of time series, and data of historical interest were also
included.
The human circadian rhythm of K+ urinary excretion has been detected and studied in
healthy new-borns, in healthy adults on various diets and K+ intake, and/or various type
of activities. The rhythm persists, with a change of period (and amplitude) during isolation
underground (without time cue) and also during a 2 1-hour routine. Its acrophase can be
shifted by manipulation of synchronizing factors (i.e. shift-working, transmeridian flight)
or by timed administration of drug such as corticosteroids. Alteration of K+ excretory
rhythm is interesting to consider in certain diseases: adrenal insufficiency, Cushing's
syndrome, etc.
A circannual - about one year - rhythm in potassium excretion has been demonstrated,
with a shift of circadian acrophase.
Such cyclical and predictable variations have to be taken into consideration in studies
devoted to potassium metabolism or in which potassium changes are concerned.
Parameters of circadian potassium excretory rhythm (and specially its acrophase) can be
selected as reference system in the study of human temporal structure.
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The Therapeutic Use of Potassium Salts
Dr. J. HAZARD, Dr. PH. ReNou and Dr. L. PERLEMtrrER, H6pital Henri Mondor, Crteil/France

Potassium plays an important and increasing role in therapeutics. This is explained by the
fact that a lot of active drugs have the side effect of inducing a loss of K.
Therapeutics have thus become the principal cause of hypokaliemia, coming before
pathological causes.
This paper is made of three parts:
1. Treatment liable to induce potassium deficiency.

2. Correction of potassium deficiency.
3. Indications of potassium salt therapy.

1. Treatments liable to induce potassium deficiency

Certain medical and surgical therapies are liable to induce potassium deficiency.

1.1 Diuretics

Physiologically, potassium filtered by the glomerulus is, on one hand, reabsorbed com-
pletely by the proximal convoluted tubule and, on the other hand, secreted in more or less
abundant quantity by the distal tubule.
All the diuretics, except the aldosterone antagonists, are liable to induce a potassium
deficiency.
The action of various diuretics differs. Without going into the action on the renal
vascularization and the permeability of the nephron, they can be divided into two groups:
those that act upon the reabsorption of sodium throughout the nephron (thiazides,
furosemide, ethacrynic acid); those that interfere with the exchange mechanism between
sodium and potassium at the distal tubule level (triamterene).
There are two mechanisms for active transport of sodium: in the first case, the phenomena
is independent of the secretion of potassium; in the second case, the sodium-transporting
mechanisms are dependent on the secretion of potassium at the level of the distal tubule.

1.2 The diuretics inducing a high degree of K elimination (Table 1)

The thiazides, furosemide and ethacrynic acid all belong to the group which act through-
out the nephron on the reabsorption of sodium. They also block potassium reabsorption.
They have a protracted action and an increased efficacity if the urine is acid.
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Chlortalidone, and the thiazides have also an inhibiting action on the carbonic anhydrase.
Ethacrynic acid, which does not have this kind of actions, is even more active; it may act
when the other diuretics have lost their efficiency, so is furosemide.
All these diuretics induce at the distal tubule level an increased potassium secretion and a
sodium retention which is, however, not adequate to cancel out the effects at the proximal
level; the potassium deficiency is accompanied by a loss of chloride. The consequence is
that all these diuretics are likely to set up a metabolic hypochloremic hypokalemic
alkalosis. The urinary potassium excretion in the 3 days following the administration
of a diuretic varies between 190 and 300 meq, i.e. approximately of 12g. This
extension of the K deficiency is largely independent of the elimination of sodium and it
persists and even increases while the effects of the sodium loss in the urine are not very
marked. When the diuresis does not show a clear increase, it is dangerous to continue with
the administration of diuretics. Practically speaking, chlorothiazide and its derivatives
cause a high degree of depletion which is often very curt. Chlortalidone (Hygroton) has a
more protracted and less brutal action on the hydro-sodic diuresis, the potassium
depletion would be less here than in the case of chlorothiazide.
Furosemide (Lasilix) causes a smaller K loss and is more efficient than those aforemen-
tioned in bringing about diuresis; its action is less protracted.
Ethacrynic acid is the most active of all the diuretics while the potassium loss remains
moderate within the limits of the usual dose.
Acetazolamide acts only as an inhibitor of the carbonic anhydrase, inducing a loss of
alkaline radicals in the form of bicarbonates, in other words a metabolic acidosis; it
induces a marked potassium depletion.

Table 1.

Diuretics Y + urinary elimination

A cetazolam ide ........................................................... . . .
Chlorothiazide and its derivatives ........................................... + + .
C hlortalidone ........................ ..................... . . . ... + +
F urosem ide ............................................................. +
E thacrynic acid ............ ....................... ...................... +

1.2 Corticoids (Table 2)

All the corticoids can cause hypokaliemia and require a systematic supply of K. This
varies according to the type of corticoid and its posology.

Table 2.

Corticoids Loss of potassium

C ortisone .. ................... ............................ .............. . + +
Prednisone ................................................................... + +
M ethylprednisolone ............................................................ +
T riam icin olone ............................................... ................ +
D exanm ethasone ........................................................ ...... + +

It is admitted that the loss of the K ion represents in weight about twenty times the dose of
prednisone administered (i.e. approximately 100 mg of K + per 5 mg of prednisone).
Certain preparations combine corticoid and K-salt in the same application. This method
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has the advantage of reducing the number of tablets to be absorbed, but it lacks flexibility
and does not always allow a correction of the potassium dosage and its adaptation to the
case in question. In practice, for a daily dose equal to or less than 15 mg of prednisone, a
diet rich in K will be sufficient to compensate the losses which in this case are moderate.
For a higher dosage, it will be necessary to add a supply.
Moreover, cortisone, hydrocortisone and acetate of desoxycorticosterone all involve a
marked K loss, but these hormones - which are no longer used except as replacement in
the course of adrenal insufficiency - are intended to correct preexisting electrolytic
disturbances. It would therefore be illogical to give supplementary K.

1.3 Liquorice extract

Liquorice extract, whose main active element is glycyrrhizic acid, has mineralocorticoid
effects. Its protracted administration in high doses (for purposes of sweetening the P.A.S.
or the drinking water used during alcoholics detoxication cures) can bring about K losses
of such importance as to necessitate the prescription of K salts.

1.4 Laxatives

The potassium depletion occurring during the excessive and long-duration use of laxa-
tives is a well-known phenomenon. The effect of certain medications such as phenolphtha-
lein is particularly dangerous: irritation of the intestinal mucosae leads to hypersecretion
and to increased ionic elimination.
The frequent psychopathic context of these patients sometimes makes it difficult to track
down the etiology of this hypokaliemia. It is frequently a question of phobias connected
with constipation, or obesity, which try to hide the routine ingestion of laxatives. It must be
remembered that only digestive losses can induce hypokaliemia with hypokaliuria.
The global K deficiency is not necessarily parallel to the level of the kaliemia because it
can be masked by the metabolic acidosis resulting from the diarrhoea.
The corrective treatment includes two points:
- Suppression of the responsible laxative, constipation should be treated by means of

essentially hygienic and dietetic measures:
- K deficiency is sometimes important enough to necessitate the medicamentous prescrip-

tion. The dosage, however, should be done with great prudence, taking care not to
exceed a daily dose of 4-6 g because a rapid and massive additional supply could
induce the appearance of edemas. Any gain in weight would encourage the patient to
start taking laxatives again without medical prescription.

1.5 During diabetic acidoketosis treatment

In the course of treatment, diabetic acidoketosis may be complicated by a serious
hypokaliemia. This is explained by various reasons: under the effect of insulin, the
potassium necessary for the glycogenesis penetrates in massive quantities into the cells
hence the hypokaliemia which is further aggravated by the re-expansion of the extra-
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cellular space caused by rehydration by liquids lacking in K and made even worse by the
renewal of the diuresis.
This syndrome, which is secondary to the therapy, will appear towards the fifth hour of
treatment.
The hyperosmolar coma brings with it osmotic diuresis because of the enormous degree of
hyperglycemia. Kaliuresis is high. Massive additional supplies of K (14 g per day)therefore
become necessary, perfused with hypotonic aqueous solutions. Its administration in the
form of chloride should be avoided as it is not easily eliminated by this dehydrated
organism and there is the risk of causing hyperchloremic acidosis.

1.6 Other important problems of reanimation and the hydro-electrolytic re-equilibration
may be encountered:

a) Duringbarbituric coma treatment by administration of large quantities of bicarbonates,
the metabolic alkalosis sought for the facilitation of the purge increases the tubular
excretion of K + ions. Artificial respiration also induces hypokaliemia. It is also necessary
to add to each litre of bicarbonic aqueous solution 3-4 g of CK. In the case of
hyperchloremic acidosis patients, potassium bicarbonate should be used.
b) In the case of neuro-respiratory reanimation, hypokaliemia is due to the correction of
the asphyxia and the gaseous acidosis by artificial respiration. Many other factors can
also be present: rehydration, administration of diuretics, corticoids and bicarbonates.
c) Extra-renal purification by peritoneal dialysis or artificial kidney can also induce
hypokaliemia; frequent biological checks are necessary.
Those cases of hypokaliemia should also be mentioned here that occur upon resumption of
diuresis in the course of acute anuric nephritis. As the K loss can reach 200-300
meq/24 h, a massive ionic supplement will be necessary.
Finally, in the course of chronic nephritis, the strict lipidoglucidic diet, vomiting and
diarrhoea - so frequent in these cases - contribute to explain the occurrence of
hypokaliemia.

1.7 Cation exchange resins

The cation exchange resins are used to correct hyperkaliemia because they bring with
them K intestinal elimination. The type is that of sulfonate of sodio-polystirene (Kayexa-
late*) which fixes 1-2 meq of K per gramme of resin. The kaliemia diminishes approxi-
mately of I meq in 12 hours. Here, no additional supply of potassium is justified because it
is a question of normalizing an already high kaliemia.

1.8 Surgical therapeutics

a) Systematic studies of K balances have proved that every surgical intervention is
followed by an increased kaliuresis. This fact, neglected earlier on, becomes interesting if
other causes of hypokaliemia are also present: Fasting, increased extra-renal losses by
vomiting, fistulas or continued aspirations, because all the digestive fluids are rich in K
(Table 3).
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Table 3.

Conceotration of K Quantity secreted Quantity of K secreted
(rMg/) (1/24 h) (rag/24 h)

Saliva ............................ 320 to 1200 1.5 900
Gastric juice ...................... 400to 800 2.5 1000 to 2000
Bile ............................. 200 0.5 to
Pancreatic juice ................... 200 0.7 140
Normal excrements ................ 3900 to 7800 0.5 2000 to 4000

b) Continuous gastro-duodenal aspirations are well tolerated if they are of short duration.
If, however, they are protracted, it must not be forgotten that the gastric liquid contains
10-30 meq/1 of K+ , that no food is being given and that the aspiration may have been
preceded by vomiting.
If the additional administration of K salts is insufficient, hypokaliemia will appear and can
transform itself into a subocclusive state necessitating the maintenance of aspiration. The
treatment must include the administration of potassium salts and the re-establishment of
chloride status.
c) Biliary, pancreatic and intestinalfistulas can induce a severe potassium depletion. In
fact, the loss of these alkaline secretions lead to hypokaliemia with hyperchloremic
acidosis. This acidosis helps to mask the importance of the actual shortage of potassium.
d) The same applies in the case of ureterosigmoidostomy (Coffey's operation). Hypoka-
Hernia following ureterocolic anastomosis is accompanied by hyperchloremic acidosis.
e) The surgical amputation of adrenocortical tumours responsible for hyperaldo-
steronism (Conn syndrome) demands ionic control and preoperative correction of hypo-
kaiemia.
f) In the case of open heart surgery, exchangeable potassium measurements have shown a
value below the normal or at the lower limit of the normal. When extra-corporal
circulation is taking place, kaliemia can be very low in spite of the addition of potassium
salts to the circuit. During the post-operative phase, the main cause of potassium depletion
is the high degree of diuresis. Any depletion must be corrected, particularly in the case of
patients to whom digitalin is administered.

2. Correction of potassium deficiency

Hypokaliemia is only a symptom, the treatment of which is the suppression of its cause. In

the meantime, K deficiency being in itself the cause of severe troubles, it frequently
becomes necessary to correct hypokaliemia as quickly as possible.
The correction of K deficiencies is possible in two ways: a suitable diet and medication.

2.1 Diet

By ajudiciously balanced quantitative and qualitative choice of foods, an increased supply
of K can be administered. A normally balanced diet supplies 3 to 4 g of K ion per day.
This quantity is sometimes insufficient and necessitates the addition to the diet of foods
rich in K such as fruit juice (1,50-1.90 g/1), carrot juice (0.60 g/l), cow's milk
(0.45 g/1)...

185



But the possibilities of a diet such as this are limited because of the necessity of weighing
the foods, because of the risk of inflicting upon the patient a diet of a unacceptable
monotony for more than a short time. Moreover, even if one succeeded in imposing such a
strict diet, the quantities of K taken might still be insufficient in case of very considerable
depletion, such as can be suddenly caused by certain therapies (Table 4).

Table 4. Classification of foods according to their K content

Foods and Foods very rich Foods rich in K Foods with a moderate Foods poor in K
beverage in K K content

(>70o mg/OO g) (400-700 mg/100g) (100400 m/100 g) (<oo ng/lOog)

Fruit and nuts Almonds Apricots Other fresh fruits
Dates Bananas
Dried figs Nuts
Dried prunes
Dried grapes
Dried apricots

Vegetables Dried vegetables Potatoes Other fresh
(lentils, haricot, beans) Beetroot vegetables
Soya Carrots
Spinach Mushrooms

Dairy produce Whole milk Fresh cheese
Eggs Yoghourt

Fermented cheese
Eggs

Meat Sardines in oil Meat
Fish Poultry

Fish
Shrimps
Oysters

Cereals Wholemeal flour Italian paste Tapioca
White flour Rice
Wholemeal bread Semolina
Rusks White bread

Fats Butter
Oil
Other fats

Sugar products Cocoa Chocolate Sugar
Molasses+ ++ ]am

Honey

Beverages Fruit juice Beer
Cider
Wine 120

2.2 Medication

In order to restore to the body a 'working capital' of potassium, it must be remembered
that:
- all the K administered is not retained,
- the method of administration depends on the etiology,
- it must always be done in conjuction with rehydration,
- sodium, although useful when given in small doses, becomes toxic when administered in

larger doses.
A patient suffering from K deficiency can be 'restocked' either orally or parenterally.
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2.2.1 Oral administration

The use of K salts has the advantage of providing a quantity of electrolyte easily
measurable; the salts most commonly used are: chloride, phosphate, citrate. Chloride
contains about half its weight in K, lactate contains only a third (Table 5).

Table 5. Composition or potassium salts used in therapeutics

Formula Molecular Percentage Quantity providing
weight of K I g of K

C hloride .................................... ... 75 52 1.92
C itrate ......... ................................ 306 12.8 7.81
Lactate ..................................... 128 30.5 3.28
G luconate ............................... ..... . 234 16.7 5.99
Propionate .......... ........ ............... . 112 34.8 2.87

These salts, administered in fractionated doses of 2 g up to a total of 10 g per 24 hours,
may be added to a sweetening syrup (lemon, orange) or to an unsalted meat broth, in order
to make the salts less unpleasant.
Vomiting, diarrhoea and continuous aspirations sometimes make the oral administration
of these salts ineffective. Injectable aqueous solutions (or a Murphy drip) will then become
necessary.

2.2.2 Parenteral administration

Chloride and phosphate are K salts most commonly used. Chloride is ideal because a
deficiency of chloride is often associated with K deficiency, as we have already seen.
Phosphate is a salt whose use is also logical because phosphate is an intracellular anion, a
deficiency of which frequently appears in conjuction with K deficiency. Monopotassic and
dipotassic phosphates can be associated so that the pH is maintained at 7.35. These K
salts are prepared in the form of hypertonic solutions to be diluted before use.

Potassium salts suitable for parenteral administration
(Hypertonic solutions to be diluted before use)

- Potassium chloride at 10/100
10 ml = 1 g KCI = 520mg or 13 meq of K
20m1 = 2gKCI = 1040 mg or 26 meq of K

- Potassium citrate at 10/100
10 ml = 1 g of citrate = 128 mg or 3.2 meq of K

- Potassium propionate at 14.5/100
20 ml = 2.9 = 1000 mg or 25 meq of K

- Potassium lactate at 12.8/100
10 ml = 1.28 g = 390 mg or 10 meq of K.

The easiest method of administration is to add a potassium salt to the principal isotonic
aqueous solutions (salted or glucosed).
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Numerous injectable aqueous solutions have been suggested. They must be stable, isotonic
and suitable for intravenous injection. The oldest of these - Ringer's solution suggested in
the treatment of diarrhoea in infants - may be used so long as all the following
precautions are taken:
- the daily dose must not exceed 80 ml per kilogramme;
- the speed of injection should be such that the perfusion lasts between 8 and 12 hours;
- the perfusion should be undertaken only if renal function is normal.
The daily dose which can be administered intravenously is from 6 to 8 g (150 to 200 meq)
of potassium in the case of an adult and between 2 and 4 meq/kg per 24 hours in the case
of a child. Such quantities as these should always be administered slowly and in dilution. It
is wise not to exceed 2-3 g of potassium per litre of aqueous solution and not to inject
more than I g during the first hour, then 0.75 g in the following hours.
These aqueous solutions can also be administered by an intestinal or gastric tube, as a
drip.
At all events, K salts must be administered until kaliemia become normalized and
resumption of a normal diet is possible. The treatment should be observed by means of
humoral and electrocardiographic controls in order that the correction of the kaliemia
troubles may be carefully followed. An excessive correction, in other words the appear-
ance of signs of hyperkaliemia, demands immediate cessation of the treatment.
Very considerable doses reaching and even exceeding 150 meq per day are sometimes
necessary for the reconstitution of potassium capital.
1-2 g of calcium gluconate should be added if signs of tetany should appear in the course
of the administration of potassium salts.

2.2.3 Therapeutic accidents

Attention should be drawn to the possible accidents which can occur during treatment
with potassium salts.
For nearly 10 years, ulcerations of the small intestine (mainly on the initial part of the
ileum) have been reported after absorption of potassium chloride tablets. This ulceration
can be complicated by stenosis of the intestine, by perforations or haemorrhages.
Affections such as these appear more readily after the absorption of large doses of
potassium chloride but not only after prolonged treatment. The incidence of these
accidents is, however, low.
If potassium chloride tablets are mainly involved, the use of aqueous solutions does not
ensure total avoidance of such accidents. The other salts are not entirely safe;
gluconate has been found responsible for similar affections. Tartrate, on the other hand,
would be entirely innocuous, perhaps because of its lower content of potassium.
Potassium chloride maintains all its advantages so long as it is a question of a deficiency of
chloride alone or associated with alkalosis. More recent preparations, being coated with
a special substance, now appear to be less harmful for the small intestine than were the
previous products.
Treatment with K salts intravenously also entails certain risks. The most frequent are the
pain at the point of injection and venous sclerosis. The highest risk is that of a too rapid
perfusion which can induce a sudden and transitory hyperkaliernia, because the plasmatic
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potassium does not pass immediately to the interstitial and cellular sector. Here again the
precautions already cited above must be observed.

2.2.4 Conclusions

The medication of patients afford a certain number of advantages:
- it can be effected under all circumstances orally or endovenously in the case of a patient

in coma;
- it is quantitatively easily controllable;
- it can have a rapid action, quasi immediate when this is necessary;
- it can be adapted to various biological circumstances because it allows of the correction

of associated ionic disturbances: a potassium deficiency with alkalosis - the most
frequent eventuality - is treated by means of potassium chloride or citrate.

A potassium deficiency with hyperchloremic acidosis should be treated with one of the
numerous K salts available to us: bicarbonate, lactate, tartrate, propionate, gluconate.

3. Indications of potassium salts therapy

3.1 In nephrology

The treatment with potassium salts is frequently inseparable from the use of diuretics. The
administration of potassium must be adjusted according to the type of medication used,
the duration of the treatment and the existence or non-existence of a renal insufficiency.
Apart from cases such as this, several particular affections need correction. The existence
of digestive losses can add these hypokaliemic effects, independent of the urinary loss.
Hyperaldosteronism, occurring secondarily to a urinary loss of sodium in the course of
interstitial nephropathy, aggravated by an inopportune de-sodiumized diet, must be
recognized and treated.
We mention a few chronic tubular insufficiencies congenital such as the Fanconi
syndrome or hyperchloremic tubular acidosis; the K depletion in such cases would be
linked with incapacity on the part of the kidney to produce acid urine. The diet should
afford a large supply of potassium without containing too much glucide which could cause
a brusque aggravation of hypokaliemia by intracellular captivation of K when sugar
penetrates into the cell.
In practice, in the case of renal diseases, the choice of potassium salts would preferably
fall upon non-alkalinizing potassium chloride. The rules concerning the total 24-hourly
dose and the rate of intravenous perfusion already mentioned must be observed while
taking into account the actual functioning of the kidneys. The potassium content may not
exceed 100 meq/litre of liquid.
If a high degree of alkalosis is present, it is important that calcium salts are also given
because of the risk of tetany at the moment when the potassium deficiency is corrected.
On the other hand, it must be remembered that the correction of a potassium depletion of
some severity is sometimes followed by edemas which are perhaps the result of the transfer
of sodium accumulated in the cells during the potassic depletion and which, on the arrival
of fresh supplies of potassium in the body, return to the extracellular sector.
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3.2 In gastro-enterology

The treatment with potassium salts is appropriate here as soon as there are sudden and
extensive losses or moderate but protracted ones, either isolated but more frequently in
association with other electrolytic disturbances.
The most immediate indication is the correction of potassium depletion, above all surgical
and therapeutical (continuous gastro-duodenal aspiration, biliary, pancreatic and intestin-
al fistulas), but many other affections also require the administration of potassium salts.

3.2.1 Prolonged gastro-intestinal affections

Diarrhoea resulting from diffuse lesion of the colon and the small intestine can bring about
considerable K losses. In the course of Crohn's disease, infectious jejunoileitis, malabsorp-
tion syndromes, Zollinger-Ellison syndrome, heavy diarrhoea with a high potassium
content can bring about serious depletion in the long run.
The same applies in the case of hydro-electrolytic losses caused by recto-sigmoidian villous
tumours, hypokaliernia accompanies hypochlorenia and hyponatremia. In episodes of
hemorrhagic rectocolitis, the fecal losses reach 25-30 meq/24 hours. The problem of the
protracted addiction of laxatives, already mentioned, is a comparable case.
In all these conditions, it is important to point out that the loss of potassium in urine has a
tendency to decrease, an important factor of orientation in favour of a digestive depletion.

3.2.2 Acute digestive accidents

In the course of acute diarrhoea, the replenishment of the body with potassium salts must
take into account a loss of the order of between 50 and 150 meq/24 hours associated with
extracellular dehydration of a considerable degree, with the added risk of metabolic
acidosis.
In the course of acute vomiting (be it caused by intestinal occlusion, pyloric stenosis or an
acute post-operative dilatation of the stomach), the replenishment will have to be very
great. The supply can reach as much as 100 meq per hour; post-operative gastro-duodenal
aspiration poses similar problems, as we have already seen.
In the course of decompensated cirrhosis of the liver, the treatment with potassium is the
corollary to diuretic treatment, above all by means of the thiazides, not forgetting that
frequent secondary hyperaldosteronism often necessitates recourse to the derivatives of
spironolactone or triamterene either alone or in association with thiazides.

3.3.3 In endocrinology

In endocrinology, the treatment by potassium is indicated within the essential framework
of adrenal cortex diseases.
In the course of treatment of diabetic coma, the importance of the administration of
potassium at the moment of its ingress into the cell has already been mentioned.
In the case of primary hyperaldosteronism, metabolic alkalosis provoked by the adrenal
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tumour is accompanied by a hypokaliemia that is generally moderate. The correction of
this trouble should be undertaken before the surgical exeresis.
On the other hand, the incidence of secondary hyperaldosteronism caused by unilateral
renal troubles, for example, is very frequent when the original disease has not beeen
treated, thus causing hypokaliemia that subsequently requires treatment.
This potassium depletion can give rise to therapeutic problems of a special kind in the
preparation for the intervention. It is in fact, responsible for operative complications such
as disturbances of the cardiac rhythm, protracted respiratory paralysis, especially after
use of curarines.
The correction of this potassium deficiency is essential and it is the task of the diet to
achieve it: strict restriction of sodium, daily administration of 100 meq of supplementary
potassium.
In the case of Cushing's syndrome, hypokaliemia generally remains moderate; potassium
deficiency is greater in the course of paraneoplastic hypercorticisms. The problem is that
of rapid surgical correction of the metabolic hyper-function.
All protracted cortico-therapy in large or moderate doses - already studied - demands a
treatment in which the administration of potassium is included.
In case of thyrotoxicosis, the potassium pool, the exchangeable potassium, are diminished.
This kaliopenia renders the patient suffering from thyrotoxicosis more sensitive to the
additional potassic losses through diarrhoea or the inopportune administration of sali-
diuretics. This explains, at least partially, the muscular syndrome, either isolated or
associated with neurophysical disturbances.
The treatment of these complications demands hydro-electrolytic reanimation with, in
particular, potassium supplementary to the specific treatment.

3.4 In cardiology

3.4.1 Cardiac insufficiency

The reasons for potassium depletion are numerous:
- digestive troubles (anorexia, vomiting) whether or not caused by the administration of

digitalis;
- anoxia with loss of cellular potassium subsequently eliminated by the kidneys;
- catabolism, each gramme of nitrogen freeing 2.7 meq of potassium;
- finally, the protracted administration of diuretics can induce secondary hyperaldo-

steronism.
Potassium depletion is essentially the result of a loss; it potentializes the digitalic effects,
creating a risk of overdosage and intoxication.
The digitalics. Digitalin acts at the level of the cellular membrane by modifying the
permeability of the electrolytes.
Subsequently, differences in the trans-membranes potential will become apparent. The
consequences of this are, on the one hand, electric signs of digitalization and, on the other,
a deceleration of the penetration of potassium into the cells. The effect of digitalin differs
according to the dose administered, the initial state of the myocardium and of the
intracellular potassium.
In toxic doses, digitalin lowers the potassium and the pH of the myocardium; the K
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concentration in the coronary sinus increases in relation to that in the coronary arteries.
There is a cellular loss of potassium and ingress of sodium. In cases of potassium
depletion, digitalin can thus aggravate a cardiac insufficiency by hastening the loss of
intracellular potassium.
For the correction of these losses, the administration of potassium is indispensable, but
must be carried out with great prudence because the potassium penetrates less quickly into
the cell in the case of extensive digitalization. The decrease in the glomerular filtration due
to the cardiac insufficiency can cause a deceleration of the renal elimination; a too rapid
increase of the kaliemia must be avoided. When correcting potassium deficiency, one must
know of the risk of decreasing the cardiotonic activity inherent in the digitalics.

Treatment

The treatment is, above all, prophylactic. The observation of the kaliemia and the
prescription of potassium salts administered per os must be systematic; the quantity to be
given will depend on the degree of the kaliemia, the doses given being at least equal to the
losses incurred. The curative treatment may necessitate intravenous administration.
Doses are variable, about 100 meq/24 hours and given by slow perfusion so long as the
renal elimination conditions are adequate and biologic and electrocardiographic control is
exercised throughout.
In most cases, the administration of potassium in the diet will be sufficient, supplemented
if necessary by dietetic salts without sodium. The supply afforded by the diet can be
considered as adequate so long as there is no apparent sign of potassium depletion.
During rapid or extensive digitalization, additional potassium may prove necessary in the
form of chloride if alkalosis is also present.
In the course of treatment with diuretics, supplementary potassium must be given as
long as the diuretic effect lasts; this will depend on the diuretic being used. In the case of
the sulfonamide diuretics, for example, an additional supply of between 2 and 3 g of
potassium chloride per day, administered per os, is necessary if the kaliemia is within
normal limits, and of between 5 and 10 g of KCI if there is hypokaliemia.
In addition to cases of cardiac insufficiency, potassium can be used in the treatment of
digitalic intoxication, attacks of ventricular tachycardia of variable focus and also for
myocardial infaction.

3.4.2 Digitalic intoxication

The potassium exercises a depressing effect on the excitability of the myocardium and
thus has the opposite effect to that of digitalin. It has an inhibiting influence on the
auriculo-ventricular conduction similar to that of digitalin. The administration of potassi-
um salts is logically indicated when the digitalic intoxication manifests itself by myocar-
diac hyper-excitability: extra systoles or ventricular tachycardia. It is counter-indicated if
there is an auriculo-ventricular block except in the case of a tachycardia auricular with
auriculo-ventricular block. When the intoxication is light (bigeminal rhythm for example),
oral administration is preferred. On the other hand, in the case of permanent hyper-
excitability, the intravenous method must be chosen, the treatment being permanently
observed both electrically and by ionogramme (the initial kaliemia can be marked, the salt
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to be used is potassium chloride in slow perfusion, approximately 30 to 60 meq of K ion
per 24 hours).

3.4.3 Ventricular tachycardia

In the cases of attacks of ventricular tachycardia of variable focus or torsade tip
frequently induced by potassium depletion with metabolic alkalosis, the intravenous
administration of potassium in conjunction with electro-systolic training (especially in the
case of an auriculo-ventricular block) is regularly efficacious. On the other hand, in the
case of disturbances of the cardiac rhythm (supraventricular tachycardia, bigeminal
rhythm) which are caused neither by digitalic or quinidinic intoxication, nor again by
potassic depletion, the administration of potassium is more questionable; it deserves,
however, to be tried because of its relative innocuousness, so long as the rules of blood
control by the ionogramme are observed and the perfusion is slow.

3.4.4 Myocardial infarction

In the case of myocardial infarction, potassium glucose insulin treatment is still a matter of

controversy in as much as there are no positive criteria of its efficacity. However, it would
seem that this therapy is able to shorten the duration of initial troubles of cardiac rhythm
induced by infarction; in particular, fibrillation and ventricular tachycardia occur less
frequently. Moreover, the pain-stilling becomes earlier and there is a more rapid resolution
of the electro-cardiographic abnormalities.

3.5 In neurology

A very particular problem is posed by Westphal's periodic paralysis. The prophylactic
treatment uses aldosterone antagonists (spironolactones).
Emergency treatment will consist in the intravenous administration of a solution of
potassium chloride of 30-50 meq/I at the rate of 10 mVkg/hour for two hours.

Conclusion

When prescribing treatment, the acido-basic balance of the patient should be taken into
account.
Acidosis partly masks hypokaliemia; any decrease in the pH of 0.1 unit leads to an
increase in the kaliemia of 0.6 meq/l. It counter-indicates the use of potassium chloride
which is acidifying.
Alkalosis necessitates the prescription of potassium chloride; potassium salts of an
organic acid (citrate, gluconate, tartrate) are alkalinizing and will not allow of correction
of either alkalosis or hypokaliemia.
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The Role of Potassium in Nitrogen Balance -
Experimental Evidence in Rat and Man

Prof. Dr. M. APFELDAUM, Unite de Recherches Dikt~tiques, H6pital Bichat, Paris/France

We have studied, in the whole body and in several organs or tissues, the relationship
between the potassium content and the protein-enzyme content.
The investigations were done on several groups of rats, differing in age and nutritional
state.
The results, thus obtained, were compared with nitrogen and potassium balances in
healthy human adults.

1. Material and Methods

1.1 Animals

Wistar male rats (Wistar Commentry) were subjected, since their weaning, to a semi-
synthetic and adapted diet (Apfelbaum [41).
Five groups of animals were considered: group 1, 11 and IlI sacrified at the age of
6 months and group IV and V sacrified at the age of 18 months.
Group I ('young' control) 8 animals. Food available ad libitum. Body weight (b.w.),
313 + 8.83 g at the age of 6 months (6mths).
Group II (acute starvation) 8 animals. Food available ad libitum excepted 7 days before
killing. Hydric diet during these 7 days. 202 ± 13.10 g b.w. (6mths).
Group III (protein diet) 8 animals. Food available ad libitum excepted 7 days before
killing. Water and 7 g of casein per day during these 7 days. 252 + 4.70 g b. w. (6mths).
Group 'IV ('old' control) 20 animals. Food available ad libitum. 517+ 16.3 g b.w.
(1 mths).
Group V (chronic undernutrition) 22 animals. After the age of two months, 50% intake
reduction. 242 + 3.47 g b.w. (l8mths).
Exchangeable potassium determination
Rats were injected intra-peritoneally with 42KCI. Specific activities were measured in urine
(Apfelbaum [31).
Fractionation
Animals were decapitated and bled (heparine) after 12 hours fasting. The following
fractions were collected:
- liver
- quadriceps
- viscera (lungs, heart, spleen, kidneys, pancreas, stomach, intestine, etc.)
- skin (non defatted)
- the remaining fraction, called 'carcass'.
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K + and N determinations
Each fraction was grinded, homogenized in water (except the skin, that was homogenized
in 2N NaOH).
Potassium was extracted with trichloracetic acid. Total nitrogen was determined by the

Kjeldahl method. Determination of soluble nitrogen - corresponding to the protein-

enzyme nitrogen - was done after hydrolysis (0,05 N NaOH, 72 h - 37 'C) [3, 41.
The series of data, thus obtained, were submitted to statistical analysis and the results

were expressed as means of concentration with their standard deviations (x ± sd). The

comparisons between ratios were done, after arc-sine transformation, and analysis of
variance.

1.2 Human subjects

41 healthy obese women - from 14 to 56 years of age - weighing from 59.5 to 115.8 kg

were hospitalized during a 21 days period. (Boudon [121) (Table 1).

Table 1. Morphological data

Initial body weight (b.w .) ........................... ............................... 90.87 kg
B.w. calculated from ideal weight/high ratio (Metrop. Lif. Bull.) (42. 43) ............... . 59.42 kg
Estim ated obesity ( b.w.) ....... ......... .................... ....................... 45.37 kg
B.w. calculated from exchangeable K .................................................... 52.59 kg
Estimated obesity (from exchangeable K *) (Apfelbaum [67]) ............................... 63.45 kg

Protein diet
The subjects received exclusively: 60 g of casein, 2 liters of water, vitamine and I or 3 g of

potassium chloride (Apfelbaum [71).
Nitrogen and potassium balances were calculated every day according to a previously
described method (Apfelbaum [5,8]1).
Clinical and hormonal data have been already published (Apfelbaum [6]).

1.3 Rats

Exchangeable potassium is equal to total potassium whatever the nutritional state

(Table 2).

Table 2. Exchangeable and total potassium in the five experimental groups of rats, mEq/kg body weight

Groups 1: 'young' I1: acute Ill: protein IV: 'old' V: chronic
control starvation diet control undernutrition

Number of animals 8 8 8 20 22

Exchangeable K+ 57.2 57.0 61.7 43.1 ,56.2
± 1.28 ± 1.88 ± 2.56 ± 2.08 ± 1.39

Chemical K+  59.42 57.8 64.7 43.8 58.0
± 0.197 ± 2.44 ± 1.02 ± 2.39 2.03
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Comparison between exchangeable and total potassium in the five experimental groups of
rats (Table 3).

Table 3. K/soluble nitrogen ratios (meq/g)

Groups I i IlI IV V

Number of animals 8 8 8 20 22

Whole animal 2.252 1.893 2.149 2.252 2.459
±0.1820 ±0.1485 +0.1722 +0.1183 ±0.1221

Liver 2.537 2.543 2.360 2.816 2.724
+0.1248 ±0.2594 +0.2369 ±0.1776 +0.1569

NS NS NS NS

Quadriceps 2.928 3.064 3.228 3.315 3.070
±0.2309 ±0.2443 ±0.2788 ±0.1629 +0.1361

NS "*

Viscera 3.389 3.433 3.287 2.898 3.481
+0.3347 +0.3402 +0.3220 +0.1784 ±0.2253

Skin 1.154 0.918 0.988 1.012 0.985
+0.1416 ±0.1125 +0.1210 +0.0906 +0.0829

ass as* *ss *** *5,

Carcass 2.795 2.632 2.641 2.906 3.117
±0.2390 +0.222 +0.2229 +0.1834 ±0.1828

NS

NS: not significant difference P>0.05 *:significant P<0.05 **:significant P<0.01 ***:significantP<0.001

For experimental data see: Apfelbaum [701 (a)

Potassium/protein-enzyme nitrogen ratio in the five groups of rats [11.

1.4 Human subjects

The nitrogen balance is dependent on the potassium intake (Table 4).

Table 4. Nitrogen balance in man during the protein diet at two levels of potassium intake

Daily Age No. of During During the During the During the
KCI intake subjects 19 days I" week 2 .d week 3" week

I g/d under 4 0.17 - 1.50 +064 +2.24
25 years ±0.388 +0.730 ±0.564 ±0.533

F-=6.18 P<0.05 F=3.48 P>0.05

over 8 -1 .89 -3.41 - 1.88 -0.22
25 years ±0.200 +0.364 -0.232 ± 0.292

F- 12.46 P<0.01 F= 19.69 P<0.01

3 g/d under 5 +3.52 + 2.20 + 3.81 +5.33
25 years ±0.239 ±0.325 ±0,234 +0.334

F= 16.77 P <0.01 F= 10.83 P <0.01

over 4 -0.50 -2.21 -0.58 +1.38
25 years +0.329 ± 0+553 ±0.415 ±0.544

F=5.49 P<0.05 F=7.71 P<0.01

For experimental data see: Apfelbaum [70] (b)
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2. Discussion

2.1 Exchangeable K + and total body K +

It has been demonstrated (Table 2) that in the five groups of rats the exchangeable K + is
equal to total body potassium. Table 5 shows that this conclusion can also be drawn from
data published by several investigators and reanalyzed from this point of view.

Table 5. Exchangeable and total potassium - Data from other authors

Authors Year Species K, meq/kg Total K
meo/kg

Harris on and coll .................................. 1936 dog - 57.5
Noonan and coil .................................... 1941 rat 76.9 66.5

rabbit 43.5 72.9
Fenn and call ...... ........................ 1941 frog 65.0 52.0
Levitt and Gadinot ......... ..................... 1949 dog 55.8 -
C rsa and col . ................................... 1950 rabbit 56.1 58.6
Spray and Widdowson ...................... 1950 pig - 70.0
Aikawa ........................................... 1951 rabbit 62.0 -
Greene and Sapirstein ............................ 1952 rat - 59.0
Ginsburg and Wilde ................................ 1954 rat 78.6 -
Cheek and West ................................... 1956 rat - 65.4
Cier and call ....................................... 1958 rat - 64.6-65.0
Elkinton and call .................................. 1959 rat - 65.4
Huth and Elkinton ................................. 1959 rat - 73.3
Talso andcolt .................................... 1960 rat 71.0 72.7
Green and coil ..................................... 1961 pig 60.0 -
Lemley-Stone and coil .............................. 1961 rat 58.0 -
Haxhe ........................................... 1963 dog 53.7 -

lamb 55.5 63.8
Kirtan .......................................... 1963 pig 50.0 -
Demanet .......................................... 1964 rat 69.5

2.2 Potassium and aging

It can be seen on Table 2 that both total and exchangeable potassium concentrations, are
lower in the 18 months rats than in the 6 months ones. These results are in good
agreement with those, published by Anderson [2] (in man, using 41K) by Widdowson [42]
(in rat, photometric determinations) and by Apfelbaum [41 (in rat, using 42K).

2.3 The exchangeable K + is a good index of the cellular mass

We have to keep in mind that the exchangeable potassium is not directly related to the lean
body mass, but is related tothe cellular mass. Even if differences in hydratation occur, and
whatever the nutritional state and age, the potassium/protein-enzyme ratio remains
constant.
Protein-enzyme (grammes) can be calculated from exchangeable potassium (meq) in
multiplying the last value by 2.75.
Metabolic studies on man confirm the existence of a relationship between potassium and
protein-enzyme. During the protein diet, the potassium intake must be high to equilibrate
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Table 6. Urinary excretion of tetrahydroaldostcrone (meg24 h) in man during the protein diet (S subjects)

Mean + SD

2' day 72.0 74.5 78.0, 52.0 39.5 40.0 23.0 32.0 34.5 49.5 + 6.86

1 9 h day 182.5 148.5 237+0 312.5 195.5 272+5 88.0 78.0 225.5 193 +26.4

the nitrogen balance. The mechanism seems to be following one: the sodium intake is
lower than I meq/24 h and in these conditions an hypersecretion of aldosterone occurs
(Table 4). Therefore, a high loss of potassium does take place. II the potassium intake is
not sufficient, the potassium pool decreases. Since potassium/protein-enzyme ratio must
remain constant, such a condition leads to a negative nitrogen balance.

3. Conclusions

From metabolic experiments in rat and in human subjects submitted to different nutrition-
al conditions, it can be concluded that:
- the exchangeable potassium is equal to the total potassium,
- the potassium/protein-enzyme ratio remains constant during aging and undernutrition,
- the negative potassium balance - caused by an endogenous hypersecretion of aldoster-

one following a low potassium intake - induces a negative nitrogen balance.
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Interrelationships between Acid, Phosphorus
and Potassium Excretion in the Urine of Sheep
and Cattle

D. Scorf, Ph. D., Physiology Department, Rowett Research Institute, Bucksburn, Aberdeen. Scotland

Summary

Sheep and calves fed roughage diets excreted an alkaline urine poor in phosphorus. In the sheep infusion of acid
into the rumen increased the excretion of acid in the urine and most of this was excreted as ammonium ions.
Excretion of this acid did not reduce urinary excretion of potassium. In subsequent experiments intra-ruminal
infusion of potassium chloride during acid infusion resulted in a marked rise in urinary potassium excretion but
excretion of acid in the urine was not affected.
In contrast to animals fed roughage diets, sheep and calves fed a concentrate diet excreted an acid urine rich in
ammonium ions and titratable acid phosphate. Intra-ruminal infusion of sodium bicarbonate although abolishing
urinary acid excretion did not affect the excretion of potassium in the urine.
It is concluded that sheep and calves are able to excrete appreciable amounts of acid and potassium in the urine
without evidence of competition.

I. Introduction

Acid is eliminated in the urine largely as a mixture of ammonium ions and titratable acid
of which acid phosphate (H2PO-) is the major component. Excretion of acid has been
studied in detail in man and dog and it has been shown that the rate of excretion of

titratable acid is limited by the amount of available buffer excreted in the urine [6, 81. It
has also been suggested that, in dog, the rate of excretion of acid may be affected by the

level of potassium in the diet. This is because it is believed that in the formation of an acid
urine, hydrogen ions and potassium ions in the renal tubular cell may compete in an
exchange process for sodium ions present in the tubular urine [2, 31.
Our interest in this system arises because sheep and cattle normally consume in their diets
amounts of potassium which are considerably in excess of requirement and the surplus is

excreted in the urine [1, 4, 10]. This may present little problem when roughage diets such
as hay, straw or dried grass are fed for the excess potassium is excreted in an alkaline
urine [4, 9, 10, 11).
A different situation may exist when concentrated foods are fed, for published reports
indicate that cattle fed such diets excrete an acid urine rich in ammonium ions and

titratable acid phosphate [7, 11, 121 and it is in these circumstances that competition
might be expected to occur.
In view of this possible competition we decided to examine the relationship between acid

and potassium excretion in sheep and calves fed either roughage or concentrate diets.
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2. Materials and Methods

Four castrate Friesian calves, two Dorset-horned ewes and five Scottish-blackfaced ewes
were used in these studies. At the beginning of the experiments the calves averaged 80 kg
and the sheep 50 kg in weight. All of the sheep and two of the calves were fitted with a
rumen cannula. During experiments the animals were kept in metabolism cages that
allowed the separate collection of faeces and urine.
In some experiments increased excretion of acid or potassium in the urine was achieved by
infusing differing amounts of hydrochloric acid or potassium chloride into the rumen
while in other experiments reduced excretion of acid in urine was achieved by infusing
sodium bicarbonate into the rumen. The amounts of these differing substances infused are
given in the text. The procedures for collecting and storage of samples and the chemical
methods of analysis have been previously described [10, 111. Throughout these experi-
ments the method of presenting net acid excretion in urine is that described by Jorgensen
[51 in which net acid excretion

H+Nqj + H±1 ,,. lid - HCO3 - OH-ir bse

3. Results

3.1 Roughage diets

Figure I shows the effects of infusing 200 mmole/day of hydrochloric acid into the rumen
of two sheep fed 800 g/day of a pelleted grass diet supplying 360 mmole of potassium. In
the control period the urine was alkaline (pH 8.1-8.7) and in response to acid infusion
urine pH declined and excretion of acid in the urine rose. Excretion of potassium in the
urine was unaffected by acid infusion and it is clear that sheep can excrete appreciable
amounts of acid and potassium in the urine at the same time. The results shown in
Figure 2 are from another experiment of this type in which a detailed analysis was made of
the chemical forms in which the acid was excreted. In this experiment 200 mmole/day of
hydrochloric acid was infused into the rumen of a sheep fed the pelleted grass diet. Before
infusion of acid the urine was again alkaline (pH 8.1-8.6) and between -73 and -45
mmole of net acid were excreted in the urine each day. In response to the infusion of acid
the pH of the urine declined and excretion of acid rose. Analysis of this acid revealed that
most of it was present as ammonium ions in the urine. Excretion of phosphorus in the
urine during the experiment was low, averaging 0.4 g/day, and because of this there were
only small amounts of titratable acid phosphate present in the urine during acid infusion.
As in the previous experiment excretion of potassium in the urine was unaffected by acid
infusion.
The results shown in Figure 3 illustrate the effects on acid and potassium excretion of
varying the level of potassium in the diet during acid infusion. In this experiment the two
sheep were fed a diet which contained 53.2% barley straw, 10.6% maize starch, 32.0%
groundnut meal, 2.0% molasses and 2.2% of a vitamin-mineral mixture. This diet, fed at a
rate of 800 g/day provided 110 mmole of potassium.
Infusion of 150 mmole/day of hydrochloric acid into the rumen led to a rise in the rate of
excretion of acid in the urine. Excretion of potassium in the urine was low in response to

202



Sheep 2750 2759

HCt into rumen (200mnmoleldoy) r ) t

9.0
Urine pH 70

5"0

Net acid 100

"00, i
Potassium 200

0

0 3 6 9 12 0 3 6 9 12

Time (days)

Figure 1. The effects of intra-ruminal infusion or HCI uponthe urnary excretion of net acid and potassium in
sheep. Dietary potassium intake was 30 mmoleday.
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Figure 2. The effects ofintra-rmminal infusion of HCI upon some components of urinary acid excretion. Dietary

potassium intake 360 mmole/day.
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Figure 3. The effects of varying potassium intake during acid infusion in sheep. Dietary potassium intake was
110 mmole/day.

the low potassium intake and was not affected by acid infusion. A supplement of 300
mmole/day of potassium chloride which increased the potassium intake up to that seen in
sheep fed the pelleted grass led to a rise in the rate of excretion of potassium up to that
seen in sheep fed the pelleted grass diet but the supplement did not affect the excretion of
acid in the urine. As before most of the acid excreted was in the form of ammonium ions
with only negligible amounts of titratable acid phosphate being excreted.

3.2 Concentrate diets

The results shown in Table I illustrate the differences in urine pH and acid excretion in
sheep and calves fed a roughage as opposed to a concentrate diet. The roughage diet used
in these experiments was the same as used in the experiments shown in Figure 3, while the
concentrate diet contained 86.0% bruised barley, 12.0% fish meal and 2.0% of a vitamin-
mineral supplenient. These two diets were about equal in potassium content.
The results of these experiments show that when both sheep and calves were fed a
roughage diet they excreted an alkaline urine poor in phosphorus whereas when they were
fed the concentrate diet the urine was acid and contained large amounts of phosphorus.

Table L Renal excretion ofacid and potassium in two sheep and four calves fed either a roughage or a concentrate
diet. Mean values for a 6-day collection period ± S.D.

Acid

Diet Food intake Urine pH Phosphorus Titratable H2 PO NH Potassium

kg g mmole mmole

S Roughage 1.4 8.2±0.7 0.3 ±0.2 0.3 0.2 36±13 163 ±38
Sheep Concentrate 1.4 5.6 ±0.2 5.5 + 1.1 164.1 ± 37.0 167 ± 20 164 ± 26

Calves Roughage 2.0 7.7 ± 0.2 0.6 ± 0.2 3.0± 2.1 36 ±16 217±48
IConcentrate 2.0 6.0 ±0.2 5.7 + 1.4 159.5± 37.4 163 ± 52 198 42
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There were also marked differences in urinary acid excretion when the different diets were

fed. Thus appreciable amounts of both titratable acid phosphate and ammonium ions were

excreted in the urine when the concentrate diet was fed but only small amounts of

titratable acid phosphate and ammonium ions were excreted when the roughage diet was

fed. There was no evidence that the amount of potassium excreted in the urine was in any

way reduced in the presence of the large amounts of acid excreted when the concentrate

diet was fed compared to when the roughage diet was fed. This relationship between

urinary excretion of acid and potassium was examined further in a sheep and a calf fed 1.4

and 2.0 kg/day of the concentrate diet respectively (Figure 4). In a 6-day control period

excretion of acid in the urine of the sheep averaged 295 mmole/day and excretion of

phosphorus averaged 6.0 g/day of which 92% (183 mmole) was excreted as titratable

acid phosphate. In the calf excretion of acid in the control period averaged 403 mmole/-

day and excretion of phosphorus averaged 6.7 g/day of which 85% (195 mmole were

excreted as titratable acid phosphate. At the end of the control period 300 and 450

mmole/day of sodium bicarbonate were given as a continuous infusion into the rumen of

the sheep and the calf respectively. This was continued for nine days and led to a rise in

urine pH and to a fall in urinary acid excretion. Excretion of phosphorus in the urine

continued at the same rate as in the control period but only a small proportion was

excreted as titratable acid. Excretion of potassium during the experiment averaged 174

and 208 mmole/day in the sheep and the calf respectively and there was no change in

excretion rate in response to the change in net acid or titratable acid excretion during

bicarbonate infusion.
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Figure 4. The effects of intra-rurmlnn infusion of sodium bicarbonate on the urnary excretion of acid and

potassium in a sheep and a calf fed a concentrate diet.
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4. Conclusions

The results of these experiments show that infusion of acid into the rumen of sheep results
in the excretion of large amounts of acid in the urine but this had no effect on the amount
of potassium excreted in the urine. Conversely the infusion of large amounts of potassium
into the rumen during the infusion of acid did not limit the capacity of the kidney for acid
excretion.
In control periods both sheep and calves fed roughage diets excreted an alkaline urine
which contained only small amounts of phosphate. In consequence, during acid infusion,
acid excreted in the urine appeared mostly as ammonium ions rather than as titratable
acid phosphate.
In contrast, sheep and calves fed a concentrate diet excreted an acid urine and this contained
both large amounts of ammonium ions and titratable acid phosphate. There was, however,
no evidence that the elimination of these large amounts of titratable acid in any way
reduced the proportion of dietary potassium in the urine, for about equal amounts of
potassium were excreted in the urine when the roughage or the concentrate diets were fed,
and the diets themselves were about equal in potassium content. In addition, the infusion
of bicarbonate into the rumen of a sheep and a calf fed the concentrate diet, although
largely abolishing the excretion of acid in the urine, produced no change in the rate of
excretion of potassium.
In conclusion, sheep and calves appear to be able to excrete large amounts of potassium
and acid in the urine without evidence of competition.
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Effects of Calcium on Resorption and Excretion
of Major and Some Minor Elements in Cattle

J. HARTMANS, Institute for Biological and Chemical Research on Field Crops and Herbage (I.BS.), Wagenin-
gen/'The Netherlands

Summary

The effects of calcium supplementation on availability and excretion pattern of major elements and some minor
elements was studied in balance trials with lactating identical twins. A daily dose of 160 g CaCO, did not affect
digestion of dry matter, organic matter and nitrogen; digestion of higher fatty acids was insignificantly
decreased. Availability of K, Na, Mn and P was significantly increased by calcium supplementation, whereas
availability of Cl and Ca was decreased. The balance of K, Na and Cl, however, was not changed because of a
compensatory effect on the urinary excretion.
Retention of Ca, Mn and P was increased by the treatment; secretion of I is in the milk decreased. There was no
treatment effect on the excretion patterns of S, Zn and Cu.

1. Introduction

Potassium fertilizing and the potassium status of the soil affect the mineral composition of
the grass to a great extent (Dijkshoorn [6, 71; Hemingway [II1 and Kemp [13]). Under
field conditions in the Netherlands a potassium application will hardly affect the botanical
composition of the sward. The effect on the cation composition of the harvested crop,
however, may be considerable.
From the fertilizer experiments over many years of Kemp and Geurink 151 it can be

calculated that by increasing the fertilizer application from 122 kg K20 to 319 kg K20 per
ha the Ca content in the grass shows an average decrease from 0.66% to 0.51%. In
intensive cattle farming there is a risk of the calcium supply to the cattle growing marginal
in this way.
The effect of potassium supplementation of the rations on the retention and excretion
pattern of major elements in cattle and sheep has been treated in a number of studies
(Kemp et aL [141 and Van Koetrsveld [16D. In the field, however, we also have to deal with
the effect on the animal of the changed chemical composition of the plant induced by
potassium application.
In the present experiments the effect was studied of the calcium content in the rations -
calcium being a cation much affected by potassium application - on the resorption and
excretion by the cow of major and some minor elements.
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2. Material and Methods

Three sets of Friesian identical twins were divided into two groups, in such a way that one
of the twins was in the first and the other in the second group. These animals were used in
a reversal balance trial.
The cows were in the second part of their first or second lactation period and their average
weight was 503 kg. The basal ration consisted of 9.33 kg pasture hay, 2.67 kg ground
maize and 1.08 kg cotton seed meal and was supplied twice daily. There were small
refusals and only from the hay; during collection periods they averaged 0.12 kg per
animal per day. One group received the basal ration, for the other group 160 g additional
calcium carbonate was mixed in the concentrates. The animals were equipped with
harnasses for separate collection of faeces and urine after van Es and Vogt 19]. The faeces
dropped on stainless steel trays and the urine was collected in large polyvinylchloride
(PVC) flasks.
After a 14-day preliminary period to get the animals adjusted to the rations, a
collection period of 8 days followed. During this period the feed consumed, feed refusals,
collected faeces, urine and milk of each cow were carefully weighed and duplicate or
triplicate proportional samples were stored in PVC pots. Immediately after the first
collection period the treatments were changed. During an 8 day preliminary period
samples were collected on the second and fifth day, after which a second collection period
of 8 days followed.
The samples from the collection periods were analysed for contents of dry matter (DM),
organic matter (OM), higher fatty acids (HFA) (Immink et al. 1121), N, K, Na, Mg, Ca, P,
Cl, S, Zn, Mn, and Cu. Milk samples from both collection periods and from the second
and fifth day of the second preliminary period were analysed for I. Statistical analyses
were made after the methods of Snedecor [181 for factorial design.

3. Results and Discussion

The CaCO3 supplementation increased the Ca content in the dry matter of the rations
from 0.49% to 1.09% and the Ca:P ratio from 1.2 to 2.7. The calculated intake and
excretion as well as the mineral balance and the availability or digestibility of the different
constituents in both treatment groups are presented in table 1.
As a result of the calcium carbonate supplementation the dry matter content of the faeces is
significantly decreased; by increased drinking the cows compensate the greater water
excretion induced in this way.
The digestion of dry matter, organic matter and crude protein is not affected by the
CaCO3 supplementation. In the literature some cases have been described of an adverse
effect of CaC03 supplementation on the digestibility of dry matter, crude protein, energy
or energy value determinants in cattle (Ammerman et al. [1]; Colovos et al [51; Dowe et al.
[81). Except for the experiments of Colovos et al. 15, in all the experiments in which a
CaCO3 dose, relative to the dry matter intake, was used comparable to ours, no clear
effects were achieved. The effects described by Colovos et al may also have been
induced by a possibly insufficient P supply.
The digestion of higher fatty acids shows an insignificant decrease in the high calcium
animals. This may have been the result of the formation of more insoluble Ca soaps in the
digestive tract (Cheng et al. [41).

208



Z Table 1. Intake, excretion, balance and availability (digestibility) of dry matter, organic matter, higher fatty acids, nitrogen and minerals in cows on calcium carbonate sup-
plemented or unsupplemented rations.

Per cow per day Intake Excretion in: Balance Availability

faeces urine milk (digestibility) 5*

Ca B Ca B Ca B Ca B Ca B Ca B

DM, kg I i.10a 10.94b 3.33 3.26 - - - - - - 70 70
OM, kg 10.00 10.00 2.70 2.70 - - - - - 73 73
HEA, me 920 920 266 242 - - - - - - 71 74
N, g 250 250 89 90 - - - - - - 64 64
K. g 263 263 20e 46f 228c 200d 17 17 - 2 + 0 92c 83d
Na, g 9.3 9.3 1.4c 2.8d 2.4c 0.7d 3.9 3.8 + 1.6 + 1.9 85c 69d
Cl, g 71.2 71.2 11.2c 6.6d 47.3c 51.3d 10.4 10.2 + 2.4 + 3.0 84e 91f

Mg. g 21.4 21.2 16.3 15.8 2.4a 2.6b 1.1 1.1 + 1.6 + 1.7 25 26
Ca. g 120.9 53.4 l00.9e 413f 0.Ta 0.5b 12.8 12.9 + 6.4c - 2.2d 16a 21b
P. g 45.1 45.1 32.8 33.7 0.2 0.3 9.9 9.9 + 2.2a + 1.3b 27c 25d
S, g 29.2 29.0 12.4 11.9 10.0 9.8 3.3 3.4 + 3.5 + 3.9 58 59

Zn, mg 330 329 323 316 1.4 0.9 34 37 -28 -24 2 4
Mn, mg 251 247 227c 244d 0.0 0.0 0.2 0.2 +24c + 3d l0c Id
Cu, mg 74.6 74.1 75.1 74.7 0.2 0.2 0.2 0.2 - 1.0 - 1.0 - 0.7 - 0.7
I, mg - - - - 0.42a 0.48b .- -

DM % 14.7a 15.7b
kg produced (fresh) 22.66a 20.96f 15.22 15.26 9.97 9.88
water intake, kg 47.6 45.9

B = basal ration; Ca CaCO 3 supplemented ration: -- not determined
Values without superscript are not significantly different; superscripts a and b indicate: P <0.05 c and d indicate: P<0.01 e and f indicate: P <0.001
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On the high calcium ration the availability of K and Na is highly increased, whereas
that of Cl is decreased. The higher resorption of the cations is associated with an
increased excretion in the urine, thus leaving the balance unaffected. The CI balance is

also unaffected, but by a lower urinary excretion. These findings are in accordance with
the generally accepted view that excess of these minerals is excreted in the urine, and that
in case of shortage urinary excretion is decreased.
As to Mg, a similar tendency as in K and Na is apparent; the difference between
treatments, however, is very small and does not seem to be of practical significance.
The increased Ca intake results in a decreased Ca availability. Nevertheless, the negative
Ca balance on the basal ration turns into a definitely positive one in the supplemented
group. At the same time the low urinary excretion increases slightly. In our experiments, in

which Ca supply will have been near marginal, an availability of 13% can be calculated
for the supplemental Ca. On the contrary, Haag et al [101 with cows on lucerne rations
with a more liberal Ca supply (1.16% Ca and 0.153% P) found no demonstrable

utilization of supplemental CaCO3.
The availability and the balance of P are slightly, but significantly increased by Ca

supplementation. Presumably, the increased Ca retention stimulates P retention, as in
general both elements are simultaneously required by the animal, e.g. for bone formation

or for lactation.
The availability of Mn is highly increased by the Ca supplementation, resulting in a
significantly higher retention in the animal. Though Ca long has been considered as a
factor depressing Mn adsorption, our results are in line with recent experiments by
Lassiter, Morton and Miller [17] with radio-active and stable Mn in rats. As the animals
on the basal ration already were in a slightly positive Mn balance, these findings also lead
to the question to what extent these and other supplementations may affect tissue Mn
concentrations:
There is no treatment effect on distribution of excretions of S, Zn, and Cu. The
marked negative Zn balance in both treatments is somewhat embarrassing. It is

hardly possible to suspect Zn contamination in faeces as, e.g. the urine analyses did not

show substantial quantities of Zn. Since all the samples were stored in the same type of
pots obtained from the same supplier contamination seems unlikely.
The I secretion in the milk is distinctly decreased by CaCO3 supplementation. Figure 1

shows the I concentration in the milk during the experiments. It can be seen that 2 days

after change in treatments the effect on the I content in the milk is apparent. After that

there is a rise in both groups, presumably because milk production showed a tendency to

decrease. Since the I secretion in the milk is considered as an indication of the I supply to

the animal in a short preceding period (Binnerts [21), this result may be regarded as a

distinct indication that CaCO3 decreases the I retention. According to Boyle et al [3] this

effect of Ca may be caused in man by interference in the absorption of I from the gut.
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Discussion, Session No. 3

Prof. Dr. M. Kirchgessner (Munich/Federal Republic of Germany):

Can you compare the frog skin with the intestine? If you stop the shunting effect of the
anions with copper, have you
a) differences with different Cu-concentration?
b) Can you stop this effect also with other cations?

Dr. V. Koefoed-Johnsen (Copenhagen/Denmark):

I do think that frog skin and intestine are comparable with regard to salt transporting
properties. Both tissues perform transepithelial active transport of sodium, and the
underlying principles discussed in relation to the frog skin are also valid for the gut.
With respect to a) and b): These problems have not been studied in details, but are
presently under investigation in our laboratory.

Dr. V. Koefoed-Johnsen (Copenhagen/Denmark):

Aldosterone is known to have a stimulating effect on Na-transport in toad bladder, toad-
and frog-skin. A morphological study made by Vofite, Dirix, Nielsen and Ussing has
shown that after addition of aldosterone the shape of the mitochondria-rich cells in str.
granulosum becomes pear like with the apex reaching the subcorneal space which is being
filled with some amorphous material. After 2-4 hours the cornified layer is completely
detached from the underlying cell layer. When the cornified layer is ruptured or mechani-
cally removed the short circuit current raises to values above the control levels. Nielsen
has furthermore shown that both the moult and the activation of the short circuit current
are abolished by actinomycin D. [ref.: Expl. Cell Res. 57, 448 (1970), and Ac. Ph. Soc. 77,
85(1969)].

Dr. L. Perlemuter (Crgteil/France):

To the remark of Mrs. Koefoed I can say of course that the only prove we have is that
aldosterone acts directly on the sodium efflux-influx mechanism and that the K leak is a
consequence of it. We have no prove of aldosterone action on K+ transport mechanism.

Prof. Dr. M. Kirchgessner (Munich/Federal Republic of Germany):

In experiment with cattle we found an increased excretion of Fe, Zn and Mn at 10' and
30 0 C environmental temperature in comparing with 20 0C. Can you discuss these results
with biological rhythms?
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Dr. A. Reinberg (Paris/France):

I have no reference concerning the effects of changes in environmental temperature on
circadian rhythms in cattle. Several circadian rhythms were reported to persist during
hibernation in some hinbernating mammals (Ch.Kayser, H. & M.C. Saint-Girons,
M.G. Kolpakov). Circadian rhythms in a set of physiologic functions also persist in man
during prolonged isolation in cave with low and constant environmental temperature (60
C ± 0.5 in our experiments with F. Halberg, J. Ghata et al.).
We have also to consider cyclical changes in envrionmental temperature with a period
about 24 h, about a year, etc.) which, in some circumstances and/or for some animal
species can play the role of a synchronizer.

Dr. L.K. Wiersum (Haren-Groningen/Netherlands):

Although plant has an endogenic rhythm it does not seem important in K-metabolism.
K-metabolism and movement seem more strictly related to the type of energy available at
a certain time.
It is clear that the effect and type of energy available differs greatly between day and night
(photoenergy and respiration energy mixed or respiration only), but these might not follow
a special rhythm in lasting light or darkness. Intake by the root is very sensitive to a
continuous supply of carbohydrate.

Prof. Dr. L Arnon (Rehovot/Israel):

to Dr. Reinberg: a) Does the disruption in rhythm due to transatlantic flight have
deleterious effects, and if yes - is there an effective therapy.
b) What is the situation regarding subjects, such as pilots, who fly back and forth over the
Atlantic?

Dr. A. Reinberg Paris/France):

Changes in parameters characterizing circadian rhythms of human biological and physio-
logical functions can be detected objectively after what we use to call an intercontinental
flight. Under these conditions the organisms can be submitted to the influence of a shift in
environmental factors after crossing several time zones. The expression transmeridian
flight is more specific than intercontinental or long distance flight if this type of shift is
being considered. A number of environmental factors with cyclical variations of about
24 h are effective in the synchronization of circadian rhythms; in the human subject socio-
ecological factors related to societal life (timing of the alternation of diurnal activity and
night rest) can be considered as a very powerful synchronizer.
After a transmeridian flight, when staying in a 'new' geographic location - associated
with societal changes - for a certain timespan (several days, weeks, months, etc.), the
subject is exposed to a phaseshift influence of the synchronizer; in these circumstances
both the period of the synchronizer and the period of the biorhythms remain unchanged
(24 h as mean).
From objective analyses of temporal series (F. Halberg, A. Reinberg et al.) one can
conclude that the duration of resynchronization after a transmeridian flight:
1) varies from subject to subject for a given function;
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2) varies, for a given subject, from function to function (i.e. sleep/wakefulness rhythm could
be resynchronized within a few days, while adrenal activity rhythm - as reflected by
urinary excretion of I 7-hydroxycorticosteroids and potassium - will take several weeks to
reset);
3) duration of resynchronization for a physiological function in an individual varies with
direction of flight: long adaption usually corresponds to West to East flight, and fast
adaption usually corresponds to East to West flight. A transmeridian flight could be
followed by an alteration of phase-relationships of circadian rhythms; these phase-
relationships characterize, at least, in part, the circadian temporal structure of each
organism and species. These results must not be generalized from one subject to another,
different physiological functions or other transmeridian flights. Therefore, it is obvious
that new experiments, with standardized conditions of study and analysis, have to be done.

Prof. Dr. J. A rnon (Rehovot/Israel):,

to Dr. Perlemuter: Do physicians who prescribe drugs that increase K + losses take this into
account by presenting corrective measures?

Dr. L. Perlemuter (Cr&eil/France):

Yes, doctors know very well the effects of drugs on K+ losses and of course the side-effects
of drugs must be taken in account when treatment is given (especially long term
treatment).
It is practically sure that commonly even when K is given to overcome the losses, it is not
always given in sufficient quantities, and we do not know precisely the long term effects
of K+ deficiency.

Dr. L. Perlemuter (Cr6teil/France):

Are there some substances, produced by plants, similar to hormones, that can enhance
potassium transfer?

Prof. Dr. K. Mengel (Hannover/Federal Republic of Germany):

Until now we do not know such substances, but we have to assume that in plants too, K
specific organic substances exist.

Dr. T. Walsh (Dublin/Ireland):

1) The differences shown between roughages and concentrates in relation to urine pH
raise the question of relationships to the excretion of Mg and Ca. Has Dr. Scott any
information on this matter?
2) Has Dr. Perlemuter found any relationship between K and diabetic effects? What is the
status of chemism in this connection. What is the status of blood K in relation to
transfusion especially in the case of infants?
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Dr. D. Scott (Aberdeen/Scotland):

Diurnal changes in urine pH do influence the rates of excretion of some minerals in urine.
Australian workers have reported that soon after feeding in sheep fed once per day there is

a transitory fall in urine pH and this is associated with increases in the rate of excretion of

Ca4+ and Mg ++. We also have found in calves and in deer that during infusion of HCI into
rumen increased excretion of calcium in urine was closely correlated with a fall in urine
pH.

Dr. L. Perlemuter (Cr&teil/France):

1) In diabetic condition K+ has absolutely no biological influence. But in diabetic coma
where there is an osmotic diuresis and acidosis both of them cause a renal loss of K+. On

the other hand where one gives insulin the glucose penetrates in the cells accompanied with

great quantities of K+. The consequence is a dramatic deficiency in circulating K+ which

must be prevented by administration of potassium salts in the preceeding period of

treatment.
2) In blood transfusion there is no possibility of overaccumulation of K+ , unless if the

patient has a disease involving the kidney and receives very high quantities of blood (blood

has only 5 meq of K + per liter, which is a physiologic quantity).
3) Potassium to my knowledge has been poorly studied in this field. Anyway, the main

problem is genetic, concerning the synthesis and release of insulin. Whether potassium has

an influence on those stages has not been determined very precisely.

Prof. Dr. G. Pulss (Kie/Federal Republic of Germany):

In our experiments on the metabolism of the dairy cows we have not observed the same

results as did Mr. Scott. During the feeding of roughages we found a high pH-value in the

urine, but a low level of NH4 and of titratable P205. After raising the concentrates (barley)

- and that is the difference to the findings of Mr. Scott - the pH-value remained also
above 5.0 whereas - similarly as in the experiments of Mr. Scott - the levels of NH4 and

titratable P205 increased.
A question: Have you determined the sodium in the urine? Other experiments have shown,
that the levels of Na + and NH4 was lifted, when the pH-value falls, without any change in

the content of titratable P20s. This behaviour varied for the different cows receiving the
same diet.

Dr. D. Scott (Aberdeen/Scotland):

We also have been interested in the relationship between urinary phosphorus excretion

and pH in sheep and calves fed concentrate diets and observed that, when a diet

containing 86% barley and 12% fish meal was fed, the urine pH was acid and contained

large amounts of phosphate. In contrast, if we substituted soya bean meal for fish meal as

the protein source we, like Prof. Pulss, found that the animals excreted an alkaline urine

rich in phosphate. The reason for this difference in urine pH following this substitution of

protein source is not yet clear.
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Prof. Dr. M. Kirchgessner (Munich/Federal Republic of Germany):

Your results for the interaction Ca:Cu are in contrary to the 3 experiments of Dick with
sheep and to our experiments with cattle. Increasing the Ca content of the food considerab-
ly diminished Cu retention. The reasons we derived from in vitro experiments is that the
speed of dialysis of Cu is constant in acid ranges up to pH 5.5. With decreasing
concentration of hydrogen ions the dialysis rate decreases very much. Have you an
explanation why in your experiment there is no such an influence?

Mr. J. Hartmans (Wageningen/The Netherlands):

In the literature there is a discrepancy with respect to the effect of Ca on Cu metabolism in
ruminants. I mention work of Deys et al. (1956), showing a positive correlation between
Ca in the ration and Cu status of cattle. In own experiments (Hartmans and van der Grift,
1964) there was no difference in Cu content in the liver between groups of heifers on
rations supplemented with equimolar quantities of CaSO4 or Na2SO4. Huber neither
found an influence of Ca3(PO4)2 on liver Cu content in cattle. May be the different results
will be due to the different Ca levels in the basal rations - which in the Dutch experiment
were low - having different effects on ruminal pH or on other factors involved in Cu
absorption (compare: Suttle and Field: Proc. Nutrit. Soc. 29, 33A (1970).

Prof. Dr. M. Kirchgessner (Munich/Federal Republic of Germany):

I believe the difference is due to a Cu-deficiency in your ratio and a high protein level.
Therefore you have a good absorption of Cu and no chemical reaction in the gut you will
have between Ca and Cu.
Another question: The plant nutritionists use the expression availability. You take a
synonyme to digestibility. We would like to reserve available to the intermediary metabo-
lism after the absorption. We found in the last time big differences in the availability of
trace elements in the metabolism after the absorption, differences caused by the bindings
to different ligands.

Co-ordination Lecture for Session No. 3

Prof. Dr. R. BACH, Institute of Agricultural Chemistry, Federal Institute of Technology (ETH), Zirich, Switzer-
land; Member of the Scientific Board of International Potash Institute

Physiological research starts from observations, from facts measured or proved when
possible with objective methods. Many observations or facts are apparently related;
statistics allow to prove correlations.
Mr. Reinberg has shown with statistical methods, that potassium metabolism of man - as
many other physiological processes - follows definite biological rhythms, i.e. it shows
regular periodic changes as a function of time. Such rhythms may be considered as
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genetically fixed; they may be influenced but not caused by 'synchronizers'. Biological
rhythms must be taken into account in studies on potassium. metabolism especially in
connection with deficiencies of man.

Statistical correlations, however, do not fully satisfy our scientific curiosity. We want to
know causal relations too. In the medical practice it is of vital importance to know the
causes of a symptom, notwithstanding the fact, that a physician often cannot do more than
fight against the symptoms because their causes are not known or are inaccessible to the
medical means.
On the other hand drugs applied for curing one deficiency may cause other deficiencies.
This is the case especially for drugs affecting the potassium metabolism. Mr. Perlemuter
has reported a long list of such examples, a list which also gives a lot of information on the
mode of action of the drugs.

Fortunately the animal and human body has a certain buffer capacity against external
influences. But this capacity is limited and an overcharge induces insufficiences and
deficiencies.
Mr. Apfelbaum has found this to be true for the K-protein enzyme-ratio in man and rat.
This ratio is constant and is not changed by aging or undernutrition; a potassium
deficiency always induces a negative nitrogen balance.
Mr. Hartmans too, explains the results of his experiments with cattle with the buffer
capacity of the animal body: High daily doses of CaCO3 increased the absorption of K,
Na, Mn and P04, but the balance of K, Na and Cl was kept constant by an increased
excretion of these with the urine.

Many physiological processes apparently are independent of each other. In the experiment
of Mr. Scott for e.g., sheep and calves excreted excess acid or K infused into the rumen
without competition between acid and K.

Finally we may approach the potassium metabolism in a fully abstract and theoretical
way.
Physiological processes primarily are chemical reactions. Mr. Evans has summarized
what is known about these up till now. In living organisms these reactions are controlled
by an ordered arrangement in space and in time.
A definite spatial arrangement is linked to the solid state. Chemical reactions on solids are
confined to the surface of the solid. Membranes are solids with a high specific surface.
Chemical reactions come to an apparent standstill - equilibrium - unless the reaction
products are removed and new educts are adduced. Membranes are ideal means for
separation; besides the big surface they offer short transport ways.
The selectivity itself may be linked to the molecular structure of the membrane, to specific
carriers and to an active, energy consuming transport.
Mrs. Koefoed-Johnson has demonstrated the problem of selective separation by classic
experiments with frog skin.

Electronmicroscopy has advanced morphology already to very fine structures. The next
step will be to determine the arrangement of definite molecules in these structures and by
combination of both chemical reactions and structures we will get a far better picture of
what we call physiological processes.
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4th Working Session General Discussion

Chairman of the Session M.G. Drouineau, Inspecteur Gnral de la Re-
cherche Agronomique, Paris/France; Member of
the Scientific Board of the International Potash
Institute.
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General Discussion

Chairman: G. DROUINBAU, Inspecteur Ginral de Ia Recherche Agronomique, I.N.R.A., Parts/France;
Member of the Scientific Board of the International Potash Institute

Dr. R. Scott Russell (Wantage/England):

Although there is clear evidence that the absorption of ions by plant roots is dependent on
concurrent metabolism, direct evidence on the nature of the mechanisms responsible for
absorption in intact plants remains meagre in the majority of cases. A number of
successive steps occur in the transfer of ions across plant roots; we have no reason to
believe that they are related in a constant manner. Hitherto we have lacked the ability to
examine each separately. Thus it is often difficult to distinguish between relationships
which are casual from those which are causal. It is perhaps not unfair to suggest that we
are sometimes in a rather similar position to someone who, attempting to study the effects
of climate on activities in the island where I live, concluded that there was a causal
relationship between the yield of wheat and the number of runs scored in cricket during
May. As rain above the average in that month not only discourages cricketers but also can
retard the development of the wheat crop some correlation between the two is possible -
but implies nothing regarding mechanisms!
Those who investigate uptake mechanisms in animal tissues which show specialized
absorption systems, or in coenocytes, have in general been able to conduct far more
detailed and satisfying analyses. Yesterday Dr. Koefoed-Johnsen gave an excellent
example of the detailed work on frog skin carried out in association with Professor Dr.
Ussing. There have also been a number of references in the Colloquium to the successful
investigations of ion pumps in coenocytes, for example, by Dainty and MacRobbie. It
seems reasonable to imagine that the general nature of mechanisms in plant root systems
may be broadly comparable to, though not necessarily identical with, those that have been
demonstrated in these detailed studies. To sum up at the present stage of work on intact
plants it seems prudent to have very clearly in mind the limitation of our ability to advance
detailed interpretations of transport mechanisms.
Kinetic relationships observed between external concentration and absorption are an
inadequate basis for identifying mechanisms; some of the reasons for this were discussed
in the second session of this Colloquium.
I do not think it defeatist or pessimistic to acknowledge these limitations to our present
understanding of uptake mechanisms in plants. During the course of this Colloquium
references have been made to many types of new experimental approaches which should
enable us to analyse the performance of plant roots in considerably greater detail in the
future.
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Dr. V. Koefoed-Johnsen (Copenhagen/Denmark):

As I did not take the time yesterday to describe how the distinction between active and
passive processes can be made I would like to use this opportunity to give a brief summary
of the methods used for analyzing transport processes. Some transport phenomena can be
explained by means of physical forces like diffusion down a concentration gradient,
distribution according to electrical potentials or movements caused by solvent drag. A
certain number of transport processes cannot, however, be explained as a result of
physical forces but involves participation of some energy-yielding chemical reactions. For
that kind of process we use the term active transport. Generally active transport is defined
as a process where the substance in question is moved against its electrochemical
potential, in other words the substance gains free energy by the transfer process. This
extra free energy is delivered by the metabolism of the cell. In no case of active transport
though has the underlying molecular mechanism been fully clarified.
Calculation of the electrochemical potential for a given ion species requires knowledge of
the extra- and intracellular concentrations of the ion in question and of the electrical
potential difference across the membrane as measured by means of microelectrodes. A
given ion will then be in equilibrium with respect to a given membrane when its
electrochemical potential in the inside solution f/_,j equals its electrochemical potential in
the outside solution P,, the electrochemical of the j'th ion being defined by Ali RT
lna1+ zF ik + I where R,T, z, F have the conventional meaning, aj denote chemical
activity, 4, electrical potential, and 1, a constant. Deviations from the equilibrium condition
,(.)o = pj are indicative of active transport. The equilibrium analysis has certain limita-
tions, the main one being that most biological sjstems are not in an equilibrium state, but
change their composition constantly. Furthermore it might be quite erroneous to assume
that the activity coefficients are the same outside and inside the cell and that the potential
determined by the microelectrode is thermodynamically significant. Finally the unidirec-
tional flux is a very involved function of the membrane structure as well. If, however, the
flux ratio (i.e. the ratio between the simultaneously determined influx and efflux) is
considered instead of the unidirectional flux this ratio can be shown to be quite indepen-
dent of the membrane structure and exclusively determined by the ratio between the
electrochemical activities in the bathing solutions: MJfi/Mj/=ajl,,/)/aj or disregarding
the activity coefficients

Mj~i)/M zF -0
M .j(.)Mj(= cj(o)/Cj(i) e iF (0

M = flux, a = electrochemical activity.

The fluxes can be measured by means of suitable tracers, and the electrochemical
activities can be calculated from the inside and outside concentrations and the measured
potential. Agreement between the two estimates of the flux ratio means that the ion in
question moves passively.
Still a third factor might influence the passive movement of ions. If we are bealing with a
porous membrane through which water forms a continuous phase the flow of solvent
exerts a force on the diffusing particles so that molecules moving against the flow are
slowed down while molecules moving in the direction of flow are speeded up. For a porous
membrane with solvent flow the flux ratio equation must contain an additional term
describing the solvent drag:
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In (Mj(i)/Mj(0)) = In (cjt,)/cji(j) + zF(O 1 - @2)/RT + kAw/D

where k is a constant characteristic for the membrane and independent of the solute as
long as it can permeate the membrane. J w is the volume rate of the flow of water, D the
diffusion coefficient for the solute in question. The drag effect on an ion can be estimated
by measuring the flux ratio for an uncharged molecule of the same size.
The drag effect is no doubt of importance for those biological systems where osmotic and
hydrostatic pressures occur.
In summary: a given process can only be described as active transport by a process of
elimination. However, where the electrochemical activities of the inside and outside
solutions are identical (e.g. the short-circuited frog skin bathed with identical solutions) a
net transfer of an ion can only be accounted for by active transport.

Dr. L. Perlemuter (Crfteil/France):

Leakage of K out of cells, especially when inhibitors or drugs are applied:
1) Leakage of K+ out of cells with accumulation in blood is a common problem in current
medicine, especially in reanimation. In general this leakage is seen when there is a
tendency to acidosis (best example is diabetic acidosis, but also other conditions like renal
acidosis).
When this is realised there is at the renal level an exchange between K+ and Nat but also
with other ions. If kidney fails to eliminate this K+ the blood will contain a high level of
this ion and the toxicity on living organs will begin from a level of 6 meq/l. We admit that
a vital risk is attained about at 7 meq/I. In general K + accumulation occurs especially in
renal insufficiency.
2) For these reasons we can oppose leakage of potassium with urinary loss in connection
with influx of Na +. This condition is seen, when mineralocorticoids - i.e. in man
aldosteron is applied or abnormally secreted.
There one can see a tremendous loss of potassium in urine as, in the same time, sodium is
retained - (in a second time there will be an adaption as 'escape phenomenon' and the
total amount of Na + in organism will not exceed a certain quantity).
But, any way, muscle biopsy can show that the content of muscle cell is changed, so that
Na + has replaced K+ in an important proportion. This phenomenon can be objectivated
more easily for the physiologist by the measurement of Na+/K + in saliva secretions, etc.
Hyperaldosteronism can be primary (adrenal disease secreting the hormone), secondary
through stimulation by the renin angiotonin system or iatrogenic (corticotherapy).
This leakage of K+ is essentially due to the hormone action on the cell mechanism of Na +

- K + exchange. It can be suppressed by anti-aldosterone (Aldactone) that blocks the

action of aldosterone acting on the DNA-RNA level.

Prof. Dr. H. Marschner (Berlin/Germany):

Leakage of K+ out of cells, especially when inhibitors or drugs are applied:
Normally in a living cell influx of K+ is much higher than the efflux. The term leakage is
used when the efflux is higher than the influx. Leakage of K+ (or other ions or small
molecules) can be induced by using metabolic inhibitors like 2,4 DNP. Leakage of K+ can
also occur when the total amount of negative charges within the cell decreases e.g. by
metabolizing organic anions or in connection with protein metabolism. Leakage of K+ can
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also occur, when several drugs or antibiotics like gramicidin, nonactin or mycostatin are
applied. These substances presumably react with certain constituents of the membranes
like lipids, glycolipids or proteins ant by this increase the membrane permeability and
causes leakage of K +. From our experiments we have evidence that mycostatin is quite
different effective in inducing leakage of K+ when applied to different plant species. This
different effect of mycostatin may be caused due to differences in the membrane of the
different plant species. Analysis of the membrane constituents of different plant species -
especially the lipid fraction - in combination with experiments using antibiotics and
studying their effect on K+ leakage will give us further information about the properties
and the transport of K+ through the membranes.

Mr. M. Brochart (St. Ginis-Champanelle/France):

I should like to make a point clearer mentioned by Prof. Bach. I did not find a correlation
between KINa on hair and fertility of cows. Indeed I find a positive correlation between
K/Na in the food intake and K/Na in hair, which is understandable as we know that
excretion of K and Na by sweat is influenced by the K and Na intake; as hair is able to fix
K and Na excreted by sweat, we may understand the observed correlation. As concerns
the role of a possible K/Na desequilibrium in food intake on cows fertility, the absence of
correlation between K/Na in hair and the fertility of cows does not support the view
supported by some authors on the negative direct effect of an excess of K intake on
fertility.

Prof. Y. Colc (Versailles/France):

Like many authors we demonstrated that the accumulation of organic acids is a direct
effect of the metabolism of the nitrates in situ. In an experiment with tobacco we showed
that the suppression of N03 in the nutrient solution stopped the accumulation of the
organic acids in the leaves. In this same experiment we were able to show the variation of
the velocity of the accumulation of the organic acids with time and consequently of the
velocity of metabolism of the nitrates in the young, adult and old leaves. If the nitrates are
metabolized in the roots, the electrostatic equilibrium is assured by a larger absorption of
anions compared with that of cations, which provokes a 'physiological alcalinisation'; the
latter varies considerably for the vegetal species, since it is a function of their power to
metabolise the nitrates in the roots. In the soil this physiological alcalinisation reveals
some importance since it is localised around the roots.

Answer to Dr. Kirkby: It is difficult to pass from the determination of the activity of the
nitrate-reductase of the roots in vitro to the metabolism of the nitrates, that means to the
transformation of the nitrates in amino acids and amides in the roots. Particularly if the
activity of the nitrate - reductase in vivo is not the limiting factor in the chain of
transformation of the nitrates in amino acids and amides the determination of its activity
does not present an important contribution to the knowledge of the power of metabolism
of the nitrates in the roots considered.
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Dr. W. Dukshoorn (Wageningen/The Netherlands)

The fact that gramineous plants have a carboxylate (C.A.) content, one-half the organic N
does not necessarily mean that nitrate is reduced by the roots. In fact, analysis of bleeding
sap in maize showed that nitrate plus the other anions of the nutrient salts move up
completely balanced by metal cations. This means that maize generates caboxylates in
amounts equivalent to the nitrate anions converted into organic N in the leaves. But maize
retains only one half the carboxylates produced by the metabolism. Apparently the loss of
carboxylates comes from the phloem. Transfer to the roots, subsequent decarboxylation
and release of bicarbonate in the medium thus creating the external alkaline effect. Strictly
speaking, the latter does not originate from differential uptake, but from release of
carboxylates after their conversion to bicarbonate.

Dr. A. Kylin (Stockholm/Sweden): Some Approaches to the Biochemistry of Carriers

It has been said in the discussion here that there is little that can be done to reach an
understanding of how carriers, or permeases as they may be called in another terminolo-
gy, work in the transport of ions. Luckily, I do not think the situation is as bad as that. At
least 3 experimental approaches can be mentioned, which give some information about the
biochemical possibilities and which may, hopefully, be developed into a deeper under-
standing.
Pardee used Escherichia coil to investigate the possible role of proteins in specific
permeases. The organism can be induced to transport sulphate, provided that it is grown
with S04 in the medium. Upon fractionation of a homogenate of induced bacteria, a
protein with specific binding capacity for sulphate can be isolated. Such a protein is not
present in non-induced control cultures of Escherichia. It seems reasonable to think of this
protein as part of a carrier system. Similar units were isolated also from other biological
systems, where the technique was applicable (review by Pardee).
All plants must have membranes that are adapted to function in the habitat, where the
plant grows or where we want it to grow. Therefore, plant breeders have, without knowing
it, created a selection of materials which can be used for comparative biochemical studies,
giving information on correlations between habitat and membrane composition. Since the
different varieties can be cultivated in different controlled conditions, it is possible to ask
questions both as regards genetically fixed and adaptative properties.
This approach was used by Kuiper. He had access to a material of rootstocks of 5 varieties
of grapes with varying salt resistance, which varieties were provided by Dr. L. Bernstein,
of the U.S. Salinity Lab. in Riverside, Calif. The lipids from the roots were extracted and
analyzed. The results of the first investigation may be summerized thus:

Lipid Rootstock

Least resistant (high chloride) Most resistant (low chloride)

Monogalaetose diglyceride high low
Phosphalidyl choline low high

Phosphatidyl ethanolamine low high
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Ku/per then used the lipids isolated for experiments in vitro. Monogalactose diglyceride in
an organic solvent facilitated the transport of chloride through the solvent, whereas
phosphatidyl choline and phosphatidyl ethanolamine facilitated the exchange of sodium
for potassium. Thus, there is a clear correlation between the amounts of specific lipids
found, their function as ion-carriers through a lipophilic phase, and the characteristics of
different varieties with regard to salt transport and salt resistance. One may recall that the
function of membrane systems and the carriers contained in them may be determined not
only by the proteins but also by the surfactant lipids (Benson; Green and Tzagoloffl.
A third approach may be possible by analyses of (Na + + K+)-activated ATPases or similar
systems, which are regarded as the biochemical expression of transport of the related ions
(Skou; Fisher, Hansen and Hodges).
This has been done by us (Kylin, Kuiper and Hansson) separating the lipids and their fatty
acids in sugar beet and in a series of ATPases prepared from sugar beet roots. Special
regard was given to the phosphatidyl choline and sulfolipid fractions, since it has been
possible to reconstitute defatted plant ATPases by the use of these two lipids (Kuiper).
As a general feature, the sugar beet seedlings were surprisingly high in sulfolipid - in the
roots 37% of the total lipid content occured in this fraction. In preparing a root
homogenate with properties as an unspecific ATPase, almost all the phosphatidyl choline
and much of the phosphatidyl ethanolamine but only 5 per cent of the total sulfolipid
followed the fraction. Calling forward the (Na+ + K ) specificity by a treatment with
deoxycholate for 1 hour, reduced the lipid contents by a factor of 2. Unproportionally high
amounts were lost from the zwitterionic phosphatidyl choline and the related phosphatidyl
ethanolamine, whereas the acidic sulfolipid and phosphatidyl inositol were, proportion-
wise, well retained. Also as regards the contents of long-chain (around C26) fatty acids, a
fractionation was evident:

C,6 as percent of total fatty acids in

Material phosphalidyl choline sulfolipid

Whole roots .......................... .............. 13 2
Control ATPase ............................................... 16 8
(Na * + K+)-activated ATPase .................................... 4 21
D ead AT Pase .................................................. 4 7

To the extent that these changes are reflected in the properties of the preparations, they
should mean that a higher proportion of negative surface charges are exposed when the
(Na+ + K+)-specificity is induced. This could make sense chemically. The negative charges
might be a pre-requisite to bind the highly mobile monovalent cations; which at the same
time, could be necessary to neutralize the negativity and bring the swollen structures back
into a conformation, where they can act as ATPases. It was later shown by particle
electrophoresis that negative charges are, as a matter of fact, revealed upon inducing the
(NA + + K+)-specifity ofthe ATPases (Karlsson, Tribukait and Kylin).
In passing, it may be mentioned that more than 50% of the fatty acid complement of the
cerebroside and of the phosphatidyl choline in the stalks was found as as [C26 + C28]. In
the leaves 20 to 25% of the sulfolipid and of the phosphatidyl inositol were conjugates of
[C26+C2]. Reasonably, such a composition is somehow related to function,
although no interpretation can be offered for the moment.
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Summarizing, several approaches are available to attack the problem of how carriers are
built up and how they work, and higher plants may offer some of the best experimental
materials available.
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Closing Address

Monsieur le Prof. Jansson,
Messieurs les membres du Colloque scientifique,
Messieurs et Mesdames les conf.renciers,
Mesdames et Messieurs,

Au moment de prononcer la cl6ture officieUe de ce Colloque d'Uppsala, c'est avec une
profonde satisfaction queje me sens press6 d'adresser mes remerciements aux personnali-
t~s qui en ont assur6 le succs.
Nous avons 6t6 tr~s sensible i Ia pr6sence de Monsieur le Ministre Ingemund Bengtsson
lors de la seance d'ouverture. Son propos a t6moign6 de l'int t qu'il a bien voulu porter
i nos travaux. Nous renouvelons ici A Monsieur le Ministre de I'Agriculture de Sugde
I'expression de notre profonde reconnaissance.
Cette gratitude va aussi A Monsieur Hjelm, Recteur de l'Universit6 Agronomique
d'Uppsala, qui a bien voulu mettre A notre disposition certains moyens de sa Haute Ecole,
o6 l'accueil, qui nous fut r~serv6, constituera l'un des beaux souvenirs de notre sjour dans
ce pays.
Je dois naturellement un merci tout particulier i Monsieur le Prof. Jansson - non
seulement pour avoir pr~sid6 ce colloque avec une rare comptence - mais aussi pour
l'avoir si bien pr~par aux c6ths de Monsieur Dam Kofoed, de Monsieur le Prof. Mengel et
de Monsieur le Directeur de Tarragon.
Je ne saurais enfin terminer ce message sans dire At Monsieur le Prof. Jelenic, A Monsieur
le Prof. Mengel, A Monsieur le Prof. Bach et A Monsieur l'Inspecteur G~n6ral Drouineau
combien nous leur savons gr6 d'avoir assur6 Ia coordination des s6ances et Ia pr sidence
de la discussion finale. Vous ne m'en voudrez pas de ne pas citer nomm~ment les noms de
tous nos conf6renciers ou auteurs de communications. Votre participation, Messieurs, a
contribu6 A la tenue scientifique d'un d6bat que nous avions I'espoir de porter i ce niveau.
Premier colloque d'un nouveau cycle d'itudes, il importait que ]a rencontre d'Uppsala
assurit cet apport de valeur, qui fait bien augurer de la suite de nos travaux.
J'ajoute t rues remerciements ceux queje dois A nos Directeurs de I'Institut Messieurs Von
Peter et Kiinzli, ainsi qu'A leur personnel.
II ne m'appartient pas de revenir ici sur les conclusions de nature scientifique qui ont fait
I'objet de Ia discussion finale.
Je me borne A retenir deux fails qui me paraissent avoir marqu6 le colloque.
Le premier est de portte purement formelle, mais il a son importance. Les confrenciers,
dont les travaux vous avaient t6 remis A I'avance, se sont tenus d'assez pros A leurs textes,
permettant ainsi une assimilation plus facile des ides exposes et laissant une place
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suffisante aux discussions si n~cessaires pour compilter les donnes des conferences et
fouiller les probl mes de manifre approfondie.
Le second fait que je veux relever est celui qui constituait l'innovation de cc colloque, i
savoir od'&change interdisciplinaire de connaissances scientifiques". L'exp6rience devait
&re tent6e. Elle le fut avec un plein succ6s. Ce n'est pas sans appr6hensions que nous
l'avons entreprise. Et cette innovation introduite dans la structure g6n6rale du Colloque
ouvre dor6navant devant nous de larges perspectives, un avenir prometteur.
On pouvait se demander en effet si les &udes envisag6es pour de prochains colloques
n'allaient pas ins6rer notre Institut dans un couloir trop 6troit de pr6occupations. Encore
cc risque 6tait-il relatif au vu de nos intentions, puisque nous aborderons l'an prochain le
problme de wK dans le sol, en 73 les ,aspects spdcifiques de la dynamique du K pour
les cultures tropicales et au Congr~s de 1974 le theme g6nral du rRdle spdcifique de K.
sur les sols et les plantes et ses effets sur la production vigdtale*. I y a IA mati6re a de
solides 6tudes qui r6pondent aux pr6occupations de tous les chercheurs engag6s dans cc
domaine particulier de la discipline scientifique.
Cependant, l'exp6drience qui vient d'Etre faite a 6t& r6alis6e sous le signe de l'interd6pen-
dance des &udes dont on risque de m6connaitre les implications en physiologic humaine,
en th6rapeutique, dans des secteurs of tousles elements de la connaissance ont leur place
etjouent leur r6le. II n'est pas excessif de dire que les chercheurs travaillant en physiologic
humaine ont &6 nos h6tes d'honneur. Grfce A leur contribution, le colloque d'Uppsala ne
manquera pas d'avoir un certain retentissement. I1 sera l'expression d'une mise en garde
contre le risque du cloisonnement qui marque notre soci&6 contemporaine i l'heure de
l'explosion des techniques nouvelles, alors qu'apparaissent dans toute leur ampleur les
cons6quences de la recherche appliqu~e. Paradoxalement, ce compartimentage des
hommes et de leurs activit6s se fait sentir dans une pantic du monde r6tr6cie et surpeupl6e.
Ce ph6nom6ne ne manque pas d'&re inqui6tant en ce sens qu'il conduit A '61aboration
d'une soci6t6 anonyme et d6shumanis6e. S'il y a lit matiire A r6flexion pour les hommes
pr6occup~s de 1'6volution sociologique du monde, I'id6e de l'6change interdisciplinaire de
connaissances scientifiques 6veille un espoir d6s lors que les hommes se rendent compte
qu'ils ne peuvent ni s'ignorer, ni garder chacun pour sol les parcelles de cette connaissance
dont le partage est g6n6rateur de s6curit6 et de progr6s. Votre r6flexion de Skokloster
marque donc un tournant dans les activit6s de l'Institut, dont les pr6occupations iront
s'61argissant et affirmeront toujours davantage une raison d'&tre et une conviction que de
grands pas en avant sont encore A faire dans l'avenir.
Je dis une fois de plus i nos amis de Su6de 'excellent souvenir que nous emporterons d'un
lieu de travail qui ne pouvait se preter mieux aux buts que nous recherchions et d'un
accueil dont Ia simplicit6 directe et amicale nous est all6e droit au cour. En vous
renouvelant res vueux pour le succ~s de vos activit6s et votre bonheur personnel, je vous
souhaite un bon retour dans les pays otl vous ceuvrez, o6 vous ne cessez de contribuer i
leur prosp6rit6 morale et mat6rielle.
Merci encore A tous! Le Colloque d'Uppsala est termin6.

P. Choudet
Ancien Pr6sident de

la Conf6d6ration HeIv6tique;
Pr6sident de l'lnstitut

International de la Potasse
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IPI-Periodicals
Priodiques L L P.
IKI-Periodika
Peri6dicas I.I.P.

Potash Review (in English)

II issues per year.
Main subjects of this Review:

I) Agricultural Chemistry
2) Farm Management, Advice and Information
3) Biology, Humus-Problems
4) Soil Science
5) Soil Testing and Plant Analysis
6) Manuring, Crop Husbandry and Plant Breeding
7) Fodder Crops
8) Fruit, Vegetables and Horticulture
9) Cereal Crops

10) Green-Manuring
11) Root Crops
12) Industrial Crops
13) Leguminous Crops
14) Commercial Fertilizers-General
15) Fertilizer Industry
16) Potash Fertilizers and Manuring
17) Potash Deposits
18) Agriculture-General
19) Human and Animal Nutrition (Diseases)
20) Mixed and Complete Fertilizers
21) Peat and Heath Cultivation
22) Forestry
23) Plant Protection and Plant Diseases
24) Manuring and Quality
25) Trace Elements
26) Statistics
27) Tropical and Sub-Tropical Crops
28) Experimental and Research Work
29) Viticulture
30) Meadows and Pastures

Annual subscription rate: Sw. Frs. 24.-/US $6.50.

International Potash Institute, P.O. Box, CH-3000 Berne 14/Switzerland
Institut International de [a Potasse, boite postale, CH-3000 Berne 14/Suisse
Internationales Kali-Institut, Postfach, CH-3000 Bern 14/Schweiz
Instituto Internacional de ]a Potasa, Apartado, CH-3000 Berna 14/Suiza
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Kali-Briefe (in deutscher Sprache)

I I Ausgaben pro Jahr.
Fachgebiete dieser Zeitschrift:

1) Agrikulturchemie
2) Betriebslehre, Beratung und Information
3) Biologic, Humusfragen
4) Bodenkunde
5) Bodenuntersuchung und Pflanzenanalyse
6) Diingung, Pflanzenbau und Pflanzenzucht
7) Feldfutterbau
8) Obst-, Gemise- und Gartenbau
9) Getreidebau
10) Gruindtingung
I1) Hackfruchtbau
12) Handelspflanzenbau
13) Hiilsenfruchtbau
14) Handelsdinger, allgernein
15) Handelsdiinger-lndustrie
16) Kalidiinger und -dfngung
17) Kalivorkommen
18) Landwirtschaft, allgemein
19) Mensehliche und tierische Emrnhrung (Krankheiten)

20) Misch- und Volldtinger
21) Moor- und Heidekultur
22) Forstkultur
23) Pflanzenschutz und Pflanzenkrankheiten
24) Diingung und Qualitat
25) Spurenelemente
26) Statistik
27) Tropische und subtropische Kulturen
28) Versuchs- und Forschungswesen
29) Weinbau
30) Wiesen und Weiden

Abonnementspreis pro Jahr: sFr. 24.-/DM 20.-.

Revue de Ia Potasse (en franvais)

II editions par an.
Sujets principaux de cette revue:

I) Chimie agricole
2) Economic rurale
3) Biologie, humus, sant6 des populations
4) Science du sol
5) Analyses des sols et des v~gdtaux
6) Fumure, culture et s~lection des vtg&aux
7) Cultures fourrag&es
8) Arboriculture, cultures maraich~res et horticulture
9) Culture des c6rdales

10) Engrais verts
11) Cultures sarcl6es
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12) Cultures industrielles
13) Cultures des kIgumes sees
14) Gdn~ralitds sur les engrais min6raux
15) Industrie des engrais
16) Engrais et fumure potassiques
17) Gisements potassiques
18) G6nralit6s sur agriculture
19) Alimentations humaine et animale (Pathologic)

20) Engrais compos6s et complets
21) La mise en valeur des sols mardcageux et des landes
22) Sylviculture
23) Protection des v6g~taux et phytopathologie
24) Fumure ct qualit6
25) Oligo lMments
26) Statistique
27) Cultures tropicales et subtropicales
28) Exprimentation et recherche
29) Viticulture
30) Prairies et pAturages

Prix de I'abonnement annuel: Frs.s. 24.- Frs.frang. 30.-.

Revista de In Potasa (en espafiol)

II ediciones anuales.
Temas principales de esta revista:

1) Quimica agricola
2) Economia rural
3) Biologia, humus
4) Ciencia del suelo
5) AnAlisis de los suclos y de los vegetales
6) Abonado, cultivo y seleeci6n de los vegetales
7) Cultivos forrajeros
8) Arboricultura, cultivos de huerta y horticultura
9) Cultivo de los cereales

10) Abonos verdes
11) Cultivos escardados
12) Cultivos industriales
13) Cultivos de los legumbres secos
14) Generalidades sobre los abonos minerales
15) Industria de los abonos
16) Abono y abonados potsicos
17) Yacimientos potisicos
18) Generalidades sobre agricultura
19) Alimentaci6n humana y animal (Patologia)
20) Abonos compuestos y completos
21) Valorizaci6n de las turberas y de los brezales
22) Silvicultura
23) Protecci6n de los vegetales y fitopatologia
24) Abonado y calidad
25) Oligoelementos
26) Estadistica
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27) Cultivos tropicalesysubtropicales
28) Experimentaci6n e investigaci6n
29) Viticultura
30) Praderas y pastes

Precio de la subscripci6n anual: Frs. s. 24.-/US $6.50.

IFC (International Fertilizer Correspondent) (in English)

6 issues per year.
This bulletin offers exchange of recent experiences made with problems of fertilization and crop
productivity.
Annual subscription rate: Sw. Frs. 8.-/US 2.-.

CIA (Corresponsal Internacional Agricola) (en espafiol)

6 ediciones por afto
Este boletin ofrece intercambio de experiencias recientes sobre problemas de [a fertilizaci6n y
de la productividad de los cultivos.
Precio de la subscripci6n: Frs. s. 8.-/US 1 2-
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Other publications of 1. P. I.
Autres publications de 'I. I. P.
Weitere IKI-Publikationen
Otras publicaciones del I.I.P.

Proceedings of the 8th Congress of the International Potash Institute: Brussels 1966

Potassium and the Quality of Agricultural Products

Contents

Potassium and the quality of sugar beet

M. Simon. N. Roussel, Le potassium dans la fumure de Ia betterave A sucre
R. Van Stallen
C. Winner Diingung, Oberdiingung und Qualit~t der ZuckerrUbe
P.M. McDonnell. Fertilizer use and sugar beet quality in Ireland
P.A. Gallagher, P. Kearney,
P. Carroll
S. Trocmd, G. Barbier Influence du vieux .et du «jeune potassium sur Ia teneur en

sucre des betteraves
A. P. Draycott, G. W. Cooke The effects of potassium fertilizers on quality of sugar beet

Potassium and the quality of ornamentals

F. Penningsfeld Mineralische ErnAhrung und Qualitfit der Zierpflanzen unter be-
sonderer Beriicksichtigung des Kaliums

C. Van Assche Influence du sol et de ses ildments nutritifs sur Ia r6sistance et ]a
sensibilite des plantes aux maladies

J.C.R. Seager The influence of potassium on quality and production of car-
nations

Denise Blanc Influence du potassium sur fa qualit6 de ]'millet oSim >
G. Puccini La fumure dans les cultures de fleurs en Italic
R. Arnold Bik A. Influence of substrate and nitrogen on quality of azaleas

B. Quality of potted chrysanthemumsin relation to their nitrogen
and phosphorus contents when fertilized with certain slow release
fertilizers

Potassium and the quality of vegetables

J.P.N.L. Roorda van Eysinga Mineral fertilization, yield and quality of vegetables
M. Lavalleye, H.M. Steppe Effects of potash on pea growth and quality
W. Plumier La chicore de Bruxelles - Incidence de ]a fumure min6rale sur

la qualit6 du Idgume
P.A. Gallagher The effect of potassium on yield and quality of carrots
A. Malquori La fumure min~rale des artichauts en Italie
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K. Ehrendorfer Die Abh~ngigkeit des Gesamtoxalsjuregehaltes von den Ge-
halten der Mineralstoffe N, P, K, Na, Ca und Mg in Spinat-
blittem (Spinacea oleraceea L.)

J. Cornejo Aizperrutia La produccirn de cebolla y el abonado de este cultivo en Espaiia

E. Bottini La fumure minrale du poivron

G. W. Winsor Potassium and the quality of glasshouse crops

M. Woods The effects of some nutritional factors on fruit quality in
tomatoes

C. Y. Chow Studies of potassium effect on the quality of fruit crops in Taiwan

Survey of the quality problems in relation with potassium

1. Arnon Quality criteria of agricultural produce and the influence of
mineral fertilizers on quality

A. Kursanov. E. Vyskrebentzeva Le rble du potassium dans le m~tabolisme du vtgrtal et la bio-
synthese des compos6s determinant la qualit des produits agri-
coles

A. Vessereau M~thodologie des tests de qualit

A. Amberger Mineraidlingung als Instrument zur Erzeugung qualitativ hoch-
wertiger pflanzlicher Produkte

D. Lachover, L A rnon Observations sur la liaison entre la carence aigue en potassium et
Ia qualit6 infrrieure de certains produits agricoles de grande
culture

M.R. Teel Nitrogen-potassium relationships and their influence on some
biochemical intermediates and quality of crude protein in forages

Influence of mineralfertilization and especially of potassium on the quality offood and human health

A. Reinberg Potassium et santwd humaine

J. W. Couston Importance of mineral fertilizer for food and human health in
developing countries

H. Steiger L'harmonisation des l6gislations alimentaires

C.P. Driesprong La stundardisation des produits agricoles en liaison avec les
problkmes de qualit6

597 pages: Price: Sw.Frs. 26.- (US 16.80) + mailing charges

Proceedings of the 5th Colloquium of the International Potash Institute: Jyvaskylfi/Finland 1967

Forest Fertilization

Contents

General subjects

N.A. Osara Trends in wood production and consumption, and the role of
forest fertilization

P. Riihinen The importance of the forest and wood for the Finnish economy

W. Wittich Oberblick iUber Grundlagen und Aussichten der forstlichen Dun-
gung
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K. Salonen Evolution of forest fertilization in Finland
S. Hagner The evolution of forest fertilization in Sweden

O.Jerven A brief summary on the evolution of forest fertilization in
Norway

Growthfactors and assessment of fertilizer needs offorest trees

C.P. van Goor Kriterien zur Feststellung des Dflngungsbediirfnisses in der
Forstwirtschaft

Th. Keller The influence of fertilization on gaseous exchange of forest tree
species

R. Themlitz Aussagewert von Boden- und Nadelanalysen

F. Franz Dfingungsversuche und ihre ertragskundliche Interpretation

P.J. O'Hare A. Leader growth and foliar composition in Sitka spruce (Picea
sitchensisCarr.) in relation to fertilizer application on blanket peat

P.J. O'Hare B. The leaching of nutrients by rain-water from forest trees-
a preliminary study

Fertilizing young trees and methods of applying fertilizers

T. Ingestad - Nutrient needs of seedlings and young trees

Miss B. Beniian Manuring youngconifers: Experiments in some English nurseries

Miss B. Benzian Test on threenitrogen fertilizers-'Nitrochalk', formalizedcasein
and isobutylidene diurea-applied to Sitka spruce (Picea sit-
chensis) seedlings in two English nurseries

V. Puustjiirvi Peat as a medium in the raising of forest tree seedlings

The results offertilizer use

M. Bonneau Die Auswirkungen der Dfingung in verschiedenen Standorttypen
auf Mineralb6den

L. Heikurainen The effects of manuring on organic soils

H.H. Krauss KaliernAhrung und Wachstum von Kieferkulturen und -bestin-
den auf den verbreitetsten Standorten im nordostdeutschen
Tiefland

E.L. Stone and A.L. Leaf Potassium deficiency and response in young conifer forests in
Eastern North America

J. Materna Einfluss der Blattdtingung von Fichtenpflanzen mit verschie-
denen Nihrelementen auf einige lnhaltsstoffe in den Nadeln

R. Kreisl Stand und Aussichten der Forstdflngung in Osterreich

D. Brilning, H.-D. Trillmich, 35 Jahre KMg-Kieferndiingungsversuche Templin
und E. Uebel
W. Zech Ober die Wirkung einer Kalium- und Stickstoffdiingung auf

Wachstum und ErnAhrungszustand gelbspitziger Kiefernkultu-
ren in Siddeutschland

N.O'Carroll Forest fertilization in the Republic of Ireland

H. Holstener-Jorgensen Experiences obtained from fertilization of Norway spruce in
Denmark

B. Meshechok Etwas Ober Startdiingung fOr die Aufforstung von Mooren in
Norwegen
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H. Holmen Forest fertilization in Sweden

A. Ando Forest fertilization trials on Japanese conifers in Yamanashi
Prefecture

K. Paarlahti Forest fertilization experiments in Finland

Quality and economical aspects offertilizer use

U. Schindler Einfluss der Diingung auf Forstinsekten
E. Bjirkman Manuring and resistance to diseases

W. Jensen, 0. Huikari and Influence of fertilization of Finnish softwood grown on swamp
L Palenius on yield and quality of pulp
J.P. Maug6 Economic results of forest fertilization in the area of Landes de

Gascogne

A. Reinikainen The appearance of nutrient deficiency in plants growing in the
experimental area for forest fertilization at Kivisuo

D. Briining und E. Uebel Ddingung und Populationsdichte von Napfschildlausen
H.-D. Trillmich Vorzeitiger Kurztriebabwurfzehnjiihriger Weymouthskiefernals

Folge von Kalimangel

379 pages; Price: Sw.Frs. 20.- (US$5.30) + mailing charges

Proceedings of the 6th Colloquium of the International Potash Institute: Florence/Italy 1968

Fertilization of Protected Crops

Contents

Importance and development of protected crops; Economical aspects offertilization of protected crops

A. Lecrenier L'importance et le ddveloppement des cultures prot6g6es

R. Favilli Aspects principaux des cultures prot6gres, leur importance et
perspectives de drveloppement en Italic

R. Brun Aspects 6conomiques de ]a fertilisation des cultures protrgdes
compar6s aux cultures maraichres et florales de plein champ

V. Patuelli Aspects 6conomiques de ]a fertilisation des cultures protrg6es
Y. Hori Fertilization for Crop Cultivation Under Controlled Environ-

ment
F. Massantini Rapport entre les caractdristiques des moyens de protection et

les aspects biologiques et nutritionnels des plantes

Vegetable and flower crops in the open air and with forcing techniques; plastic mulching

I. Arnon Introduction to Session No. 2: Characteristic Aspects of Fertiliser
Application to Protected Crops

R. Barbieri La fertilisation intensive des cultures maralchres de plein champ
P.D. Fritz und F. Venter Diingung von Gemiise im Freien bei intensivem Anbau fiir den

Frischmarkt ounter n6rdlichen Bedingungen
R. Landi La fertilisation des plantes potag~res de plein champ et les

rapports d'interaction entre les 616ments

J. Cardus Sur ]a fertilisation de 'Foillet en plein air dans Ia zone de ((El
Maresmen
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F. Mucci La culture du melon ( Cucumis melo L.) en plein champ et sous
protection

G.P. Ballatore Fertilisation intensive de Ia tomate forc&e sous plastique
M. Guariento Fertilisation de Ia fraise en cultures protrg&es

K. Van Nerum, A. Palasthy et Etude de l'aptitude des sols pour asperges
D. Lam bergs

E. Spaldon et J. Ivanit Influence des doses croissantes d'NPK sur le rendement et ]a
qualit6 du piment condimentaire

Crops in greenhouses

A.Anstett Principes g6nraux de la fertilisation des cultures maraich&es
sous serres

J.-R. Ansiaux Alimentation min6rale et lumikre
J. van den Ende Analysis of greenhouse soils by means of aqueous extracts
H. Moulinier Relation entre la salinit6 relle du sol et ha croissance des racines

F. Klinger Bericht iber die gfrtnerischen Erden im Bereich von Wien

Mme D. Blanc L'irrigation fertilisante en culture florale sous serre

G. W. Winsor A long-term factorial study of the nutrition of greenhouse
tomatoes

G. W. Winsor Nutritional trials in greenhouse beds and borders

The fertilization of plants grown on artificial media

Y. CorC De I'agriculture ii la culture sur substrat inerte: principes de
nutrition minrrale et application de ces principes a lafertilisation
des cultures sous abris

A. Jungk Influence of Nitrogen and Potassium Concentration of Nutrient
Solutions on Yield

0. Steineck Importance du potassium pour la synthcse des composes orga-
niques de Ia plante

A.A. Steiner Soilless Culture

M.J. Woods and T. Kenny Nutritional and Cultural Aspects of Peat as a Growing Medium
for Tomatoes

T. Kavanagh and T.J. Higgins Disease Aspects of Peat as a Growing Medium

J. Miranda de Onis Production de tomate en cultures hydroponiques

F. Penningsfeld and Essais pour Ia dtermination de l'approvisionnement optimal
L. Forchthammer en oligorl~ments des fleurs A couper

390 pages; Price: Sw.Frs. 20.-(US$5.30) + mailing charges

Proceedings of the 7th Colloquium of the International Potash Institute: Israel 1969

Transition from Extensive to Intensive Agriculture with Fertilizers

Contents

General Subject:

L Arnon Transition from Extensive to Intensive Agriculture in Israel with
Fertilizers
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Attaining maximum yield

K. Mengel Factors Limiting Maximum Yield

J. Warren Wilson Maximum Yield Potential

M. Thielebein. W.M. Tahit Plant Breeding for Increased Efficiency in Fertilizer Use

Irrigation and nutrient uptake

G. W. Cooke Plant Nutrient Cycles

G. Drouineau Influence of Irrigation on the Distribution of Fertilizer Elements
in the Soil Profile

Interaction between nutrition and other factors of plant growth

D. Shimshi Interaction between Irrigation and Plant Nutrition
R. Blanchet, M. Bosc, Some Interactions of Cation Nutrition and the Water Supply
C. Maertens of Plants

Eloy Mateo-Sagasta Azpeitia The Interaction between Irrigation and Plant Diseases
D. Lachover, Adelina Ebercon Iron Deficiency Problems in Peanuts under Irrigation
G.C. Chisel Interaction between Irrigation and Fertilization in Mediter-

ranean Grassland
A. Bar Akiva Methods of Diagnosing Nutrient Deficiencies in Citrus

Economics and planning of fertilizer use

H. Ruthenberg The Economics of Introducing Fertilizer

J. Hagin Problems of Fertilizer Requirement Prediction in Intensive Agri-
culture

L. Audidier New Trends in the Use of Fertilizers, New Products and New
Techniques of Application

M. Hasegawa Changes in Agriculture and Fertilizer Use in Japan

E. Yalan The Place of the Second Generation in Rural Space

Educating thefarmerfor the transition from extensive to intensive agriculture

G. Fradkin Training of Agricultural Extension Officers

T. Gans The Impact of Courses for Fertilizer Technicians

J. Noy Irrigation and Fertilizer Extension

Agricultural research andfertilizer use in Israel

M. Giskin, A. Majdan Problems of Plant Nutrition and Fertilizer Use on Huleh Muck
Soils

Z. Karchi Nitrogen Fertilization of Wheat in Israel

Sh. H. Dajani Short Outline on Agriculture in the West Bank
D. Shimshi Irrigation of Wheat in the Northern Negev

Sh. Feldman Transition from Extensive to Intensive Agriculture with Ferti-
lizers in the B'sor Area Israel

D. Sadan, D. Machol, Soil Tests for Fertilizer Recommendiations under Extensive
U. Kafkafi Conditions

282 pages; Price: Sw.Frs. 26.-(US 36.80) + mailing charges
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Proceedings of the 9th Congress of the International Potash Institute: Antibes/France 1970

Role of Fertilization in the Intensification of Agricultural Production

Contents

General subjects

T. Walsh Role of fertilization in the intensification of agricultural pro-
duction (Results of the IP1-Colloquia in Jyv~skylA, Florence and
Israel)

H. Bergmann Finanzielle und wirtschaftliche Hindernisse bei der Anwendung
von Mineraldiinger in den Entwicklungslfindern

M. Mathieu Quelques obstacles A l'emploi des engrais (dans les pays en voie
de drveloppement)

J. Bustarret Evolution de ]a recherche agronomique en France, son r6le dans
Iintensification de Ia production agricole

H. Ferru Les caract~istiques et les grandes lignes de Idvolution de l'agri-
culture franqaise; son intensification et Ia progression de ]a
consommation des engrais

Role offertilization in the intensification of agricultural production: Temperate zone

R. Blancher, M. Boscet Quelques aspects des relations sol-plante dans lalimentation
C. Maertens minrale des cultures

D. Bommer und M. Dambroth Zur Physiologic der Ertragsbildung von Kulturpflanzen der ge-
massigten Zone

Ch. H. Henkens Agricultural systems in relation to plant nutrition

G. W. Cooke Soil fertility problems in cereal growing in temperate zones

G. Schechmer Wieviel Kali und Stickstoff zu Wiesen und Weiden?

O.A.H. Johansson The intensification of oil crops (cruciferous) through fertilizer use

W.L. Nelson Fertilization of soybeans

F. Lanza Sur la fertilisation intensive du mais dans ]a vall& du P6

A. Banin and D. Shaked Activityand concentration of potassium in soils: New approaches
and a breakthrough

R. Czuba Die Wirkung der intensiven Mineraldiingung in Polen

Role offertilization in the intensification of agricultural production: Arid and semi-arid zone

A.Finck Beziehungen zwischen Pflanzenernhrung und Boden in der
ariden und semiariden Zone

A. Bar-Akiva Chemical and biochemical measurements on plants as a means
of controlling yield and plant performance

L. Cavazza Rapports entre fumure et systtmes de culture dans les climats
semi-arides et arides

L. Richard R6le de la fertilization de la culture cotonni&re dans ['intensi-
fication de [a production agricole

N.Atanasiu Response to K by cereals on different Ethiopian soils

A. Martinez-Corbadn Repercusiones del abonado en la producci6n citricola espafiola

N.A;'Gavalas and C. D. Holevas Potassium deficiency in vineyards in Greece
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D. Davidescu et V. Davidescu La fertilisation et l'accroissement de la production du mais en
Roumanie

I. Szaboles Nutrient uptake by plants in saline and alkali soils

Role of fertilization in the intensification of agricultural production: Tropical and sub-tropical zone

R. Chaminade Nutrition des plantes en relation avec le sol (zone tropicale et
subtropicale)

P. Martin-Prvel Aspects dynamiques des elements minraux dans la production
v~g~tale: travaux sur bananier

J.D. Ferwerda Soil fertility in the tropics as affected by land use
E. Malavolta Intensive fertilization of coffee in Brazil
E. Bellis Intensification of plantation rubber production by Hevea brasi-

liensis through manuring
Ng Siew Kee Greater productivity of the oil palm (Elaeis guineensis Jacq.)

with efficient fertilizer practices
M. Ollagnier et P. Gillier Contraintes techniques et socio-6conomiques dans l'utilisation

des engrais minrraux au S~n~gal
H.R. von UexkilI Role of fertilizer in the intensification of rice cultivation
J.G. P. Dirven Yield increase of tropical grassland by fertilization
M.P. Compagnon Interaction fumure-stimulation sur h6vra
H.R. von Uexkiill Some notes on the timing of potash fertilization of rice (nitrogen-

potash-balance in rice nutrition)

Some factors limiting yield

R.F. Chandler, Jr. Overcoming physiological barriers to higher yields through
plant breeding

R. Pflaiger Der biochemische Weg zu h6heren Ertrigen unter Beriicksichti-
gang der Auswirkungen auf die Dflngungsmethoden

J.A. Meyer Soil-borne diseases and fertilizer responses
D.A. Boyd Some recent ideas on fertilizer response curves
489 pages; Price: Sw. Frs. 32.- (US S 8.50) + mailing charges

Proceedings of the 9th Colloquium of the International Potash Institute: Landshut/Fed. Rep. of
Germany 1972

Potassium in Soil

Contents

Mineralogy of soil potassium

C.J. Rich Potassium in soil minerals
H. Graf von Reichenbach Factors of mica transformation
H. Sticher Potassium in allophane and in zeolites
J. Chaussidon Application of infrared spectroscopy to the study of minerals

weathering
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K. Rasmussen Potash in feldspars

Ion exchange system of the soil

A.C. Schuffelen The cation exchange system of the soil
R. van Bladel Thermodynamics of cation exchange in soils

0. Talibudeen Exchange of potassium in soils in relation to other cations
A. Cottenie, L. Kiekens Exchange of Zn. Mn, Cu and Fe in relation to saturation of the

soil complex
E.A. Niederbudde Changes in K/Ca exchange properties of clay in loess-derived

soils in soil formation
Mrs. Sala Feigenbaum, The effect of illite content in soils on the potassium supply to
U. Kafkafi plants

Ion transport system in the soil

P.H. Nye Localised movement of potassium ions in soil
M.J. Frissel Model calculations on the vertical transport of potassium ions

in soil

K. Nkmeth The determination of desorption and solubility rates of nutrients
in the soil by means of electroultrafiltratibn (EUF)

R. Blancher, M. Bosc, Root system, transpiration and ion movement in the soil
C. Maertens, J. Puech
Katalin Darab The distribution of mobile and potential potassium reserves in

soil
Price: Sw.Frs. 26.-(US$6.80) + mailing charges

Potassium and Japonica Rice - Summary of twenty-five years' research (in English)

102 pages. Price: Sw. Frs. 4.-/ US S I.- + mailing charges.

Rice Cultivation in Japan - An Example for Intensive Agriculture (in English)

Dr. Tsutae Yamasaki
54 pages. Price: Sw.Frs. 4.-/US S I.- + mailing charges.

Sweet Potato - Nutrient Physiology and Cultivation (in English)

Yukindo Tsuno
73 pages. Price: Sw. Frs. 6.- US $1.50 + mailing charges.

The Coconut Palm (in English)

Y. Frbmond. R. Ziller and M. de Nuc de Lamothe, all from the Research Institute for Oils
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