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Abstract

This thesis encompasses six papers, dealing with mainly ionic
balance aspects of non—ionic nitrogen nutrition of plants. In most
cases urea mutrition or symblotic Np-fixation were compared with
NHI— or NO3-supply with respect to nutrlent uptake and assimila-
tion.

From ionic balance and proton release data it was established
that maize and sugar-beet plants are able to absorb urea as an un-
destructed molecule. Results of Xylem sap analyses learned that
urea, like NHI, is almost quantitatively metabolized in the roots.

Complete ionic uptake balances, including direct measurements
of respective H™ and UH_/HCOE—release from the roots of Ny-fixing
and NO3-supplied pea plants are pregented. Excess nutrient cation
over anion uptake and hence Kt-release by Ny-fixing plants increas—
ed at higher pH of the nutrient solution. When such plants were
grown in soil, cation uptake also exceeded anion uptake, but root
growth was severely reduced at low soil pH. This effect could be
eliminated completely by liming. Root growth was not inhibited when
NOE was the form of N-nutrition.

In soils, mineralized N may confuse the comparison between NOE-
mitrition and Ny-fixation. It is suggested that the relative con-
tribution of No—fixation to the total N-accumulation in plants re-
flects the point of time at which (ISN-)Nog in the soil was de-
pleted and the N2—fixing process started.

Different ionic uptake patterns of plants in relation to the
form of nitrogen nutrition necessarily invoke essential differences
in both inorganic and organic chemical composition of the xylem sap
of these plants. Complete xylary ionic balances and data about par-
titioning of the nitrogenous compounds in xylem saps allowed the
conclusion that Np-fixing pea plants belong to the group of amide-
transporting legumes and that in Nog—supplied pea plants no phleem
transport of cation-organate is necessary for. the regulation of

intracellular pH and electroneutrality.



1 Introduction

1.1. General

All organisms have to absorb chemical compounds from the envi-
ronment which are essentlal for growth and metabolism. The supply
and absorption of these compounds may be defined as nutrition of
the organism. From a nutritional point of view, higher plants
behave distinguished from man, animals and heterotrophic micro-
organisms. Being carbon~ and nitrogen—autotrophs, higher plants re—
quire exclusively inorganic nutrients for the synthesis of cellular
components or as an energy source. The mechanisms and reactions in-
volved in the conversion of nutrients to cellular material and to
compounds used for energetic purposes may be defined as plant bio-
chemistry or plant metabolism. Nutrition and metabolism are very
closely interrelated processes.

This interrelationship becomes even more clear when nutrition
and metabolism of carbon compounds and other nutrients are consid-
ered in terms of regulation of intracellular electroneutrality and
intracellular pH. Most nutrients are supplied and taken up by
plants in either cationic or anionic form. Terrestrial wvascular
plants generally take up unequal amounts of nutrient cations and
anlons when expressed in terms of charge equivalents {(de Wit et
al., 1963). However, during ion uptake, electroneutrality 1is main-
tained in the root tissue as well as in the ambient medium by re-
spective organic anlon synthesis or breakdown in the root, and ex-~
trusion of H'- or OH -ions from the root (Houba et al., 1971;
Breteler, 1973a)., From this simplified conception the conclusion
can already be drawn that uptake of nutrient cations and anions is
directly related to organic anion metabolism in order to maintain
intracellular electroneutrality and to keep the tissue pH between
narrow limits. Also H'- or OH” ions must be extruded into the root-
ing medium in order to account for the excess cationic or anionic

nutrient uptake and hence for the maintenance of external electro-



neutrality. This implies that, during nutrient uptake, plants may
exibit an external acidification or alkalinization. It will thus be
clear that in studies concerning the equilibrium hetween nutrients
taken up by plants, four groups of compounds countribute to this dy-
namic equilibrium or, in other words, play a dominant role in the
complete lonic balance of a plant. These groups are: {a) inorganic
cations; (b) inorganic anions; (c¢) organic anions; {(d) H'- and OH -
ions.

In the following sections of this Chapter the most important
aspects concerning the ionic balance of plants will be reviewed in
more detail. In section 1.2 attention is paid to the ways of clas-—
sification of plant nutrients and how these nutrients can be clas-
sified according to their physiological functiouns and their contri-
bution to the ionic balance. Section 1.3 encompasses the main pro-
cesses affecting the organic anion content of a plant and which are
thus directly related to organic anion metabolism. Because the form
of nitrogen nutrition decides to a great extent the nutrient uptake
pattern and hence the {nternal and external ionic balance of
plants, a special section (l.4) is devoted to this subject. The net
extrusion or uptake of H¥-1ons by the root tissue represents only a
small fraction of all trans—membrane proton fluxes in plant cells.
Nevertheless, in section 1.5 an attempt is made to emphasize the
mechanistic nature of the electrogenic proton pump in plant cells,
because this process may be considered as a primary step in 1nor-
ganic plant nutrition and hence in the regulation of pH and elec—
troneutrality. In the last section of this Chapter (1.6) an overall
picture is presented on the localizatlion of the intracellular pH
regulation in relatiomn to the form of nitrogen nutrition and the

sites of nitrogen assimilation within the plant.
1.2. Classification of plant mutrients

Plant nutrients can be classified according te their: (&) es-
sentiality for normal metabolism and reproduction; (b) content in
plant material; {c) bilochemical behaviour and physiological funct-—
ions in the plant.
ad a. Arnon and Stout (1939) proposed three criteria which must be

10



met in order to consider an element on essential plant nutrient.
These are: (a) the element 1s directly involved 1in plant
metabolism, €.g. as a constituent of an essential metabolite or re-
quired for the action of an enzyme system; (b) a deficiency of the
element makes it impossible for the plant to complete its life
cycle; (¢) this deficiency is visually specific for the element in
question. Based on these criteria, the following chemical elements
are considered to be essential for higher plants: C, H, 0, N, P, S,
K, Ca, Mg, Fe, Mn, Cu, Zn, Mo, B, and Cl. For some elements, such
as Na, Si, and Co there is no general agreement with respect to
their essentiality for all plants. It 1is not unlikely that, as a
result of further progress in the grade of purification of
chemicals and in the refioement of analytical techniques, other
elements may be shown sooner or later to be essential for higher
plants. This implies that elements which may be added to the above-
mentioned group will belong to the subgroup of nutrilents which are
needed in plants in relatively small amounts.

ad b. Based on their content in plant material and the amount need-
ed for normal metabolism and reproduction, nutrients may be divided
into macronutrients and micronutrients. The followlng elements are
widely known as macronutrients: C, H, 0, N, P, S5, K, Ca, and Mg,
while Fe, Mn, Cu, 2Zn, Mo, B, and Cl are considered to be micronu—
trients. The division of plant nutrients into macro- and micronu—
trients based on the abovementioned criteria, may be arbltrary be-
cause in a sense these criterla are contradictory: in many cases
the content of micronutrients, suech as Cl, Fe, and Mn 1s far In ex~
cess of their physiological requirements and can even reach phyto-
toxic concentrations in the leaf tissue (Eaton, 1966; Walter et
al., 1974; Tanaka and Yoshida, 1970; Tanaka et al., 1973; Bussler,
1958; Morgan et al., 1966; Ohki, 1977). Plants can exhibit toxicity
symptoms caused by essential elements but also by non-essential
elements such as Al and F (Foy et al., 1978; Brewer, 1966). It will
be clear that the nutrient content of plants or plant organs is not
always a reflection of the quantity of that particular nutrient
needed to sustain physiological and biochemical processes. This
phenomenon may be confusing in studies concerning ionic relations

in plants, particularly when the content of the element in question
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is In the order of one or more of the macronutrients. Omission of
the micronutrients in lonle balance research is therefore only al-
lowed when these nutrients are present in negligible amounts on an
equivalent basls and, consequently, minimally contribute to the
ionic balance of a plant or plant organ.

ad ¢, A classification of plant nutrients according to their phys—
iological functions and biochemical behaviocur (Table 1) provides
inf ormation about which elements may not be neglected in multi-ele-

ment research, in particular concerning the fonlc balance of plants,

Nutrient
Element Uptake Biochemical Functions
lst group In the form of CO,, Major constituent of organic
c, 4, 0, HCO3, H,0, 92, NO4, material. Essential elements
N, S NH,, N,, 50, , 50,. of atomic groups which are
The ions from the soil involved in enzymle proces—
solution, the gases gses. Assimilation by oxida—
from the atmosphere. tion-reduction reactions.
2nd group In the form of phos- Esterification with native
P, B, Si phates, boric acid or alcohol groups in plants. The
borate, gilicate from phosphate esters are invelved
the soil solution. in energy transfer reactions.
3rd group In the form of fons Non-specific functions esta-
K, Na, Mg, from the soll solution. blishing osmotic potentials.
Ca, Mn, Cl More specific reactions in
which the ion brings about
optimum conformation of an
enzyme protein (enzyme acti-
vation). Bridging of the re-
action partners. Balancing
anions. Controlling membrane
permeability and electro-po-
tentials.
4th group In the form of ions Present predominantly in a

Fe, Cu, Zn,
Mo

or chelates from the
soll solution.

chelated form incorporated in
prosthetic groups. Enable
electron transport by valency
change.’

Table 1. Classification of plant mutrients (Mengel and Kirkby,1982)
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From such a subdivision of the nutrients information can be obtain-
ed about the electrical stage in which they are taken up and also
whether the assimilation of a nutrient coincides with alterations
in its electrical charge and hence causes charge transitions. Both
uptake of cationic and anionic nutrients and conversiom of nu-

trients into organic compounds affect the ionic balance of a plant.

1.3. The ionic balance of plantse

The main cations present in plant material are K+, Na+, Ca

2+

’
and M32+. The contribution of free NHI to the total cation content
is mostly very small due to its rapld incorporation in low-molecu-
lar neutral organic compounds, even when NHI ig the sole nitrogen
source (Martin, 1970; Yoneyama and Kumazawa, 1974; Ivanko and
Ingversen, 1971a,b). Organic cations are quantitatively negligible
in plant material, perhaps with the exception of some amines and
some basic amino acids, and micronutrients are mostly of minor im—
portance with respect to their contribution to the total cation
content. In normal cases the total cation econtent in plant material
can thus be expressed as the sum of the charge equivalents of K+,
Na+, Caz+, and H32+-

The situation with respect to the anionic composition is some—
what more complicated. The main anions taken up by plants are cl,
HZPOZ, Nog, and S0Z~. Chloride 1s the only anion which remains,
after its absorption by the plant root, quantitatively in the inor-
ganic electronegative stage (Clarkson and Hanson, 1980). Phosphate
is present in the plant tissue in both imorganic and organic form.
However, in phosphorylated compounds, such as nucleic aclds and
adenosine esters, the phosphate groups preserve their electronega-—
tive charge. Therefore, the total P content of a plant should be
considered to contribute to the icnic balance as monovalent HZPOZ
{(de Wit et al., 1963). In this respect, HZPOZ behaves completely
different from NOE and $02” . Nitrate and sulphate are at least
partly reduced in the plant tissue, followed by incorporation in
electrically neutral organic compounds. This implies that the elec-
tronegative charge originating from N0§ and SO%— 1s transferred to

other compounds during the reduction process and hence only a frac-
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tion of the absorbed NOS and 502- contributes to the inorganic
anion content. Because anionic micronmutrients (B, Mo) are present
in plant material predominantly in undissociated or chelated form
and can thus be neglected as ionic constituents, the conclusion is
justified that the total inorganic anion content of a plant can be
expressed as the sum of the charge equivalents of HZPOZ (total P),
C17, NO3, and 507 .

In all cases the total cation content {C = Kt o+ Na+ + Ca2+ +
Mg2+) of a plant exceeds more or less the total inorganic anicn
content (4 = HyPO, + C17 + NO3 + SOE')- The difference between C
and A is thought to be related about stolchlometrically to the
amount of organic anions (Arnon, 1939; Ulrich, 1941; Pierce and
Appleman, 1943; Jacobson and Ordin, 1954; D1jkshoorn, 1962; wvan
Egmond, 1975). In other words, the (C—A) value of a plant is a re-
flection of the organic anion content (Houba et al., 1971). Because
organic phosphates are already included in the calculation of A,
the (C-A) value refers more specifically to the dissocliated carbox-—
ylic aclids in the plant. Therefore, the term carboxylates Is often
preferred to the term organic anions. Nutrient uptake and assimila-
tion processes affect the ionic balance of a plant and thus the
carboxylate content. As a result of an excess nutrient cation over
anion uptake and of nitrate and sulphate reduction, carboxylates
will accumulate in the plant in order to maintain electroneutrality
and to buffer the initially formed OH —ioms. On the other hand, an
excess nutrient anion over cation uptake and ammonium assimilation
is accompanied for the above reasons by a decrease in the size of
the carboxylate pool through decarboxylaticns.

The different processes which influence the carboxylate content
of a plant and which can operate simultaneously, are: (a) excess
nutrient cation over anion uptake; (b) excess nutrient anion over
cation uptake; (¢) nitrate reduction; (d) sulphate reduction; {(e)
ammonium assimilation.
ad a. Differential requirements of plants for nutrients and supply
of major nutrients in either cationic or anionie form often result
in non-equivalent uptake of cationic and anionic nutrients. In
order to maintaln electroneutrality in the growth medium, plants

absorb or extrude H+* or OH -icns in amounts equivalent to the dif-
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ference between cation and anlon uptake. This aspect of electroneu-
trality regulation will be treated in detail in section 1l.4. The
differential uptake of cation and anionie nutrients will oblige the
plant to keep processes operative in order to maintain the intra-
cellular electroneutrality as well. This electroneutrality mainte-
nance is achieved by pH-dependent changes in the size of the car-
boxylate pool through carboxylation and decarboxylation reactions.
These reactions are often summarized as the biocchemical pH-stat
{Davies, 1973a,b). Although the nature of this pH-stat will be
treated in detail in section 1.5, it will be clear already that the
overall result of an excess nutrient cation over anion uptake can
be summarized by: (a) a net extrusion of H&Fions from the roots
into the growth medium and (b) the production of carboxylates, both
amounts being equivalent to the difference between cations and
anions taken up. Excess nutrient cation over anion uptake is often
referred to as an alkaline nutrient uptake pattern of a plant. The
next schematic picture demonstrates the Interrelations between the
processes mentioned above (all units represent arbitrary equivalent

units per plant).

Situation 1 Situation 2
Absorption Extrusion
C =10 —m= Ca'5 —mn ( =15
A=6 —w=| A =3 e e A =9
| |
I +
:
4

RCOO™ =

ad b. It is obvious that in case a plant absorbs wore anionic than
cationic nutrients, processes to keep the tissue pH within narrow
limits and processes to malntaln electronmeutrality in the external
solution as well as in the plant interior, will proceed in opposite
direction as in case of the above example of excess nutrient cation
over anion uptake. The next scheme illustrates that an excess nu-
trient anion over cation uptake, often referred to as an acidic nu-’

trient uptake pattern, 1s accompanied by: (a) a net extrusion of
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OH -ions from the roots into the growth medium and (b) a decrease
in the amount of carboxylates, both equivalent to the difference

between anions and cations taken up.

Situation 1 Situation 2
Absorption Extrusion
C= 10 —m Ca-3 —= = 13
=6 —W Aa='5 — 4 =11
| I
I
l --
| OHe 2 |
RCOO” =4 ——————— — —— —— — —— — — — —— RCOO™ = 2

ad ¢. As was already mentioned before, teduction of NOS, followed
by incorporation in electroneutral organic compounds, implies a
transfer of electromegative charge from NOE to other constituents.
There 1s a general agreement that in the first instance OH -ions

are formed according to the reaction
NO3 + 8[H] —m= (HyN) + 2H,0 + - (1)

This initial alkaline effect of nitrate reduction is buffered by
pH-dependent activation of carboxylases, ylelding carboxylates ac—

cording to the reaction
OH™ + RH + CO, —®= RC0OO™ + H,0 (2)

The overall effect of nitrate reduction in the plant, as can be
summarized by the equations (1) and (2), is the formation of organ-
ie compounds which contain the nitrogen in the reduction stage of

NHy, and the production of an equivalent amount of carboxylates.
NO3 + 8[H] + RH + Oy ——=— (H4N) + RCOO™ + 30,0 &)
When nitrate is already reduced in the root, it is possible that a
fraction of the initially formed OH -ions is extruded directly into

the growth medium. In such a case these OH -ions take over the role

16



in iatracellular electroneutrality and pH regulation and is carbox-
ylation of less importance.

ad d. In a chain of reactions analogous to the nitrate reduction
proceas, sulphate reduction also yields carboxylates. This process

is summarized by the equation
S0~ + B[H] + 2RH + 200, =~ (H,S) + ZRCO0™ + 4H,0 (4)

This means that any (divalent) sulphate ion which is reduced,
ylelds an organic compound which contains sulphur in the reduction
stage of Hy5, and an equivalent amount of carboxylates.

ad e. Incorporation of ammonium in electroneutral organic compounds
may coincide with transfer of positive charge from ammonium to
other constituents. It i1s thought that in such cases carboxylates
serve as proton acceptors so that assimilation of NHI in the plant
tissue is attended with an equivalent decrease In the size of the

carboxylate pool, according to the reactions

N —=  (4yN) + H (5)
wt + reoo” ——= RH + €O, (6)
NH} + RCOOT ~ ——m=  (H4N) + RH + CD, 7

Since it is widely accepted that ammonium assimilation occurs main-
ly in roots (Martin, 1970; Ivanko and Ingversen, 197la,b; Yoneyama
and Kumazawa, 1974) it is most likely, however, that a major frac-
tion of the acidity produced during incorporation of NHZ 1s extrud-
ed directly iInto the growth medium. Acidification of the rooting
medium to the extent of L.I1 to 1.25 HY extruded per NI-IZ eatering
{(Becking, 1956; Breteler, 1973a) are consistent with this supposi-
tion. This means that decarboxylation is probably of minor impor-
tance in overcoming intracellular disturbances of electroneutrality
and pH in plants supplied with ammonium as the sole source of ni-

trogen.
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As will be shown in detail in section 1.4, nitrate-supplied
plants often exhlbit an acidiec nutrient uptake pattern at the ex-
pense of carboxylates, while at the same time nitrate {and
sulphate) reduction will give raise to the carboxylate content of a
plant. The alkaline nutrient uptake pattern of ammonium—-supplied
plants and the subsequent ammonium assimilation als¢ contribute in
opposite direction to the final carboxylate content. During growth,
carboxylations and decarboxylations are thus largely mutually neu—
tralized. This implies that additional information must be avail-
able about the nutritional history of a plant before the ionic ba-
lance or carboxylate content can be used as a ‘'finger-print' of a

plaut or plant species.
1.4. The role of nitrogen in the iomic uptake balance

The uptake pattern of nutrient cations and anions depends on
the plant species and on several external factors. One of the most
lmportant factors influencing the nutrient uptake pattern of a
plant is the form of nitrogen nutrition. Because the absorption of
nitrogenous ions mostly exceeds that of other ioms by far, ammonium
nutrition results in an alkaline nutrient uptake pattern (excess
uptake of nutrient cations over anions) and thus in extrusion of
H*-ions from the roots into the bathing medium. This phenomenon has
been observed with many plant species, provided that they were able
to grow with ammonium as the sole source of nitrogen (Breteler,
1973a; Chouteau, 1963; Clark, 1936; Kirkby and Hughes, 1970; Kirkby
aIBd Mengel, 1967; Pitman, 1970; Weissman, 1972). When plants are
supplied with nitrate as the only nitrogen source, generally an
acidic nutrient uptake pattern (excess uptake of nutrient anions
over cations) is displayed, assoclated with alkalinlzation of the
root environment through the extrusion of OH —lons. Nitrate-fed
plants show a very wide range with respect to the extent of alka-
linity extrusion by the roots. As will be shown Iin section 1.6,
this range coincides with the relative importance of the various
plant parts in nitrate reduction. Gramineae generally take up a
large excess of nutrient anions over catlions, assoclated with a

high rate of OH -extrusion. This has been shown for Zea (van



Beusichem and van Loon, 1978; Keltjens, 1982), Lolium (Dijkshoorn,
1962, 1971), Hordeum and Sorghum (Watanabe et al., 1971). Other
plant species produce only small amounts of alkalinity as can be
concluded from data obtained by Vickery et al. (1940) with
Ficotinia, Kirkby and Mengel (1967) with Lycopersicor, and Breimer
(1982) with Spinacia. Atripler {(Osmond, 1967) and Beta (Houba et
al., 1971; Breteler, 1973a; van Egmond, 1975) are well-known exam-
ples of plant species, which show an almost neutral nutrient uptake
pattern, while some members of the genera Goasypium (Bornkamm,
1969; Watanabe et al., 1971) and Fagopyrum (de Wit et al., 1963;
Pierre et al., 1970; Bekele et al., 1983) have been recognized as
species which exhibit even an alkaline nutrient uptake pattern when
exposed to media in which nitrate is the only nitrogen source.

When it is difficult or even impossible to translate pH
changes Iin the rooting medium into at- or OH -fluxes, €.g. during
experiments in pH-buffering soil cultures, the nutrient uptake pat-
tern of such plants can be ascertained afterwards by means of chem—
ical plant analysis, provided that the whole plant (including the
roots) is taken into account and that either nitrate or ammonium
was the sole source of nitrogen throughout the experiment. When an
absolute figure with respect to acidification or alkalinization is
required, the plant material should be analyzed for K, Na, Ca, and
Mg to calculate the total cation uptake, and for P, S, and Cl to
calculate the total anion uptake. The total N amount in the plant
should be added to the cations when ammonium was the only nitrogen
sgurce, or to the anions when the plant wae solely dependent on ni~
trate as the fore of nitrogen nutrition. The difference between up-
take of nutrient cations and anions, on a plant basis, provides an
accurate estimate of the amount of H'- or OH —lons released from
the roots during growth. This 1s summarized in the following equa-
tions, in which the subscript ‘'a' stands for absorption of the

ionic nutrients, expressed in equivalents on a plant basis.

Ammonium nutrition

H+-extrusion = (N+ K+ Na + Ca + Mg)a - (P +Cl + S)a (8)
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Witrate nutrition
O -extrusion = (N + P + Cl + 8), - (K + Na + Ca + Mg), &)

Since the recognition of the interactions and functional equi-
libria between nutrients taken up by plants on ome hand and the
quantities of the same nutrients and their equilibrium in the root-
ing medium (soil, nutrient solution) on the other (Bear, 1950),
many investigations have been carried out to study the effects of
ammonium or nitrate nutrition on the uptake of different catlons
and anioms, the ionic balance, and organic acid and carbohydrate
metabolism of different plant specles, grown hydroponically
(D1 jkshoorn, 1958; CoIc et al., 1962; Chouteau, 1963; Dijkshoorn et
al., 1968; Kirkby, 1968, 1969, 1981; Kirkby & Hughes, 1970;
Breteler, 1973a,b; Haynes and Goh, 1978). In addition to ammonium
and nitrate, urea is a very important fertilizer inm agricultural
practice. From a plant nutritional viewpoint it is interesting to
know how and to which extent the nutrient uptake pattern of a plant
is affected when the nitrogen is applied in molecular form, as com—
pared with NHZ or NOE. However, the number of publications concern-
ing comparative studies, including urea, is very limited (Wallace
and Ashcroft, 1956; Kirkby and Mengel, 1967, 1970; Israel and
Jackson, 1982). The lack of umequivocal evidence about the effects
of urea nutrition on the ionic balance of plants 1s probably due to
experimental difficulties connected with urea hydrolysis. Enzymatic
breakdown of this compound to ammonium carbonate (Court et al.,
1964) is kmown to be followed by a preferantial uptake of ammonium
by plant roots (Ostromegka, 1961; van Beuischem and van Loon,
1978). This phenomenon confuses the effect of urea absorption and
metabolization on ifonic plant characteristics. From lonic balance
studies, including treatments in which plants were deprived from
nitrogen for some time (Houba et al., 1971) it is known that then
such plants take up more nutrient cations than anions, resulting in
acidification of the nutrient solution. It is to be expected that,
when urea decomposition can be avoided completely and hence does
not play amy role in the ionic relations within the plant, on urea
nutrition the following equation will be most likely applicable.



Urea nutrition
H'-extrusion = (K + Na + Ca + Mg), ~ (P + C1 + §), (10)
When urea hydrolysis cannot be prevented, the ultimate effect of
urea nutrition on (s0ll) acidity will be the result of the pH-rais-
ing effect of urea hydrolysis on one hand, and the pH-lowering ef-
fect due to the acidic nutrient uptake pattern of plants which take
up nitrogen as (a mixture of urea and) ammonium. It is obvious that
the situation will become even more complicated when part of the
ammonium is nitrified. Gemerally it is not easy to distinguish be-
tween the effect of the plant and the effect of the fertilizer on
soil acidity (Pierre et al., 1970; Banwart and Pierre, 1975). In
Chapter 2 results of experiments on the influence of urea nutrition
on the lonic uptake balance are presented and discussed in detail.

Surprisingly, almost no detailed information is available
about nutrient uptake patterns of plants which are able to utilize
atmospheric nitrogen through the dinitrogen—fixing process. The
quantity of nitrogen reduced biologically on a world scale amounts
to about 17.2 x 107 tonnes per annum (Chatt, 1976), which is about
four times the amount fixed by chemical industry. From an agricul-
tural viewpoint the symbilotic Rhizobium bacteria-legume associlation
is of particular significance. Some authors have supposed that an
alkaline nutrient uptake pattern occurs 1in soils (Nyatsanga and
Plerre, 1973; Andrew and Johnson, 1976; Israel and Jackson, 1978)
but this was based on incomplete plant analysis data. Nevertheless,
it is to be expected that plants which are committed to dinitrogen
fizxation as the sole source of nitrogen nutrition will show a nu-
trient uptake pattern, obeying an equation analogous to that for
urea nutrition.

Dinitrogen fixation
Ht-extrusion = (K +Na+Ca+Mg), - (P+CL+3S), (11)

Rhizosphere acidity gemeration by dinitrogen—fixing legumes may be
of agronomic significance. Results obtained by van Diest's group
(Aguilar 8., 1981; Aguilar S. and van Diest, 1981; Bekele et al.,
1983) indicate that symbiotic dinitrogen fixation can initiate a
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chain of reactions within the plant, leading to acidification of
the growth medium in the vicinity of the roots. As a result of this
aclidification, alkaline rock phosphates when added as a fertilizer
might be partially solubilized and hence mobilized. This implies
that alkaline rock phosphates are probably more useful phosphate
sources for dinitrogen—fixing legumes than for plant species which
normally exhibit an acidic nutrient uptake pattern. However, legu-
minocus plant.species may vary in thelr extent of acidity generation
(Andrew and Johnson, 1976). Moreover, the ion uptake rate and hence
the acidity production 1s highly dependent on environmental condi-
tions. In Chapter 3 a detailed picture is presented on the nutrient
uptake pattern of hydroponically grown dinitrogen—-fixing pea
plants, as compared with nitrate nutrition. Subsequently, results
about the effects of temperature and acidity of the rooting medium
on the nutrient uptake pattern and the extent of acidity generation
by the roots of dinitrogen—fixing pea plants are presented and dis-
cussed in Chapter 4. Both Chapters deal with results, obtained in
experiments where the plants were grown at strictly controlled cli-
matic conditions. In order to test whether the effectas of ambient
acidity on growth and dinitrogen fixation of pea plants, observed
in water culture experiments, were convertible to soil conditions,
a comprehensive pot experiment was carried out in which pea plants
were grown in a sandy soil at different acidities. The results of
this experiment are presented in Chapter 5. One of the differences
between nutrient sclution and soll cultures i1s that in the latter
case the presence of at least small quantities of ammonium and/or
nitrate cannot always be prevented. It is widely recognized that
combined nitrogen suppresses the symbiotic dinitrogen-fixing pro-
cess. S0 far, there 1s no general agreement about the exact way iIn
which combined nitrogen suppresses both the formation of new nod-
ules and the activity of existing nodules. Limitation of photosyn—
thate supply of the nodules (Houwaard, 1980; Ragglo et al., 1965)
and changes in the level of the auxin indole—acetic acid (ILAA)
(Manns, 1968; Tanner and Anderson, 1964; Valera and Alexander,
1965) are thought to be important factors associated with this sup-—
pression. Because in our pot experiments all conditions are usually

most favourable for mineralizationm of organic soll nitrogen, it
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seemed worth while to get an 1dea about the effect of nitrate on
dinitrogen fixation. For that reason, an additioral pot experiment
was conducted {(Chapter 6) in which labelled 15N—nitrate was used.
This tracer technique allows to separate the contribution of dini-
trogen fixation and nitrate nutrition at increasing levels of ni-

trate present in the soil solution.

1.5. Proton extrusion as a primary step in inorganic plant nutri-
tion

The net extrusion or uptake of H -1ons by the root tissue re-
-presents only a small fraction of all trans—mewmbrane proton fluxes
in plant cells. Nevertheless, in this section a compilation from
the electrophysiological literature 1s presented, because some
knowledge about the mechanistic nature of the electrogenic proton
pump in plant cells may provide an insight into the ionic relations
in plants. There is a currently held view in the literature that
the primary step in the chain of uptake, transport, and metaboliza-
tion of inorganic ioms iIn the plant is an electrogenic H-extrusion
process at the plasmalemma of epldermal and cortical cells
(De jaegere and Neirinckx, 1978; Dejaegere et al., 1980; Raven and
Smith, 1974, 1976a; 1977; 1980; Smith & Raven, 1974, 1976, 1979).
Although measured cytoplasmic pH values should be interpreted
with caution because of a number of experimental difficulties, it
seems reasonable to consider a cytoplasmic pH in cortical cells of
about 7.0 (Smith and Raven, 1979). Measured values of electrical
lpotential differences across the plasmalemma and of cytoplasmic pH
indicate that the proton efflux must be active according to the
Nernst equation when the external pH is below 9.0-9.5. This ascer-
tainment, however, is a simplification of the situation because ap-
plication of Nernst's law is restricted to passive flux equilibrium
conditions. On the other hand, it is impossible to measure steady
state H+—f1uxes, necessary to establish whether these fluxes obey
the Ussing-Teorell criterion or not, because no suitable tracer for
H+ 1s available. Moreover, it 1is obvious that It is impossible to
remove all protons from the side of the membrane from which their

active transport is expected. This removal procedure has been

23



proved to be a good and simple method to obtain information about
the direction of the electrogenic transpert of other ions.

For the above reasons, the evidence for an energy-requiring
active H'-efflux pump 18 mostly indirect and is based on manipula-
tions which change the degree of polarization of membranes and/or
on effects of phytotoxins and respiratory inhibitors on membrane
potentials and H'-extrusion. Anderson et al. (1977) did not observe
a significant depolarization of the membrane potential of carrot
root parenchyma cells after substitution of SO%- for C1” in the ex—
ternal complete nutrient solution. Apparently the potential does
not result from active anion influx. From his data, Pitman (1970)
concluded that the release of H+-ions from low-salt barley roots
during salt accumulation must be an active process. This conclusion
was based on reasonable estimations and calculations. Depolariza-
tion phenomena observed after decreasing the pH of the external so~
lution (Anderson et al., 1977) support the suggestion that an elec—
trogenic proton extrusion pump 1is operative at the plasmalemma,
causing membrane hyperpolarization. There are, however, indications
for the existence of two (or more) independent electrogenic mecha-
nisms, operating in plant cells, which seem to act in opposite
senses, €.g. an additional obligate Cl /H'-symport or €17 /0H -anti-
port mechanism in which the proton or hydroxyl flux exceeds that of
chloride (Anderson et al., 1977; Cram, 1975). Pitman (1970) report-
ed inhibition of both salt uptake and proton release by barley
roots after treatment with cyanide meta—chlorophenylhydrazone
(CCCP), oligomyein, and arsenite. Similar effects were observed
after treatment with 2,4-dinitrophenol {(DNP) (Dejaegere and
Neirinckx, 1978). After addition of cyanide, carbon monoxyde, or
CCCP, a rapid membrane dpolarization in carrot root tissue was de-
tected by Anderson et al., 1977. Based on comparisons between mem—
brane depolarization rates, decay constants of cellular ATP, and
rates of pyridine nucleotide reduction, and by taking into account
the special architecture of carrot root parenchyma cells, Anderson
et al. (1977) could make aceeptable that the H*-extrusion pump 1is
ATP-powered. Slayman et al. (1973) came to the same conclusion af-
ter comparing membrane depolarization rates in hyphae of Neurospora
eragsa. Probably, a reversible H+—ATPase is operative at the plas-
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malemma. In response to the resulting electrical potential
gradient, cation influx can take place. The approach of considering
metabolically dependent Ht-extrusion as the primary step in ion up-
take 1s in agreement with the results of numerous investigations
explaining passive or active ion tranmsport in terms of fluxes down
or apgainst the electrochemical potential gradient (Etherton, 1963;
Higinbothaﬁ et al., 1%967; Pierce and Higinbotham, 1970; Stepherd
and Bowling, 1973).

As a direct result of H+-extrusion process, OH -ions are gen—
erated in the cytoplasm. In the uptake process, these hydroxyl ions
can be exchanged for other ions from the outer solution. Some
authors suggest that anion absorption depends on cation absorption
because the H'-extrusion process primarily determines the amount of
negative charge generated in the cytoplasm (Dejaegere and
Neirinckx, 1978; Dejaegere et al., 1980). As mentioned before, in
addition te OH /anion-antiport also H+/anion-symport can occur.
These two processes cannot be distinguished experimentally since
both result in a hydroxyl ion gradient to drive aniom uptake. The
buffering capacity of intracellular buffers like bicarbomate, phos—
phate, hystidine, cysteine, and cystine is by far insufficlent to
compensate for the changes of internal pH as a result of the dif-
ferential uptake of nutrient cations and anions (Smith and Raven,
1979). To keep the pH of the cytoplasm within narrow limits, a com—
plicated mechanism 1s operative in the tissue, as proposed by
Davies (1973a,b) 1in the blochemical pH-stat (Fig. l). Net hydroxyl
generation, associated with an excess nutrient cation over anion
absorption, results in an initial inerease of eytoplasmic pH. A pH
increase in the range of pH 6.0 to 8.0 activates the enzyme phos-
phoenclpyruvate (PEP) carboxylase and, thus, the production of
oxalo-acetic acid (OAA). This compound is converted to dissociated
malic acid. When as a result of this reaction, or in response to an
excess nutrient anion over cation absorption, the intracellular pH

falls to a value of about 6.0, malate is decarboxylated through the
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Fig. 1. The biochemical pH-stat (Davies, 1973a,b).

activation of malic enzyme. This process results in the formation
of pyruvate, (O, and OH -ions. The action of this biochemical pH-
stat or, in other words, the opposite pH responses of enzymes (Hill
and Brown, 1978) results in a cytoplasmic pH regulation at about

neutral (Bonugli and Davies, 1977).

l.6. Long-distance solute transport in relation to intracellular pH
regulation

In the previous sections of this Chapter attention has been
paid to the uptake and assimilation processes which determine the
ultimate carboxylate content in plants (section 1.3) and the
effects of differential uptake of nutrient cations and anions on
H'- or OH -extrusion from the roots into the growth medium (section
1.4). Uptake and assimilation processes have been mainly considered
in relation to internal (section 1.3} or external (section 1.4)
electroneutrality regulation, although it is obvious that regula-
tion of externmal electroneutrality through release of H'- or o -
ions by the roots coincides with acidification or alkalinization of
the toot enviromment. Regulation of external electromeutrality and
external pH are thus indissoluble processes. As was pointed out in
the last part of section 1.5, regulation of electroneutrality and
pd on an intracellular level are also inseparable processes: within

the plant the biochemical pH-stat regulates the pH through decar-
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boxylation or carboxylation reactions in order to neutralize initi-
ally formed B'~ or OH -ions. The question arises ia which plaat
parts the biochemical pH-stat is aperative or, in other words, in
which plant parts processes occur which yleld H*- or OH -ioms as
primary reaction products. In an excellent review paper, Raven and
Smith (1976b) worked out all possible ways of intracellular pH re-
gulation in dependence of the souree of nitrogen nutrition (alka-
line versus acidic nutrient uptake pattern) and of the site of ni-
trogen assimilation (in the root, the shoot, or distributed over

the whole plaat).

Ammovium and urea nutrition, dinitrogen fimation

From the evidence available (section 1.3), Raven and Smith
(1976b) concluded that most of the ammonium applied is assimilated
in the root tissue. This implies that a relatively simple biophysi-
cal H'—efflux wechanism in the root cortical cells should be suf-
ficlent for both internal and external electromeutrality and pH re-
gulation (Fig. 2}. When acidic amino acids and their amides are the
main nitrogenous compounds to be delivered to the shoot, conversion
of these compounds into cell material may involve the production of

OH -ions, which can be readily neutralized by the operation of the
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Fig. 2. p regulation during ammonium assimilation in roots (Raven
and Smith, 1976b)

27



blochemical pH-stat. On the contrary, the presence of relatively
more basic amino acids and even some free NHI in the xylem sap
would lead to an excess H+-production in the shoot during the syn-
thesis of cell material from these solutes. A hypothetical scheme,
which allows the neutralization of this excess H' in the shoot is
shown in Fig. 3. Here the portlon of the pH-stat which generates
malic acid, operates in the root, the l-I+-'ions formed after disso-

clation of this compound are exchanged largely for Nﬂz—ions from
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Fig. 3. pH regulation during ammonium assimilation in shoots (Raven
and Smith, 1976b)

the outer selution, while the resulting NHI plus bagic amino acids
move, together with malate, viad the xylem to the shoot. In the
shoot, malate 1s converted to pyruvic acid with release of OH
(Fig. 1) and thus neutralization of excess H+-ions can occur. The
scheme shown in Fig. 3 represents essentially a spatial separation
of the two halves of the biochemical pH-stat. Unequivocal evidence
in the literature on the xylem sap compasition of different plant
species, grown on ammonium as the only nitrogen source Is so far
not adequate to discard the mechanism represented in Fig. 3. How-
ever, from the evidence available (sectiom 1.3) it cam be concluded
that essentially probably all of the ut generated during NHI-assi-
milation is extruded into the growth medium and that most of the
ammonium is assimilated in the roots.
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It is to be expected that in plants utilizing molecular ni-
trogen sources, such as urea or atmospheric nitrogen, similar pH-
regulating processes will be operative as in ammonium-fed plants
since nutrition with one of these molecular nitrogen sources coin—-
cide with an alkaline nutrient uptake pattern {section 1.4} and
both nitrogen sources are most likely to be assimilated in the root
tissue. In order to provide a contribution to a better understand-
ing of pH-regulation in relation to the form of nitrogen nutritionm,
long-distance transport of nitrogenous solutes in urea—- and ammoni-
um-supplied maize plants were investigated. The results are dis-
cussed in Chapter 2. Additionally, in a study about the =xylary
charge distribution and long-distance nitrogen transport in pea
plants (Chapter 7), also effectively nodulated and dinitrogen-fix-

ing plants were taken into account.

Nitrate nuitrition

It 1s widely accepted that nitrate assimilation can oceur in
either the root or the shoot, or in both organs of the plant. The
contribution of the roots and the sheots to the total nitrogen as-
similation varies extremely with the plant species under considera-
tion (Pate, 1973). Unequivocal evidence for the distribution of the
nitrate-reducing capacity over the plant orgams 1s so far very
scarcely available in the literature, mainly because of lack of ac-
curate, simple, and confident methods to establish such a distribu-
tion. Analyses of bleeding saps for nitrate and total nitrogen pro-
vide only a rough indication, and mostly an over-estimate (Breteler
and Hinisch ten Cate, 1980; Rufty et al., 1982), of the fraction of
nitrate absorbed, which is reduced in the root tissue. Data about
the distribution of nitrate reduction over the plant organs, based
on in vive or in vitro nitrate reductase determinations in differ-—
ent plant species, should also be interpreted with caution since
the obtained results depend to a great extent om the age of the
different plant parts, thus making extremely high demands upon sam-—
pling techniques. Moreover, the nitrate reductase assays provide
only a snapshot of the enzyme activity distribution over the plant
organs, which may shift depending on plant age. Nevertheless, know-
ledge about the site of nitrate assimilation within the plant is
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egssential in order to ascertain the localization of the intracellu-
lar pH regulation in the plant.

Nitrate reduction in the roots involves both the biochemical
pli-stat and OH -ions released from the roots into the growth medi-
um. A portion of the excess OH -ions generated in the roots is
thought to be neutralized by the bicchemical pH-stat while the rest
is extruded in order to neutralize electrically the excess nutrient
anion over cation uptake. Slight net OH - or H+;production in the
shoot, associated with respective conversions of acid amino acids
and their amides or an excess of basic amino acids can be neutra—
lized by the biochemical pH-stat, similar with that discussed with
respect to ammonium assimilatioen.

The picture of pH regulation 1s more complicated in plant spe—
cies where the shoots represent the major site of the nitrate re-
duction. It is obvious that in such plants initial OH —generatlomn
and OH -extrusion are spatially separated processes. As was already
mentioned in section 1.4, nitrate-fed plants show a very wide range
with respect to the extent of alkalinity extrusion by the roots. In
quantitative terms, It appears that OH —extrusion from the roots is
of less importance when nitrate asslmilation occurs predominantly
in the shoots {Smiley, 1974). This suggestion has been confirmed by
measurements of the ratio of carboxylates to organic nitrogen in
the plant, and the ratio of OH —extrusion to nitrate assimilated
(Breteler, 1973a; Cofc, 1971; Houba et al., 1971; Israel and
Jackson, 1932; Keltjens, 1982; Kirkby, 1969; Kirkby et al., 1981).
Storage of all the organic acid anions, formed in the blochemical
pi-stat, in the shoot cell vacuoles might lead to osmotic preblems
(Cram, 1976). Some plant species are able to eliminate excess os—
motic solutes in the shoot tissue by means of precipitation in an
osmotically inactive form. Another way is the translocation of car-
boxylates in the phloem. Following the work of Dijkshoorn (1958),
Ben Zionl et al. (1971) have proposed a mechanism by which nitrate
reduction in the shoot way control nitrate uptake by the roots.
This process, which incorporates recirculation of kt within the
plant, may be described as follows (Fig. 4): kt and NOE. the ions
taken up in largest amounts by the root, are translocated in the

xylem to the shoot, where for every Nog—ion reduced an equivalent
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of malate is formed. Some of the K.+

originally accompanying this
NO; 1s then transferred together with malate via the phloem to the
root system. Here the malate Is decarboxylated, and the OH produc-—
ed is stoichiometrically exchanged for further uptake of NOE. The
k" remaining in the root, together with this NOE, is transported
upwards and the cycle is repeated. This mechanism is curreuntly pop-
ular and has acquired a position in wany textbooks on plant nutri-
tion. For the Ben Zionl-Dijkshoorn model to play a significant role
as a nitrate uptake control mechanism two conditions must be satis-
fied: (a) that nitrate reduction occurs primarily in the upper
plant parts; (b) that a considerable portion of the anlon charge
arising from the assimilation of nitrate (and sulphate) is directed
toward OH —efflux, %.é€. that nutrlent anion uptake is much In ex-
cess of nutrient cation wuptake. From their data, Kirkby and
Armstrong (1980) concluded that in Risinus communis both these cri-
teria are met. However, a recent detailed investigation of the ion-—
ic uptake balance In this plant species, together with a thorough
examination of the ionic constituents in the xylem and phloem
fluid, proved that the above conclusion was somewhat premature and
that in PFiecinus communis the recirculation scheme (Fig. 4) is only
of minor importance (van Beusichem et al., 1985). It appears that

mostly sufficient organic nitrogen can be transported up the xylem
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to account for the deficlency of organic acid anions relative to
organic nitrogen in the shoot without the need to invoke the Ben
Zioni-Dijkshoorn scheme. This 1Is consistent with results obtained
by Keltjens (1982), which clearly indicate that in a diversity of
plant species nitrate reduction in the root is sufficient to ae-
count for the OH -extrusion, without the necessity for OH —genera-
tion from carboxylates, originating from the phloem. Results of
split-root experiments with maize in which 86Rb was used as a phys-—
iological substitute for 42 (Kelt jens, 1981) and of experiments
with sorghum, in which K-contente of shoots were cousidered in re-
lation to the dry tissue-pH (Findenegg et al., 1982) confirmed the
absence of the necessity of this xXylem—phloem cation recirculation
scheme. In Chapter 7 the necessity for the operation of the recir-
culation scheme 1is tested for nitrate—-supplied pea plants. Fipal
judgement on the applicability of the Ben Zioni-Dijkshoorn model
mist still await further experimentation to clear up the precise
location of nitrate (and sulphate} reduction in plants with varying
carboxylate to organic anion ratlos in their shoots. Moreover, the
recirculation of organic nitrogen withinm the plant has to be laves-
tigated in detail because it confuses xylary partitioning of ni-
trogenous compounds as a measure for the fraction of absorbed ni-
trate that 1s reduced in the root. Recent reports (Simpson et al.,
1982; Lambers et al., 1982) indicate that in wheat organic nitrogen
recirculation might be substantial.
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