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CHAPTER !

INTRODUCTION

1. J. Questions

Within the discipline of plant physiology modern research in tlu-
field of ion transport is characterized by three main ques/inns:
a. By what kind of processes can inorganic ions pass biomembrnncs?
b. Through which biomembranes are they transported, to what extent ami
in what direction?
c. Which organelles are involved and to what extent?

These problems are being approached by means of several direct
and indirect methods which will be discussed in the n^xt paragraphs.
In this study emphasis will be on one of them: the localization of ions
in cells and tissues. By means of this approach we hoped to obtain more
direct information with respect to the questions mentioned under b. and
c. From these main questions several more detailed ones can be
specified, i.e.:

Which cells (tissues) are involved in the uptake of ions from the
outer medium (primary uptake)?

At which sites do ions pass the outer cell membrane (plasmalenmn)
of cells involved in primary uptake?

Are specific organelles involved in the distribution of ionn
within the cell?

By what means are ions transferred from one cell to another?
At which sites do ions leave the living root cells to enter the

•ascending sap in the dead xylem vessels (upward translocation)?
These are the main issues of this study, apart from

methodological questions.

1.2. The experimental basis of the research field

The research field of ion transport in plants is in fact much
older than the three main questions mentioned above, even older than
the notion what ions are. In fact the history of the research field
started in the time of De Saussure (1967-1845) who was the first to
publish results of elementary analysis of whole plants and parts
thereof. This work has led to several important conclusions:
a. The mineral composition of plants is usually completely different
from that of the soil solution by which their roots are surrounded.
b. Plants are able to concentrate many of the mineral elements to
levels 100 to 10,000 times those in the soil solution.
c. Many higher plants can be raised very well on aqueous nutrient
solutions.

Ever since Sprengel (1787-1859) discovered the 'Law of the
Minimum', most workers in the field aimed to determine the inorganic
requirements for normal plant growth i.e. which are the elements
necessary for plant health. This field of research is called 'mineral
nutrition'. From it the study of ion transport proper emerged when in
the thirties and fourties of this century Hoagland, Stewart and others
began to measure uptake rates in giant algal cells (Nitella), in intact
higher plants, and in (parts of) excised roots. On the other hand, the
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.-.tudy oi mineral nutrition was put into practice in agriculture
(.fertilizers, curing of def iciences).

1.3. Modern approaches, developed before 1970

In the fifties and sixties of this century the study of ion
transport in plants received strong impulses from several new
approaches. We will mention them briefly, together with some of their
inherent difficulties.

a. In 1952 Epstein and Hagen laid a solid basis for the study of
the kinetics of ion uptake by roots of higher plants. They published
the same discovery as van den Honert already did in 1937: the relation
between uptake rate and external concentration is a rectangular hyper-
bole, and, therefore, strongly suggests an analogy with the mechanisms
involved in enzyme kinetics. All these authors supposed that during
passage of the plasmalemma the ions became more or less specifically
bound to a 'conveyor belt' (van den Honert) or carrier (Epstein and
coworkers). In later years the picture became more complicated owing
to the fact that several authors, studying large concentrations ranges,
discovered at least two hyperboles. Fried and Noggle (1958) were, the
first to publish the distinction between a high affinity system
(operating at external concentrations up to 1 mM) and a low affinity
system (operating above 1 mM). They called them mechanism I and II
respectively. In 1971 Nissen stressed the occurence of several more
hyperboles. For some ions he described 5 to 7 of them.

Although the study of uptake kinetics has contributed greatly to
our knowledge, its shortcomings are obvious: it yields a very indirect
type of information about what happens in the interior of the plant.
Consequently the same observation, as, for instance, the complexity of
the concentration curves, easily can lead to completely different
explanations when different additional sets of kinetic information are
taken into account. Thus Epstein and coworkers (see Epstein 1972 p.
135-141) believe the mechanisms I and II operate in parallel in the
plasmalemma of each root cell outside the endodermis. On the contrary
Laties and coworkers (see Lilttge and Higinbotham, 1979 chapter 6)
maintain that mechanism I resides in the plasmalemma and mechanism II
reflects tonoplast transport,the high external concentrations shortcir-
cuiting the plasmalemma resistance by free diffusion. Goring and co-
workers (see Ehwald et al.1973) proposed to identify mechanism I with
uptake by the epidermis and mechanism II with similar (mech.I-type) up-
take by cortical cell layers, blurred by the diffusion resistance ofi
the cell walls (free space). Nissen still presents evidence (see Nissen
1977) for the multiphasic kinetics being the expression of one uptake
mechanism, the properties of which show discrete transitions at well
defined external concentrations of the ion involved. Finally, Bange
(1973) explains the two or more hyperboles from the interactions of
transport in the bound state and free diffusion both occurring in a
transmembrane channel with several oscillating binding sites in series.
The latter model could reconcile some main features of the Epstein
model (both mechanisms in the same membrane), the Laties model (both
mechanisms in series) and the Nissen model (multiphasic kinetics).
There is still no concensus in these matters (see Lilttge and Higin-
botham, chapter 6).
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b. I.i the sixties and seventies much experimental research was
devoted to the electrophysiological aspects of ion transport. The fact
that ions have an electrical charge and that most plant cells have a
considerable electrical potential (-50 to -250 mV relative to the
external medium) raised questions about the cause of the potential and
how the potential influences the transport of the individual ion
species. The techniques used in this approach include measurement of
the electrical potential of cytoplasm and vacuole with (micro-)
electrodes, of membrane resistances and permeabilities, and of ion
fluxes (influx, efflux and net flux). The parameters obtained are used
in theoretical equations that describe passive ion distributions over
and fluxes through a membrane. The most widely used equations are those
derived by Nernst, by Goldman (1943), and by Ussing (1949) and Teorell
(1949). In general these equations are used to determine whether an
ion species is distributed or is moving according to its electrochemical
potential at either side of a biomembrane. If not, one concludes to
'active transport',viz. the ions are pumped, at the cost of metabolic
energy, from a compartment in which their electrochemical potential
is low to a compartment in which they have a higher electrochemical
potential. However, there are many pitfalls in this approach.
1. The only limiting conditions for application of the Nernst-
equation ara that the system is in equilibriun and that the ions can
pass the membranes at measurable rates. However, they can remain far
from equilibrium for a long time when the transport concerned is
carrier-mediated and when the carrier is nearly saturated at both
sides of the membrane (Bange, unpublished). Moreover, in many cases
plant cells are not in equilibrium because sometimes they grow and
s.ometimes they are in a steady state with considerable through-flux.
Both the Goldman and the Ussing-Teorell equations have other limiting
conditions,viz. that there is a constant electrical field within the
membrane and that the ions pass through it independently and in the
free state. Although these conditions appear to be reasonably
satisfied in synthetic membranes, the evidence for binding to
carriers (see before) as well as for mutual interference during
membrane passage (see e.g. Hope and Walker 1975, and 3.2.1.2.) create
serious doubt about their applicability to biomembranes.
2. Ion concentrations in the cytoplasm and in the vacuole measured
directly by chemical analysis, as in giant algal cells, or indirectly
by tracer exchange kinetics (see below) can differ from ion activities,
especially in the cytoplasm (Ling 1962). Yet it is the latter para-
meter that has to be used in the equations.
3. An implied condition of the biophysical approach is that the
structure of the cytoplasm is irrelevant with respect to ion transport.
Evidence has been presented in contradiction to this view (see below).
Collapse of the labile physico-chemical state of the cytoplasm as
result of the application of biophysical techniques (Ling 1962) would
invalidate a priori the conclusions attained in the approach.

Especially for the cations the electrochemical approach and
the carrier hypothesis are far from reconciled. For the anions active
and thus mediated transport is generally accepted.

c. With respect to the role in ion transport of (major) cell
organelles MacRobbie and Dainty (1958) and Diamond and Solomon (1959)
introduced a new approach. They studied the kinetics of tracer efflux
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possible with labelled ion solutions. In 1963 Pitman applied the
technique to the roof tissue of higher plants. In general, the efflux
curves revealed three phases that tentatively were identified with
efflux from three compartments in series, viz. the free space, the
cytoplasm and the vacuole. This finding led to some lack of attention
for the possibility of a more specific role of cytoplasmic structue in
the ionic relations of the cell. Nevertheless, Lii'ctge and Paiiaghy
(1972) as well as others published unexpected deviations from the
usual pattern of exchange kinetics indicating a more complex compart-
mentation. Moreover, Bange and coworkers (see e.g. Bange 1978) derived
evidence from the kinetics of uptake by salt-starved ('low-salt')
barley seedlings that uptake by higher plant roots does not conform to
the requirements of a strictly serial model. Furthermore, in some cases
the correctness of the identification of the kinetic compartments with
cytoplasm and vacuole may be questioned (Bange 1979). Obviously, the
possible mechanisms of membrane passage, as discussed under a. and b.,
are irrelevant to the conclusions from this approach and thus the
latter form an independent amount of evidence.

1.4. The state of affairs at about 1970

At the start of my study in the beginning of 1970 the methods
discussed above were the three main approaches to the problem of ion
transport. The biochemical approach was still virtually lacking,
despite the progress in the elucidation of the mechnisms involved in
Na and K transport in animal systems since Skou (1957) discovered
the Mg2+-stimulated Na+-K+-ATPase. The proton pump connected with
redox chains in the inner membranes of mitochondria and chloroplasts
(see Mitchell 1961), also offered a model for the transport of
nutrient ions across plant membranes but apart from the still
hypothetical carriers (see above) biochemistry of ion transport in
plants lay fallow.

Several attempts had been made to use another approach, viz. the
localization of ions in plant cells and tissues (see I.I.I.). Almost
without exception the technique used was autoradiography, preceded
by freeze substitution (e.g. Russell and Sanders 1947) or freeze
drying (e.g. Branton and Jacobson 1962). Because of the suitability
for autoradiography of the radioisotopes 32p5 35s, ̂ Ca. and 47pe> the
ions studied were almost without exception di- or trivalent like
phosphate, sulphate,calcium and iron. Virtually no successful attempts
to localize monovalent nutrient ions in plants at the cell or tissue
level had appeared up to then. For a summary of these approaches, see:

Luttge 1972.
In 1962 Komnick proposed to localize Na+ and Cl~ in cells and

tissues by precipitation with heavy counter ions, viz. with Sb(0H)6~
and Ag+ respectively, during conventional fixations for electron-
microscopy (EM). Thus he made use of the principle on which all
contrasting and staining techniques for EM rest: the introduction of
heavy elements that provide contrast by their effective deceleration
and deflection of the electrons in the beam of the EM. Komnick and
coworkers obtained suggestive electron images of the distribution of
precipitates in high-salt animal tissues (salt glands of sea gulls,
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and Komnick 1963) but up to 1970 other publications were
scarce for animal tissues and virtually lacking for plant material.

By that time the first results of the application of a
relatively new technology on ion localization in plant tissues were
to emerge. A few years before Lauchli and Schwander (1966) had
described techniques for preparation of plant materials for X-ray
microanalysis. After freeze drying or (in later work) freeze
substitution with dry ether (see Lauchli et al. 1970) they were able
to study the elemental composition of ultrathin sections in areas
as small as about 35 u^. Nevertheless, it would take several more
years before the combined improvement of spatial resolution, spectral
resolution of the X-rays, and sensitivity as well as commercial
availability widened the perspectives for the use of the X-ray
microanalysis. By now many combinations of different techniques for
X-ray generation (X-ray fluorescence, electron probe, ion probe),
different types of X-ray analysis (wavelength dispersive by crystal
spectrometers and energy dispersive by semiconductor detectors), and
many electron microscopical techniques, viz. conventional trans-
mission (CTEM), scanning (SEM), scanning transmission (STEM), are
commercially available.

1.5 The present study

In 1969 the Ion Transport Research Group at the Botanical
Laboratory, Leiden, studying already for years the uptake kinetics of
monovalent nutrient ions by roots of higher plants, decided to
explore in addition the possibilities of ion localization in plant
cells and tissues. So the study of localization of these ions was
entrusted to me. Some preliminary studies were already in progress at
that moment. They were based on the idea that especially the sub-
cellular localization in the EM might benefit from the availability
of heavy element ions that are taken up and translocated by plant
cells in the same way as macronutrient ions. The first aim was to find
a suitable electron dense analogue of potassium, that could function
as a 'visible' tracer of K in the plant. Rubidium and caesium were
already known to be rather good substitutes of K+ in many living
organisms but, just as of K+ itself, no salts of these ions with a
very low solubility constant are known. From some more recent
publications it appeared that in some respects the monovalent thallium
ion (Tl+) could mimic the behaviour of K+ in certain biological
systems. Because its (average) mass number is 204 and several thallous
salts with a very low solubility constant are known, this ion might
provide a useful tool for localization. The first thing to do was to
establish to what extent Tl+ could serve as an analogue of K+ in
barley (Hoi'dewn Vulytu'e L.) which was the main experimental object
of the research group. After the first experiments of this kind I
entered the group and helped to complete the study (Paper I).

Then research on the techniques followed. Existing techniques like
freeze substitution, freeze drying, precipitation and combinations of
them were studied. Later a new technique was developed.

We soon realized that for good localization two essentially
independent conditions must be fullfilled.
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a. Immobilization. The ions to be localized must remain where they are
at the moment localization is wanted. The difficulty in satisfying this
requirement for inorganic ions is obvious when their mobility in water
or aqueous solutions is realized. Diffusion of relatively large
amounts of ions over distances equal to an average root cell diameter
can be a matter of less than a hundredth of a second. Thus any attempt
to immobilize ions artificially, unless extremely quick, is tk omed
to failure because diffusion artifacts will inevitably occur.
b. Visualization. At the end of the localization procedure Lhe ions
must be detectable. Also this condition forms an important obstacle
since inorganic ions are invisible by direct means.

It is a pity that so many authors, working on ion localization,
seem not fully aware of these simple but hard to fulfill requirements
of the technique. In fact, in many publications they are neglected

I altogether. So,after some preliminary experiments, we decided to
accompany all localization experiments with quantitative studies on
the fate of the ion involved.

With respect to the physiological interpretation of localization
results there is another objection against many published studies.
Because any final picture showing the distribution of an ion species,
necesstrily is a snapshot of a dynamic system, it is not always easy to
determine from these distributions where the sites of high activity
are and iu what direction these activities proceed (see e.g. Lilttge
1972). Therefore, «c ^fided to relate all localization studies with
kinetic data, in order to n^ve a more detailed information about the
stage transport is in.

Initially the main physiological questions that were on our
program, concerned cell compartmentation (see 1.1.1.). Their solution
required localization at the subcellular level. However, apart from
one successful attempt (Paper II), the techniques used appeared to
be more or less unsuitable for the purpose. Several existing techniques
could be unmasked as highly unreliable (Paper IV) and the newly
developed technique (Paper III) eventually appeared to be only useful
at the cell and tissue level; this was due to bad tissue preservation
(Paper III) and sometimes to diffusion artifacts (Paper VI). Therefore,
in the course of the ycais emphasis was shifted towards the tissue
level where several questions awaited solution. These included: 'which
cells (tissues) play a role in absorption of ions from the external
medium?' (Paper V), and 'how does the loading of a low-salt root
proceed between the start of uptake and the onset of upward
translocation?' (Paper VI). Nevertheless, all results appear to have
implications at the subcellular level. Together they strengthen the

I evidence that special transport organelles are involved in intra- as ••
j well as intercellular transport.

j
i
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CHAPTER 2

MATERIALS AND METHODS

2,1 General

2.].] Plant material

Abcut one week old seedlings of barley (Hovdewn vulgave L.) were
used throughout. For many years this material has proved to be a
suitable object for ion transport studies in our as well as other
research groups. Its main advantages are:
a. easy purchase of seed of known origin from commercial breeders or
distributors
b. high percentage of germination (in general)
c. easy culture of large numbers of plants on a small surface
d. rather stable properties with respect to ion uptake and translocation,
at least with the same cultivar
e. small cotyledon, that becomes exhausted within about one week and
thus plays no significant role as a source or sink for mineral ions
f. thin supple roots, that remain relatively undamaged when forced into
small compartments or when manipulated from one compartment to another
g. a vast amount of experimental results has been obtained by our as
well as other research groups providing a general and sometimes
specific context for localization studies

Three cultivars were used,viz. Herta, Effendi, and Pirouette. Most
experiments were performed with plants raised on dilute (10~4 M)
•CaSO, solution in the dark. The treatment results in so-called 'low-salt1

material which has a high uptake capacity. In the time curves of uptake
obtained with this type of material, often the filling of the root
cytoplasm is well discernible as (part of) a separate phase. Especially
for those experiments in which high rates of translocation of ions from
the root to the shoot were desired, plants were raised on a dilute
nutrient solution under a light-dark regime during the second half of
the culture period (Hooymans 1968). However, they were always
transferred to a dilute CaSO^ solution 24 h prior to the experiments.
During this period most of the K+ and Cl" ions taken up are trans-
located to the shoot leaving the roots low in these elements. For
details, see papers I through VI.

2.1.2. Uptake of ions

In general, whole root systems were allowed to take up the ions
concerned by immersion in ample amounts of well-aerated solution,
thermostated usually at 25 ° C. When only accumulation in the roots was
studied, batches of excised roots were used. For studies on upward
translocation plants were raised on plastic grids that were placed on
top of polyethylene bottles completely filled with uptake solution.
It should be noted that accumulation in excised roots is usually the
same as in roots of intact plants (see paper VI, Results, table 4).
In experiments in which high specific activities of label had to be
used (most localization experiments), segments 1 to 5 cm long were
allowed to take up ions from small amounts of uptake medium. For
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further details, see. paper I, III and VI. Uptake experiments wi th
significant deviations from the general scheme are described in paper
II (successive uptake of Tl+ and I"), paper IV (uptake of Cn2+ during
several days) and paper V (uptake from solutions with low osmotical
potential).

The ions used were K+ incidentally, see paper VI) and its
'physiological isotopes' Tl+ (papers I, II, III and VI), Kb+ (papers
Y and VI) and Cs+ (paper VI); furthermore Na+ and, m tin- s.uno
localization study, Ca^+ (paper V) and the anion T~ (paper II). For
a quantitative comparison of uptake of K+, Rb+, Cs+ and Tl+. *a<
3.2.1.2.

2.1.3. Radioisotope techniques

For most experiments we made use of the radionur1ides " N a , tJ('a,
8 6Rb, 137Cs and 2 ° 4 T 1 . Incidentally I25I was used. All isotopes w. re
obtained from the Radiochemical Centre, Amersham, UK. With the
exception of *^C\ all radioisotopes could be measured in an automatic
Y counter notwithstanding the fact that several of them do not emit
Y radiation proper. Although ~2 Na has a proper Y radiation (1.28 MeV,
99%), it can be measured about ten times more efficiently when selecting
for the energy of the annihilation radiation of the emitted positrons
(2 quants of 0.511 MeV per positron, emitted in opposite directions,
yielding an efficiency of abr.ut 20%). Rb is a regular t omit tor
(1.08 MeV, 9%) with which a counting efficiency of about \7- is ob-
tained, '25i has a very soft 1 radiation (35 keV, 7%) but the doray

I or

via electron capture results in the soft X-rays of '13'1V (about. ')("< koV,
over 100%). Especially the latter yields a counting efficiency of
about 20%. -"'Cs itself has no Y radiation of its very short living
daughter l37mBa (0.66 MeV, 86%) yields an efficiency of about 107.
204TI also has no y radiation but its decay is partially (2Z)hy electron
capture. The X-rays of the resulting daughter 204Hg (70 keV, 1007)
yield a counting efficiency of about 1%. Isotope contents of fluid
samples and plant material were measured without any special proiossing.
However, attention had to be paid to identical geometry and self-
absorption of the sample. This was achieved by making up ,i 11 liquid
and plant samples to the same volume with water in the same typo oi
counting vial. 86Rb was the most and 22fta the least sensitive io
variation in geometry. All isotopes used have a moderate io long
half-life (60 d to 30 y) except for 8 6Rb. The shortness of its half-
life of 18.7 d implies that in old stocks the radiochemical l 3 7Cs,
present as impurity, becomes lclatively important.

U5Ca emits only fci particles (Em£lx = 0.25 MeV, 1002) and hod to
be counted in a liquid scintillation counter, after digestion of
the tissue with NCS Tissue Solubilizer (Amersham/Searle, Arlington
Heights, III., U.S.A.). Sometimes automatic quench correction appeared
insufficient. Then a manual correction was superimposed (for details
see paper IV).

Adsorption of isotopes onto vessels was minimized by using plastic
or pyrex glass containers. If necessary, absorbed amounts were
measured directly or after desorption (for details see e.g. paper III).
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Labelling was always isotopical except for K because this element
lacks suitable radioisotopes; it was labelled with °°Rb. When added in
negligible amounts, this nuclide is a perfect tracer of K+» at least
in the uptake and translocation processes studied in our work (see
paper VI, Results and Discussion).

Specific activity in kinetic experiments was about 5.109 to 10''
Bq.mol"' (about 0.1 to 3 Ci.mol"'); for autoradiography higher specific
activities, up to 2.10*3 Bq.mol"1 (about 500 Ci.mol"1) were used. For
further details,see papers III through VI.

2.1.4. Electron microscopy

2.1.4.1. Standard procedures
Fixation: about 2 h in 3% glutardialdehyde (GDA), buffered with

50 mM phosphate (pH 7.4) at 0 °C.
Rinsing: 3 times, 10 min each in buffer at 0 °C.
Postfixation: about 1 h in 1% OSO4 buffered with 50 mM phosphate at
0 °C.
Rinsing: 3 times, 5 min each in buffer at 0 °C.
Dehydration: either stepwise in ethanol or acetone 30, 60, 80, 90, %
and three times 100% for 5 min each (at about 90% the temperature
was raised from 0 °C to room temperature) or continuously according
to Sitte (1962): about 20 root segments, 10 mm long, were put on a
small watch glass together with 0.3 ml buffer in an evacuated exsiccator
over dry ethanol or acetone for 2.5 h at room temperature.
Embedding: 3 times treatment during 20 min. with epoxypropane followed
by gradual infiltration with epoxy resin mixture either after Luft
1961 (Epon) or after Spurr 1969 (ERL). The infiltration steps were
25, 50, 75, and 100% each for 20 min. Then treatment during 1 h or
one night with resin mixture followed. Final embedding was in flat
embedding molds. Curing lasted for 8 h at 60 (Epon) or 70 °C (ERL).
The cells of the mature root cortex,which contain a large vacuole
(90 to 95% of the cell volume), appeared to be extremely sensitive to
'osmotic' effects during infiltration; the obvious cause is that the
small epoxypropane molecules diffuse faster outward than the resin
components inward. Most of the times this resulted in shrinkage of
the tissue, which was sometimes dramatic and only partially reversible.
With the low-viscosity, low-molecular weight ERL mixture results were
usually better in this respect.
Cutting: with glass or diamond knives with water-filled through as
usual: ultrathin sections were transferred to mesh or one hole copper
grids covered with a film of Pioloform (kindly provided by Wacker
Chemie, Innsbruck, German Fed. Rep.).
Staining: several standard procedures of uranium and lead staining were
used.
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2.1.A.2. Adaptations to localization
For ion localization the standard procedures were adapted to the

specific needs of each study. In general the alterations included:
a. change or partial change of the fixation step by procedures that
reduced the risk of diffusion artifacts. They included freeze
substitution and precipitative freeze dissolution (see 2.3.1. and
2.3.3. respectively). For the sake of comparison some widely used
precipitation techniques were used (after Komnick, 1962; see below).
OsO^ post-fixation was usually omitted in order Lu avoid confusing
contrast.

b. addition of compounds that could prevent redissolution of
precipitates to the solutionsused for fixation, rinsing, dehydration
embedding and collection of the sections in the knife trough. They
included buffers, salts with one ion in common with the precipitates,
and reducing agents.
c. omission of poststaining, also to avoid confusing contrast.
For details, see papers II through VI.

2.2. Immobilization of ions

2.2.1. Simple precipitation techniques

2.2.1.1. The Komnick technique
Techniques in which inorganic ions are localized in cells and

tissues by precipitation with other ions, have a long history. In 1894
Stahl tried to localize the sites at which the water of the
transpiration stream in plants leaves the leaves. He supposed the salts
that are carried along with the stream,to become accumulated at these
sites. He applied artificial salt solutions to the cut base of
transpiring leaves. The ion with which he happened to be successful, was
Tl +, the same ion we made extensively use of (papers I, II, III and VI).
He succeeded to demonstrate accumulation of Tl+ in the guard cells of
the stomata after infiltration of the leaf with a concentrated common
salt solution. This resulted in microcopically visible T1C1 crystals.
Only much later, after Maercker (1965) had reproduced Stahl's results,
his explanation appeared wrong. By some elegant experiments Pallaghy
(1972) elucidated the true cause of this localization pattern: Tl+,
behaving as a physiological isotope of K+ (c.f. paper I), is shuttled
back and forth between the guard and the companion cells of the
stomatal apparatus upon opening and closing of the stoma.

As mentioned in the introduction, the publications by Komnick and
coworkers (e.g. Komnick 1962, Komnick and Komnick 1963 and Komnick a;,d
Bierther 1969) reported the subcellular localization of Na+ and Cl~.
The method was very simple. The ions were precipitated during
conventional fixation procedures. For Na one of the very few anions
yielding a slightly soluble salt, viz. antimonate was used; for Cl~ the
trivial Ag + ion was chosen, each as addition to an osmium fixative.
Precipitation was supposed to occur simultaneously with fixation of
the tissue. Well discernible and finely dispersed precipitates were
visible on the photographs the distribution of which suggested reliable
localization. Moreover the results of some control experiments with
gelatin blocks appeared positive except for full specificity.
Nevertheless Kotnnick warned against overoptimism.
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In the early seventies a vast number of publications, in which the
method was used, began to appear. The use of antimonate for
localization of Ca^ and other ions also became established. By 1979
over 400 researchers appeared to be actively interested in the method.

Although fearing some diffusion artifacts, we started some
preliminary experiments in 1971. The results were doubtfull. Because of
the increase in the number of publications, we completed the study in
1977/1978 with some final quantitative experiments. In general the
antirconatc technique of Komnick was followed. In some experiments
modifications according to Tandler et al.(1973) were used.

Root material, after uptake of Na+ or Ca2+, was cut into 1 cm long
segments which were immersed for 2 h in a fixative containing 2%
KSb(0H)6, 1% OsO/ and some acetic acid (pH 7.4), at G °C sfter Komnick
(1962). Alternatively immersion was at 0 °C in an aqueous solution of
2.4% antimonate only which had a pH above 9. This treatment was
followed by a post-fixation with 1% unbuffered OsO^ (Tandler et al.
1973). Both techniques were followed by standard EM procedures. For
details,see paper IV.

Essentially the same approach appeared necessary in a localization
study of Tl+ (paper II, see note 13). After uptake of Tl+ root segments
were treated for 3 h at 0 to 4 °C with a fixative containing 5 or
50 mM Nal, 3% GDA and 50 mM phosphate buffer (pH 6.8). Again standard
EM procedures were followed with due precautions against redissolution
of the Til precipitate formed. For details see papers II and III.

2.2.1.2. In vivo precipitation
Tl+ and 7.~are both absorbed by living plant roots, Tl+ as analogue

of K+ (see paper I) and I~ probably as substitute for Cl (see paper
II). Since Til is very poorly soluble (K^O0 = 3.6xlO"8), we expected
precipitates to be formed within the root cells after both ions have
been absorbed. The significant difference with other precipitation
techniques is that these precipitates will be formed at sites where
the an- and cations are brought together as result of physiological
processes.
Two approaches are used:
a. Simultaneous uptake of both ions
Notwithstanding the low solubility product of Til plant roots are able
to absorb significant amounts of both ions from a saturated Til
solution. From kinetic experiments we found that Tl+ and I~ uptake were
about equal from a solution containing 55 uM Tl+ and 0.9 mM I". If
uptake (passage of the cell membrane) were accompanied by considerable
concentration of the ions immediately behind the membrane, precipitates
would mark the sites of entry of the ions as well as die cell compartments
possibly involved in subsequent intracellular transport. However, we
recognized the possibilities of failure of the technique. If the uptake
sites of Tl+ and I" were not in close proximity, the probability of
almost immediate precipitation would be low. If transport away from
the uptake sites would proceed with equal or higher velocity than
uptake itself, uptake sites also would not become marked. In both cases
the precipitates could be expected to be formed at other locations in
the cells.

Although many experiments were carried out, qualitative (EM) as
well as quantitative (tracing by means of dual labelling technique),
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the results remained negative. From all experiments taken together we
concluded that the amounts of precipitate formed were very small and
variable. The position of the few precipitate grains seen in the EM
was meaningless to us. So this approach will not be discussed further.
However the next approach as well as localization studies on
plasmolyzed material (see 3.2.3.) yielded information with respect to
intracellular transport routes and to the distribution of uptake sites
respectively.
b. Successive uptake of both ions.
The cytoplasm of barley root cells was saturated with Tl+ after 4 h of
uptake (cf. paper I). After 1 min rinsing with demineralized water
the roots were immersed into a I" containing uptake solution for 30
min. After "." uptake the roots had accumulated many very small and
yellow precpitates of Til. Root segments were prepared for the EM with
due precautions against redissolution of precipitates. For details see
paper II. Considerations with respect to the expected precipitation
sites were roughly the same as for alternative a.

2.2.2. Quenching

As stated in the introduction, artificial immobilization of ions
for localization studies should be rapid. Up till now the technique
that is regarded as the most rapid and safe one, is quenching
(extremely rapid cooling of the specimen down to temperatures at which
recrystallization of ice is negligible, i.e. well below 100 °C). The
aim of the quenching technique is to stop all dynamics of the living
system, including ion transport, thereby avoiding artifacts including
dislocation of ions and other substances. Quenching was applied to 1 cm
long root segments that had absorbed ions before or after excision.
They were quickly and carefully blotted. Usually they were immersed
individually, sticking to a small strip of aluminum foil, by a rapid
movement into the quenching fluid. Three fluids were used.
a. Boiling nitrogen (-196 °C). As it boils,it forms a layer of vapour
with relatively low thermal conductivity around warmer objects.
Therefore cooling is relatively slow, depending on the dimensions of
the specimen. In 0.8 mm thick glass capillaries Mazur and Schmidt
(1968) measured cooling rates up to 5000 °C. min . The cooling rates
within our specimens (0.3 to 0.4 mm in diameter) are probably in the
same order of magnitude. On the one hand the smaller dimensions and
the higher thermal conductivity would provide for a higher cooling
rate, on the other hand the specific heat of our material is
significantly higher than that of glass.
b. Melting isopentane (- 159.9). Despite its higher temperature this
coolant yields a higher cooling rate than boiling nitrogen (Winckler
1970) because of a better contact with the specimen. A disadvantage of
isopentane is that, when subsequent procedures are in aqueous
solutions, it forms a hardly soluble layer around the specimen.
c. Melting Freon F 12. This coolant can simply be prepared by leading
it as a gas or as a fluid through a tube cooled by boiling nitrogen. In
relatively large specimens (2.3 mm thick) it yields a cooling rate
about twice as high as that obtained with boiling nitrogen (Jarvis et
al. 1973). It disappears as a gas above -29.7 °C (at ordinary
pressure).
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Coolant a. (papers III, IV) and b. were used first, later c. was
used (papers V, VI).

2.3. Intermediate cryotechniques

2.3.1. Freeze substitution

In an attempt to localize Tl at the subceliular level without
the use of precipitants, root segments, after uptake of Tl+ and
quenching, were transferred to either acetone or ethanol with dry
MgSO^ at -79 °C (solid CC^-acetone slush). The vessels were gently
shaken for 6 days. During this period the substitution fluid was
changed two times. Alternatively the segments were transferred to a
ethanol-acetone mixture (4:1) at-130 °C in a freeze substitution
apparatus after Persijn et al. (1964) (slightly modified). Incubation
was for 9 days and the substitution fluid was changed 3 times.

After these procedures the segments were transferred gradually to
ERL at room temperature as described under 2.1.4. The results were
negative, i.e. no contrast that could be attributed to the presence of
Tl was visible in the electron microscope and, therefore,will not be
discussed further. We only want to mention the observation that, at
both substitution temperatures, damage due to recrystallization of the
ice was found, especially in the nuclei. Only after substitution at
-110 °C a narrow zone of about 10 ym wide at the periphery of the root
remained virtually free of ice crystal damage. There the plasma
constituents had a very fine granual appearance and membranes were well
discernible. Contrary to the results of conventional fixation the shape

. of the cells, as well as of the vacuoles, was smooth and rounded after
substitution at both temperatures.

2.3.2. Freeze drying

This technique was used in an attempt to localize Na+ at the
tissue level (autoradiography). After uptake of Na+ labelled with
22Na by excised roots, segments were cut and quenched in melting
isopentane on the specimen-stage of a Speedivac Tissue Dryer TD-2
(Edwards High Vacuum Ltd. Crawley, Eng.). The specimen-stage was
transferred quickly to a drying chamber of the apparatus that was
already cooled with liquid nitrogen and that contained some solid
paraformaldehyde. Subsequently the specimen-stage was thermostated at
-45 °C under application of a pressure of about 5 Pa. After about 10 h
of constant pumping the pressure fell to 1 Pa, indicating that freeze
drying was completed. While pumping was continued, the drying chambers
were allowed to attain room temperature. Then the connection with the
pump was cut off and the chambers were wanned to 65 °C for 15 h for
paraformaldehyde fixation (Gersh et al. I960). Quick transfer of the
specimens to xylene at room temperature and application of a pressure
of about 5 mm Hg resulted in effective immersion of 20 to 50% of the
segments within a few hours. These segments could be embedded in ERL
without difficulty. 3 ym thick sections were cut with glass knives and
collected on water or ethylene glycol. To estimate the extent of
dissolution of Na from the sections in these fluids the sections
remained for 5 to 30 min on the surface of the fluid.
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2.3.3. Precipitative freeze dissolution (PFD)

We developed this technique in an attempt to combine quenching,
which is probably a good immobilization technique, with precipitation,
which provides easy visualization of the ions concerned. Initially we
aimed to use the technique for localization at the subcellular level
(EM), later it was used at the tissue level (autoradiography). We
tried to localize the following ions: Tl+, Rb+, Cs+, Ca2+ and Na+.
Experiments with Cl~ arc in progress.

Before or after uptake of the ion concerned by the roots (either
excised or of intact plants), segments were cut and quenched in boiling
nitrogen or melting Freon FI2 (see 2.2.2.). The frozen segments were
transferred to a concentrated solution of a precipitant. This PFD
solution was thermostated slightly above its melting point, thus
enabling dissolution of the tissue ice. The rationale of the technique
is that the concentration of the precipitant at the boundary between
the PFD solution and the frozen tissue can only fall slightly below
its bulk concentration. As the ice dissolves, the boundary moves
centripetally into the tissue at a rate dependent on the difference
between the melting point and the actual temperature of the bulk of
the PFD solution. In the boundary layer the ions that become liberated
from the dissolving ice, meet a high concentration (over 1 M) of the
precipitant; thus precipitation must be almost immediate.

The following precipitants were used:
for T1+:

Nal or vso

(NH4)2S,
(NH4)2Se,
Na3Co(N02)6»

for Na+:
KSb(0H)6,

for Ca2+:
KSb(OH)e,

for Rb+:

(20 °C) Til = 3.6*10"8 (Korenman 1963)
Tl2Cr04 = 2-I0~12 (Korenman 1963)
T12S = 6.3-10~23 (Gamsjager et al.
Tl2Se = 6.9-10"27 (Korenman 1963)

for Cs+

Na3Co(N02)6,

20
25
20
20

20

20

20

25

1966)

Tl3Co(N02)6 = 1.4-10"
15 (Korenman 1963)

NaSb(0H)6 = 1.4-10"6 (Weast 1977)

Ca[Sb(0H)g]2 = ± 10~
8 (Klein et al. 1972)

Rb3Co(N02)6 = 5.1«1O~
17 (Stephenand Stephen 1963 )

Cs3Co(N02)6 = 3.5«10"
16 (Sillen 1964)

Usually the precipitant was present in the PFD solution at a
concentration of 1 to 2 M. However, because the solubility of
KSb(OH)g is only about 0.1 M (Weast 1977), the melting point of PFD
solutions containing this salt was lowered by addition of sucrose
(see paper IV). The Se^~ concentration in the PFD solution was unknown
(saturated Se solution in 20% (NH.)2S . In most of the PFD solutions
3% GDA was present. In general the PFD procedure was followed by post-
fixation, dehydration and epoxy resin embedding as mentioned under
2.1.4. with due precautions against redissolution of precipitate
(see papers III through VI).
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2.4. Final localization

2.4.1. Electron microscopy

Sections were viewed and photographed in a conventional trans-
mission electron microscope to analyse the distribution of the
precipitates. The results were always compared with those of control
material that had not absorbed the ion concerned (usually untreated
low salt roots). No attempts were made at exact quantification.

2.4.2. Autoradiography

In this technique we made use of the B emission of the following
isotopes. ,-

Ca 100% decay via ^-emission with E^x =0.25 MeV
Of.

Rb 91% " " " " = 1.77 MeV
9% " " " " = 0.77 MeV

134Cs 71% " " " " = 0.66 MeV
1% " " " " = 0.41 MeV

28% " " " " =0.09 MeV
2O4T1 98% " " " " =0.77 MeV

Autoradiograms were prepared from epoxy resin embedded material.
Sections, 3 to 6 um thick, were cut dry with glass knives. Within
a few seconds they were glued onto glass slides with chrom-alum-gelatin.
They were covered with wet Kodak AR-10 stripping film that was
• subsequently dried. To prevent redissolution of precipitate from the
sections the film was imbibed with a saturated solution of the
precepitate concerned. Alternatively the stripping film was applied
dry (see paper V, materials and methods). Replicate preparations were
exposed at 4°C for different lengths of time in order to obtain
sufficient blackening of the autoradiograms. A rough preliminary
estimate of exposure time was derived from the isotope content of the
tissue block from which the sections were cut. Development was in
Kodak D19; photography was with bright field illumination for analysis
of silver grain distribution, and with phase contrast illumination
for tissue morphology. No attempts were made at exact quantitative
analysis. For further details, see papers III through VI.

2.4.3. X-ray microanalysis

The rationale of this technique is that high velocity electrons
expel electrons from perinuclear orbits, thereby yielding X-rays
tliaL are characteristic for the parameters of these orbits. Thus for
each element in the irradiated area the characteristic X-ray spectrum
results from the impact of the electron beam of any electron microscope.
We used an electron microscope in the conventional transmission mode
(CTEM). It was equipped with an energy dispersive X-ray analyzer,
which displays X-ray spectra of the contents of the irradiated area.
The analyzer was connected to a computer that was programmed with
commercial analyzing programs. We used this technique for the analysis



of the distribution of sodium, calcium, and antimony in ultrathin
sections of plastic embedded roots. For resolution of the overlapping
peaks of Ca and Sb two techniques were developed. For details, see
paper III.

I



25

I

CHAPTER 3

RESULTS AND DISCUSSION

3.1. The localization techniques

3.1.1. The Komnick technique

This technique, in which a precipitant is added to a conventional
fixative, was applied to three different ions. The fate of Na+ and
Ca with respect to permanent immobilization was studied in the
widely used antimonate treatment (Komnick 1962). The same approach was
used in attempts to precipitate Tl+ with iodide.

Irrespective of several variations in the antimonate treatment
as well as in the Na+ content of the tissue (up to 50 ymol.g""')
virtually all Na+ had left the tissue long before the end of the
procedure. The time curves of Na+ loss strongly suggest that anti-
monate alone does not notably penetrate through the plasmalemma.
However, when penetration is facilitated by other additives, no
precipitation results. X-ray microanalysis confirmed the absence of
Na . Certainly supersaturation of the sodium-antimonate solution
within the tissue was considerable and rendered the technique value-
less, at least for barley roots. Even if (in other objects) super-
saturation were less serious due to the occurrence of heterogenous
"nucleation, the technique would yield highly unreliable results for
Na+ localization (see paper IV).

For Ca^+ the results were different. At the start of the anti-
monate + osmium treatment 20 to 25% of the tissue calcium was lost but
losses during the rest of the procedure were low to negligible.
However autoradiograms of the embedded tissue showed that during the
procedure most of the Ca had moved towards the surface of the root.
This indicates that the penetration of the fixative, with concomitant
disturbance of permeability barriers (membranes) as well as of
intracellular adsorption sites,proceeds much more rapidly than the
penetration of antimonate. The rapidity of the disturbing action of
OsO^ is illustrated by the first parts of the time curves of Na+

and Ca+ loss. Incipient precipitation of Ca[sb(OH)^]2 near the surface
of the tissue probably is followed by centrifugal diffusion of Ca2+

from dying cells, leading to continued precipitation near the tissue
surface with antimonate from the medium. Subsequent X-ray microanalysis
showed tha* the specificity of antimonate precipitation is so low that
the distribution ot SI hardly correlates with that of Ca (for details,
see paper IV).

When Tl+ is precipitated with iodide during fixation with GDA,
most of the ion appeared to remain within the tissue. Only 4 to 8% was
lost. However, also in this case electron microscopy revealed serious
dislocation. This suggests that almost the whole Tl content of one
cell, or even more, became precipitated in one conglomerate against
the abaxial boundary of the cell. These results are in sharp contrast



26

with the much more homogeneous distribution obtained after
precipitative freeze dissolution (see 3.1.5.). Most probably the same
phenomenon as described above for Ca+ dislocation is involved here,
though at a smaller scale. (For details see paper III and paper II,
note 13). This case study, and to a lesser extent that of Ca^+,
demonstrates that absence of significant losses during immobilization,
is a necessary but insufficient condition for reliable
localization.

In short, the Komnick technique should be regarded as highly
unreliable. All three precipitation reactions studied revealed
serious dislocation artifacts. Of course we cannot preclude, that
some precipitates are rightly localized but our results suggest that
such events have a rather low probability. Moreover, application of
another more reliable technique to the same material would be necessary
to evaluate the results obtained. Otherwise one has to depend on
indirect arguments or even speculation.

3.1.2. In vivo precipitation

The fact that both Tl+ (see 3.2.1., paper I) and I" (see paper
Ip are rapidly absorbed by living roots, the first as an analogue of
K , the second possibly as an analogue of Cl~, offered the opportunity
to let the poorly soluble Til be formed in vivo, as a result of
cellular activity. As has already been mentioned in 2.2.1.2., we did
not obtain results when uptake was from a saturated Til solution, the
number of precipitates being too small. However, by successive
application of Tl+ and I" we obtained numerous precipitates (paper II).
Although some of them however may have been formed in vitro (paper II,
note 13), we were able to present evidence that the precipitates
found within the cisternae of the endoplasmic reticulum (ER) have been
formed in vivo.

The simplest explanation of this localization is that Tl+ was
(still) present in the ER at relatively high concentrations when the
I" ions were pumped in and gave rise to a supersaturated Til solution.
After the formation of a first precipitate grain at a certain site,
both Tl and I~ diffused from more distant regions of the ER towards
the grain because the concentration of both ions had become very low
there. Even if part of the precipitate should have been formed from ions
derived from outside the ER, there is still no reason to deny that the
first precipitate grains resulted from the cell activity that brought
both ions together in the ER at relatively high concentrations. Thus
in this case dislocation of ions over distances in the order of
magnitude of 1 um did not invalidate the localization but, rather,
made analysis easier.

It is improbable that the in vivo precipitation technique can be
applied to other macronutrient ions or their analogues. However, in
the study of transport of micronutrients as well as environmental
pollutants more applications may be found.

3.1.3. Quenching

As for any other immobilization technique, it is difficult to
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prove that the quenching technique in its different variations is
effective in avoiding redistribution artifacts. We only compared
quenching in boiling nitrogen to that in melting Freon F12, both
followed by PFD of Tl+ with I~ and autoradiography or electron
microscopy. We found no differences, neither at the tissue level nor
at the subcellular level. This indicates that the cooling rate in both
variations of the technique, although different (see 2.2.2.), was
sufficient to cause no more redistribution than the PFD technique. Most
probably this is due to the very small dimensions jf our specimens
which were about 0.3 ram in diameter.

3.J.4. Freeze drying

Because for Na no suitable precipitant was available (see paper
IV), attempts were made at localization by other techniques.Aiming at
the tissue level we studied freeze drying (after quenching). Tracer
experiments showed that losses during subsequent immersion in xylene
were negligible while impregnation with the fluid components of the
ERL mixture resulted in the loss of only 3 to 4% of the Na content of
the root segments. As always, such figures include the irrelevant
mechanical losses. However, even semithin plastic sections (3 ym tiick)
appeared to be readily accessible to water and, to a less extent, to
ethylene glycol. In two independent experiments losses to water djring
about 20 min were 50 to 70%; those to ethylene glycol 25 to 60%. We
have not yet screened other solvents for better results. Nagata et al.
(1969) and Lauchli et al. (1970) claimed ethylene glycol to be suited
as a trough fluid for ultrathin sectioning of materials containing
water soluble substances. Our results do not support this claim. As
described elsewhere (2.4.2., 3.1.6.), semithin sections can easily be
cut dry. However, flattening and subsequent application of a stripping
film requires the use of water. If mechanical or thermal flattening of
the sections were possible, dry application of the film (as described
in paper V) seems to be a safe alternative. We did not study this
matter further.

3.1.5. Precipitative freeze dissolution

Despite several attempts we did not succeed in obtaining better
preservation of ultrastructure than represented and described in paper
III. These attempts included variation of the composition of the PFD
solutions, both qualitative (chemical composition) and quantitative
(to obtain lower melting points and thus slower recryst^llization of
the tissue ice), as well as variation of the difference Letween its
melting point and the actual temperature (to obtain higher PFD rates
and thus to shorter, duration of rccrystallisation). We therefore had tu
conclude that the rather bad tissue preservation is inherent to the
technique. Its further use was restricted to the tissue level.

The figures for losses did not contradict reliable localization
in any of the cases studied (papers IV through VI), except for Na+ with
antimonate (paper V). In the latter case the precipitant is regarded as
unsuited (sec 3.1.1.). +

During the work with Tl , to which most of the PFD experiments
were devoted, circumstantial evidence fIT reliable localization has
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accumulated. The precipitate appeared very fine-grained with I~ or
CrO^~(see paper III) and even almost invisible in the EM after
precipitation with Se . The precipitates could be found virtually
everywhere within the cytoplasm indicating homogeneous nucleation or,
alternatively, heterogeneous nucleation at sites that are present in
abundance. Later model experiments with Tl -loaded gelatin blocks (see
discussion of paper VI) revealed in general homogeneous distributions
of precipitate and thus yielded direct evidence for reliable
localization. However, the results of Rb+ and Cs+ localization with
cobaltinitrite and, subsequently, those of Tl with the same
precipitant, revealed dislocation artifacts even at the tissue level
(paper VI). The latter have been attributed by us to the phenomenon of
eutectic thawing which certainly occurs at temperatures at which PFD
is carried out \ aper III). Alternatively, the dislocation artifacts
could be due to recrystallization of precipitates during subsequent
preparations for plastic embedding. Since shortening the whole sequence
from the 6 h of the standard procedure to less than 2 h gave the same
results, this explanation is less likely.

As stated in the discussion of paper VI, these findings imply
that also the PFD technique is not generally applicable. Nevertheless,
from the comparison of several different experiments, together with
proper controls, significant conclusions are possible (see papers V
and VI).

3.1.6. Autoradiography

45 204 134
o,Except for Ca the isotopes used in this study ( Tl, Cs,

and Rb) were seldom or not at all used for autoradiography because
they are generally supposed to be not suitable owing to their _
relatively hard (see 2.4.2.) B radiation (compare the \iax of H and

, the most commonly used isotopes in autoradiography, viz.18 KeV
and 0.156 MeV respectively, see also Liittge 1972). Although spatial
resolution has not been measured by us, the results demonstrate that
these isotopes are suited, at least at the tissue level, provided that
the tissue sections are thin. As could be expected.from their 3
energies, spatial resolution seemed highest for Cs and lowest for
3& (compare e.g. figs. 6, 7 and 9 in paper VI) and amounted to a few
microns. Thus distinction between the cytoplasm and the cell wall,
together being usually only about 1 um thick,is impossible. However,
the two compartments together are well discernible from the large
central vacuole.

Absence of redistribution during the usual wet application of
the stripping film was incidentally checked by dry application of the
film (paper V, materials and methods). Moreover distribution of the
precipitates as observed in the EM did coincide well with that of the
silver grains in the autoradiograms.

3.2. Transport of ions into, through,and out of the root.

3.2.1. The atomic-molecular level.

3.2.1.1. Physiological isotopes of K .
Since many years Rb+ is widely used to study the transport of K+
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in plants, animals and microorganisms. Its main advantages are:
a. its uptake, especially in short term experiments, is better defined
tnan that of K+ because the initial content of the tissue is zero for
Rb+ but far from negligible and variable for K+;
b. its radioisotope ^Rb is well suited for quantitative studies because
it can be counted in y as well as g counters, it has a moderate half
life, and it can be easily purchased at reasonably high specific
activity. In contrast even the best suited isotope of K ( K) is
difficult to handle because of its very short half-life (12.4 h).

We were able to add two more advantages:
c. its radioisotope °"Rb is suited for autoradiography at least at the
tissue level;

I d. it can be easily precipitated with cobaltinitrite, the solubility
constant of the salt (5.1 x 10~1^)being significantly lower than that
of the potassium salt (viz. 1.2 x 10"", Weast 1977).

However, Rb+ does not completely mimic K+ in transport processes
(see next paragraph).

For Cs+ the same holds on all points, although to a somewhat
lesser extent. It has been used much less frequently than Rb . The
solubility constant of Cs3[Co(N0)2]6 *-s more than ten times higher
than that of the Rb-salt, and the physico-chemical properties of the
ion apparently deviate more from those of K+ (see next paragraph) .

In paper I an extensive study of Tl+ absorption by barley roots
is described. Its main conclusion is that also Tl+ can be regarded as
a physiological isotope of K . Again the same advantages of this ion
over K+ can be listed including the existence of several poorly
soluble salts and its suitability for autoradiography. On the other
.hand the deviations from the physico-chemical properties of the K+

ion are so apparent that some transport processes in plants can
proceed hardly or not at all when Tl+ is the substrate (see next
paragraph).

3.2.1.2. Membrane transport mechanisms
From the kinetic experiments presented in the papers I and VI

three main conclusions can be drawn.
a. For the three membrane processes studied, viz the plasmalemma
transport, the tonoplast transport, and upward translocation, trans-
port rates invariably decline according to the sequence: K+, Rb+, Cs+,
and Tl+.
b. For the three analogues of K+ the rates of transport, relative to
that of K+, decline according to the sequence: plasmalemma transport,
tonoplast transport, upward translocation.

Together these points seem to implicate that the three membrane
transport mechanisms are biochemically related but yet somewhat
different, their specificity (discriminative power) increasing
according to the sequence mentioned under b.
c. Apart from the competitive inhibition which is the essential
characteristic of the mutual interaction of physiological isotopes,
another mutual influence can be recognized in the transport of the
four ions. For several combinations (see paper VI, discussion) it could
be demonstrated that the transport of the 'slower' ion can benefit from
the simultaneous transport at the same membrane of the 'faster' ion.
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The most striking example is given in paper I. Tonoplast transport of
Tl , which is normally slow and even stagnating, appears to be enhanced
considerably when small amounts of Rb+ are included in the uptake
solution. In this study estimation of vacuolar uptake rate was based
on the assumption that tonoplast transport starts at the very beginning
of uptake (paper I p 656 and fig 5^). Later, this assumption appeared
to be wrong. Bange (1977, 1978, 1979) found that there is a lag-phase
in vacuolar Rb+ (K+) transport of 1.5 to 3 h. We therefore recalculated
plasmalemma and tonoplast transport from the original data of fig 5^.
The result was virtually the same.

The stimulating effect described above has been explained in
paper I (p 657) from the assumption of a macromolecular carrier that
is mobile in the membrane and that is enzymatically altered at the
side of the membrane at which the ions are liberated. Stimulation
of the transport of a 'slower' ion by the simultaneous transport of a
'faster' one was conceivable from the idea that the carrier has more
than one binding site. Slow transport would result from detrimental
structural interaction of a relatively ill-fitting ion with the binding
site , resulting in a lower rate of enzymatic breakdown. This
deterioration was supposed to be relieved by binding of a 'faster'
(better fitting) ion to sites of the same carrier molecule.

Since the idea of mobile, carriers is no longer generally accepted
in the field. For several transport mechanisms models were proposed
in which specificity is tentatively explained from the particular
dimensions and other properties of pores or channels (see e.g. Lvlttge
and Higinbotham 1979). Nevertheless, the stimulation phenomenon
described above should be kept in mind when models for ion transport
mechanisms in plant membranes, are devised because it strongly
suggests a multisite mechanism (see discussion of paper VI).

3.2.2. The (sub)cellular level

With respect to the cellular ion transport many authors take
into account only three compartments, viz.the cell wall (free space),
the cytoplasm, and the vacuole, which are considered to be in series
(see introduction).

Nevertheless, several authors have put forward considerable
evidence against this model. Especially Bange and coworkers but also
other authors came to the conclusion that there must exist a more
direct connection between plasmalemma and tonoplast, providing a route
for ion uptake into the vacuole which bypasses the bulk of the cyto-
plasmic ion content. In the course of years several such pathways have
been proposed:
a. vesicles. By pinocytosis the plasmalemma can enclose extracellular
space. After movement to the tonoplast the content of the vesicles
could enter the vacuole either by membrane fusion or by (mediated)
transport across both membranes. Baker and Hall (1973) obtained some
evidence from electron microscopy that the number of pinocytotic
vesicles is correlated with the rate of ion transport. MacRobbie (1975)
gave indirect evidence for a relation between transport and cyto-
plasmic vesicles, the latter perhaps fusing with the ER.
b. The endoplasmic reticulum. This organelle forms a widely branched
system of tubes and flattened cisternae throughout the whole cell.
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There is some direct (EM) evidence for a close apposition of ER
membranes and the tonoplast (Fineran 1973). Moreover, several
authors suppose the vacuole to be formed from vesicles derived from
the ER (see e.g. Schnepf 1969). However, whether fusion of vesicles
with the vacuole continues after maturation of the cell is doubtful.
To our knowledge close apposition of ER cisternae and the plasm.ilemma
has never been described except at the plasmodesmata (see next para-
graph). It is well possible that such appositions, when occurring,
have a low probability to remain intact after fixation and further
processing for the EM. On the other hand, vesicles <--ould bridge the
gap between plasmalemma and ER (see a).

c. Mitochondria. In general the cytoplasm layer in mature root paren-
chyma cells is somewhat less than 0.5 ym thick. In many cases mito-
chondria which have about the same dimensions, can be seen clamped
between the plasmalemma and the tonoplast. Therefore, this organelle
is in a position to bridge the gap (Robertson, unpublished). However,
the delicate ionic balance between the stroma and the intermembrane
space necessary for proper functioning of respiration, renders it
less probable that large and changing amounts of different ions
pass through this organelle without interference with that balance.

In paper II we have presented direct evidence in favour of
alternative b. After in vivo precipitation of Tl and I~ we found
significant amounts of precipitate within the oisternae of the ER of
root cortical cells. Most probably both ions have been brought together
asaresultof cell physiology. Independently, Stelzer et al. (1975)
obtained similar EM pictures as the result of the Koirnick technique
for Cl~ localization. As has been stated in paper II, and argued in
paper IV, this technique must be regarded as highly unreliable. This
should not be taken to mean that all precipitates resulting from
this technique are in the wrong place (see 3.1.1.) Therefore, it is
not inconceivable that the Cl~ions were in the ER at a rather high
concentration when the Komnick procedure started. However, an
alternative explanation is that the inside surfaces of the ER cisternae
have more, or more effective, heterogeneous nucleation sites for AgCl
precipitation than the surroundings. Thus the localization obtained by
these authors *~an be regarded as a weak argument for the occurrence of
a relatively high concentration of Cl~ within the ER cisternae. For us
the unreliability of the technique was one of the reasons not to
altibute significance to the antitnonate precipitates found within the
ER in 1971 (paper IV figs 10, 11). Later these precipitates appeared
to contain no cations that were transported at a high rate at the moment
of fixation (paper IV, pp 286, 288).

Taken together, our results with Tl and I", supported by those of
Stelzer et al. with Cl~, demonstrate the presence of significant amounts
of (monovalent-) ior;S within the cisternae of the ER during transport of
these ions, and thus can be regarded as positive evidence for a role in
intracellular ion transport of this organelle. We will return to this
point at the end of 3.2.4.

3.2.3. The tissue level

Whether all cells outside the stele of the root (viz. the epider-
mal, hypodermal, cortical and endodermal cells) have about the same
capacity to absorb ions trom the external medium, has seldom been
subject of investigation. It is generally assumed that they are alike



32

in this respect. Only two authors have presented evidence against this
view (see introduction of paper V).

We tried to visualize the cells involved in ion uptake into the
root at low external concentrations (range of mech. I) by means of
localization. Our first approach, viz. in vivo precipitation of Til
after uptake from a saturated Til solution, eventually failed (see
2.2.1.2.). The second approach was more successful (paper V).

By plasmolysis of the root cells with mannitol or sucrose we
aimed to rupture the intercellular connections (plasmodesmaua) thereby
inhibiting the loading of cells that have no capacity to absorb ions
directly from the medium (primary uptake capacity). Localization of
Rb subsequently taken up, by means of precipitative freeze dissolution
and autoradiography,revealed that in the meristematic region of the
root tip all cells became loaded with Rb+ as in the controls. So in
this very small zone of the root all cells appear to be able to absorb
ions directly from the medium. However, in the mature root tissues a
different picture emerged. Cells of the epidermis and the hypodermis
were loaded as in the controls but the cortex, the endodermis and the
stele remained relatively empty. For the cortex and the endodermis
this means that they have little or no primary uptake capacity. For
the stelar cells nothing can be concluded because probably the
external medium had no access to them. Even in the plasmolyzed state
the endodermal barrier probably remains intact. Many authors observed
that its plasmalemma remains tightly attached to the Casparian
bands under circumstances under which it becomes detached elsewhere.
We observed this phenomenon repeatedly after conventional fixation.

Summarizing, we think these results mean that, during different-
iation, the cortical and endodermal cells loose most or all of their
primary uptake capacity for K+, that the free space of the root plays
only a minor, role in K uptake, that most of the primary uptake
capacity of the root for K+ is localized near the outer surface, and
that radial transport occurs predominantly in the symplasm. At present
it is unknown whether these conclusions for K+ in the concentration
range of mechnism I have a wider bearing.

3.2.4. The organ level

Apart from its function in anchoring the plant, the root serves
as an organ that collects mineral ions and water for the whole plant.
There is no doubt that ions coming from the external medium,must pass
the cytoplasm of root cells before entering the ascending xylem sap
(see 3.2.3.). Possible exceptions to this rule are found in the root
apex (see 3.2.3.) and at places where lateral roots emerge, the
endodermis being discontinuous there. However, most probably these
exceptions are insignificant.

The mechanism of release of ions to the upward sap stream has
not yet been resolved. Several hypotheses have been put forward in the
course of years (for a summary, see e.g. Luttge and Higinbotham 1979).
Host authors now agree that ions leave the root symplast at the
plasmalemma of the xylem parenchyma cells thereby entering the free
space of the stele. Whether the xylem lumina and all the cell walls
inside the Casparian bands form a homogeneous free space,or whether
there are significant resistances to the diffusion of ions within it,



remains open. Furthermore, it it; still a matter at issue whether the
passage of the last membrane is passive (Crafts and Broyer 1938,
Bowling I973a'") or active (see e.g. Lauchli 1976). Up till now the
results of different approaches have not been reconciled (see Liittge
and Higinbotham 1979).

A characteristic feature of upward translocation, at least for
K+ and Cl~, is that it shows a marked lag-phase in low-salt roots. The
phenomenon has been observed by several authors (see paper VI) but its
consequences for the hypotheses concerning the mechanism involved have
been neglected. Remarkably, the length of the lag-phase appears (almost)
independent from factors that influence the uptake rate and therefore
the cytoplasmic ion content at the end of the lag-phase (see paper VI:
Introduction). Furthermore, the end of the lag-phase can be (see e.g.
Hooymans 1968,figs I and 5) but not necessarily is (see e.g. Hooymans
1968,figs 2 and 4, paper VI fig 10) rather abrupt.

By studying the distribution of several analogues of K+ through-
out the root before and nfu-r tin1 end of the lag-phase we tried to
obtain evidence with regard to the cause of the lag-phase as well as
to the sites at which ions leave the symplast for upward translocation
(paper VI.).

With respect to the cause of the lag-phase several hypotheses
were tested. The first was related to the observation that uptake of
K+ occurs mainly at the outer rout surface (see 3.2.3.). It therefore
seemed conceivable that the concentric layers of root cells would
become successively loaded, up to a level related to the external
concentration. As a result,the ions would move in a more or less
distinct front towards the xylem vessels. The autoradiograms showed

•that the ion distribution is approximately homogeneous throughout the
root even after a short uptake time. Therefore this hypothesis was
rejected.

A similar hypothesis was based on the idea that uptake from the
medium by the root cells decreases with their distance from the root
tip. If so, upward translocation could start rather early in the
apical region of the root but the appearance of the ions in the shoot
could be delayed due to resorption of ions in the more basal root
parts. As a result the ions would move in a front from the apex to the
base of the root. To test this hypothesis primary uptake capacity of
excised basal root parts was measured. It appeared to be the same as
in intact roots. Moreover, the distribution of Rb+ over the cross-sec-
tion of the root base of an intact plant after an uptake time well within
the lag-phase, was as usual. Therefore we also rejected this
hypothesis.

Lag-phase, i n physiological processes are frequently the result
of induction phenomena. For instance, nitrate uptake by various low-
salt plants initially proceeds at a low rate. After a certain lag-time
in which the enzyme nitrate reductase, and possibly also the carrier,
is induced, uptake rate gradually increases (see e.g. Jackson et al
1973). We therefore wanted to test whether induction plays a role in
the lag-phase of upward trans Location. The two features of the
lag-phase already mentioned (viz that it can end abruptly and that its
length is independent of uptake rate) can be incorporated in an
induction hypothesis when it is assumed that uptake of a very small
amount of the ion species concerned suffices to start the induction
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process, and that subsequent processes leading to effective upward
trans location are sharply synchronized. From our experiments it became
clear that a short pretreatraent with a relatively high concentration
of K+, about 1.5 h in advance of the uptake experiment proper, did not
shorten the lag-phase at all. We therefore rejected also this
hypothesis.

As stated before, the distribution of K and analogues within
the whole root appeared approximately homogeneous at all uptake times.
Only the endodermis showed a tendency to accumulate the ions to some-
what higher levels. The fact that the cytoplasm of the cortical and
stelar cells is loaded simultaneously, implies that radial
equilibration is very rapid. Therefore, for the interpretation of the
kinetics of ion uptake (at least of K+) it means that the root behaves
in this respect as an unicellular organism. In the view of most authors
this a trivial conclusion because they start from the assumption that
diffusion in the free space is rapid and all cortical cells are
involved in uptake. Evidence has been presented that this assumption
is wrong (see 3.2.3.). Therefore, the simultaneous loading is a
remarkable feature.

With respect to the location of the mechanism(s) responsible for
release of ions to the xylem vessels, no conclusions can be drawn. The
autoradiograms revealed no qualitative differences in the distribution
of ions before and after the end of the lag-phase. Because already
after very short uptake times significant amounts of ion were found
within virtually all stelar cells, the plasmalemma of any stelar cell
could be involved.

This feature has an important implication for cellular
compartmentation because it means that, during the lag-phase, the ion
concentration within the cytoplasm adjacent to the membrane(s)
responsible for release of ions to the xylem sap, rises from the very
start of uptake. Nevertheless upward translocation starts much later.
This delay cannot be understood when the release mechanism would draw
upon a simple cytoplasmic ion pool, the more so because the same
lag-time is observed at lower external concentrations. We therefore
conclude that cellular compartmentation with respect to ion transport
is more complicated. Bange (1977, 1978) arrived at the same conclusion
for vacuolar K+ (Rb+) transport: it also starts after a lag-phase, the
length of which is about the same as for upward translocation.

As mentioned in 3.2.2. there are arguments in favour of the idea
that the endoplasmic reticulum is a more or less independent
compartment within the cytoplasm. Moreover, it probably forms a
continuum throughout the whole symplast by traversing the plasmodesmata
(see discussion of paper VI). It therefore is conceivable that it also
provides for the rapid radial equilibration mentioned above. By the
same token it could provide for interconnection of all root vacuoles
on the one hand and the upward translocation mechanism at the other.
From that the competition that sometimes is observed between vacuolar
accumulation and upward translocation also becomes conceivable (see
paper VI). However, this hypothesis leaves unexplained why the
transfer of ions from the-ER to both vacuoles and xylem vessels
starts only after equilibration of the symplast with the external
medium.
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3.3. Concluding remarks

3.3.1. Methodology

From the present study more problems than solutions with respect
to the methodology of ion localization have emerged. We were not able
to divise a generally applicable technique, neither at the subcellular
nor at the tissue level. The conclusions with respect to ion
distribution in vivo had to be drawn from careful comparison of
different techniques arid proper control experiments. Our main
conclusion is that ion localization in living organisms remains
difficult and that simple approaches to the problem are seldom
successful. At the moment the most reliable existing techniques are
based on quenching, further improvement of which was recently proposed
by Moor and coworkers (see Gross et al 1976) through simultaneous
application of low temperatures and high pressures. The advantages and
disadvantages of this technique, which is far from simple, await
further study. As an intermediate procedure between immobilization and
final visualization, both Appleton and Christensen (see Appleton 1974)
were the first to study the possibilities of dry ultrathin sectioning
at temperatures below -80 °C of quenched animal tissues for ion
localizations. The obtained sections can be analyzed in the deep-frozen
state in x-ray microanalyzers. Obviously in these techniques conditions
for permanent immobilization have been improved at the cost of
preservation of the subcellular structure of the tissue. For some
questions, especially those concerning major cell compartments like
nuclei, mitochondria, plastids, and vacuoles discernibility of
subcellular structures can be sufficient as demonstrated for yeast by
Roomans and Seveus (1976). Nevertheless, neither in these techniques
all questions about redistribution of ions during processing have been
solved (see Appleton 1974). To the best of our knowledge no successfull
attempts to apply these techniques to the localization of ions in
higher plant tissues have yet been published.

3.3.2. Ion transport in plant roots.

Although all results have been obtained with K+ and its analogues
we suppose that they have a wider bearing. From the conclusions
attained in this study, as well as from conclusions by other workers,
especially of our research group, we will try to draw a rough and
somewhat speculative outline of how ions are transported into, through,
and out of plant roots.

Ions are absorbed by those root cells that have best access to
the soil solution, i.e. by the epidermal and perhaps hypodermal cells.
After passage of the plasmalemma the ions are absorbed directly into
the cisternae of the endoplasmic reticulum. This organelle provides for
a rapid distribution throughout the whole root including the stele.
During the first few hours of absorption by low-salt material ions are
transferred from the ER to the cytoplasm of the root cells. After the
cytoplasm has attained a level connected in one way or another with
the external ion concentration , ions are transferred from the ER both
to the vacuoles and to the sites at which ions leave the root symplasm
to enter the xylem sap. Possibly the latter are in the plasmalemma of the
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xylem parenchyma cells.
At the moment no mechanism can be presented to explain the

sometimes abrupt shift of the direction in which the ions are
transferred from the ER, i.e. to the cytoplasm during the first phase
of absorption, and to the vacuoles and xylem sap during the subsequent
phase.

The membrane transport mechanisms in the plasmalemma, in the
tonoplast, and those responsible for upward translocation have a
similar structure. However, the specificity (discriminative power) of
the three increases according to the sequence mentioned.
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Samenvatting

Het onderzoek naar het ionentransport in (plante-)cellen en wief-
sols wordt gekenmerkt door een drietal vragen:
1. Door welke mechanismen kunnen ionen biomembranen passeren?
2. Door welke membranen worden ze getransporteerd, in welke richting

en in welke mate?
'i. Welke celonderdelen (organellen) zijn bij het transport betrokken

au in vielkci maLe?
Het probleemgebied kan op verschillende manieren benaderd worden.

Bij de kinetische benadering wordt getracht uit de snelheden van opname
en afgifte door het intacte systeem onder (systematisch) gevarieerde
omstandigheden en uit de bereikte gehalten informatie te verkrijgen
over de aard van de transportmechanismen en hun onderlinge relaties.
Bij de biofysische (electrofysiologische) benadering staat vooral de
vraag centraal, welke ionen door diffusie (passief) de membranen pas-
seren en welke door directe toevoer van metabolische energie aan het
betrokken transportmechanisme (actief) worden opgenomen of uitgeschei-
den. Daarbij worden intracellulaire gehalten en opname- (afgifte-)snel-
heden gerelateerd aan electrische potentiaalverschillen. Bij de bio-
chemische benadering wordt getracht de transportmechanismen te isoleren
en hun eigenschappen in vitro te bestuderen. Tenslotte kan door locili-
satie uit de waargenomen verdeling van de ionen over de onderdelen van
de cel en over de cellen van het weefsel een inzicht verkregen worden
over de rol van de verschillende organellen en cellen binnen het ge-
heel. De beide eerste benaderingen hebben een zeer grote hoeveelheid
gegevens opgeleverd, waaruit deels tegenstrijdige conclusies zijn ge-
trokken. De biochemische benadering van het ionentransport in planten
staat, in tegenstelling tot die bij dierlijke systemen, nog in de
kinderschoenen. Bij de localisatie blijken in de meeste gevallen tech-
nische problemen nog steeds een ernstige belemmering te zijn voor het
doen van verantwoorde uitspraken.

In de werkgroep Ionentransport te Leiden werd sinds 1952 de kine-
tische benadering gebruikt. Bestudeerd werd voornamelijk het transport
van monovalente ionen (Na+, K+, NH,+, CI~, N0~) in wortels van hogere
planten (vn. gerst en mais). In 1969 werd besloten deze benadering aan
te vullen met localisatie, hetgeen mijn onderzoekopdracht werd. Een
belangrijk deel van de tijd werd besteed aan het nader bestuderen van
verschillende bestaande technieken, alsmede aan het onderwerpen, testen
en verbeteren van enkele nieuwe. Tijdens dit onderzoek, maar vooral
daarna, kan inet de oplossing van een aantal problemen in het ionen-
transport met behulp van localisatie begonnen worden. De resultaten
zijn inmiddels vastgelegd in een aantal publicaties, die in dit proef-
schrift zijn opgenomen. De hierna volgende verwijzingen naar die pu-
blicaties zijn conform de inhoudsopgave van dit proefschrift.

In 1962 stelde Komnick voor ionen te localiseren door aan klas-
sieke weefselfixatieven een neerslaand agens toe te voegen. Het ge-
bruik van deze eenvoudige techniek heeft tot enkele honderden publica-
ties geleid. Wij onderwierpen de techniek aan een nader onderzoek. Zo-
wel voor Na+ en Ca2+ (publ. IV) als voor Tl+ (publ. II en III) bleek
de techniek volkomen onbetrouwbaar. Derhalve bestaat ernstige twijfel
omtrent de juistheid van conclusies uit resultaten met andere ionen.



Bij de door ons ontwikkelde in vivo neerslag techniek, waarbij de
plant achtereenvolgens 2 ionen aangeboden krijgt, die samen een slecht
oplosbaar zout opleveren, kon een belangrijk bezwaar van de Komnick
techniek worden ondervangen: de ionen worden niet kunstmatig, door in-
grepen van buitenaf, neergeslagen, maar het neerslag onstaat als recht-
streeks gevolg van de transportprocessen in de plant (publ. II). De
techniek is evenwel niet algemeen toepasbaar. Door on«? werd de combi-
natie van thallium (Tl ) en jodide (I~) gebruikt (zie verder).

Een geheel andere benadering is het immobiliseren van de ionen
door bliksemsnel bevriezen van het materiaal . Na toepassing van inter-
mediaire technieken, waarbij het weefsel wordt opgewerkt voor (elec-
tronen-)microscopie, kunnen de ionen uiteindelijk gelocaliseerd worden.
Als intermediaire technieken zijn incidenteel vriessubstitutie en
vriesdrogen toegepast. Daarnaast werd als nieuwe techniek de
"precipitative freeze dissolution (PFD)" ingevoerd. Hierbij wordt het
bevroren weefsel gebracht in een geconcentreerde oplossing van een
neerslaand agens , die is gekoeld tot juist boven het vriespunt. Daar-
door kan het ijs uit het weefsel geleidelijk oplossen, waarbij de vrij-
komende ionen onmiddellijk kunnen neerslaan met het ter plaatse in
grote overmaat aanwezige agens (publ. IIT)• Na inhedding in plastic en
het snijden van (ultra-)dunne coupes kan ce uiteindelijke localisatie
volgen met behulp van electronenmicroscopie of autoradiografie. De
techniek is voor meerdere ionsoorten toepasbaar, doch soms treden daar-
bij toch nog ongewenste verplaatsingen van ionen op (publ. VI). Door
ons werden bij de localisatie van rubidium (Rb+, publ. V en VI),
caesium (Cs+, publ. VI) en thallium (Tl+, publ. III en VI) enkele
belangwekkende resultaten geboekt.

Vrijwel alle voor de fysiologie van het ionentransport relevante
resultaten hebben betrekking op het transport van K , dat werd bestu-
deerd door localisatie van de "fysiologische isotopen" Rb+, Cs+ en Tl+.
De mate waarin het laatstgenoemd ion de plaats van K in de plant kan
innemen werd eerst onderzocht (publ. I); voor de beide andere was
daarvan inmiddels meer bekend. Daarnaast werd I" als vervanger voor Cl~
gebruikt (publ. II).

Uit een in vivo precipitatie studie met Tl+ en l" (publ. II)
werd geconcludeerd, dat het endoplasmatisch reticulum een belangrijke
rol kan spelen in het intracellulaire ionentransport.

Uit de localisatie van Rb+ met behulp van de PFD techniek en
autoradiografie, na opname door geplasmolyseerde wortels (publ. V),
kon aannemelijk worden gemaakt, dat vrijwel alleen de buitenste cel-
lagen (epidermis en hypodermis) in staat zijn K+ uit het medium op te
nemen (primaire opname). Het radiale transport door de wortel moet dus
symplasmatisch geschieden, de apoplast speelt daarbij nauwelijks of
geen rol. Opmerkelijk is, dat in het meristeem wél alle cellen ongeveer
dezelfde primaire opnamecapaciteit bezitten. Kennelijk gaat deze eigen-
schap bij de cortexcellen tijdens hun differenciatie grotendeels ver-
loren.

Localisatie van Rb+, Cs+ en Tl+ met behulp van de PFD techniek,
als functie van de opnametijd, toonde aan (publ. VI), dat het genoemde
radiale transport van K+ zeer snel is. Uit kinetische gegevens is be-
kend, dat zowel het vacuolaire als het opwaartse (xyleem-)transport,
ongeacht de uitwendige K+ (Rb+) concentratie, pas na enkele uren start.
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Het is niet eenvoudig de "lag-phase" van deze transport processen te
verklai'eri tegen de achtergrond van de snelle radiale equilibratie van
de wortelsymplast. Verschillende hypothesen werden na toetsing, ver-
worpen (publ. VI). Geconcludeerd werd, in overeenstemming met uitkomst-
en uit kinetisch werk in onze groep,dat zowel het intra- als het inter-
cellulaire transport van K+ wordt verzorgd door een (relatief klein)
compartiment, dat tot op zekere hoogte gescheiden is van de rest van
het cytoplasma. Op grond van het genoemde resultaat van de in vivo
precipiialie, alsmede van andere electronenmicroscopiriche gegevens,
komt het endoplasmatisch reticulum voor deze functie in aanmerking.

Tenslotte kon uit een vergelijking van de kinetiek van het trans- V"
port van K+, Rb+, Cs+ en Tl+ worden geconcludeerd, dat de mechanismen, 1
verantwoordelijk voor het transport van K+ door het plasmalemma, door
de tonoplast en naar de xyleemvaten biochemisch verwant moeten zijn,
doch in de genoemde volgorde een toenemende mate van specificiteit
(discriminerend vermogen) bezitten (publ. VI). Bovendien werd uit de
ingewikkelde interacties bij het gelijktijdig transport van 2 van deze
ionen geconcludeerd, dat de genoemde transportmechanismen meerdere
bindingsplaatsen voor de ionen bezitten (publ. I en VI).

r
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THE ABSORPTION OF THALLIUM IONS BY
EXCISED BARLEY ROOTS

G. G. J. BANGE AND F. VAN IREN

Botanisch Laboratoriu'm, Leiden

SUMMARY

The kinetics of Tl absorption by excised barley roots were studied with respect to the time
and concentration dependence, sensitivity to Ca, and interaction with Rb and Na.

The following conclusions were drawn:
1. Tl is bound by sites normally binding K..'
2. In the range of concentrations from 0 to 0.2 me/I, Tl is absorbed readily into the protoplasm

but vacuolar accumulation is slow and tends to stagnate.
3. Although O2 uptake is progressively reduced in the presence of Tl, this effect does not seem

responsible for the stagnation of vacuolar absorption.
4. Besides a competitive inhibition, there is a stimulation of vacuolar Tl transport by Rb

but not by Na.
The peculiarities of Tl absorption are tentatively explained on the basis of structural interac-

tions between a macromolecular carrier and the ions transported.

1. INTRODUCTION

Study of the absorption characteristics of such elements as Rb, Cs, Sr, or ra-
dicals such as SeO4, Cr2O4, AsO4 - which to varying degrees might be called
'physiological isotopes' of the major nutrient elements (K, Ca) or radicals (SO4,
PO4) - has been a useful tool in elucidating several aspects of the process of
ion transport in the living cell. The term 'physiological isotopes', however, is
misleading in that it implies severe underestimation of the discriminative faculty
of the living system toward these ions or ionic groups. Actually - and otherwise
than in the work with chemical isotopes - it is these discriminating features
that can be made use of in studies on ion transport.

This paper reports the results of some experiments on the ability of plant
roots to absorb and accumulate monovalent Tl ions. COHEN (1962) has presen-
ted evidence that Tl ions have an extremely high affinity for K-specific binding
sites in Chlorella. Furthermore, TI appears to be a very efficient substitute for K
in activating the (Na -f K) dependent ATP-ase of animal tissues (BRITTEN &
BLANK 1968).

With these facts in mind it seemed interesting to establish the extent to which
Tl ions can serve as a substitute for K ions in the absorption process in barley
roots and in which respects they fail to do so.
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2. MATERIAL AND METHODS

Seeds of Hordeum vulgare L. cultivar "Herta" were disinfected in a 1 %
HgCK solution for one minute, rinsed in running tap water for about 20 minu-
tes, and allowed to germinate in fine sand moistened with tap water for about
24 hours. After this period they were separated from the sand by sieving. The
seedlings were raised on a dilute CaS0 4 solution (2 /. IO~4 M) in the dark at
25°C as described by HOOYMANS (1964), whose procedures were also followed
in the excision of the roots and their preparation for the experiments. /-

All absorption experiments were performed in polyethylene bottles under
aeration with compressed air and at a temperature of 25 °C. Further conditions if
for the separate experiments are given with the figures.

The influence of Tl on cell respiration was studied by means of the Warburg
technique. We had to compromise between the conflicting demands of, on the
one hand, a sufficiently accurate estimation of O2 consumption which benefits
from a larger amount of roots, and on the other hand the maintenance of the
rate of Tl absorption, which does not permit a strong depletion of the Tl solu-
tion and thus requires a smaller amount of roots.

Tl absorption was estimated by analysis of either the root material or the ex-
perimental solution, as indicated in the separate experiments. Root analysis was
performed by extraction of the roots with hot nitric acid (about 0.5 M) for
about one hour. After paper filtration, the extract was made up to volume and
its Tl content estimated in a Beck man model DU flame spectrophotometer at a
wavelength of 377.5 mfji, by comparison with a series of standard solutions.
Interference by other components of the extract was found to be negligible. The
experimental solutions were analysed by direct flame-photometry with the ex-
ception of experiment 1 B, in which the following colorimetric procedure was
used. To 10 ml aliquots of T12SO4 solution in the concentration range from
0.02 to 0.10 me/1 Tl , 10 ml NaHCO3 solution (6 mM) and I ml of a saturated
Na2S solution were added. Exactly 3 minutes after the addition of Na2S, the
intensity of the colour was compared to a series of standard solutions at a wave-
length of 400 m[i..

Ion concentrations are expressed in milliequivalents per litre (me/1).

3. RESULTS

As a starting point for further kinetic experiments, the relation between Tl ab-
sorption and time was determined. As shown in fig. IA (see also Jigs IB, 5 A, and
7A) Tl uptake from a concentration of 0.2 me/I starts at a rate only slightly
lower than that of the rapid initial phase discernible in the uptake of other mo-
novalent cations such as Rb or Na (see Jigs. 6A, 3A, and 3B) but after 3 hours
the rate of Tl uptake becomes low and tends to decline further, which contrasts
sharply with the linear and relatively steep uptake lines of Rb and Na in the
second phase. Thus, after 3 hours the rate of Tl uptake is about 0.75 me/kg
fresh weight per hour and after 6 hours it is as low as 0.25 me/kg fresh weight
per hour. The strong inhibition of the uptake at low temperature (Jig. IB) in-
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Fig. 1. A. Relation between Tl absorption and time at 25 C. Eight grams of roots were allowed
to absorb Tl from a 0.1 mM TI2SO4 solution to which 5 mM CaSO4 and 0.1 mM
Ca(HCO.,)2 had been added (pH ± 7). The volumes used varied from 400 ml at the
start to 100 ml toward the end of the experiment. At half-hour intervals the uptake
solution was decanted and renewed after a preliminary rinse with the same solution.
The decrease in Tl content of the uptake solutions was determined by flame-photome-
try. The experiment was run in triplicate.
B. Comparison of the relation between Tl absorption and time at 25 °C and at 0°C.
Batches of 2.5 grams of roots were allowed to absorb Tl from 2 litres of a 0.05 mM
TI2SO4 solution to which 1 mM CaBr2 and 0.1 mM Ca(HCO.,h had been added
(pH zb 7). At one (25 C) or two (0°C) hour intervals the uptake solution was decanted
and renewed after a preliminary rinse with the same solution. The decrease in Tl
content of the uptake solutions was determined colorimetrically. The experiment was
run in duplicate.

dicates that the process is under metabolic control.
Because TI is known to be poisonous to living organisms, it was essential to

establish whether the low and still decreasing absorption rate in the second
half of the experiment could be due to the absorbed ion interfering with general
cell metabolism. The rate of O2 consumption was used as an indication of the
presence of such an effect.

Fig. 2 shows that the presence of a Tl concentration of 0.8 me/1 induces a
considerable deviation from the O2 uptake of the control, which except for the
first 1 i hours is lineal. Afiei 6 hours the rate of O2 consumption has been lower-
ed to about 35% of its original value (reference line). Roughly the same inhibi-
tion was found al a Tl concentration of 0.2 me/I. So Tl distinctly interferes
with cell respiration; but further investigation is required to elucidate whether
this is the direct cause of the low rate of! 1 absorption after about 3 hours.

The best method to determine whether there is such a causal relation seems
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Fiji. 2. The effect of Tl on O2 consumption. Ten ,«
apical root segments of 5 cm each (± 125 mg) were
cut in two and suspended in a Warburg-vessel in tl
1.5 ml of a basic solution of 4.5 niM CaSO4 and
0.5 mM OiCI.;. After two hours (arrow), in 2 of the
4 vessels 0.5 ml of basic solution to which 2 inM
TljSO4 had been added, was poured onto the root sus-
pension from the side-vessel; in the remaining 2 ves-
sels only basic solution was added (controls). The
initial Tl concentration of ! mc/l was estimated to be
about halved after 3 hours of uptake. The points in
the praph represent the mean of the replicates.

- 2 - I
hours j

to consist in establishing the effect of the TI-induced reduction in O2 consump-
tion on the simultaneous uptake of another monovalent cation. Several experi-
ments on the effect of Tl on Na absorption in the absence of Ca were run. Na
absorption proved to be considerably depressed by TI. as it is by K ( BANGI: ct ul.
1965), though the result was variable with respect both to (he degree of the inhi-
bition of overall Na uptake and to the elimination of the rapid initial phase, as
illustrated, for instance, by figs, J, A and B, and 7C. But from//,?. 3 A it is clear
that Na absorption in the presence of Tl does not necessarily show a gradual
decline in rate at all. On the other hand, in the experiment shown in fig. 3B there
is a decline after 2 to 3 hours but the linearity as well as the relative magnitude
of subsequent Na uptake may be regarded as proof that here the normal bi-
phasic character of Na absorption is involved. A control experiment re\ealcd
that the presence of 0.2 me/I Na does not relieve the inhibition of O2 consump-
tion caused by Tl.

As far as the evidence goes, therefore, a disturbing effect of Tl on general
cell metabolism, as indicated by the reduction in O2 consumption, does not
seem responsible for the slowing down of the uptake after the initial 3 hours,
though the rather sharp drop in Na content after about 6 hours in fig. 3A may
well have been due to Tl ultimately becoming deleterious to normal cell func-
tion.

The next experiment was designed to examine whether the absorption of TK
like that of other monovalent cations, shows saturation kinetics, and how the
uptake responds to the presence of excess Ca. It is called to mind here that ac-
cording to HOOYMANS (1964) the response of the rapid initial phase of absorp-
tion to excess Ca (10 me/I) is dependent on the nature and concentration of the
cation concerned: in the case of K (Rb), sensitivity to Ca was only apparent at
the lowest K (Rb) concentrations (on the order of IO~2 me/I and lower), whereas
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Fig. 3, A and B. Na absorption in the absence and presence of Tl. Batches of 3 grams of
roots were suspended each in two or five litres of a 0.2 mM NaHCOj solution (pH±
7.1) with or without the addition of 0.1 mM T12SO4. Root analysis was by flame-
photometry. The first experiment (fig.3A) was run in triplicate; the other (fig.3 B)
was a haplo-experiment.

for Na there was still a small Ca effect at 5 me/I Na. The relation between Tl
absorption and concentration in the absence and presence of 5mM CaSO4 is
shown in fig. 4. Because ot the decrease of the absorption rate with time (cf.fig.
/) it is necessary to be certain that the influence of concentration on the uptake
rate is independent of the length of the absorption period. Comparison of the
curves for I and 2 hours of absorption shows that this condition is satisfactorily
fulfilled. Both curves for uptake in the absence of Ca have the form of ideal

Fig. 4. Relation between the amount
of Tl absorbed in one and two
hours and the external Tl concentra-
tion. Batches of 1 gram of roots
were immersed each for one or two
hours in different concentrations of
T12SO4 with and without the addi-
tion of 5 mM CaSO4. The amount
of experimental solution varied
from 200 ml at the highest Tl con-
centration to 5 litres at the lowest.
An estimated value for the pH,
which was not under control in this
experiment, is 6, but may have been
somewhat lower (5,5) at the highest
Tl concentration. Root analysis was
by flame-photometry. No replicate
of this experiment was run.
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Lnngmuir adsorption isotherms as revealed by a Hofstee plot. The half-values
stimnicx! from this plot (method of least squares) are 0.0054 and 0.0047 me/I

for ! and 2 hours absorption, respectively. In the presence of Ca the half-value is
;aiscd lo about 0.019 me/1, Tl uptake from the lowest concentrations being in-
hibited up to about 65 "(J by Ca.

Thus, the response of Tl uptake to concentration and to the presence of
excess Ca appears to fit in with the general pattern of monovalent cation uptake.
The low half-value as well as the relative decrease of the Ca effect when Tl ab-
sorption reaches saturation (cf. HOOYMANS 1964) suggest that Tl, like Rb and
Cs, makes use of sites normally binding K. In this case a mutual competitive
inhibition must exist in the absorption of Tl and K (or Rb), though deviations
from the ideal pattern may be anticipated from the large difference in their up-
take behaviour after 3 hours.

Two experiments were performed to test this assumption. In the first {Jig. 5, A
and C), the influence of increasing amounts of Rb on Tl uptake from a 0.05 mM
TI2SO4 solution was studied. The remarkable outcome was that under these cir-
cumstances the total Tl content of the tissue after 7 hours first increases under
the influence of small Rb concentrations before falling at higher Rb additions
(Jig. 5A). On the other hand, the amount of Tl absorbed after 1 \ hours decrea-
sed continuously. A close examination of the shape of the time curves reveals
that this phenomenon is due to a different response to Rb of the rapid initial Tl
absorption on the one hand and the slow or stagnant Tl uptake after 3 hours on
the other. Whereas the former is increasingly inhibited by Rb, in the effect of
Rb on the latter a stimulating as well as a competitive component can be re-
cognized. In the presence of 0.25 me/1 Rb, Tl is absorbed at a substantial rate
after 3 hours. At higher Rb concentrations this rate is depressed again, but even
in the presence of 1.25 me/1 Rb, Tl uptake in the second phase is still more
rapid than in the absence of Rb. At the same time, the decline in the rate of Tl
uptake after 3 hours disappears gradually. Fig. 5 C shows that in concomitant
Rb absorption the inhibiting effect of TJ in both uptake phases is overcome
more and more at higher Rb concentrations, though a decrease in the rate of Rb
uptake in the second phase seems to persist.

In the second experiment (fig. 6, A and C) the Rb concentration was kept
constant at 0.2 me/I, whereas Tl concentration was varied from 0 to 0.5 me/1.
In both phases of Rb absorption (Jig. 6 A) the inhibition by Tl is apparent. At
0.3 me/1 Tl , uptake of Rb has ceased after 3 hours and the initial phase still
persisting is reduced further at 0.54 me/1 Tl. Again at 0.18 me/1 Tl, uptake of
Rb after 3 hours seems to diminish gradually. Concomitant Tl uptake (fig. 6 C)
shows some paradoxical features. Whereas the rapid initial phase increases with
rising Tl concentration, total uptake after 6.'j hours is lowest at the highest Tl
concentration used. Analogous to Ihe situation \nfig. 5A, this phenomenon is
clearly due to a different response of the rapid initial phase on the one hand and
of the absorption after 3 hours, on the other, to a change in the ratio Tl/Rb.
When this ratio is low, Tl uptake in the second phase is high and steady, but at
higher ratios Tl is absorbed in this phase at a lower and declining rate. So, as in
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1 Fig. 5, A. B, and C. The effect of increasing Rb concen-
trations on T! absorption from a O.O5 mM TI2SO4 solu-
tion. A. TI absorption. B. The separate effect on both
components of TI absorption (see discussion). C. Con-
comitant Rb absorption.
3-gram portions of roots were incubated separately for
different time intervals in two or five litres of a solution
containing 0.05 mM TI2SO4, O.I mM Ca(HCO3)2, 1 mM
CaBr2, and different concentrations of Rb2SO4 as indica-
ted; the pH was about 7. Root analysis was byfla me-
photometry. The experiment was run in triplicate.

fig. 5A, a stimulation of TI absorption by Rb after 3 hours is indicated most
conspicuously at low Tl/Rb ratios.

Summarizing the foregoing, it may be stated that a strong mutual interference
does indeed exist in TI and Rb absorption. The extent to which the features of
this interference comply with the pattern of competitive inhibition will be en-
larged upon in the discussion.

Introduction of increasing amounts of Na into the experimental solution in-
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Fig. 6, A, B, and C. The effect of increasing Tl concentra-
tions on Rb absorption from a O.I mM RbjSO* solu-
tion. A. Rb absorption. B. The separate effect on both
components of Rb absorption (sec discussion). C. Con-
comitant Tl absorption.
2-gram portions of roots were incubated separately for
different time intervals in two litres of a solution contain-
ing O.I mM Rb2SO4, 0.1 mM Ca(HCO.,)2, I mM CaBr2,
and different concentrations of T12SO4 as indicated; the
pH was about 7. Root analysis was by flame-photometry.
No replicate of the experiment was run.
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fluences Tl absorption in a way that is clearly distinct from the effect of Rb, as
is evident from a comparison of figs. 7 A and 5 A. The absorption of Tl after
3 hours seems to be not at all affected by the presence of Na. On the other hand,
the reduction in the rapid initial phase is slight and limited, an increase of ihe
Na concentration from 0.6 to 1.6 me/I having hardly any further effect. Con-
comitant Na absorption is strongly repressed at 0.2 me/I (fig. 7C; cf. fig. j) but
even at 1.6 me/1, where Na absorption is larger, there is no stimulation of Tl
absorption after 3 hours as there was in the case of Rb.
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Fig. 7, A, B, and C. The effect of increasing Na concentra-
tions on Tl absorption from a O.I mM TI2SO4 solution.
A. Tl absorption. B. The separate effect on both compo-
nents of Tl absorption (see discussion). C. Concomitant
Na absorption.
2-gram portions of roots were incubated separately for
different time intervals in 2 litres of a solution containing
O.I mM TI2SO4 and 0, O.I, 0.3 or 0.8 mM Na2SO4;
the pH was about 6.1. Root analysis was by flame-pho-
tometry. No replicate of the experiment was. run.

4. DISCUSSION

A crucial question with respect to the general shape of the relation between Tl
absorption and time (figs /, A and B, 5A, 7A) is whether a poisoning of general
cell metabolism, as reflected in the gradual decline of the rate of respiration
(fig. 2), must be held responsible for the low uptake values observed after about
3 hours. In the view of the authors, the experiments with Na (figs. 3, A and B)
offer strong evidence against such an interpretation. The mutual interference
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observed on the one hand in Rb and Tl absorption (see preceding chapter) and
on the other in K (Rb) and Na uptake (BANGE et al. 1965; BANGE & HOOY-

MANS 1967) points to a close relationship between these absorption processes
and therefore seems to justify the use of Na as a control for the effect of Tl on
the absorption of the monovalent cations and thus on its own absorption.

Otherwise, the time curve of Tl uptake, like that of K (Rb) and Na absorp-
tion (HOOYMANS 1964), may be biphasic. This behaviour has been explained
(HOOYMANS) by the assumption that in the absence of Ca during the first 2 to 3
hours, a direct uptake of the ion to the protoplasm is superimposed on steady- I
state vacuolar accumulation by a carrier mechanism. The effect of excess Ca V
already mentioned in the preceding section, would then consist of elimination '
of this direct pathway to the protoplasm, vacuolar absorption being insensitive
to the divalent ion. When, in the presence of excess Ca, the rapid initial phase
still persists, as in the case of Rb, at concentrations higher than about 0.03 me/I,
the protoplasm is assumed to be able to withdraw ions from the carrier invol-
ved in vacuolar filling. The close agreement between the response of Tl uptake
to excess Ca (fig. 4) with the behaviour of Rb in the concentration range from
0 to 0.2 me/1 suggests that Tl uptake has a biphasic nature similar to that of Rb
or Na absorption.

Additional support for this view is given by the competition experiments with
Rb. The difference in the response of Tl uptake to Rb before and after 3 hours
(fig. 5A) can be understood only if two components are involved in Tl absorp-
tion. It is this difference in response that sometimes yields a distinctly biphasic
time curve, as for instance in fig. <5Cat a Tl concentration of 0.09 me/1.

Thus, in Tl uptake both a protoplasmatic and a vacuolar component appar-
ently are involved. The only feature distinguishing the absorption of Tl from
that of the other monovalent cations is that vacuolar accumulation does not
show a substantial steady-state but remains low and tends to stagnate, though
this tendency is not always equally pronounced (ef. figs. IA and 7 A). Therefore
Tl seems to block the system that mediates its transport to the vacuole. This
question will be discussed further below.

Additional evidence for a close correspondence between Tl uptake and the
absorption of the other monovalent cations is furnished by the similar depen-
dence on external concentration. It has been shown previously for Rb and Cs
(BANGE & MEIJER 1966) that both uptake to the protoplasm and vacuolar accu-
mulation show saturation kinetics. Tl uptake for 1 and 2 hours, which as discus-
sed above represents mainly uptake to the protoplasm, behaves correspondingly.

All these facts suggest that Tl absorption is not an isolated phenomenon but
that sites are involved that normally bind one of the monovalent nutrient
cations. Three arguments favour the view that Tl takes the place of K and not
of Na.

In the first place, half-saturation of the uptake is obtained at a concentration
of about 0.005 me/I. Under similar conditions for Rb (unpublished results) the
half-value of both the uptake to the protoplasm and the accumulation in the
vacuole is of the same order of magnitude (around 5 x 10~6 M). In older work
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this value was also found for K uptake by ex ised barley roots (BANGK et al.
1965). Fn contrast to these values, Na absorption shows half-saturation at con-
centrations about 10 times higher.

In the second place, as has already been pointed out, the response of Tl up-
take to excess Ca is strongly reminiscent of the features of Rb absorption. So, as
for Rb, in the presence of excess Ca the protoplasmatic sites can be saturated
with Tl through the carrier system at relatively low external Tl concentrations.
In the case of Na much higher Na concentrations are required to overcome the
effect of Ca on the fusi phase of absorption (cf. HOOYMANS 1964).

The third argument can be found in the results of the competition experi-
ments. Figs 5B and 6B represent the influence of increasing concentrations of
Rb and Tl , respectively, on either component of Tl and Rb uptake, respectively.
Separation of the protoplasmatic and vacuolar components was achieved by
determining the ordinate intercepts of the uptake curves of figs 5A and 6 A, res-
pectively. For cases showing a decline in the uptake rate after 3 hours, this se-
paration was performed tentatively on the assumption that there was a linear
decline in the rate of vacuolar absorption during the whole experimental period.
For the rate of vacuolar accumulation, the extrapolated value at t = 0 was used.
From,/?g. 5B it appears that protoplasmatic Tl absorption is reduced to 50% at
a Rb/Tl concentration ratio of 0.58 and to about 5% at a ratio of 2.5. In the
opposite case(fig. 6B), 50% reduction of protoplasmatic Rb uptake is obtained
at a Rb/Tl concentration ratio of 0.40, and, though complete suppression was
not realized within the concentration ratios used, at the highest Tl concentra-
tion a considerable further decline of protoplasmatic Rb uptake is indicated.

The results therefore suggest that Tl and Rb can completely expel each other
from the protoplasmatic sites as a competitive inhibition requires, the (appar-
ent) affinity of Rb for these sites being about twice as large as that of Tl. The
pattern of mutual interference in vacuolar accumulation is complicated by the
facts mentioned in the preceding section. So the optimum curve in fig. 5B may
be regarded as the result of the opposite effects of a stimulation predominating
at low Rb concentrations and a competition getting the upper hand at higher
Rb concentrations. On the other hand, in the curve for vacuolar Rb accumula-
tion in fig. 6B an inhibiting effect of Tl on the release of Rb into the vacuole,
which is the seamy side of the stimulating effect of Rb on Tl accumulation, may
be superimposed on normal competition. The complex nature of these curves
makes the quantitative aspects of the competition proper inaccessible.

The features of the mutual interference between Rb and Tl in both absorp-
tion components thus seem to be reconcilable with a competitive inhibition.
This implies that the mutual interference between Tl and Na absorption must
behave differently. It has been concluded from previous work (RANGE et al.
1965; BANGE & HOOYMANS 1967) that in the range of low concentrations K (Rb)
and Na occupy separate absorption sites. Although Na uptake into the proto-
plasm as well as into the vacuole appears to be low in the presence of Tl (fig.
7C), a concomitant effect of Na on Tl absorption is small and restricted to part
(about 20%) of the protoplasmatic uptake (fig. 7, A and B).
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Consequently, the nature of the mutual interference together with the quan-
titative aspects of the saturation kinetics and of the Ca effect strongly suggest
that Tl and Rb make use of the same sites that normally bind K. At the same
time, as we have seen, the behaviour of Tl in the absorption process deviates
considerably from that of K and Rb. Actually, these divergent features will be
made use of to speculate about the mechanism of K absorption.

The process by which ions are released to the vacuole appears to be much
more discriminative with respect to the nature of the ion than the process of
binding to protoplasmatic or carrier sites. Thus, K, Rb, and Tl saturate the pro-
toplasmatic sites either directly or through the carrier system at an equal rate
and to a similar extent, whereas vacuolar release decreases in the sequence
mentioned. When in vacuolar release an enzymatic breakdown of a chemical or
structural nature of the ion-carrier complex is involved, the rate of this reaction
is apparently dependent on the properties of the ion bound. This seems to imply
that there is a structural interaction between the ion and the carrier molecule
such that the binding of physiological isotopes leads to smaller or greater modi-
fications in carrier structure and thus in rate of carrier breakdown. The interest-
ing observation that the rate of Tl transport to the vacuole can benefit from the
presence of Rb ti.?:i finds its simplest interpretation as a relief of the strong de-
terioration of carrier structure brought about by Tl . Na does not bring about
such relief, which is in accordance with the conclusions (BANGE et al. 1965) that
Na and K are transported at separate sites. An obvious condition for this hypo-
thesis is that a carrier molecule must have more than one site binding K.

A feature still requiring an explanation is the more or less pronounced and
steady slowing down of vacuolar Tl absorption, a phenomenon also shown by
concomitant Rb absorption at relatively high Tl/Rb ratios but likewise relieved
by larger relative amounts of Rb (figs. 5, A and C) even to the degree of a com-
pletely steady vacuolar Tl and Rb accumulation (fig. 6C). When the relative
ease with which Tl ions are released from the separate sites on a carrier mole-
cule differs from one site to another, sites from which the release is most difficult
might increase in number during functional carrier turnover. Former work on
Rb/Cs interactions (BANGE & MEIJER 1966) has suggested some heterogeneity of
sites, since it was observed that a small uptake of Cs into the tissue persists even
at an excess of Rb and that the converse also holds.

The large difference in response shown by the structures involved in vacuolar
K accumulation with respect to the nature of the cation transported (K, Rb, or
Tl), must be based on differences in the physico-chemical properties of the ions
concerned. Apparently, the close correspondence between the values of their
hydrated or crystalline radii (table 1) enables them to occupy identical sites, but
the small differences between these values show no correlation with the rates of
vacuolar accumulation observed. However, there is a correlation with the po-
larizability, which suggests that this property is an important factor in the
structural interactions between ion and carrier.

The interest of the experiments described, however, lies not only in the beha-
viour of Tl absorption per se. It is hoped that the density of the electron-cloud
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Table 1. Crystalline and hydratcd radii and polarizability of K, Rb, and TI ions.

Crystalline radius1 Hydratcd radius1 Polarizability2

K 1.33 A 3.31 A 2.12 AJ

Rb 1.48 3.29 .1 57
TI ' 1.44 3.30 8.5

' Daia from NIGHTINGMF (1959)
2 Data from PAULING (1927) as cited by COHEN (1962)

of the TI atom may make it possible to localize the ion at thcsubcellular level
by electron microscopy and thus to use it as a 'tracer' for K. This will be the
object of future work.
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.Subci'llular Localization of Inorganic Ions in Plant

('ells bv in vivo Precipitation

Abstract. ( 'ptuke of iodide (as a possible tracer of chloride) hy barley roots
preloaded witli thallium las a tracer of potassium) resulted in in vivo precipita-
tion of the almost insoluble yellow thallium iodide. Electron microscopic observa-
tion revealed in several cells a dense precipitate of thallium iodide within the
cisiernae of the endoplasmic reticulum, which suggests that this membrane system
is involved in intracellular ion transport.

Localization of nutrient ions at the
subcellular level may contribute to our
knowledge of the role of organelles in
the ionic relations of the cell. However,
study of the cytochemistry of ions
suffers from two serious problems—
the diffusibility and invisibility of the
small water-soluble particles. Both can
potentially be overcome if the ions can
be precipitated during fixation by use
of a reagent containing a heavy metal
which provides contrast in the electron
microscope, as proposed by Komnick
(I). However, the specificity of this
method has been questioned, especially
for Na+ precipitation with antimonate
(.?), although some authors demonstrated

that Na was present in their precipi-
tates (3). In this respect the precipitation
of Cl- with Ag+, which has been less
used, may be more successful (4). A
more fundamental criticism of the Kom-
nick method is that the ions may diffuse
during penetration of the fixative and
the reagent. Zadunaisky (5) reported
even leakage of appreciable amounts
of - N a from tissues during antimonate
fixation. Whether antimonate penetrates
adequately into the cells has also been
questioned (6).

We tried to avoid these problems by
allowing barley roots with a low salt
content to form such precipitates in
vivo by successive accumulation of the

Fig. 1. Electron micrographs of ultrathin sections of barley roots which had been
saturated with TV and then allowed to absorb I", showing precipitates of Til (black).
AH sections shown were about 5 mm from the root tip and were unstained. The
endoplasmtc reticulum extending beyond the intracisternal precipitates can best be seen
at the arrows. Abbreviations: 75, intercellular space; £,, lipid body; T, tonoplast; W,
cell wall. Scale bar, 0.5 pm. (A) Middle cortex cell with different types of precipitates;
some of the large deposits along the cell wall came off, leaving white gaps. (B) Inner
cortex cell; many cisternae of the endoplasmic reticulum contain precipitate. (C)
Another section from the area shown in (B). (D) Area shown in (C) at higher mag-
nification; most of the precipitate has now been melted and evaporated in the electron
beam, leaving white holes.

constituents of an electron-dense, almost
insoluble salt.

For several reasons we chose Tl~
and 1" for this procedure. First, kinetic
experiments showed that Tl' can take
the place of K * in our material and is
rapidly absorbed (7. 8). This reflects
the general ability of Tl r to serve as a
"physiological isotope" for K+ (9).
Second, T1 + is an electron-dense ion
(the average mass number is 204) which
can be easily precipitated with several
inorganic and organic reagents, such as
I~, CrO4-, S--, and thionalide. Third,
I— is taken up by plant roots in fairly
large amounts from concentrations
greater than 1 mXf. Although it is un-
certain whether I~ is taken up by the
C\- uptake mechanism, the competi-
tion between I~ and C\~ (10) resem-
bles the pattern found for Tl4- and Rb +
(7). fourth, the solubility of Til in
water (25°C) is only 2 X 10- W. Fifth,
the reaction is completely specific in
our material: we never found precipi-
tates after accumulation of either T1+
or I - alone. Finally, precipitation of
the Til in the tissue can be recognized
directly by its bright yellow color.

By administering the two ions suc-
cessively we hoped to mark any intra-
cellular structures involved in ion
transport. The salient advantage of this
approach, compared with the Komnick
method, is that both 'ions are brought
•ogether by cellular activity, so that
unwanted diffusion is avoided. From
the possible sequences of uptake of both
ions, uptake times, and concentrations,
we started with the following procedure.

Barley roots, which had been loaded
with T1+ up to saturation of the cyto-
plasm (7), were allowed to absorb I~
(II). They started to show a yellow
color within 5 minutes. After 30 min-
utes of I~ uptake, the roots were pre-
pared for the electron microscope (12).
In many cells we found small rounded
and oblong particles of Til, either dis-
persed in the cytoplasm or aggregated
into clusters or sheets adjacent to the
cell surface (Fig. 1A). The significance
of their location is not yet clear. Some
of them may have been formed during
fixation (13).

In some cortical cells the precipitate
was located unambiguously within the
cisternae of the endoplasmic reticulum
(Fig. 1, B to D). In several other cells
evidence for the same location was
circumstantial because the presence of
endoplasmic reticulum around similar
precipitates could not be established
with certainty. There is little doubt that
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these precipitates were formed in vivo
during the uptake of I - (13). As TI,
after saturation, can be presumed to
be present all over the cytoplasm, the
most obvious interpretation is that these
precipitates mark the routes of I~
transport.

This first direct evidence for signifi-
cant amounts of ions in the endoplasmic
reticulum suggests that this membrane
system plays a role in intracellular ion
transport.

At present the role of compartmenta-
tion in ion transport in plant cells is
being seriously discussed. Many authors
have used the simple serial model advo-
cated by Pitman (14), which implies
that ions enter the vacuole via the bulk
of the cytoplasmic content. However,
kinetic evidence has suggested a more
or less parallel relation between uptake
into the cytoplasm and into the vacuole
(15). Such a model requires a direct
connection between plasmalemma and
tonoplast, bypassing the cytoplasmic ion
pool. It has been suggested that the
endoplasmic reticulum and pinocytotic
vesicles provide such a connection. Evi-
dence for a close association between
endoplasmic reticulum and tonoplast
over large areas is of interest in this
respect (16). Our findings lend sup-
port to the parallel model.

FRANK VAN IREN

ANTONIE VAN DER SPIEGEL

Ion Transport Research Group,
Botanlsch Laboratorium.
Rijksuniversiteit, Leiden,
The Netherlands
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Localization of Inorganic Ions
by Precipitative Freeze Dissolution

Frank van Iren and G.G.J. Bange
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Summary. A new method for localization of inorganic diffusible ions in
tissue is introduced. It has been applied to localization of Tl+ and Rb+

in barley roots and is probably also suited for Cs+ , Ca2 + , Cl~, Br", PO4"
and perhaps K + . Its principle consists of dissolution of the ice from frozen
tissue in a concentrated aqueous solution of a precipitating agent that is
kept at a temperature just above its melting point.

Introduction

During the last two decades many attempts have been made to localize inorganic
ions at the cellular and subcellular level in biological material. Nevertheless
the results are relatively poor, especially for the monovalent ions. The main
problems encountered are possible diffusion during the preparative stages, the
visualization afterwards and spatial resolution in connection with preservation
of (ultra)structure. Up till now the best procedure seems to be ultra-rapid
freezing (quenching) to temperatures below — 150° C, (ultra)cryotomy and direct
observation of the frozen-hydrated sections in the analytical electron microscope
(electron probe microanalyser or X-ray microprobe). However, the possibility
of temporary melting of the sections during cutting is still under discussion
and ultrastructural preservation anu recognizability are rather bad. Spatial reso-
lution at the moment can be as high as about 0,1 u but this is not sufficient
to establish the position of ion concentrations relative to e.g. limiting membranes
of organelles. Furthermore it should be noted that it is difficult to guarantee
temperatures below — 50° C during the whole sequence, especially during and
after cutting which itself is a very delicate technique. The equipment is very
costly.

By applying older techniques to the subcellular level Komnick (1962) in-
troduced a completely different approach. He proposed simultaneous precipita-
tion of the ions to be localized and fixation of the tissue by simply adding
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a precipitating agent to the fixative. The method is simple, cheap and quick.
Preservation of ultrastructure can be very good as well as spatial resolution
of the eventual precipitates. However, a serious disadvantage is the possibility
of diffusion artifacts which can be expected from different penetration velocities
of fixative and reagent, from the gradual rise in intracellular reagent concentra-
tion, from temporary shortage of reagent in the vicinity of high local concentra-
tions of the ion to be precipitated etc. Such artifacts have been demonstrated
by Komnick himself (Komnick and Bierther, 1969) to illustrate the caution
necessary in the interpretation of the results. Nevertheless in the numerous
reports that have appeared since then on the localization of Na + , Ca2+ and
Mg2* with antimonate, Ca2+ with oxalate, Cl~ with silver and to a lesser
extent K~ with cobaltinitriteand PO4" with lead such caution was often lacking.

Incidentally several other methods have been used, e.g. conventional freeze
substitution in alcohol, ether, acetone etc. at temperatures below - 5 0 ° C or
freeze drying followed by autoradiography or analytical electron microscopy.
Certainly the possibilities of freeze substitution in organic solvents in the presence
of precipitating agents as proposed by Scott Russel etal. (1949) has got insufficient
attention except for PO4"". Although applied in several cases (e.g. Halbhuber
et al., 1971: POj~ with lead salts in methanol; Spurr, 1972: Na~ with several
organic reagents in ether; van Steveninck et al., 1976: Cl~ with silver salts
in ethanol) relevant properties of these systems are still unknown. As the dissolu-
tion of the ice proceeds very slowly (e.g. ±0.5 mm/day in ethanol at — 70° C
according to Feder and Sidman, 1958) the amount of ions that becomes liberated
from the ice into the substituent per unit of time therefore is extremely small
so that their concentration can be vanishing low. Obviously the precipitating
reagent probably has sufficient time to diffuse into the moving boundary layer up
to nearly its mean concentration. However, solubility of the precipitating agent
and solubility product of the reactants are unknown for most solvents at the
temperatures used so that it is unjustified to assume in advance that instantaneous
precipitation after dissolution of the ice is guaranteed.

In this paper we introduce a new method that combines the advantages
of effective immobilization of the ions by quenching and of the quickness,
easiness, cheapness and good visibility of the substance to be localized allied
with precipitation techniques. Precipitation occurs during dissolution of the
ice from frozen tissues in concentrated aqueous solutions of precipitating agents
at high subzero temperatures and is followed by electron microscopy or autora-
diography. We used it to localize Tl + , a physiological isotope of K+ (Bange
and Van Iren, 1970). It is precipitated with I", a reaction that has been proved
to be successful also in an in vivo precipitation technique (Van Iren and Van
der Spiegel, 1975). At the moment we are applying the method to other ions.

Materials and Methods

Principle

In an aqueous solution kept at its melting point solubility of ice is zero. A piece of ice introduced
into it will remain solid. When the temperature is raised, ice will dissolve until the concentration
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of the solution is lowered to the value at which its melting point equals the new temperature,
During dissolution of the ice the same holds at the boundary layer where the concentration of
the solution can never fall below that same value. This principle can be made use of in histo-
and cytochemistry of water-soluble substances by putting the frozen plant or animal material
into a concentrated solution thermostated just above its melting point and using as the principal
solute an agent precipitating the diffusible substance to be localized. Ice in the tissue will be
dissolved by the solution in an advancing front in which concentration of the precipitating agent
is guaranteed at a high level. However, there are some fundamental differences between a piece
of pure ice and a piece of frozen biological material. The latter has its own freezing point depression
so it is necessary to choose the processing temperature fairly lower. Further eutectic phenomena
might complicate the situation (see discussion).

In comparison with the Komnick method with its gradual and unpredictable penetration of
the precipitating reagent in our method the reagent traverses the tissue with a front in which
the concentration is high and guaranteed because the tissue ice ahead of the front can only dissolve
when that high concentration is attained. In comparison with conventional freeze substitution
in the presence of a precipitating reagent our method appears to be much faster. So the very
concentrated reagent will meet the ions liberated from the dissolving tissue ice in much higher
concentrations so that the solubility product of the rcactants will be exceeded much easier.

General procedure

Roots of 7 days old barley plants, grown on dilute CaSO4 solution and measuring 0.3 to 0.4 mm
in diameter were allowed to take up Tl' for usually 3 to 4 h from an aerated solution containing
0.1 mM Tl2 SO4 and 5 mM CaSO4 buffered with 0.1 mM CaO at pH 7 (bicarbonate equilibrium).
Root segments usually 10 mm long were cut before or after uptake. Uptake was terminated and
most extracellular TV removed by a 2 to 3 min. rinse in icecold demineralized water. Segments
were quenched by sudden immersion in liquid nitrogen either together in small nylon gauze bags
or they were quenched individually on small strips of aluminum foil and collected without rewarming
in similar dry bags. In order to minimize premature rewarming as well as excessive formation
of frost on the bags they were quickly transferred to the precipitation solution. This contained
either 0.8 M Cal or 1.3 M Nal or 1.3 M K2CrO4 together with 3% glutardialdehyde (GDA.
after P..I. Anderson, Merck, Darmstadt) adjusted at pH 7 with some NaOH or buffered with
50 mM Tris-H2SO4 or phosphate.

The precipitation solution was magnetically stirred in a simple doublewalled thermostat cuvette
with a volume of 20 or 60 ml. The melting point of the solution was determined before each
experiment by gradually lowering its temperature under frequent seeding with ice by immersion
of a liquid nitrogen cooled needle. The beginning of freezing appeared on the recorder output
of a temperature-sensitive resistor (NTC. type 2322/635/01473, Philips) with an accuracy of 0.01° C.
For all precipitation solutions the melting point was between —5.5 and — 6.7° C. Temperature
was adjusted 0.3° C above the melting point (A t) before introduction of the tissue.

Nylon bags with the root segments were removed after 20 or 30 min and bags and segments
separated. Subsequently segments were put into a small volume of precipitation solution at 0°C
which was diluted over a period of about 20 min with post-fixative containing 3% GDA and
lOOmM of I or CrO4". Fixation was then continued for about lh and followed by three
10-min washings with 100mM I" or CrO|", still at 0°C. Amounts of fluids employed were 0.5 1 ml
for each step and buffering was usually as during freeze dissolution precipitation.

Two dehydration methods were employed:
a) Diffusion method according to Sitte (1962): each batch of root segments was put on a

small watch glass with 0.3 ml wash solution, dehydration was accomplished in an exsiccator with
dry cthanol vapour during 2'/2 h at room temperature.

b) Ethanol series: 30. 60, 80, 90. 96 and 3 times 100%. each 0.5 ml during 5 min at 0° C
and all containing 100 mM I or CrO4 . For the last steps the required amount of iodide or
chromate was put into an injection syringe in which dry cthanol was sucked up.

All solutions containing I were prepared fresh and kept dark and cool as much as possible
to prevent oxidation. Moreover, for the same purpose about 2 mM ascorbate was added to most
solutions.
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Embedding was in ERL mixture (Spurr, 1969) with overnight infiltration at room temperature
after 3 washings with epoxypropane (20 min total).

Detvrmination of the Dissolution Time

When small ice crystals, measuring roughly 0.1 to 0.5 mm were introduced into the precipitation
solution they dissolved within 10 to about 60 s. For another estimate root segments were killed
by repeated quench-thaw sequences and soaked in a pH indicator solution and quenched again.
During freeze dissolution in a nylon gauze bag in the normal way (except for a different pH)
colour change of the indicator revealed a maximum dissolution time of 60-90 s except for occasional
clusters of segments frozen together during quenching, for which dissolution took longer.

Electron Microscopy

Ultrulhin sections were collected in the knife trough on a saturated Til solution. Grids were
quickly rinsed in isopentane to remove adhering solution. In general poststaining was omitted.
Sections were observed in a Philips EM 300 electron microscope usually at 40 kV.

Autoradiography

The general procedure as outlined above was followed but the uptake solution was labelled with
-04Tl (The Radiochemical Centre, Amersham, G.B.) up to 300 mCi/meq. H2SO4 in the source
was neutralized with CaO. I" was used as precipitating reagent (Nal or Cal2). Semithin sections
(3 u) were cut dry on a LKB pyramitome and glued onto chrom alum-gelatine coated glass slides
by means of tiny drops of 0.1% chrome alum 1% gelatin solution which evaporated in less than
10s on a hot plate (70°C). Kodak AR-10 stripping film was floated on a saturated Til solution
before the slides were filmed. Autoradiography was the result of the (J~ radiation of 204Tl (Emax =
776 keV) with an unknown contribution of the soft X-rays of its electron capture daughter 204Hg.
Exposure time ranged from 2 to 10 days.

The film was developed in Kodak D 19 for 5 min. Routinely the phase contrast image of
the unstained section and the bright field image of the silver grains in the film were photographed.

Comparison with the Komnick Method

Roots, cultured and loaded with TP for 4 h as described before were treated with a fixative
containing 50 or 5 mM Nal, 3% GDA and 50 mM phosphate buffer (pH 6.8) at 0° C for 3 h.
Segments were then rinsed at 0° C with 50 mM Nal and dehydrated according to Sitte. Further
treatment was as described under General Procedure and Electron Microscopy.

Determination of losses of Tl*

Dislocation of the substance by diffusion during precipitation will, in the most extreme case,
lead to diffusion out of the tissue. Therefore losses should be measured in any precipitation proce-
dure. Furthermore even in the case of very slightly soluble precipitates the amount of precipitate
in the treated tissue is rather small in relation to the total amount of fluid in the preparative
procedures. So the possibility of secondary dissolution of the precipitate should be checked too.

We determined losses of TV during all the steps of the precipitative freeze dissolution procedure
by labelling of the uptake solution with 2O4T1+ as indicated under Autoradiography. 2O4T1 was
counted in a Searle 1185 automatic gamma counter making use of the X-ray of its electron capture
daughter 204Hg (50-110keV window). Because of the softness of this radiation geometry and
selfabsorbance of the samples were kept as constant as possible so that corrections were unnecessary.

In the most cases losses were determined with standard batches consisting of 10 tip segments
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and 10 mature segments (about 50 mm from the tip) all being 10 mm long and together weighing
about 30 ing. After uptake of Tl' for 2-4h they normally contained 250 nmol Tlf (average tissue
concentration 8 nmol/gr fresh wt).

In general Nal was the precipitating agent but incidental parallels with Cal2 yielded no signifi-
cant differences. During this work the Til precipitate appeared to be sensitive to even moderate
acidity (especially caused by GDA) and sometimes to severe oxidation (especially during dehydra-
tion) to probably Til., which is much better soluble.

So the influence of pH, buffer capacity and a reducing agent (ascorbate) was investigated
too.

For the Komnick method loss of Tl' was determined only during fixation-precipitation and
subsequent rinses. In older experiments the effect of I" concentration in the fixative has been
investigated by means of atomic absorption (Perkin Elmer 300 flame photometer) at 5 and
50 mM I with 3 gram batches of roots.

In order to prevent excessive absorption of TP onto the glass vessels containing the root
material Pyrex-glass was used throughout. Nevertheless all glassware was counted too.

Results

Losses of TV During the Various Procedures from Standard Batches

1. Precipitative freeze dissolution
a) Precipitation: countings included the precipitation solution, the nylon

gauze and the epoxyresin coated NTC. None of these was negligible. Without
control solution pH could be as low as 4.5 due to glutaric acid formation
which led to losses of 5-8%. Buffering at a pH between 7 and 8.5 reduced
losses to 0.5-0.8% without detectable dependance on pH in this region. Addition
of ascorbate gave no improvement (but see dehydration). So far the effect
of varying A / was not studied.

b) Post fixation: buffering reduced losses from 5-10% to 0.8-1.1% without
evident improvement from ascorbate addition (but see dehydration).

c) Washings: without much influence of buffering and with slight improve-
ment from ascorbate addition losses amounted to about 0.1%.

d) Dehydration according to Sitte: without ascorbic acid addition losses
during this procedure including the first epoxypropane step were always high:
up to 20%. Addition of ascorbic acid reduced losses to 0.3-0.6%.

e) Dehydration by ethanol series: without ascorbic acid addition losses were
extremely variable: 2-25%. Addition of ascorbic acid reduced losses (especially
at the highest ethanol concentrations) to 0.2% for the whole series but only
when ascorbate has been present also during freeze dissolution precipitation
and postfixation; otherwise losses amounted to 1-2%.

0 Embedding: during washings with epoxypropane without any additive
losses were 0.7 to 0.9%. Remarkably the addition of Nal which was essential
to restrict losses in all the previous steps, now enhanced them. Addition of
ascorbic acid reduced them to 0.4%. Impregnation with ERL, which was always
without additives resulted in losses of 0.5 to 1.1% when no ascorbic acid had
been used in the rest of the procedure. In the opposite case losses were somewhat
higher (about 1.2%). Obviously the presence of many very small precipitates
up to the last step, made possible by the presence of ascorbic acid during
the preceding steps leads to a somewhat higher loss during this step.
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Tablet. Losses of TV during the freeze dissolution procedure (S) in the presence of iodide (except
for the last step), buffer (aqueous solutions only) and ascorbic acid (throughout) and during the
Komnick method (K)

Method of precipitation S K K K

Tl" in tissue approx. (nmol/mg IV wt)
I in precipitation solution (M)
Loss during precipitation (%)

}• 4.0b- c 7.5"- c

Loss during subsequent procedure (%) 3.0' 0.2b J

' Complete schedule of fixation, dehydration by alcohol series and embedding
" Three 10 ;nin washings only
c Determined by atomic absorption speetrophotometry
NB. It should be noted that figures for losses include all debris broken or scraped from the
segments during repeated manipulations.

In Table 1 losses during one complete experiment are summarized.
2. Komnick precipitation
2 h fixation in buffered GDA with 50 mM 1" gave unexpectedly low losses

when compared with those seen during freeze dissolution. Tenfold reduction
of I" concentration in the fixation hardly doubled Tl+ losses (see Table 1).
Half the amount leaked out during the first 30 min. Subsequent rinses in water
with the same 1~ concentrations were also low in Tl + .

Appearance of the Roots After Precipitation

There was a marked difference in appearance between roots in which Tl +

had been precipitated during normal fixation (Komnick) and those that had
been subject to the precipitative freeze dissolution procedure. In the former,
precipitation resulted in large yellow crystals or conglomerates (Fig. 1 a, b).
These were completely absent after freeze dissolution: in regions of apparently
high local Tl+ concentrations roots were almost homogeneously yellow whereas
lower local concentrations led to differences in colour density according to
the tissue and cell structures (outlines of the cells, protoplasma strands) (Fig.
1 c, d). It should be noted that apart from the slightly opaque meristem of
the tip the root material itself is completely translucent under the illumination
conditions used for photography. Virtually only the precipitate is visible in the
Figures 1. Accordingly control roots without Tl+ reveal completely black
photographs (no Figure).

Results at the Ultrastnictural Level

As was to be predicted from the preceding observations distribution of the
precipitate was extremely uneven after Komnick precipitation. In the unstained



All figures concern root material after 3 or 4 h of uptake from a 0.2 meq/1 T l ' solution followed
by precipitation with iodide. m = mitochondrion; H = nueleus: nm — nuclear membrane: r = vacuole:
>i=cell wall

Fig. ! a -d . Appeiirance Vjf roots at low maunificcition. a root tip after Komniek precipitation.
b mature root segment after. Komnick precipitation, c root tip alter precipitalive freeze dissolution.
d mature root segment after* j,wecip>{iiti\e freeze disso"lut,ion

Fig. 2. Electron micrograph of young'Xrortieal cells 0.3 mm-from the root tip after Komnick precipita-
tion. Unstained. Bar denotes 5u



•• • •
Fig. 3a-c. Electron micrographs of root cells 0.5 mm from the root tip after precipimtivc freeze
dissolution. Bar denotes I u. a Cortical cells with inhomogeneous Tl ' distribution. Unstained.
b Epidermal cells with more homogeneous Tl+ distribution in the cytoplasm. Unstained, c Epidermal
cell with inhomogeneous Tl ' distribution. Stained according to Reynolds. Some of the precipitate
has become dissolved during staining leaving tiny white holes
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Fig. 4a and b. Autoradiography of mature root material, a Bright field image of the autoradiograph.
b Phase contrast image of the underlying section. (From van Iron and van Essen-Joolen, in prepara-
tion)
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sections most of the cells were void of precipitate; sometimes isolated particles
of 0.1 u or less in diameter were seen and several cells showed a large and
dense conglomerate of Til, usually at the abaxial surface of the cell (Fig. 2).

After precipitative freeze dissolution ultrastructural preservation was rather
bad (Fig. 3). Due to local osmotic processes the nuclei had become distorted
and in several cells even vacuolated. In mature cells, in which the protoplasm
is only a 0.5-1 u thick layer between the cell wall and the vacuole, the tonoplast
was often ruptured. Moreover it is not easy to recognize cell organelles in
the unstained sections. Attempts to improve contrasts by fixation during precipi-
tation in low concentrations of OsO4 sometimes led to oxidation (and subse-
quent losses) and recrystallization of the precipitate. So far we only tried section
staining with uranyl and lead after Reynolds (1963) without much improvement
(Fig. 3c). Til precipitate was almost without exception fine grained (5-50 nm)
and usually present all over the cytoplasm though not homogeneously distributed
(Fig. 3a). Most of the nuclei contained less precipitate than the surrounding
cytoplasm (Fig. 3c). Mitochondria, when visible were void of precipitate
(Fig. 3c). Localization in or on the cisternae of the endoplasmic reticulum
was not clear (Fig. 3c). Cell walls and vacuoles were empty. Sections of control
roots without Tl revealed only occasional blotches of Til from the collection
solution in the knife trough. When the sections were collected on distilled
water most of the fine grained precipitate in the Tl+ treated segments appeared
to be dissolved.

Results at the tissue Level (Autoradiography)

After 3-4 h uptake of labelled Tl+ and precipitative freeze dissolution autoradio-
graphs were obtained like in Figure 4. Peripheral regions of vacuolated cells
were labelled more heavily than their centres. In the few cells that contained
a labelled patch in the centre, a plasma strand could be seen underlying
the silver grains. This means that all or almost all of the silver grains over
the vacuole originate from emissions in the periphery of the cells.

In several cells where "plasmolysis" had occurred resulting in a gap of
a few microns between the cytoplasm and the cell wall silver grains were found
mainly over the cytoplasm and not over the cell wall. This is all in good
agreement with the EM observations. Control autoradiographs of root material
without Tl showed no chemography (background only).

Discussion

Losses of Tl by Mechanical Damage

From the quenching to the final embedding root segments, nylon gauze and
surrounding fluids are separated repeatedly by means of pincers and pasteur
pipette. Every time there is the risk of mechanical damage liberating some
labelled debris into the fluid. Moreover, during quenching and sudden rewarming
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to the processing temperature tension due to differential thermal expansion
can lead to some material splintering off, which will be found back in the
nylon gauze or in the substitution fluid. These mechanical damages always
lead to higher figures for losses but are not relevant to localization: during
final examination we do not look at scraped off root hairs and calyptra cells,
at punctured cells or near the surface of a broken root segment. That means
that all the figures for losses given are somewhat overestimated with respect
to relevant values. Except for the effects of freezing and rewarming the same
holds for the Komnick method.

Losses Due to Reclissolution After Precipitative Freeze Dissolution

After precipitation has been completed losses reflect merely dissolution of some
of the precipitate which then simply will not be localized. The seriousness
of the incompleteness of the final picture can be estimated from the relative
amount that has been lost and which in general is low. One should be prepared
for the fact that the smallest precipitates disappear first due to higher surface
energy and surface to volume ratio.

Losses During Precipitative Freeze Dissolution

When it is assumed that the ions to be localized are immobile as long as
the tissue is frozen (see further), they will become liberated as soon as the
front of the precipitation solution has dissolved the surrounding ice. The result
will be Tl ions in solution near their location in the ice. The enormous concentra-
tion of the reagent in the front will lead to almost instantaneous precipitation
of most of them near their original location but of course some of them will
escape, their number depending on the solubility product, the local concentration
and degree of supersaturation. The last two factors will be dependent on the
original local Tl+ concentration and the actual dissolution velocity. Quantitative
figures on these phenomena are hardly obtainable. From solubility figures for
Til given by Roth and Scheel (1923) and Korenman (1963) one can extrapolate
that in the thermostat cuvette (20 ml of 1.3 M Nal at - 6 ° C) no more than
0.05 neq Tl+ can eventually dissolve, a negligible amount in the case of the
standard batches (250 neq). The actual losses are higher (Table 1), However,
a comparison of these losses with those observed for Komnick precipitation
with 5 mM I" reveals that the latter are not much higher notwithstanding
the facts that the I" concentration was 260 times lower, the intracellular I"
concentration built up more gradually and the temperature higher. So if
supersaturation were the cause of the losses during precipitative freeze dissolu-
tion, we must expect the losses during Komnick precipitation (5 mM I") to
be at least two orders of magnitude greater. The same considerations hold
for the difference between Komnick precipitation with 50 and with 5 mM of
I". Therefore we can conclude that the Til reaction is extremely rapid and
that for the experiments described here there is no evidence for supersaturation.
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Certainly most of the losses can be explained by the formation of the soluble
complexes Tl+ + nr±?TII(

n
n~ "~(n= 1,2,3,4). The equilibrium constants in Nal

solution at 25° C are for n = l to 4: 33.1, 91.2, 51.3 and 20.9 respectively
(Sillen, 1964). As the values at — 6° C are unknown amounts of Tlf,, that can
dissolve at that temperature cannot be calculated but the losses due to their
presence appear to be low.

Perhaps a minor part of the losses observed is due to oxidation of a small
amount of Tl+ in the living root cells (cf. Lindegren and Lindegren, 1973)
to Tl3 + which is not easily precipitated with iodide.

Possible Dislocation During Precipitative Freeze Dissolution

We now have to discuss the relevant features of frozen biological material
and examine whether they permit ion dislocation before final precipitation.

The quenching of our very small specimen in boiling nitrogen can be assumed
to convert all the freezable water in the cells into almost vitreous ice. For
larger pieces a non-boiling fluid is certainly more suited as it does not form
an isolating layer of vapour around warmer objects. We now use freon as
it is chemically almost inert and evaporates at the freeze dissolution temperature.
Up till now we have not noticed significant differences between both procedures.

Up to this point immobilization of the ions seems to be warranted but
during rewarming a complicated situation arises. At the freeze dissolution tem-
perature ( — 5 to — 6° C) recrystallization of ice is rapid. Some authors report
growth of ice crystals in biological materials at moderate subzero temperatures
up to microns within seconds (Sakai, 1966; Mazur, 1970). An estimate of the
damage done to the tissue is obtained by observing the holes in it after fixation.
Although somewhat variable the granular appearance of the cytoplasm suggests
ice crystals of about 0.1 u. In the nucleus they often must have been larger
(up to 0.2 u) and fields of holes frequently occur. In general ice recrystallization
results in bulk displacement of all tissue constituents except water so ions and
plasma structures can be expected to be pushed away together.

The most serious problem arises from the phenomenon of eutectic thawing.
It is well known that biological material, when cooled relatively slowly, will
freeze partially and progressively with lowering of temperature (see for instance
review by Mazur, 1969) provided that supercooling does not occur. Depending
on ultimate subzero temperature and especially cooling velocity, either only
extracellular ice will be formed or intracellular ice as well. In the case of
intracellular ice formation the bulk of the originally dissolved cell constituents
including the mineral ions will become more and more concentrated between
the ice crystals that grow as the temperature falls. At last concentrations become
so high that solutes start precipitating together with new ice deposits and after
some further cooling they all have become solid too ("eutectic zone" see Rey,
1960). During rewarming the reverse will occur (eutectic thawing). On the other
hand when cooling is extremely rapid (quenching) the result is at best (almost)
vitreous ice that surrounds all cell constituents in their original positions. Of
course during rewarming of such material eutectic thawing will occur. Likewise
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from differential thermal analysis it has become clear that eutectic melting
during rewarming of single salt solutions is always instantaneous irrespective of
the cooling velocity during freezing (Rey, 1960). In our case the processing
temperature ( — 5 to — 6° C) is well above the "eutectic zone" (about —15° C
for yeast cells according to Mazur, 1963) so certainly all ions to be localized
are in solution at the processing temperature. Whether they can or cannot
diffuse between the recrystallizing ice in the tissue to a substantial extent is
dependent on the original spatial distribution of the fluid areas and the time
during which the tissue is held at the chosen temperature.

Experimental evidence on the possibility of diffusion of ions in frozen tissue
comes from electrical resistance measurements by Mazur (1963, 1965): both
dilute KG solutions and tightly packed yeast suspensions (45% yeast) were
cooled at semi-rapid velocities (200-300° C per min down to 196° C) and
rewarmed at a rate of about 1.5° C per min. K G concentration (25 mM) was
chosen such that the resistivity and its changes with temperature were quantita-
tively the same for both objects. During rewarming of the KG solution resistivity
remained virtually constant at a very high value up to about -15° C. Past
the autectic point ( - 10.7° C) resistivity became at - 10° C nearly constant again
at a value of about 10 times lower indicating slight ion movements. Not before
about —4 to — 3° C resistivity shows a sharp drop by a factor of roughly
104 to the value of the completely molten solution. The frozen yeast suspension
behaves different. When rewarmed from —196° C resistivity does not drop
before — 4° C at all. Eutectic melting already occurred at about — 15°C (as
concluded from differential thermal analysis) but the ions then liberated to
a small extent do not contribute to the conductivity of the system. Obviously
at least the plasmalemma remains impermeable at temperatures below —4° C.
If the same holds for other membranes localization of the ions within their
original compartment is ensured. From the KG data it can be concluded that
the mobility of small ions at — 6° C is roughly 5000 times as low as at 0° C.
It should be noted that in general freeze dissolution was completed within
1 min and that for the outer cell layer a fraction of this time is sufficient.
These figures cannot pretend more than give the impression that in our method
dislocation of ions by diffusion is far less probable than under non-frozen
pr^ioitation conditions. More quantitative calculations are for the moment
impossible, not only because the yeast suspension is different from root material
and Tl+ salts differ from KCL, but also because the temperature of the inner
root layers is still lower during the freeze dissolution of the outer layers. Certainly
further quantitative study on the diffusion of ions in frozen tissue is necessary.

Comparison of the Results of Both Precipitation Methods

The macroscopic appearance of the root material already proves that in the
case of the Komnick precipitation dislocation by diffusion has been tremendous.
Electron microscopy indicates that the Tl content of one cell (or even more)
can precipitate in one conglomerate. Certainly this is due to the disorganizing
effect of the fixative preceding the gradual increase in concentration of the
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precipitating reagent. In the meantime cell solutes are more or less free to
dill use.

To illustrate the diffusion of ions during normal fixation we studied the
loss of labelled TV and Rb^ from barley root tissue during treatment with
buffered GDA or OsO4. After fixation with glutaraldehyde 50% loss of ion
content was observed, for Rb ' in 7 min and for Tlf in lOmin. With OsO4

losses were about ten times as fast. After 2 h losses were in all cases between
75 and 99.5%. Important is that in none of the graphs a lag phase was discern-
able. Therefore we must conclude that as soon as the fixative reaches the plasma-
lemma of the epidermal cells ions begin to move and leave the tissue. A steady
outflow ensues penetration of the fixative front.

In the case of the Komnick precipitation however the sensitive and quick
reaction with the surrounding iodide prevents the majority of the Tl i to leave
the tissue or even the cell so that losses are low. The large conglomerates
at the abaxial surface of some cells (Fig. 2) can be best explained as the result
of a sequence of events like the following: breakdown of the permeability
barrier (plasmalemma) by the fixative front advancing from the abaxial direction,
entrance of some fixative and iodide into the cell, first precipitation of Til
at the most favourable site, entering of more iodide from outside together
with quick diffusion of Tl* from all over the cell towards the precipitation
site where Tl+ and I" concentrations are low, thus leading to accumulation
of precipitate near the first site.

These observations illustrate that low losses never guarantee good localiza-
tion, though high losses certainly indicate unreliable results. Of course there
is no need to discuss ultrastructural preservation after Komnick precipitation.

With precipitative freeze dissolution losses were also low and were explained
as the result of mechanical damage, the formation of soluble complexes and
perhaps the oxidation of a small fraction of the Tl. Cryobiological data give
confidence with respect to the absence of serious dislocation by diffusion. How-
ever quantitative experiments must offer a final check. Electron microscopy
has revealed abundant precipitates of a very small size indicating abundant
nucleation sites and a small average distance of diffusion before precipitation.
Possibly an even finer precipitate can be obtained at lower freeze dissolution
temperatures with correspondingly higher iodide concentrations. This would also
have the fundamental advantage of further reducing the risk of diffusion in
the frozen state especially at temperatures below the eutetic zone of low salt
barley roots. For subcellular localization preservation of ultrastructure should
be improved as well as the visibility of the membranes. Perhaps these features
can also benefit from lower freeze dissolution temperatures and besides from
the introduction of (non-oxidizing) contrasting substances like uranyl salts.
We expect results on most zoological material to be better because it is more
homogeneous.

For the moment localization allows a coarse distinction between the larger
cell compartments i.e. cell wall, cytoplasm, nucleus, vacuole and sometimes
mitochondria:

1. The cell walls are void of precipitate. During uptake TI+ concentration
in the walls will not have been far from that of the uptake solution (0.2 mM).
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After a 2-3 min rinse with demineralized water most of this Tl' will have
been washed out. So observation is in accordance with expectation. It also
means that no TI+ from elsewhere has become dislocated into the cell walls.

2. Except for some precipitate grains associated with plasma remnants in
damaged cells we also do not find precipitate in the vacuoles. This is also
in accordance with our expectation based on the interpretation of uptake ki-
netics. We concluded earlier (Bange and Van Iren, 1970) that Tl+ transport
to the vacuole is impaired. So observation confirms our interpretation of short
term uptake kinetics. There is also no evidence for dislocation of Tl+ from
elsewhere into the vacuole.

3. Tl+ concentrations in the nucleus are equal or lower than in the cytoplasm.
4. Mitochondria seem to contain no significant amount of TV .
5. Distribution of Tl+ in the cytoplasm is very uneven. This could be an

indication of absorption of Tl+ to cytosol constituents because there is no
evidence for organelles to which the observed local concentrations could be
confined.

Further results and conclusions especially at the tissue level will be published
elsewhere (Van Iren and Van Essen-Joolen, in preparation).

Final Remarks

As no method for localization of water soluble substance up till now can be
regarded as completely safe, the results of different methods should be carefully
compared in order to get at a reliable conclusion in a certain localization
problem. Our method of precipitative freeze dissolution therefore is a welcome
addition to the existing arsenal. It is simple and, apart from normal microscopical
and electron microscopical provisions, only a small capacity cooler, an accurate
(registrating) thermometer, and a stirred thermostat vessel are needed.

Up till now the results at the tissue and coarse cellular level are good
but localization at the level of the smaller organelles depends on the possibilities
of better ultrastructural preservation.

The method has been applied by us to TI+ but in our opinion it is also
applicable to Cl~ and Br~ for which a concentrated AgNO3 solution can
serve as precipitation fluid. Moreover we have evidence that rubidium can
be localized likewise with the aid of Na3[Co(NO2)6]. Although the solubility
product of Rb3[Co(NO2)6] is not extremely low, it seems to dissolve only very
slowly in the presence of some cobaltinitrite. Probably the same holds for
caesium and perhaps for potassium. (The solubility of K3[Co(NO2)e,] could
be too high). For Ca2+ and PO4" highly soluble oxalates and lead salts respec-
tively could be suited as precipitating agents.
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Abstract. The kinetics and localization of Rb+ uptake
by barley roots were studied as function of the water
potential of the medium. At potentials causing plas-
molysis. uptake is reduced and becomes restricted
to the outer surface of the root. The conclusion is
that, at least for Rb+ in the range of low external
concentrations (< 1 mM), the mature root cortex has
little if any primary absorption1 capacity. Therefore,
the apoplasmic pathway is of little or no significance
for radial transport, which occurs by primary absorp-
tion at the epidermis and - perhaps - hypodermis
followed by symplasmic transport to and through the
cortex. Young cortex cells possess a primary absorp-
tion capacity comparable to that of the epidermis,
but this feature is (largely) lost during differentiation.

Key words: Hordeum - Ion localization - Ion uptake -
Plasmolysis - Symplast uptake (ions).

Introduction

In the early fifties, the opinion gained ground that
the cell walls and intercellular spaces of the plant root
cortex form a continuous free space into which small
ions and molecules from the medium can penetrate
readily by diffusion up to the Casparian strips of the
endodermis. Ever sin:e, most authors in the field
of ion uptake and transport became convinced
that absorption (= passage of the plasmalemma) can
occur all along this free space, i.e., through the plas-
malemmas of all epidermal and cortical cells <as well
as the abaxial halves of the endodermis (Baker 1971;

' Primary absorption = uptake directly from the outer space (in
contrast to uptake via the plasmodesmata)

Abbreviations: PFD = precipitative freeze dissolution: GDA =
glutardialdehyde

Brouwer 1965; Bowling 1973; Dunlop and Bowling
1971; Lauchli 1976; Liittge and Laties 1966, 1967).
This view implies that all these plasmalemmas behave
identically in this respect. Although there is no direct
evidence in favour of this proposition, the view men-
tioned above is still the prevailing one and represented
in almost all textbooks on ion transport (Clarkson
1974; Epstein 1972; Liittge 1973; Sutcliffe and Baker
1974) and on plant physiology (e.g. Libbert 1975:
Salisbury and Ross 1978).

In 1965, Pitman refined this concept of free-space
function after some approximative calculations on
diffusion of K ~* into the free space. He concluded that
at a low external concentration (0.5 mM), diffusion
and water drag (transpiration) into the free space could
contribute little to the observed uptake velocity.
Bowling (1976) and Goring and coworkers (Ehwald
et al. 1973; Goring et al. 1974) made similar calcula-
tions. They led to the inference that the uptake of
rnacronutrient ions at low external concentrations
(about 0.1 mM) occurs predominantly at the outer
surface of the root despite the presence of uptake
mechanisms in all cortical plasmalemmas. At higher
concentrations uptake by the cortical plasmalemmas
could make a larger contribution (Pitman 1977).
Gorings group extended this view. From the kinetics
of glucose uptake by maize root tips they concluded
that the classical "dual mechanisms", observed in
the absorption kinetics of many solutes, are merely
the result of the interplay of absorption and diffusion
in a multilayer system. Mechanism I should then reflect
uptake by the epidermis, and mechanism II uptake
by identical mechanisms in the cell layers below the
surface, where uptake kinetics are blurred by interac-
tions with diffusion.

Occasionally, authors questioned the even distri-
butio'h of uptake mechanisms over all plasmalemmas
lining the free space outside the Casparian strips.
They advocated a special role of the outermost cell
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layers in primary uptake, though, on very indirect
evidence as. for instance, a higher ion content of this
layer as localized by Lauchli (1967) or a higher accu-
mulation of the dye neutral red (Soran and Lazar
1%5). In corn roots. Malone ct al. (1977) localized
an ATPase predominantly in the plasma lemma of
the hypodermis and inferred a higher ion uptake ca-
pacity of epidermis plus hypodermis. More direct evi-
dence was presented by Vakhmistrov (1966) from the
measurement of free space contents after suspension
of roots in damp air, and by Bange (1973). The latter
calculated that the kinetics of diffusion into the free
space with concomitant absorption by the lining plas-
malemmas are quantitatively irreconcilable with the
almost perfect Michaelis-Menten kinetics found by
many authors, e.g., Rb+ absorption in the concentra-
tion range of mechanism I. These authors conclude
that for radial ion transport toward the stele, the
apoplasmic pathway through the cortical cell walls
has no significance and, therefore, the symplasmic
pathway through the plasmodesmata is the only one.

Obviously, the results of all these calculations de-
pend heavily on the diffusion resistance of the free
space, the estimates of which differ by about two
orders of magnitude (c.f. Pitman 1965; Bange 1973;
Ehwald et al. 1973).

The aim of this study is to show the sites of pri-
mary absorption in a more direct way. If the symplas-
mic pathway can be disrupted by plasmolysis, uptake
will become restricted to the cells that possess primary
absorption capacity. Subsequent ion localization will
show which cells are involved.

Materials and Methods

Plant Material and Experimental Solutions

Seedlings of barley (Hordcum vulgare L. cv. Effendi) were grown
lor one week on 2-10 * M CaSO4 according to Bangc and Van
Iren (1970). Roots were excised just below the caryopsis and rinsed
for 15 to 20 min in dcmineralized water. Two seed batches were
used (harvest 1976 and 1977). The amounts of root material will
be expressed in grams fresh weight (g).

All pretrcatmenl. uptake, and rinse solutions contained
2-10 4 M CaSO4 and 10 4 M Ca(HCO3)2. The temperature was
25°C and the pH was about 7Rb* was applied as RbCl at
2-10 4 M and labelled with 8<IRb. The isotope content of root
material and solutions was measured directly in an automatic
gamma counter. Mannitol (biochemical grade) and sucrose (Ana-
lar) were obtained from British Drug Houses (Poole, Engl.)

Vptake ami Release Studies

Adhering water was removed from the excised roots by low-speed
centrifugation and I or 2g batches were weighed. Roots were
prelrcalcd for 30 or 60 min with mannitol or sucrose at concentra-
tions between 0 and I M. In some experiments this treatment was
followed by stepwise dilution until absence of osmoticum. each
step lasting about 20 min.

Uptake sturlcd with the addition to the (last) prelreatnienl
solution of a small volume of RbC'l solution al a specific activity
of 7.5- IO"Bi| mol '. Uptake was terminated by a I min rinse
in the (last) pretrealmenl solution at room temperature.

Release studies started with uptake of Rb' for 1 h in the
'.'.bsencc of osmotica. After a I inin rinse in demineralized water,
roots were treated with different concentrations of osmoticum in
the absence of Rb ' .

Localization Sunlit',*,

5 to 7 roots, excised about 7 cm from the lip. were allowed to lake
up labelled Rb' in the plasmolyzed slate, as indicated above. Spe-
cific activity was 3.8-101- 1.510'3Bq mol '. Results of the fol-
lowing experiments will be discussed in this paper:

Series A: pretreatment with 0.6 M mannitol and Rb' uptake
in the presence of the same concentration of mannilol. both for
30 min.

Series B: as A but at a mannitol concentration of 0.4 M. pre-
trcalmcnt and uptake time both 60 min.

Series C: as B but mannitol concentration I M.
Controls: no mannitol during prelreatment and uptake.
At the end of the uptake period, 1 cm segments were excised

in the prelreatment solution al room lemperalure. Each of them
was blotted, picked up on a small piece of aluminum foil, and
immersed with a rapid movement in melting Frcon FI2 at
— 15K° C. The segments were collected without rcwarming in small
nylon gauze bags in liquid nitrogen. Next they were subjected
to the precipilative freeze dissolution procedure (PFD) described
by Van Iren and Bange (1978) for T r . Firsl the bags were warmed
to about -30° C in boiling Frcon for a few seconds and then
quickly immersed in the PFD cuvette. The latter contained 20 ml
of a magnetically stirred solution of 1.14 M Na.,[Co(NO2)f,], 3%
glutardialdehyde (GDA) und 2% acetic acid (modified after Crout
and Jennings 1957). The melting point of this solution was about
- 15° C. its temperature was kept 1.0° C higher to allow dissolution
of the tissue ice and concomitant precipitation of Rb* by the
cobalt III nitrite. Though this process was supposed to be
completed within a few tens of seconds, the bags were taken out
for practical reasons only after 15 to 20 min. The segments were
removed- from the bags and immersed in a small volume of PFD
solution at 0° C. The latter was gradually replaced by a fixative
containing 3% GDA: 2% acetic acid, as well as 100niM
Na.,[Co(N02)t,] in order to prevent redissolution of the precipitate.
About 100 min after the beginning of the PFD. the segments were
rinsed 3 times, each during 5 min in 100 mM Na3 [Co(NO2)(,] at 0°C.
Dehydration was at room temperature in a graded ethanol series,
lasting 35 min. After two propylene oxide treatments each during
10 min. the latter was gradually replaced by ERL embedding me-
dium after Spurr (1969). After 20 and 60 min of slow rotation
in fresh ERL mixture, the root segments were transversely cut
in halves and embedded in such a way that after polymerization
(12 h at 70° C) sections could be obtained about 0.5 mm from
this freshly cut surface. Before embedding, the R6Rb contents of
all fluids, vessels, and other devices that had been in contact with
the root segments, as well as of the root segments themselves,
were counted in order to establish efficiency of precipitation during
PFD and subsequent redissolution.

For autoradiography, 3 urn thick sections were cut dry with
glass knives on a pyramitome JLKB) and glued onto chrom-alum
coated glass slides by means of tiny drops of water that were
evaporated after about 5 s on a hot plate (about 70° C). Kodak
AR-10 stripping film was allowed to expand on a saturated solution
of Rb3 |Co(NO2),,] to prevent redissolution of the precipitate
during its application. Alternatively, the film was applied dry by
making a sandwich consisting of the glass slide with the sections,
the dry film, and a glass slide covered at the film side with a double
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layer of adhesive plaMic tape (Scotch nr 471). The sandwich was
firmly clamped together. The results of this dry sandwich technique
were always the same as those of the wet application hut showed
a poorer spatial resolution. Control sections without label showed
no sign of positive chemography with either technique.

Depending on the amount of label in the sections as revealed
bv replicate slides, exposure of the films was 4 to 28 days at
4° C after which they were developed in Kodak 0 \l).

In general mature root material was studied but occasionally
Mime tips were analyzed, lor unknown reasons. Hat and intact
sections of this tissue were hard to obtain. Some cracks always
locally prevented close contact between the film and the section
(sec Fig.')).

Results

Rh' Uptake in the Presence
of Different Concentrations of Osmotica
after Pretreatment in (lie Same Osnwticuw Solution

The general characteristics of all experiments were
as follows. Relative to the controls, osmoticum
concentrations up to about 0.15 M caused a slight
stimulation of Rb •" uptake. At about 0.2 M, a sharp
decline of 30 to 80% was observed. Higher concentra-
tions showed a small to moderate further decline.
Munniiol and sucrose had essentially the same effect.
Figure 1 shows the results of a typical experiment.

Rh^ Uptake in the Absence of Osmoticum
after Pretreatment with Different Osmoticum
Concentrations followed by Stepwise Lowering
of the Osmoticum Concentration

Pretreatments in about 0.15 M mannitol or sucrose
caused a variable decrease of Rb+ uptake in the ab-
sence of osmotica. Above about 0.4 M, uptake be-
came constant at a low to negligible level. Figure 2
shows the results of a typical experiment.

Release of Previously Absorbed Rh+

during Plasmolysis and Deplasmolysis (Fig. 3)

By itself, mild plasmolysis in 0.4 M mannitol did not
bring about a loss of Rb+ worth mentioning. More
severe piasmolysis caused a small and perhaps transi-
ent loss. However, when, after plasmolysis at 0.4 M,
the concentration of the osmoticum was lowered
to 0.2 M, about 65% of the R b ' , taken up during
the pretreatment, was lost from the tissue. Further
lowering of the osmoticum concentration had hardly
any effect.

Losses of Rh* during the Localization Procedure

Table 1 shows the figures for losses of Rb+ from
root segments. It should be noted that figures for

25 .50 .75
Cone. Osmoticum (M)

1'ifi. I. Rh' absorption during 1 h in the presence of different
concentrations of mannitol (duplo) or sucrose (haplo) after pre-
treatment with the same concentration of mannitol or sucrose
during 1 h. Bars denote variation

.2 .4 .6 .8
Cone Mannitol (M)

10

Kij>. 2. Influence of prelrealinent during 30 min with different man-
nitol concentrations on uptake of Rb' over 30 min in the absence
of osmotica. Pretrealment solutions were stepwise replaced by solu-
tions containing no mannitol. The experiment was run in duplicate.
Bars denote variation
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40 60 80
Time (min)

l % 3 . Loss of previously absorbed Rb' (1 li) during (rcatnieni
with different mannitol concentrations, o control (no mannitol).
• plasmolysis in 0.4M mannilol (I h) followed by depkismolysis
in 0.2 M (20 min) and IIM mannitol (20 min). • plasmolysis in
I M inannitol (I h). Initial Rb content was about 7^mol'g '.
The experiment was run in triplicate. Vertical lines indicate replace-
ment of solution. Bars denote variation

Table 1. Amount!! of Rb* absorbed by (segments of) excised roots
and amounts lost during the localization procedure

Prelreatment and
uptake, each:

Amount absorbed
( ( imolg ')

Rb' lost ("ii) during:
PIT)
fixation
rinses
dehydration
embedding

Rb* retained (%)

60 min
no
mannilol

10

1.0
1.3
1.2
0.2
0.1

%.2

30 min
0.6 M
mannitol

0.6'

6.0
6.0
1.9
0.3
0.1

85.7

60 min
0.4 M
mannitol

4.4

8.6
3.7
2.7
0.5
0.1

84.4

60 min
1 M
mannitol

3.5

7.6
5.1
2.5
0.3
0.1

84.4

1976 harvest, which had a rather low uptake capacity

losses include contributions due to mechanical causes
such as broken root hairs and washed-out cut sur-
faces. Moreover, damage of segments was sometimes
observed after freezing and manipulation in the dark-
brown solution and fixatives. Though such damaged
segments were discarded at the end of the procedure
their contribution to the losses remained.

It is clear that for the control roots, losses during
precipitation in the PFD as well as the 23 subsequent

changes of fluid were negligible. For the plasmolyzed
roots losses were higher during PFD and fixation,
but eventually about 85% of the original Rb+ content
was retained in the segments.

Localization of Rb'* in Control Roots (Figs. 4 and 5)

Results were obtained in 2 experiments performed
one year apart, from 14 segments derived from 11
roots.

After 30 or 60 min of Rb+ uptake by roots pre-
treated without mannitol the cortex as a whole ap-
pears to be homogeneously labelled. This applies
equally well to the meristcmalic region of the root
as to the mature parts. Local differences in distribu-
tion of the label are, at least partially, correlated with
an uneven distribution of cytoplasm in the cell sec-
tions. In general cell walls of full-grown parenchyma
cells are lined with a 0.5 um thick layer of cytoplasm
which may be locally thickened, sometimes to a con-
siderable extent (unpublished EM observations). Dur-
ing embedding of the tissue the cytoplasm sometimes
becomes detached from the walls, resulting in several
empty cell sections.

The epidermis often contains somewhat less label
than the cortex. In mature tissue this phenomenon
is frequently obscured by a high degree of collapsing
of the epidermal cells occurring during embedding.

Labelling of the endodermis and stelar cells is ex-
tremely uneven. Peculiarities of these distributions
will be shown and discussed elsewhere.

Localization of Rb+ after Plasnwlysis

Despite the differences in plasmolyticum, plasmolyti-
cum concentration, duration of pretreatment, dura-
tion of uptake, and seed batch the majority of the
autoradiograms of mature root tissue shows the same
pattern. Contrary to the controls, the epidermis and
frequently the hypodermis as well, contain consider-
ably more label than the cortex. Labelling of the endo-
dermis and stele equals or remains behind that of
the cortex. Quantitative comparison of segments is
difficult because of a large individual variation. Nev-
ertheless, taking into account autoradiographic expo-
sition times, we conclude from all material that in
plasmolyzed roots, the Rb+ content of the epidermis
(and hypodermis) is equal to or higher than In control
tissue, but the labelling of the cortex is considerably
lower.

In series A (pretreatment and uptake time both
30 min with 0.6 M mannitol), out of 8 segments from
4 different roots three showed this pattern (Fig. 6),
in two it was less pronounced or only visible in parts
of the sections (Fig. 7), and three resembled the con-
trols.
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Figs. 4-9. Aulorudiogrums of root sections

Fig. 4A and B. Control (no nninnitol). Rb' uptake during I h. Distance from root
tip 15 mm.
A film (bright field illumination);
B section (phase contrast)

Fig. 5. As 4 but distance from tip 44 mm

Fig. 6. Pretreatmcnt and Rb' uptake both during 30 min with 0.6 M mannitol
(series A). Distance from tip 15 mm
Fig. 7. As 6 but distance from tip 45 mm

Fig. 8. Prctreatment and Rb ' uptake both 60 min with 1 M mannitol (series C)
Distance from tip 45 mm

Fig. 9. Prctrcatmcnt and Rb' uptake both 30 min with 0.6 M mannitol (series A)
Distance from tip about 0.3 mm. Bright patch in the centre is n artifact (see
materials and methods). Outermost ring of grains overlies calyptra cells

In series B (pretreatment and uptake time both
60 min with 0.4 M mannitol), all five segments (from
3 different roots) showed the same phenomenon to
a more or less pronounced extent.

For series C (pretreatment and uptake both
60 min with 1.0 M mannitol), all five segments (from
3 different roots) showed an almost "empty" middle
and inner cortex, endodermis, and stele. The epi-
dermis (and hypodermis) was heavily labelled, though
not all of it (Fig. 8).

So, with these results taken together, the general
pattern tends to become more pronounced when ei-
ther duration of pretreatment, or uptake time, or
concentration of the plasmolyticum is increased.

In contrast to the pattern observed in mature root
tissue after uptake in the plasmolyzed state, the youn-
gest root parts resembled the controls. After plasmo-
lysis with 0.6 M (series A, Fig. 9) or 1 M (scries C)
mannitol the cortex appeared heavily labelled.

Some preliminary localization experiments with
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sucrose as a plasmolylieum revealed the same phe-
nomena, (hough less pronounced.

Discussion

Localization reveals dial, in the presence of osmotica
at concentrations above 0.2 M, only the epidermis
and hypodermis of mature root tissue absorb Rb +

to about the same extent as in the control roots.
liven if the localization method did not work per-
fectly, it is inconceivable that the difference between
the main characteristics of controls and treated tissue
could be attributed to redistribution artifacts in one
or both of the two types of material1. Kinetics indicate
that the effect correlates specifically to the plasmolyz-
ing action of the osmoticum: at low concentrations
osmolica have no effect or even stimulate slightly,
uptake decreases drastically at incipient plasmolysis,
and higher concentrations have only a limited in-
fluence. Moreover, the two osmotica used appear to
have almost exactly the same effect.

Now we have to consider in which way plasmo-
lysis affects the absorption process. In the first place,
it is deemed impossible that the results can be ex-
plained from a different degree of plasmolysis of the
various cell layers of the root. Localization shows
the same pattern at all plasmolyzing osmoticum
concentrations, though the results arc more pro-
nounced at 1 M. No doubt all epidermal cells are
plasmolyzed at the latter concentration. Secondly, we
do not believe that the pattern resulted from a greater
sensitivity of cortical uptake mechanisms to damage
by plasmolysis on conformable grounds. At 1 M
mannilol the difference between the cortex and the
two outermost cell layers is then almost all or
none. Thirdly, plasmolysis could have a different ef-
fect on the plasmalemma permeability of different
cell types. However, the decreased uptake capacity
of the cortex after plasmolysis cannot be explained
by the assumption that, contrary to those of epidermis
and hypodennis, the cortical plasmalemmas are
rendered leaky. Figure 3 shows clearly that all plas-
malemmas retain their barrier function with respect
to Rb+ during plasmolysis. Fourthly, plasmolysis in-
creases the volume of the water free space, thereby
enhancing the accessibility of the cortical cells for
diffusing ions from the medium. (As observed repeat-
edly, the uptake of Rb+ in this concentration range
is insensitive to the addition or omission of a large
excess of Ca2+ to or from the medium: here the
Donnan free space plays no role in uptake. See Bange
and Hooijmans 1967; Bange and Schaminee 1968;
Bange 1973). Obviously this phenomenon does not
contribute to the pattern obtained.
1) Sec note added in proof, p. 137

So, in our opinion, there is no other explanation
for the results than the widely accepted view that
plasmolysis ruptures most if not all of the plasmodes-
mata and, thus, severely disturbs symplasmic trans-
port. Our data on Rb+ uptake as a function of the
osmoticum concentration show essentially the same
features as those obtained by Sutcliffe (1954) for K+,
by Arisz and Sol (1956) for Cl", and by Falk et al.
(1965) for SOl". Arisz and Sol, working with Vallix-
neria leaves, also supposed rupture of plasmodesmata
to be responsible for the reduction of uptake.

The only straightforward explanation now is as
follows. Primary absorption (passage of the pit* ma-
Icmma) occurs exclusively or predominantly near the
outer surface of the root; this process is not inhibited
by plasmolysis. The cortex receives ions (almost) ex-
clusively by the symplasmic pathway from the epider-
mal (and hypodcrmal) cells; this process is strongly
inhibited by plasmolysis.

The residual labelling of the cortex after uptake
in the plasmolyzed state could be the result of a small
primary absorption capacity located in its plasma-
lemmas but probably it is partly due to residual sym-
plasmic transport. Several authors observed that, dur-
ing plasmolysis, not all plasmodcsmata break (Bur-
gess 1971). Some retain a connection with both proto-
plasts in the form of Hechtian strands. However, it
is not certain whether these extremely extended fila-
ments still possess transport capacity (Drake et al.
1978). Our results show a tendency to both lower
uptake capacity of the roots and lower labelling of
the cortex with higher concentrations of the plasmoly-
ticum. This could well be the result of successive dis-
ruption of the remainder of the intercellular connec-
tions along with further shrinkage of the protoplasts.

The role of the hypodermis is not yet completely
clear. The view that its plasmalemmas contain uptake
mechanisms at a density comparable to that of the
epidermis, is supported by the observation that it
is in general heavily labelled and that the boundary
with a weakly labelled cortex is sometimes rather
sharp. Alternatively, it seems possible that after plas-
molysis, epidermis and hypodermis, both consisting
of relatively small cells, retain much more intercon-
nections (functional plasmodcsmata) than the much
larger cells of the cortex.

Recently, Grunwaldt et al. (1978) observed that
in mature maize roots the epidermis but not the cortex
is largely destroyed after (/t'plasmolysis. Likewise sev-
ere disruption of the epidermal (and hypodermal)
plasmalemmas could fully explain the very small up-
take of Rb+ in our material after deplasmolysis
(Fig. 2).

Some authors studied uptake kinetics of roots af-
ter surgical intervention. Anderson and Reilly (1968)
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scraped off the epidermis and outer cortex of maize
roots. I'luxes of K' and Cl to the xylem exudate
continued for many hours, though at a much lower
rate. This could indicate a moderate primary absorp-
tion capacity of the root cortex. On the other hand,
the effects of such a dramatic interference with root
structure are probably much more far-reaching than
the mere elimination of some cell layers. For instance,
Koopowitz et al. (1975) reported hyperpolarization
by a factor of 2 to 3 in plant cells near a wounded
surface. Cram (1973) compared Cl" uptake by iso-
lated half cortices and complete root segments. Pit-
man (1976) supposed Cram's results to plea against the
view that the cortex lacks primary absorption capac-
ity. When there is uptake capacity in all cortical plas-
malemmas but restriction of uptake at low external
concentration by diffusion in the intact free space,
one would expect a considerable increase of uptake
after excision of the cortex, due to exposure of a
much larger surface to the external solution. In two
experiments Cram found a slight increase after exci-
sion. In a third he observed a doubling but then
at O.I mM as well as 50 mM external KG. As, unlike
diffusion, uptake capacity rises much less than pro-
portionally to the external concentration, diffusion
will become relatively favoured as the concentration
rises. Thus, restriction of uptake by diffusion and the
relief of it brought about by excision, would be much
lessat the high than at the low concentration. So, most
probably, the doubling was caused by other effects
of the excision. In our opinion these various results
do not provide evidence that all cortical plasma-
lemmas possess the same uptake capacity in the 0
to 1 mM range as do those of the epidermis.

We conclude from our results that in mature
barley root tissue, the epidermis and possibly the hy-
podermis possess uptake mechanisms for Rb+ operat-
ing in the low concentration range. In the cortex such
mechanisms are scarce or lacking. In this respect it
is comparable to the parenchyma in storage roots
like that of potato and red beet.

At the same time we obtained evidence that in
the merislematic region all cortical (and perhaps ste-
lar) cells possess primary uptake capacity. This prop-
erty is apparently lost during differentiation. Due
to its very small dimensions this region contributes
little to uptake and transport kinetics of roots.
So. the conclusion is justified that the apoplasmic
pathway has little if any significance for K + nutrition
of the plant and this is not because diffusion is insuffi-
cient.

We suppose that the same holds for many other
plant roots and for more ion species but we do not
preclude that uptake mechanisms operating at higher
concentrations or uptake mechanisms for other ions

are more evenly distributed over all plasmalemmas
outside the Casparian strips.

Our findings are in line with the view expressed
by Vakhmistrov and by Bange, but at variance with
the hypothesis advanced by Goring and coworkers
(see Introduction). However, the latter authors ob-
tained their results with 3 mm root tips in which the
meristematic region is well represented. In such mate-
rial interplay between diffusion and absorption is cer-
tainly possible. However, because dual mechanismes
are observed for many solutes in complete roots, and,
on the other hand, also in unicellular algae (Kannan
1971; Serra et al. 1978), this phenomenon cannot gen-
erally be attributed to the interplay between diffusion
and absorption in a multilayer system with evenly
distributed uptake sites.
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Note added in proof:

We did one more control experiment. Roots were allowed to lake up Rb' for I h just as normal controls. Before quenching. PFD.
and further procedure they were however plasmolyzed in 0.8 M mannitol. The autoradiograms showed the same pattern as the normal
(unplasmolyzcd) controls. So in itself plasmolysis has no influence on the location of the ions at the end of the localization procedure.
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Sodium and Calcium Localization in Cells and Tissues
by Precipitation with Antimonate: A Quantitative Study

Frank Van Iren1, Loulou Van Essen-Joolen1, Paula Van der Duyn Schouten1,
Pinie Boers-Van der Sluijs1 and W.C. de Bruijn2

1 Ion Transport Research Group, Department of Planl Nutrition, Botanisch Laboratorium
der Rijksuniversiteit, Nonnenstccg 3. NL-2311 VJ Leiden, The Netherlands, and
2 Unit for Analytical Electron Microscopy, Laboratorium voor Electronenmicroscopie
dcr Rijksunivcrsitcit, Rijnsburgcrwcg 10, NL-2333 AA Leiden, The Netherlands

Summary. Komnick's antimonate1 technique, which was devised to localize
Na+ in cells and tissues, was studied quantitatively. Some modifications,
as well as its application to Ca2+ localization, were also investigated.

We combined measurements of Na+ and Ca2+ retention in plant roots
during the various procedures, electron microscopy, autoradiography, and
semiquantitative X-ray microanalysis. We were able to show that (at least
in barley roots) antimonate does not precipitate at all with Na+, irrespective
of the Na+ content of the tissue or the method of antimonate application.
(Even during precipitative freeze dissolution or after freeze drying, no Na+

is precipitated.) By means of Komnick's antimonate technique Ca2+ is
trapped within the tissue, but only after serious dislocation. Perspectives
for reliable localization of diffusible ions in cells and tissues, by precipitation
simultaneously with conventional fixations, are bad.

Introduction

The significance of sodium in different fields of animal and plant physiology
has since long required a reliable localization technique in order to establish
sites of accumulation and routes of transport. In the early sixties Komnick
(Komnick, 1962; Komnick and Komnick, 1963) applied older precipitation
techniques, derived from analytical chemistry, to the subcellular localization
of elements. He proposed the addition of a specifically precipitating reagent
to the conventional tissue fixative and expected precipitation to occur simul-
taneously with fixation. For Na+ he used potassium antimonate which was
added to a OsO4 fixative and obtained abundant precipitates in animal materials
as well as in Na+ loaded agar blocks. However, control agar blocks also showed

' In this paper we will use only this designation according to Pauling (1933), who considered
the Sb(OH),," octahedra as the only possible configuration and rejected the rather common " pyroan-
timonate" (H2Sb207

2~) designation

0301 -5564/79/0063/0273/S04.40
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precipitate. Komnick added a remark about the possibility that Ca2+ and Mg2+

could precipitate also with antimonate. Since then numerous papers have ap-
peared reporting the localization of Na+ by means of this technique. The pres-
ence of Na+ in the precipitates was concluded from results of autoradiography
by Amakawa et al. (1968) and Tisher and Cirksena (1969); of electron diffraction
by Hartman (1966) and Mizuhira (1973); of X-ray microanalysis by Lane and
Martin (1969), Tandler et al. (1970), Kierszenbaum et al. (1971) and Mizuhira
(1973); of neutronactivation by Simson and Spicer (1974, 1975) or from differen-
tial pretreatment with ouabain (Kaye et al., 1965; Mizuhira and Amakawa,
1966), with vasopressin (Zadunaiski et al., 1968), Na+ free media (Kaye et al.,
1966), or with histalog (Winborn et al., 1972). However, in all these studies
relative amounts of Na+ retained in the tissue and the proportion of antimonate
precipitate being Na+ antimonate remained uncertain.

Later the method was used by many authors for Ca2+ and Mg2+ as well.
Distinction from Na+ precipitates was proposed to be made by means of X-ray
analysis (Lane and Martin, 1969; Kierszenbaum et al., 1971; Shimony et al.,
1973; Clemente and Meldolesi, 1975; Sato et al., 1975; Yarom etal., 1975;
Katsuyama and Spicer, 1977; Cardasis et al., 1978) by comparison with results
of precipitation with oxalate (Bock, 1970; Tandler and Kierszenbaum, 1971;
Daimon et al., 1978) or by application of EDTA and EGTA (Legato and Langer,
1969; Klein etal., 1970; Ackerman, 1972; Ackerman and Clarck, 1972; Yeh,
1973; Yarom and Meiri, 1973). The latter method was criticized by Klein et al.
(1972) and Simson and Spicer (1975).

However, apart from Na, Ca and Mg ions, other substances appeared to
precipitate with antimonate. These included K+ (Torack and La Valle, 1970;
Tisher etal., 1972), H+ (Nolte, 1966; Tani etal., 1969; Shiina etal., 1970;
Tandler et al., 1970), Ba2+ (Bulger, 1969), Zn2+ (Lane and Martin, 1969; Chand-
ler and Battersby, 1976), and Fe ions (Van Steveninck etal., 1976; Chandler
et al., 1977a, b) as well as organic compounds like a variety of amino groups,
histones and even glycogen (Spicer et al., 1968; Bulger, 1969; Clarck and Acker-
man, 1971).

Moreover, even the penetration of the antimonate ion through the plas-
mamembrane was not always regarded as sufficient (Tice and Engel, 1966;
Ochi, 1968; Legato and Langer, 1969). Bulger's results (1969) allow the conclu-
sion that only those kidney cells that appeared swollen after fixation had become
accessible for antimonate, the other cells containing hardly any precipitate.
It is not amazing now that many authors obtained different distributions of
precipitate with different compositions of the antimonate containing fixatives
(e.g., Yeh and Hoffman, 1967; Sumi, 1971; Sumi and Swanson, 1971; Yarom
and Meiri, 1973).

Remarkably in the numerous publications discussions about dislocation of
ions during the more or less simultaneous penetration of the precipitant and
the fixative are scarce. We stressed that this is the most serious danger en-
countered in localization of water soluble ions (Van Iren and Van der Spiegel,
1975). Moreover, we reported some experiments on precipitation of thallium
ions during fixation which demonstrate serious diffusion (Van Iren and Bange,
1978). Therefore, in our opinion, quantitative controls should always accompany
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qualitative localization experiments. They can, but not always do give an answer
to this question. Obviously serious losses indicate dislocation, but absence of
losses does not guarantee absence of dislocation (Van Iren and Bange, 1978).

Studies on retention of Na+ in preloaded gelatin blocks during antimonate-
osmium fixation were reported by Spicer and Swanson (1972) and Weavers
(1973). Notwithstanding the fact that losses of about 50% were found these
authors did not draw firm conclusions. Losses up to 93% from animal tissues
were found by Hartman (1966), Zadunaiski (1966), and Spicer and Swanson
(1972) but these authors identified the amounts lost with extracellular Na+.
After having obtained similar figures Garfield et al. (1972) considered the method
valueless, at least for their material (rat uterus). This pessimism is reinforced
by the results of Chandler and Battersby (1976) with sperm cells, and of Van
Steveninck etal. (1976) with plant roots. X-ray analysis revealed no Na+ in
the antimonate precipitates. Van Steveninck et al. assumed that the Na+ (tissue
concentration about 15 mM) had been precipitated with the antimonate but
that it redissolved during the subsequent treatment with relatively large volumes
of solvents.

As far as we know, the only quantitative study on the fate of tissue-Ca
during antimonate precipitation has been published by Garfield et al. (1972).
They observed that retention was not complete during conventional fixations
and even somewhat less in the presence of antimonate.

Especially for Na+ plant material has several advantages over animal mate-
rial with respect to quantitative studies. First plants can be grown easily in
culture solutions without Na+ for (almost) any length of time resulting in
almost Na+ free material. By addition of Na+ as the only monovalent cation
to the culture solution in different amounts or for different lengths of time,
any tissue concentration up to about 100 mM can be achieved for most plants.
Furthermore one can be sure that tissue Na+ is almost exclusively intracellular,
especially in the presence of some Ca2 + , the latter occupying most of the
Donnan free space. For Ca2+ not much is known about the relative distribution
between the intra- and extracellular space of plant cells under different circum-
stances but quantitative evaluation of Ca+ + precipitation with antimonate is
needed anyway.

We started the present study on the quantitative aspects of the antimonate
precipitation method several years ago but the results were rather disappointing.
We completed it only recently because, in spite of the critical remarks by some
authors, as mentioned above, the method is still in use for Na+. Moreover,
applications to calcium localization are still increasing.

Materials and Methods

Roots: Seedlings of barley c.v. EtTcndi were grown for a week on 2-10 4 M CaSO4 (Hooijmans,
1964). Roots were excised just below the seed and rinsed for 15 min in demineralized water. Their
endogencous Na content was about 3 umol (gfr-wt)"' , (c.f. Hooijmans, 1964). The Ca content
was about 5 umol (fr-wt)"' (this paper). Root diameters were in general between 0,3 and 0.4 mm.
For at least monovalent ions accumulation kinetics of these excised roots are very similar to
those of intact plants (c.f. Hooijmans 1968). Uptake rates and tissue contents will be expressed
per unit fresh weight of roots (g).
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Antimomttes. Unless stated otherwise one of two batches of "Kalium hexahydroxoantimonate V,
KSb(OH),," from R. Merck A.G. Darmstadt was used. The two batches differed by giving a
different pH when dissolved at 2.4% in dcmincralizcd water. In some experiments (indicated)
"Pyroantimonias Kalicus, K2H2Sb207- lOuq" from the Koninklijke Pharmaccutische Handclsverc-
niging (KPH) Amsterdam (1931) was used. Composition and mode of application of antimonale
containing fixatives will be given under results.

Sodium Uptake. In order to obtain material with different internal Na + concentration, batches
of roots were allowed to take up Na+ for various lengths of time from solutions containing
0.2-5 mmol I"1 Na+ as chloride or sulphate in the presence or absence of Ca2 + . Tissue Na+

concentrations will be mentioned separately for each experiment. In the concentration range used
the extracellular (free space) Na"1 content is at most 0.3 umol-g" l in the absence of Ca2+ and
about 0.05 umol-g" ' in its presence (Bange. personal communication).

Calcium Uptake for Determination of Losses ami Autoradiogruphy. As net calcium uptake by low
salt barley roots, grown in dilute CaSO4 solutions, is negligable relative to monovalent cation
uptake and as ealcium is present in the tissue in several more or less readily exchangeable fractions,
roots cannot be labelled homogeneously with 4Ca during short term uptake experiments. So we
grew the plants on labelled CaSO4 solution during the last 4 days of culture. Only those parts
of the roots that had developed after the labelling of the culture solution were used for experiments.

Tracer Techniques. 22Na, obtained from The Radiochemical Centre, Amersham U.K. was counted
directly in fluids and root material in a Searle 1185 automatic •; counter (511 KeV radiation
from the annihilation of positions). Precautions were taken for sufficiently comparable geometry
of all samples. Specific activity of the uptake solutions varied from 0.5 to 3 Ci-mol '.

45Ca was counted in a LKB-Wallac-81000 automatic liquid scintillation counter. Specific activity
of the culture solution was about 50Ci-mol" '. Thorough correction for quenching was necessary
owing to the large difference in optical and chemical properties of the samples. It was performed
by means of the external standard procedure programmed with a chloroform induced quench
curve and check of the automatic correction for all types of sample compositions. Especially
when samples contained osmium or root material, additional correction was necessary. Liquid
samples including dehydration and embedding fluids, were made up to 1 ml with water and mixed
with 10 ml of Quickszint 212 (Werner Zinsser, Frankfurt. BRD). Root material was crushed thor-
oughly, treated for 15 h with 2.5 ml NCS tissue solubilizcr (Amersham/Searle. Arlington Heights.
IL, USA) +0.5 ml water at 50° C, and acidified with 0.85 ml glacial acetic acid. The nearly clear
solution was divided into I ml portions.

Both for Na+ and Ca2+ it was necessary to limit adsorption onto the walls of glass vessels.
We used pyrex glass throughout. When adsorption was not negligable. it was measured by counting
the vessels themselves (small vessels) or by exchange against acid or concentrated Ca2+ solutions
(larger vessels).

Determination of Losses of Tissue During Fixation ami Subsequent Procedures. After uptake of
labelled Na+ or Ca2+ and a one minute rinse in dcmincralizcd water, batches of about 30 mg
of 1 cm root segments were exposed to about 5 ml of various fixatives (except for PFD, sec
below) and to about 1 ml of the solutions used for further treatment. Samples of the fluids were
taken at time intervals. At the end of every procedure the root material was counted.

Precipitative Freeze Dissolution (P.F.D.) with Antimonate for Na* Localization. This method, de-
scribed by Van Iren and Bangc, 1978, allows penetration of a precipitating reagent into frozen
tissue simultaneously with dissolution of the tissue ice. After quenching, frozen tissue is put into
a concentrated aqueous solution of a precipitant that is kept slightly above its melting point.
At that temperature ice from the tissue can dissolve, but the concentration of the precipitant
al the moving boundary of the tissue ice can fall only slightly below its bulk concentration. So
instantaneous precipitation of ions can be achieved. For tissue pieces with a smallest dimension
of less than 0.5 mm. PFD can be completed in less than one min.

Unfortunately the solubility of KSb(OH),, is not high enough to obtain melting points fairly
below the melting point of the tissue itself. So for Na+ precipitation another compound must
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be added to lower the melting point of the solution further. In order to ensure a high concentration
of antimonate at the boundary of the ice, this compound must diffuse slower than the antimonate
ion. We used sucrose and glutar-dialdchyde (GDA), the latter providing some fixation of the
tissue at the same time. Thus after uptake of labelled sodium followed by a short rinse and
counting of the " N a content, root segments were put into small nylon bags and quenched in
boiling nitrogen. Though this quenching technique is not ideal, the small dimensions of our material
(Van Iren and Bange, 1978) as well as the obtained results made improvement superfluous. The
bags were transferred without rewarming to the PFD cuvette, which contained 20 ml of a magneti-
cally stirred solution of saturated KSb (OH),,, 3.6% sucrose and 3% GDA (m.p. -3.3° C) and
was kept at — 3°C. After 45 min the bag was rinsed for 30 s in demineralized water and the
22Na content of the root segments and of samples of the PFD solution counted.

Freeze Drying Followed by Antimonate Treatment for Na1^ Localization. Liittge and Weigl (1962)
and Liittge (1964) applied this method to Ca2f and SO|~ localization with oxalate and Ba3 +

respectively.
Root segments, loaded with labelled N a ' , were quenched on stainless steel gauze in boiling

nitrogen and transferred with minimal rewarming to the precooled specimen stage of a Speedivac
Tissue Dryer TD-2 (Edwards High Vacuum Ltd.).

Sublimation occurred at about -45° C during 15 h. After reaching room temperature root
segments were plunged into a 2.4% KSb (OH),, solution and, when necessary, immersed by applica-
tion of a slight vacuum. The 22Na content of the antimonate solution was counted after 5 min.

Autoradiograpliy of C« a + . After growth in +5Ca labelled CaSO4 solution and a short rinse, root
segments were excised from the apical 5 cm. Segments were treated as follows: 25 h in 88 mM
KSb (OH),, ( = 2.4%) +0.8% OsO4, pH 7.5 at 0°C, 3 x 10 min in water, 35 min in a graded alcohol
series, 2x10 min in propylene oxide, 80 min in graded propylene oxide/F.RL plastic embedding
medium after Spurr (1969), 1x20 + 1 x 60 min in pure ERL and polymerization during 12 h
at 70° C. During this experiment losses of Ca2+ in the various fluids were measured too.) 3 um
sections were cut on a LKB Pyramitome. Microscopic glass slides were coated with 0.1 % chromalum-
1% gelatin and air-dried. Sections were glued onto the slides by means of a tiny drop of coating
solution that dried within 10 s on a hot plate (70° C). Kodak AR-10 stripping film was allowed
to expand on a water surface before application. Exposure time was in general about a week.
Silver grains resulted from the rather soft ji~ emission (EmaJ=252 keV).

Electron Microscopy of Ant intonate Precipitates. No attempts were made to vary the Ca2< of
the tissue which was always about 5umol-g '. Na1 content was either 50 80umol-g~' after
uptake from 3 mM NuCJ+0.3M Ca(HCO.,), for several hours, or about 3 umol-g"'(no Na4

uptake). Treatments were:
a) After Tandlcret al., 1973 (slightly modified): 2.4% antimonate, pH. about 9, at room temper-

ature for 2 h, followed by a 30 min rinse in water, postosmication in 2% OsO4 for 1.5 h at 0° C
and a final rinse in cold water for 30 min.

b) After Komnick. 1962: 2% anlimonalc+1% OsO4 + some acetic acid, pH 7.4. at 0° C, fol-
lowed by a 20 min rinse in water.

Dehydration was either in a graded acetone series or in an exsiccator with dry acetone vapour
according to Sitle (1962). Embedding was in ERL (Spurr, 1969). Ultrathin sections were cut on
a LKB Ullrotomc III and collected on water. No post staining was applied. Double distilled
water was used for all aqueous solutions.

X-ray Mivroanalysis. X-ray microanalysis of ullrathin sections was performed with an analytical
electron microscope (Philips EM 400) equipped with an energy-dispersive X-ray analyser (Edax.
type 711) and connected to a 16 K computer (Nova). The computer was programmed with the
standard EDIT/EM software (Edax). The tissue analyses can be regarded as preliminary, due
to the rather low number of observations.

Unstained ultrathin routine sections from root segments, treated with antimonate + osmium
(after Komnick) and mounted on formvar coated copper grids, were used for analyses. In addition
some observations on material treated with antimonatc alone followed by poslosmicalion (after
Tandlcr), will be reported too.



278 F. van Ircn ct til.

Grids were mounted in a low background holder and tilted 45° towards the electron beam
as well as to the X-ray analyser. Point analyses were performed in the CTEM mode (fixed beam)
with a beam diameter of 40, 100 or 200 nm. at 80 kV and a magnification of 28.000. In the
instrument stray apertures were fitted to minimize stray X-rays. Spectra were recorded in the
range of 0.5-8 keV. Incidentally the presence of relatively heavy elements was checked in the
range of 8-16 keV.

For estimation of the relative amounts of various elements in the analysed volume, spectra
were subjected to the following EDIT/EM programs:

Zl =plot spectrum, between 3 and 4.5 keV, giving the number of counts in each 20 eV channel
in the region of the K., Sb and Ca peaks.

Z5 = list, giving the integral counts of all peaks after background subtraction, also resulting
in a slight "smoothing" of the peaks.

X5=strip element, resulting in subtraction of Gaussian peaks of a chosen element from the
spectrum. These peaks were generated by the software around the nominal emission line energies.
Integrals of these peaks were also given in the print out.

Z4=subtract blank, resulting in the difference of two recorded spectra (after Z5) normalized
at 3 chosen channels (always 3580-3620 keV).

X9=autothin, resulting in weight ratios of elements represented in the spectrum as derived
from the counts collected around the nominal emission line energies. These count numbers were
somewhat different from those obtained from the Z5 and X5 programs.

The peaks of Sb are located at 3604, 3843, 4100 and 4348 cV (Lx, /i,, /*2, and y respectively),
while the Ca Ka and K/J are at 3690 and 4012 eV respectively. The peaks being 140 to 200 eV
wide overlap considerably. Separation of the Sb (Lx) and Ca (Ka) peaks was obtained by two
different methods:

A. A value for Sb was obtained from the X9 program relative to an arbitrary other element.
We took Cl. After storing of the spectrum for use in method B the L lines of Sb were stripped
from the spectrum by means of the X5 program (as well as the L lines of Cu, which are close
to the Na (Kx)line and the M line of Os, which is close to the P (Ka)line, see further). From
the remaining spectrum a value for Ca was obtained from the X9 program, again relative to
the (unchanged) Cl value. By division of their ratio to Cl the weight ratio of Ca to Sb was
obtained.

B. After having obtained the peak integral for Sb (Ka) from the first X9 program, see A.)
a pure Sb spectrum, obtained from analysis of NaSb(OH),, (see below), was subtracted by means
of the Z4 program. Then the X9 program gave a peak integral for Ca Ka. Division of the peak
integrals and multiplication with the factor used by the X9 program to convert the peak integral
ratio to weight ratio, resulted in a weight ratio of Ca to Sb, comparable with method A. Outlines
of both methods were already given by Chandler (1977).

Wechecked both methods by applying them to pure NaSb(OH)h and Ca [Sb(OH)(,]2 preparations.
These consisted of conventionally prepared ultrathin sections of thoroughly washed, dried, finely
ground and ERL embedded precipitates of both NaCl and CaCU with KSb(OH),,. Spectra from
granules, 25 to 100 nm in diameter, were analyzed (fig. 14a). As the (apparent) weight ratio's
obtained appeared to be significantly different from one X-ray analysis session to another, they
could be used only within the same session.

Weight ratio's of other elements, relative to Cl, were obtained during application of method
A mentioned above. Values for S and Fe were corrected for the contribution of supporting
film + embedding material and of stray radiation within the microscope respectively, as obtained
by analysis of an area of the section outside the tissue. The latter revealed the presence of some
Si, S, Cl and Fe, only.

Results

/. Losses During Na+ Precipitation Procedures

a) Behaviour of Na+ during Fixation in Differently Prepared (nearly)
Saturated Solutions Containing Antimonate only (after Tandler)
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Fig. la-d. Influence of the mode of preparation of (nearly) saturated antimonate solutions on
relative loss of tissue sodium (about 20 umol-g" ') . a Nearly saturated KSb(OH)(, (2.4%). b Saturated
KSb(OH)6 solution (2.8%). c Id. but prepared with large excess of KSb(OH)(). d Control: deminer-
alized water. After 240 min solutions were replaced by identical solutions to which 0.15% OsO4

had bee" added

Fig. 2. Influence of Na+ content of the tissue on relative loss of sodium to antimonate solutions.
Open symbols: tissue content about 5 umol-g"'. Closed symbols: tissue content about 50 umol-g"' .
Circles: 2.4% KSb(OH)6. Triangles: saturated KSb(OH)6. After 240 min antimonate solutions
were replaced by identical solutions to which 0.4% OsO4 had been added

Figure 1 shows changes in Na+ content of the tissue during application of
three types of antimonate solutions at room temperature (initial Na+ content
was about 20 umol-g-1): a 2.4% KSb(OH)6 pH 8.9 (according to Weast, 1977
maximum solubility is 2.8); b saturated KSb(OH)6 solution prepared by boiling
4% potassium antimonate in double-distilled water, rapid cooling and centrifu-
gation, pH 9.3; c as b but prepared with 20% antimonate, pH 10; d control:
after excision the root segments were placed in demineralized water. After 4 h
the solutions were replaced by identical solutions to which 0.1% OsO4 had
been added.

Tissues showed loss of Na+ that was extremely dependent on the excess
amount of antimonate used for preparation of the solution. At 2.4% antimonate
loss was hardly more than that of living root segments. Addition of a slight
amount of OsO4 always caused an immediate and quick release of virtually
all the Na still present in the tissue. Essentially the same results were obtained
with KPH antimonate though losses during the first phase were somewhat
lower (not illustrated).
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Fig. 3. Influence of Komnick's antimonate-sodium fixative on relative loss of tissue sodium
(about 5 umol-g ')• After 300 min the fixative was replaced by deuvneralizcd water

Fig. 4. Influence of fixation with or without antimonate on relative loss of tissue calcium. Open
circles: conventional electron microscopic procedure, (GDA-fixation, rinsing. OsO4-postfixation.
rinsing, stepwise alcohol dehydration, propylene oxide and impregnation with Spurr's embedding
medium) until final plymerization. Closed circles: slightly modified Kotnnick fixative (antimon-
ate + OsO4) followed by a conventional electron microscopic procedure (as above, from the second
rinse)

b) Behaviour of Na+ during Antimonate Treatment at Different pH

As can be seen in the preceeding praragraph, losses also show a positive correla-
tion with fixative pH. However, this correlation appeared to be not causal.
In experiments in which 2.4% antimonate solutions were brought to several
different pH values in the range of 7.6 to 9.3, losses appeared to be not signifi-
cantly different, (not illustrated)

c) Behaviour of Na+ at Different Tissue Concentrations
during Antimonate Treatment

Figure 2 shows that root batches, containing about 5 umol-g"' Na+, released
relatively more Na+ to different antimonate solutions than batches containing
about 50 umol-g~ !. Again addition of a small amount of OsO4 caused a rapid
and complete loss of tissue Na+.
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: d) Behaviour of Na+ during Treatment with Antimonate+Osmium
i after Komnick

I As could be expected from the right part of Fig. 1 losses in 2% KSb(OH)6+1%
, OsO4, pH 7.4 at 0° C were dramatical. Roots containing about Sumolg" 1

I Na+ lost 95% of their Na+ during fixation and the rest in the next rinse
|. (Fig. 3). Results with root material containing 25-50 umolg" l Na+ were not
I significantly different (not illustrated).

I e) Behaviour of Na+ during Precipitative Freeze Dissolution
S with Antimonate

I From root batches, containing about 20 umol-g"1 Na+, 95% of the Na+ was
I released into the PFD solution.

f f) Behaviour of Na+ during Treatment with Antimonate Solution
• after Freeze Drying of the Tissue

Root batches, containing about 20umol-g~I Na+ lost all their Na+ to the
antimonate solution within 5 min.

2. Localization of Ca+ +

a) Losses during Treatment in Antimonate + Osmium Solution

Figure 4 shows the losses of Ca+ + during the various steps of a slightly modified
Komnick procedure as mentioned under Materials and Methods par. 9, except
for final polymerization. During the first 10 min of antimonate fixation a rapid
loss of about 20% was observed. During the rest of the procedure losses were
limited to a few percents. For comparison the fate of Ca2+ during conventional
EM procedure is represented too. The graph shows the same initial rapid loss
which, in this case, was followed by steady depletion of tissue Ca2+ during
fixation in 3% GDA+100 mM tris-H2SO4 at pH 7.5, rinses in buffer and post-
fixation in 1% buffered OsO4. At the start of dehydration release of Ca2+

stopped almost completely. During the last 18 steps of the procedure a loss
of only 0.5% was observed.

b) Autoradiography j

Part of the material mentioned in the preceding paragraph, was embedded
and used for autoradiography. Figure 5 shows the characteristic distributions
of Ca2+ after treatment with antimonate+osmium. In mature root tissue
(Fig. 5 b) virtually all Ca was found in the epidermis and the outermost cortex
layers (admittedly, this distribution is accentuated by a rather high degree of
collapse of these layers). The same tendency, though less pronounced, was
invariably found in the meristematic region (Fig. 5 A). The silver grains outside
the epidermis cover slime and cells of the root cap.

j



Fig. 5a and b. Autoradiograms of *5Ca labelled root material after antimonatc osmium fixation
according to Komnick. a Cross section at 0.3 mm from the root tip. b Id. at 45 mm

Figs. 6-13. Unstained sections of root material treated either with 2.5% antimonate followed by
postomication according to Tandler or with 2% antimonatc+1% OsO* according to Komnick.
Bar represents 0.5 um. Distance from root tip is indicated in mm. The Na+ content of the root
batch will be indicated. The average Ca2+ content was always about 5umol-g~ !. Cv, Caparian
strip; nm, nuclear membrane; er, endoplasmic reticulum; mi, nucleus; is, intercellular space; i\
vacuolc

Fig. 6. Tidier treatment. Na+ content about 65umol-g~', II mm from tip, outer cortical layer

Fig. 7. Tandler. Na+ content about 65 umol-g~ ', 11 mm from tip, endodermis



Fig. 8. Tandler. Na+ content about 65 umol-g" ' , 0.2 mm from tip, epidermis

Fig. 9. Tandler. Na+ content about 65umol-g"1. 0.2 mm from tip. epidermis (detail from Fig. 8)

Fig. 10. Tandler. Na+ content about 65 umol-g" '. 50 mm from tip, inner cortex

Fig. 11. Tandler. Na+ content about 3 umol-g" ', 50 mm from lip, inner cortex

i
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Fig. 12. Komnick. Na+ content about 3 umol-g ', 4 mm from tip, endodermis

Fig. 13. Komnick. Na+ content about 65 umol-g"1, 4 mm from tip, outer surface of the root
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' 3. Antimonate Precipitates in Ultrathin Sections.
•r
S No systematic differences could be detected between material poor and rich in
I Na+ (average tissue contents about 3 and 50-80 umolg" 1 respectively). After
f treatment according to Tandler et al., 1973, (antimonate alone, postosmication)
r the distribution of the precipitate was extremely irregular. Antimonate staining
j- of the walls was variable. Most of the corners of intracellular spaces were
| densely occupied by small precipitates or contained less but larger crystals
{. (Figs. 6, 7). Sometimes the plasmalemma was heavily stained by antimonate
r (Figs. 6, 7) but never at the Casparian strips (Fig. 7). Only a few cells contained
h large amounts of precipitate but then preservation of ultrastructure was bad.
| The cytoplasm of these cells had a swollen apprearance (Figs. 8, 9). Adjacent
? cells showed sparse precipitate together with much better preservation of struc-
\ ture (Figs. 8, 9). The latter cells often contained a very fine dispersed precipitate
; in the nucleoli, some precipitates in the endoplasmic reticulum and nuclear
; envelope (Figs. 9,10,11), and in the plasmodesmate (Figs. 10, 11). Mitochondria
: sometimes contained small granules as did the ground plasm. Vacuoles were
, in general empty.
! After treatment according to Komnick, 1962 (antimonate+OsO4) distribu-
' tion of precipitate was hardly more homogeneous. Walls and plasmalemma
' were always free of antimonate stain. Ground plasm contained variable amounts

of small granules (Fig. 12) which were sometimes found also in the endoplasmic
reticulum, the nuclear envelope, the nucleus and the mitochondria. Again va-
cuoles were empty. Large parts of the root surface were occupied by relatively
large grains (Fig. 13).

4. X-ray Analysis •,

a) Calibration of the Element Ratio Ca/Sb ]
i

The manual of the EDIT/EM programs states that only peaks that ly more ;
than 100 eV apart, can be resolved well by the programs. Indeed figures for
Sb and Ca obtained after straight forward application of the programs are
meaningless, the Ca/Sb ratio found for pure NaSb(OH)6 being already very :
high (about 1.6). ;

Stripping of the Sb peaks from a pure NaSb(OH)6 spectrum by means
of the X5 program (method A) did not reveal a blank spectrum at the Sb •!
region but small, irregular remnant peaks, e.g., near the Ca Ka line. This *
resulted in statistically significant, but false values for Ca (Table 1). •

Remarkably, even the subtraction of one pure NaSb(OH)6 spectrum from f
another by means of the Z4 program (method B) resulted in a positive, though J
lower, value for Ca (Table 1). ^

However, when a pure Ca [Sb(OH)6]2 spectrum was subjected to the same 'i
two methods, relatively high values for Ca were obtained (Table 1). The resultant >
spectra always showed fairly good Ca Ka, but misplaced K./J peaks (Figs. 14 c, :

14b).



Na

0.294
(0.055)

0.010
(0.003)

Ca

0.168
(0.012)

0.476
(0.027)

Ca

0.032a

(0.015)

0.497
(0.041)
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Table 1. Weight ratios of elements, relative to Sb, in pure sodium and calcium antimonate as
obtained by X-rays analysis, and compared with the values expected from the chemical formula

=• Method A: stripping of a computer-generated Sb spectrum from the object's spectrum (see materials
and methods)

,.• Method B: subtraction of a Sb spectrum, obtained from pure sodium antimonate, from the object's
I spectrum
t- ^ _ _ ^ _ _ ^ ^ _ ^ _ ^ _ _ _ — —

t Object Expected Method A Method B
i-
I Na Ca

| NaSb(OH)6 0.189 0

I

Ca[Sb(OH)6]2 0 0.165

j Between brackets: standard error. All figures are derived from 4 replicates, except" from which
• the 4th spectrum was used as the pure Sb spectrum in method B

As becomes clear from Table 1, the values obtained do not correspond
well with expectation. However, when used relatively, they can give a good
indication of the proportion of Ca [Sb(OH)6]2 in an analysed antimonate precipi-
tate.

These results illustrate that resolution of overlapping peaks is difficult and
that careful checking of the method used is necessary. When more than two
peaks overlap, resolution must be considered as impossible (e.g., Sb and Ca,
when in the same range of the spectrum significant amounts of K, I or U
are also represented). As the Os(M) and P(Koc) peaks also overlap (emissions
at 1914 and 2013 eV respectively) presence of both elements was judged from
the location of the (composite) peak and relative amounts were estimated roughly
with the aid of the X5 and X9 programs.

b) Tissue Analysis

Analysis of more or less electron-dense precipitates revealed several categories
of elemental compositions:

1. Precipitates containing Sb but no Ca.
a) With significant amounts of other cations, viz. much Fe + a slight amount

of K or less Fe-f-much Mg, and sometimes some Os: This catecory included
the granules at the epidermal surface (Komnick procedure, Fig. 13; see for
spectrum Fig. 14d), precipitates in epidermal cells with disrupted cytoplasm
(Tandler procedure, Fig. 8), and a finely dispersed precipitate in a nucleus in
the inner cortex (Komnick procedure).

b) Without detectable cations, and with low amounts of Os and/or P: This
type was represented in all studies intercellular spaces (both procedures, Figs. 6,
7) and by the tiny granules in ER and nuclear envelope after the Tandler
procedure (Fig. 9).

2. Precipitates containing Sb and Ca.
The Ca content was variable but never higher than roughly half of that of

pure Ca [Sb(OH)6]2. Significant amounts of Fe were always present but other
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Fig. 14a-d. X-ray spectra. VS. vertical scale (counts per channel): HS. horizontal scale (eV per
channel), a Lines: Part of a Na-antimonate spectrum after background subtraction and slight
"smoothing" of the peaks. Dots: Same for Ca-antimonate. Reference bars: Approximate position
and relative inlensties of Sb(L) emission lines, b Lines: Same Na-antimonate spectrum as in a.
Dots: Result of subtraction of the Na-antimonate spectrum from the Ca-antimonate spectrum,
both from a. Reference bars: Approximate Ca(K) emission lines, c Result of computer stripping
of the Sb(L) peaks from a Ca-antimonatc spectrum after background subtraction and slight " smooth-
ing" of the peaks. Reference bars: Approximate Ca(K) emission lines, d Unprocessed spectrum
of a granule at the surface of antimonate osmium treated root segment (see Fig. 13).
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cations failed. S and Os were always, P sometimes present. We found these
precipitates in cell walls and cytoplasm of the epidermis (Komnick procedure)
and the plasmodesmata and adjacent ER represented in Figs. 10 and 11 (Tandler
procedure).

3. Precipitates containing Ca but no Sb.
We found some of these precipitates in the epidermis and in the outermost

cortex layer. They contained also variable amounts of K and sometimes some
Fe, P, and S. Os was absent. Further this category included the dense bodies
in mitochondria (Tandler procedure) which also contained some Os, and
probably some P.

Finally we analysed some electron translucent regions of the cell walls and
recorded the presence of small amounts of Ca. Sometimes some K, Fe, S
and P were also present but we did not yet find Sb.

In none of the analyses we found a statistically significant evidence for
the presence of Na.

Discussion

1. Sodium Localization

In 1970 Tandler etal. proposed the omission of OsO4 from the fixative; they
were also the first to apply antimonate precipitation to intact plant cells. We
first followed this approach in an attempt to localize Na+ . From the result
under a, b and c (Figs. 1 and 2) we conclude that antimonate alone at 2.4%
is hardly able to penetrate through the plasmalemma. A limited number of
cells, probably depending both on the batch and brand, of KSb(OH)6 and
on the duration of the treatment, becomes impregnated, resulting in the disap-
pearance of all Na+ from those cells. The remaining cells seem to stay alive
until a trace of OsO4 kills them and causes in a rapid efflux of the Na+

they contain. (According to Klein etal., 1972, OsO4 has no or hardly any
influence on Na+-antimonate precipitation in the test tube).

In comparison to the 2.4% solution, saturated antimonate solutions, pre-
pared with excess antimonate, brought about a more rapid and sometimes
even complete loss of Na + . This indicates that penetration of the plasmalemma
was more effective. The higher pH of such solutions appeared not to be the
cause of the more rapid penetration. Probably some fairly soluble impurity
in the K-antimonate can help to kill the target cells.

In view of these results the original Komnick method did not offer better
perspectives. Figure 3 shows that the presence of antimonate in OsO4 fixatives
is of no consequence at all with respect to the retention of Na+ . These results
are in agreement with X-ray analysis of ultrathin sections of the same material
which revealed no Na+ in the precipitates. Moreover, during precipitative freeze
dissolution and after freeze drying all tissue Na+ is lost to the antimonate
solution. Obviously, irrespective of the way of application, antimonate does
not precipitate with sodium at least up to (average) tissue concentrations of
50 tnM.

One can calculate that, in the case of a Na+ tissue concentration of 50 mM,
the solubility constant of NaSb(OH)6 will be surpassed amply in Komnick's
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fixative. Total failure of precipitation indicates that supersaturation in this reac-
tion can be tremendous, at least for a short time. Obviously our material does
not offer suitable sites for heterogeneous nucleation.

It is clear now that the lack of Na+ in antimonate precipitates as reported
by other authors (see introduction) is not the result of redissolution after initial
precipitation.

2. Calcium Localization

As stated before, Ca is supposed to be present in living cells in different fractions,
characterized by different degrees of mobility. At least in plant cells these range
from the free, ionized state, in which only membranes restrict mobility, to
immobility in highly insoluble salts like pectates (cell walls), oxalate (vacuoles),
phosphates and carbonates (dense bodies). Thus dislocation of Ca during any
tissue processing may be expected to depend on the nature and the strength
of the various types of Ca-binding in the tissue, as well as on the nature
of the procedure.

The curve for Ca2+ release from our root material, during fixation etc.
in the absence of antimonate, shows a rapid initial loss in GDA whose rate
is comparable to that of Rb+ and Tl+ loss (Van Iren and Bange, 1978, p. 94).
Possibly this initial loss represents a free, ionized Ca2+ fraction. As the loss
during the rest of the procedure proceeds much more slowly than that of the
monovalent ions under comparable circumstances, we assume that 70% or
more of the tissue calcium was bound more of less tightly to tissue constituents,
the bonds being ruptured by the actions of the various reagents. The nature
of the binding of the 13% Ca remaining in the tissue, is uncertain. It could
be part of the bound fraction described above that has ecaped from release
for the sole reason that OsO4 treatment was not extended long enough. Alterna-
tively it could represent a Ca fraction, bound in a way resistant to these proce-
dures. A striking example of such binding has been given by Scherrer and
Gerhardt (1972) who reported only 5-6% loss of cell Ca from dry Bacillus
spores during these procedures up to ultrathin sectioning. Probably the state
of these dormant and extremely dehydrated cells is characterized by the absence
of significant amounts of soluble ions, that otherwise could cause irreversible
denaturation of proteins. So probably all Ca left in these extraordinary cells,
is bound. When this Ca is retained during fixation etc. in the absence of a
precipitant, the most straight-forward hypothesis is, that the ions are still bound
at their original sites. Our results indicate in plant root cells most of the Ca
is not bound to cell constituents in a way resistant to conventional EM proce-
dures.

During the first lOmin of fixation in the presence of antimonate virtually
the same fraction as mentioned for fixation without antimonate, viz. about
20%, is rapidly lost. Possibly it represents again (part of) the free, ionized
Ca2+ in the tissue. During the rest of fixation, rinsing, dehydration and'embed-
ding losses are low to negligible. From comparison with the continuous loss
of Ca2+ during fixations without precipitant it is evident that in the presence
of antimonate calcium must have formed a precipitate which (apart from recrys-
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'. j
: tallization) appears to be stable during the rest of the procedure. This is at ;
! variance with the conclusion of Yarom et al. (1975), based on quantitative !
[ X-ray analysis, that losses occurr during dehydration. However, their results
p were obtained indirectly and influenced by extraction and shrinkage during i
| dehydration, volatilization of cell constituents in the electron beam and perhaps i
t other variables. \
[ From autoradiograms the ultimate location of the calcium appears to be .J
;- mainly (young root parts) or almost exclusively (older parts) near the surface J
' of the tissue. This distribution seems unlikely and therefore an artifact, though ]
I Leggett and Gilbert (1967) concluded from kinetic evidence that in soybean -.
\\ the epidermis contains most of the Ca in the root. However more direct evidence
t' (from roots of other plant species) indicates that the epidermal content is only
\- slightly higher (Biddulph, 1967) or not higher at all (Liittge and Weigl, 1962;
I: Lauchli, 1967) than that of the cortex. Lauchli reported high Sr contents of •
\ root hairs after growth on solutions containing Sr+Ca, but root hairs were !-
f only rarely present in our preparations. Moreover, we did not find a higher

Ca content of the epidermis in the same root batch after precipitation with
oxalate either during conventional fixation or during precipitative freeze dissolu-
tion (unpublished). The best explanation for the present localization seems to
be centripetal killing of the tissue by OsO4 resulting in leaky membranes and
release of Ca2+ from its original sites. Incipient precipitation of Ca [Sb(OH)6]2

near the interface between tissue and medium may then create a sink for centrifu-
gal Ca2 + diffusion and diffusion of antimonate towards the root surface from
the medium. We observed the same phenomenon, though on a different scale
(viz. precipitates near the surfaces of the cells) during fixation and concomitant
precipitation of thallium ions with iodide (Van Iren and Bange, 1978). Thus,
when diffusion during precipitation procedures occurs one should be prepared
to find deposits in general at structural boundaries of cells (plasma membrance,
organelle membranes) and tissues.

From X-ray analysis Ca appears to be present, after antimonate+osmium
treatment, in several fractions of different chemical nature. The Ca found by
X-ray analysis in the cell walls and in the mitochondria without Sb, could
represent fractions that were tightly bound and not affected by the treatment.
Together with the visible deposits, that contained Sb but no Ca, it proves I
again that distribution of precipitates does not give reliable information about
the distribution of Ca.

The presence of Ca in several antimonate precipitates, together with the §
fact that most of the Ca becomes trapped within the tissue during treatment, |
renders it likely that supersaturation is less predominant than in the case of -%
Na. As we could not observe precipitation in a mixture of 70 mM antimonate h
and 500 mM Ca in the test tube within 1 min, homogeneous nucleation can {J
be extremely delayed. So, apparently, conditions for heterogeneous nucleation j
of Ca [Sb(OH)6]2 precipitation in the tissue are more favourable than for j
NaSb(OH)6, but obviously this does not confer reliable Ca localization. "{

3. Antimony Localization :

It has been shown above that Na is absent from antimonate precipitates in •;
our material and that antimonate still forms precipitates in cells from which
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most of the Ca has disappeared (e.g., in nonperipheral root tissues). X-ray
analysis revealed that part of the Na and Ca free Sb deposits were the result
of precipitation with other cations. We found Fe, Mg and K, as did other
authors, in extremely variable amounts. However, some of the precipitates con-
taining Sb did not contain detectable amounts of any cation. Most probably
they have been initiated by the organic matrix either by formation of insoluble
organic antimone compounds or by catalyzing precipitation reactions of the
antimonate itself, e.g., as antimonic acid (see Introduction). Such reactions
can be strongly influenced by alterations in the matrix brought about by fixatives,
depending on their nature and the duration of application. The same holds
for pretreatments. This could explain partly the frequently reported differences
in location of precipitates when the same material was subjected to different
pretreatments or fixation procedures (see Introduction).

4. Concluding Remarks

Sodium is not precipitated by antimonate in barley root tissue. Ca is precipitated
only partly and after severe dislocation. Antimonate forms visible precipitates
with several other inorganic ions, as well as organic cell constituents. Ca does
not only precipitate with antimonate; also other Ca containing electron-dense
deposits may be encountered. Moreover, some of the tissue Ca seems to be
left unaffected by the procedures.

Inevitably one will meet with the same phenomena (to a more or less
serious extent) in other tissues, so localization of Na or Ca with antimonate,
in the presence or absence of osmium, seems to be virtually impossible. We
do not preclude, that in some tissues, especially in those with high Ca or
Na contents, some of the Ca or Na will be precipitated near its original site,
provided that heterogeneous nucleation sites are abundant. Nevertheless the
approach is of little value because a better and independent localization method
would be required to discriminate between precipitation at the right and the
wrong sites. Moreover the distribution of precipitates correlates poorly with
the distribution of the Na or Ca retained in the tissue, Sb occurring without
Ca or Na and Ca without Sb.

Especially during the last years results of Ca precipitation with antimonate
after prefixation with GDA or with GDA followed by postosmication have
been reported by e.g., Herman etal. (1973), Hales etal. (1974), Stoeckel etal.
(1975), Cardasis et al. (1978). Perrelet and Baader (1978), Wooding and Morgan
(1978). In most, though not all cases, the distribution of precipitate was said
to be reproducible, especially after a short prefixation in buffered GDA, followed
by at least 16 h treatment with buffer only (Wooding and Morgan, 1978).
However, our Fig. 4 shows that a significant part of the tissue Ca can disappear
from the tissue during such pretreatments. Most of the authors demonstrate
the presence of Ca in the precipitates (X-ray analysis) but from the spectra
the amounts involved can be judged to be only small. From the foregoing
it should be clear that there is no guarantee at all that such remaining Ca
fractions are localized rightly. Maybe it would be better to omit the antimonate
post treatment altogether, thus accepting the loss of certain Ca fractions but
possibly leaving others undisturbed (see par. 2).
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These considerations, together with our observations on Tl+ precipitation
with I" in similar approaches (see paragraph 2), justify severe doubts of the
reliability of any attempt to localize diffusible cell constituents by simply plung-
ing the living tissue in a fixative containing a precipitating reagent.
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ABSTRACT

In low salt barley roots translocation from the root to the shoot
of K+, as well as other ions, starts after a considerable lag-
time. Its length is independent of external concentration. The
onset of upward translocation can be remarkably abrupt. Three
hypotheses that could explain the lag-phase were tested:
1. It is the result of successive loading of the concentric root

cell layers, centripetally from the epidermis.
2. It is the result of successive loading of the root, basipetal-

ly from the apex.
3.'It is the result of induction of the mechanism(s) responsible

for upward translocation.

All three hypotheses are rejected. Within the whole root radial
as well as longitudinal equilibration is very rapid. The results
are discussed in the light of a more complex compartmentation of
the cytoplasm (symplasm) in which the endoplasmic reticulum could
play a predominant role.

INTRODUCTION

A remarkable feature of transport of K+ and Cl~ ions from root to
shoot in low-salt barley and maize seedlings is that it has a well
pronounced lag-phase. In general, upward translocation starts
rather abruptly 1 to 4 h after supply of K+, Rb+ or Cl~ to the
root systems, at external concentrations in the range of mecha-
nism I (< 1 mM) as well as II (> 1 mM) (Bange 1977; Bange and
Van Vliet 1961; Glass 1978; Hooymans 1968a, 1969, 1971, 1976).
The variability of the length of this lag-period depends on un-
known properties of the plants. However, when studied in plant
samples from one and the same batch, it appears to be indepen-
dent from differences of the ion content of the roots resulting
from different ion concentrations in the medium, (Hooymans 1968a,
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1969, 1971), presence or absence of Ca2+ (Hooymans 1968a), or •
from the use of different counter ions (Bange 1977). In these
respects there is a complete parallel to the lag-phase in vacu-
olar Rb+ accumulation (Bange 1978). So, obviously, the lag- i
phase is not a period in which a certain threshold value of the
root content must be attained before upward translocation can j
start. <

We tested three hypotheses from which the lag-phase could be ex- ,
plained. First, considerable evidence - experimental and theo-
retical - has been accumulated for the absorption of ions (at
least Rb+) from the medium to occur almost exclusively at the
root epidermis (and hypodermis) because mature cortical cells
lack substantial absorption capacity (Vakhmistrov 1967, Bange
1973, Van Iren and Boers 1980a, 1980b). Therefore, a reasonable j
hypothesis is that the cytoplasts of the concentrical cortical
cell layers are filled successively with ions by symplasmic
transfer from the epidermis, so that a well defined front moves ' ;
centripetally towards the stele. The end of the lag-phase would 1
then coincide with the arrival of the front at the xylem vessels.
To test this hypothesis we performed localization experiments
with three physiological analogues of K in which the length of
the uptake period, relative to the lag-phase was the principal
variable.

An alternative hypothesis is based on the evidence that the more
apical root parts may ha- • a much higher capacity to absorb ions
from the medium than the more- basal parts (Frick et al. 1977).
Therefore it seems feasible that upward translocation in the a-
pical parts becomes appreciably shortly after the start of ab-
sorption biit remains latent because of reabsorption of the ions
from the ascending sap by the more basal parts of the root. In
this case a front would move from the apical region to the base
of the root and a lag-phase in upward translocation would result.
For Na reabsorption from the transpiration stream by basal root
parts is well established (see Epstein 1972 for older evidence;
Kramer et al. 1977 and Yeo et al. 1977). This hypothesis was
tested by measuring the uptake capacity of the basal root parts,
either isolated or in intact plants.

The third hypothesis is induction of the structure(s) responsi-
ble for upward translocation (e.g. a carrier system). It im-
plies the absence of these structures in low-salt roots and their •••
induction by the presence of certain amounts of the inducing ion 4
somewhere near the sites where, subsequently, upward translocat-
ion appears depend on protein synthesis (see Pitman 1977). Re-
cently Glass (1978) and Behl and Jeschke (1979) wondered whether 4
induction could be the cause of the lag-phase. This, and a sim- $
ilar other hypothesis were tested by determination of the effect 1
of a short pretreatment with K+, more than one hour in advance '•
of a regular uptake experiment, on the length of the lag-phase.
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:> MATERIALS AND METHODS

, " Plant materials

*~; Barley (Hordeum vulgare L.) seedlings of the cultivars Effendi
t• and Pirouette, 7 to 8 d. old and cultivated at 25°C and about •
H 65% relative humidity, were used throughout. Excised roots were
V harvested after culture in the dark on 5.10"4 M Ca S04 solution
\l (for details see Hooymans 1968, Bange and Van Iren 1970). After
|i excision they were rinsed for 20 to 30 min in demineralized wa-
| ter and centrifuged at low speed in a household centrifuge. For
'i kinetic experiments two gram portions were weighed before uptake.
v For experiments with intact seedlings these were placed on PVC
i; grids on the fourth day of growth in the dark and transferred
I either to a dilute nutrient solution containing 40.3 mg Ca(N0_) .
! 4H20, 18.9 mg Ca(H PO ) 24 mg MgSO 7 H

2
0' °-5 mS K N°3' 7 2 > 6

f mg Fe-Na-EDTA, and O.I ml Hoagland A-Z solution per liter
(Hooymans 1968b), or again to a 5.10"4 M CaS04 solution. From

', that moment the seedlings received 16 h light per day from
'•; Philips TLF 40W33 fluorescent lamps. The solution was always re-
V placed by 5.10~4MCaS04 on the 7

t h days, i.e. 24 h before the
start of uptake. During this period much of the K+ present in
the roots is transported to the shoots (Hooymans 1974).

In one experiment uptake of Rb+ into isolated basal root segments
and into the same root zone of intact plants was compared. Root
systems of sets of 10 plants grown on dilute nutrient solution
were divided into an apical and a basal batch before or after up-
take by cutting them at 3 mm and at about 30 mm below the cary-
opses. The majority of the roots was 6 to 13 cm long, laterals
being sparse. So the apical batches contained almost all root
tips and consisted of root lengths of 3 to 10 cm. The basal
batches contained only a few tips (laterals). The batches, that
were excised before uptake, were rinsed in demineralized water
for 20 min after cutting.

Uptake of K+ and analogues

Uptake solutions contained 0.2 to 0.4 mM Rb+, Cs+, or Tl+, and
in one case K+, either as sulphate or as chloride, and 0.1 to 10
mM Ca2+. The pH was always about 7 (by 0.1 mM Ca-bicarbonate
buffering) and the temperature 25°C. Labeling was with 86Rb,

: 1 3 4 c?4 2 *rl a n d 8 6 R b respectively at a specific activity of
2.1012 to 2.1013 Bq. mol for localization and 5.109 to 2.1011

'• Bq. mol'1 for kinetic experiments. Uptake times varied from 3
• min to 6h. .Uptake was always terminated by a one min rinse with

demineralized water at room temperature to remove most of the free
; space content. Isotope contents were measured in an automatic
I spectrometer. Upward translocation in intact seedlings was mea-
\ sured after separation of roots and shoots immediately below the
[ caryopses. Weights of roots of intact seedlings were determined

after uptake and after rinsing and blotting with soft paper



tissue; the latter was added to the root sample before isotope
counting. The rate of uptake into the cytoplasm was estimated
from the root content after 1 h of uptake; in this period vacu-
olar transport is still negligible (Bange 1977, 1978, 1979).
The vacuolar accumulation rate was derived from the increase in
the root ion content between 2.5 and 4.5 h after the beginning
of uptake (see Hooymans 1968a, 1974, 1975). In this period up-+

take of K+, Rb+, and Cs+ was always steady in our material. Tl
absorption sometimes stagnates after 2.5 h (BanEe and Van Tren
1970) though not in the plant material used in this study. The
rate of upward transport was estimated likewise from the increase
in shoot ion contact. All contents and rates have been express-
ed per gram fresh weight of roots (g~ ).

Localization

The precipitative freeze dissolution (PFD) procedure (Van Iren
and Bange 1978, Van Iren and Boers 1980b) was used with some mo-
difications. After uptake, root segments were quenched indivi-
dually on small strips of aluminum foil in melting Freon F12 at
-158°C, collected in small nylon gauze bags and stored for about
15 h in liquid nitrogen. After rewarming in boiling Freon (-30°
C) for a few seconds the bags were immersed in 20 ml of PFD solu-
tion. The latter was stirred magnetically in a thermostated cu-
vette and contained a high concentration of a precipitant for
the ion to be localized, a fixative (glutardialdehyde), and some-
times other additives (see table 1). The melting point of the
various PFD solutions was between -6 and -18°C. They were ther-
mostated 0.3 to 1.5°C higher (At) in order to allow dissolution
of the tissue ice and concomitant precipitation of the ions to
be studied.

Table 1

Solutions used in the PFD procedures for the localization of Tl +, Kb*, and Cs+

PFD solution

composition

melting point
At

Fixative

Rinses

Dehydration

Eabi'dding

Iodide

1.3 M Nal or O.B M
Cal2, 3Z GDA, 5 mM
ascorbic acid, 50 mM
tris-HCl, pH 7.5
about -6 °C
0.3°C

as PFD, but 100 mM
I": about I h, 0 °C

100 mil I", 5 mM ascor-
bic acid: 3x5 min, 0 DC
ethanol series with
5 mM ascorbic acid:
each step 5 min, (I °C;
propylene oxide: 2x10
min, room temp.

gradually in ERL during
about 18 h

Selenide

20Z (NH4)2S, saturated
with Se powder

about -17 °C
1.5 °C

none

demineralized water:
3x5 min, 0 °C
ethanol series: each
step 5 min, 0 °C;
propyLene oxide:
2x10 minr room temp.

gradually in ERL
during about 3 h

Cobaltinitrite

1.14 H Na3Co(N02)6,
3% CDA, 2% acetii-
acid

about -16 °C
1 °C
as PFD, but 100 mM
Cn(Nf>2)63~: about
1 h. 0 "C

100 KIM Co(N02>63":
1x5 nin, 0 °C'
cthanol series: firsl
step with 100 mM
Co(N02)o3-, each step
5 min, 0°C or room
temp.; propylene oxide:
2x10 min. room temp.

gradually in ERL
during about 18 h
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For T l + Nal or Cal 2 was used as a precipitant in most of the ex-
periments (for details see Vac Iren and Bange 1978). In later
experiments T1+ was precipitated as the extremely insoluble Tl-
Se (K|0° = 6.9 x 10~ 2 7, Korenman 1963, p 106) in a PFD solution
containing 20% (NH4)2S and saturated with black Se powder (c.f.
Voigt 1966; Giusti and Fiori 1966). In one experiment it was
precipitated as Tl 3Co<N0 2) 6 (Jcf^o about 1.5 x 1 0 " , Korenman
1963j Sillen 1964). Rb + and Cs+ were precipitated as Rb 3Co(N0 2) 6

= 5.1 x 10" 1 7, Stephen and Stephen 1963) and Cs3Co(N02)6

20

2 3 4
Time (h)

Fig. 1 • Time curve of Rb+ absorption by intact
planes, grown with dilute.nutrient solution.
Uptake from 0.25 mM RbzSO^ and 0.1 mM
Ca(HCO3)2. No replicates.
Fig, 2. Time curve of Cs+ absorption by intact
plants, grown on dilute Ca(S0i,). Uptake from 0.3
mM CS2SO4 and 0.1 mM Ca(HC03>2. 3 replicates.
Bars denote range.
Fig. 3. Time curve of Tl + absorption by intact
plants, grown with dilute nutrient solution.
Uptake from 0.1 mil T12EOZ,, 0.-5 mM Ca(NO3)2,
and 0.1 mM Ca(HCO3>2- Shoot contents were too
low to represent in the figure (see text). 3
replicates. Bars denote range.

3 4
Time (h)



(K|jj° = 3.5 x 10" 1 6, Sillen 1964) respectively (for details
see Van Iren and Boers 1980b). After IS to 20 min the bags were
removed, the segments were taken out, and gradually transferred
from the PFD solution to a fixative. Dehydration in a graded
ethanol series was preceded by rinsing to remove the fixative
and was followed by propylene oxide treatment and embedding in
ERL (Spurr 1969). Most of the fluids used after the PFD contain-
ed additives to prevent redissolution or oxidation of the pre-
cipitates. Composition and way of application of all solutions
have been sumraarized in table 1.
Preparation of autoradiograms by means of dry cutting of 3 ira
thick sections and application of Kodak AR-10 stripping film as
well as determination of losses of the relevant ions from the
tissue during the whole procedure were as described by Van Iren
and Bange (1978) and Van Iren and Boers (1980°).

RESULTS

Time curves

Time curves of uptake of Rb+, Cs +, and Tl+ into the roots and
translocation of the shoots were determined in intact plants
grown on dilute nutrient solution. Fig 1 shows uptake of Rb+

into roots and shoots to follow' the usual pattern with a well-
pronounced lag-phase of upward transport, the end of the lag-
phase coincides with the transition from the rapid initial phase
to the steady phase of accumulation into the root. The qualita-
tive characteristics of Cs+absorption (Fig 2) are the same. Fig
3 shows the uptake of Tl+ into the roots to be quite similar to
that observed by Bange and Van Iren (1970). Transport to the
shoots appeared almost negligible at an estimated value of 6 to
10 nmol.g"1 after 6 h of uptake. The time at which upward trans-
port started could not be established with certainty.

Quantitative comparison of uptake and translocation of K+, Rb+,
Cs+ and Tl+ was made with one batch of intact plants grown on
CaSO4 solution throughout (table 2).

Tab If 2

Quantitative1 comparison of rates of uptake into the cytoplasm and the varuole,
and of upward translocation of K+, Rb +, Cs +, and T1 + . K+ was labelled with 8 6Rh.
Uptake solutions contained 0.3 mM of the ion cmu-trm-d, 0.15 mfl SO4-", 2 nM Cl",
2.2 mM Ca-+. Experiment in triplicate. CEM in puruntliesrs.

K+

Rb+

CS +

Tl +

cytoplasm

umol.g"',h~'

6.41 (0.08)

6.49 (0.06)

5.18 (0.07)

4.46 (0.12)

7.

100

101

81

70

vacuole

umol.g"'.h~'

3.84 (0.49)

2.81 (0.28)

I.9S (0.41)

0.35 (0.22)

%

100

73

50

9

upward transloratinn

umo1.g~'.h~'

2.35 (0.33)

1.37 (0.10)

0.21 (0.08)

0.01 (0.06)

7

100

5 S

u

0

•~---"7f,--,-.- -r* •
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In this experiment uptake of K+ was measured by means of label-
ling with *6Rb, which is common practice (see also Discussion,
p 15/16).We checked it by a parallel unlabelled series in which
K+ contents were measured by atomic absorption spectrophotome-
try. The values obtained were not significantly different from
those of table 2 but variation was larger because of the varia-
bility of the initial K+ content. Although all rates decline in
the order of ion species mentioned, the differences are relative-
ly small for uptake into the cytoplasm, larger for vacuolar accu-
mulation, and very large for upward translocation. Uptake into
the cytoplasm appears not to discriminate between K+ and Rb .
Upward transport of Tl+ could not be measured in this experiment
owing to the low level of labelling.

Localization

Though losses from the tissue of the ion studied were measured
always table 3 summarizes only the losses observed in those ex-
periments from which autoradiograms are shown in this paper. For
the same ion and the same PFD procedure relative losses were ne-
gatively correlated with the ion content of the tissue. In gen-
eral losses during the precipitation step of the procedure were
less than 2%. During the preparation for plastic embedding some
redissolution was inevitable.

The distribution of label over the cross-section of the root at
several distances from the root tip (usually at about 5,15, and
50 mm) was studied after increasing uptake times. The latter we-

- re chosen in such a way that several moments during the lag-pha-
se and one well beyond it could be compared. For Tl these were
3, 10, 30, 60, 75 min and 4 h; for Hb+ 10, 30, 60 min and 4 h and
for Cs+ 5, 30, 60 min and 4 h. Per uptake time and per ion in
general 3-6 segments were subjected to autoradiography and sever-

Table 3

Losses of ions from root segments during some localization experiments

ion

absorption time

precipitant in PFD

m.p. of PFD solution C O

At PFD soluM'on C O

figure number

loss (Z) during:

PFD

fixation and rinses

dehydration

embedding

recovery (!t)

Tl+

10 min

Se2"

-16.6

1.5

4

2.0

9.5

1.2

4.1

83.2

T1+

30 min

r
-6.4

0.3

5

3.4

4.4

0.5

5.1

86.6

Tl+

4 h

r
-6.5

.0.3

6

0.5

1.2

0.2

2.1

96.0

Cs+

30 min

Co(N0 2) 6
3-

-15.6

1.0

7

2.1

9.8

0.4

0.1

87.6

Rb+

30 min

Co(N0 2) 6
3"

-16.8

1.0

8

1.7

2.0

0.2

0.4

95.7

Rb+

4 h

Co(NOz)63-

-16.0

1.0

9

0.5

I.I

0.1

0.4

97.9





al uptake times were replicated in different experiments. Be-
sides , the distribution of Rb+ at the root base was studied af-
ter 30 min of uptake.

In all autoradiograms the average distribution of label within
the cortex was homogeneous, i.e. there was no systematic differ-
ence between the amounts present in the different concentric cell
layers, even after an absorption period as short as 3 to 5 min.
Figs 4, 5, 7 and 8 show the results of somewhat longer uptake
periods. Except for the absolute amount of labelled ion the re-
suits were the same as those obtained after 4 h (figs 6, 9). Most
of the silver grains were found over the cell boundaries, i.e.
over cell wall and cytoplasm. From electron microscopic and oth-
er evidence Van Iren and Bange (1978) concluded that for Tl+ the
cytoplasm and not the cell wall contained the precipitates. Pre-
liminary EM observations revealed that also for Rb+ and Cs+ a vast
majority of the precipitates was located in the cytoplasm, only
minor quantities being found in the free space, viz. the primary
wall and the corners of the intercellular spaces. The vacuoles
were relatively empty, even after 4 h of uptake. Differences in
the density of labelling along the periphery of each cell and be-
tween adjacent cells are at least partially due to uneven distri-
bution of cytoplasm within the sections (Van Iren and Bange 1978;
Van Iren and Boers 1980b). However, this local inhomogeneousness
was more pronounced with Rb+ and Cs+ than with Tl+. Labelling
of the epidermis was equal to or somewhat less than that of the
cortex. In general the endodermis was the most densely labelled
cell- layer, and in many of the autoradiograms the cells adjacent
to the protoxylem (mostly 'passage' cells without tertiary wall
thickenings) contained more label than the other cells. In the
case of Rb+ and Cs+ these passage cells were sometimes labelled
extremely heavily. Labelling of the stele was variable for each
of the three ions tested, though less so for Tl+ than for Rb+

and Cs+. In general it was somewhat lower than that of the cor-
tex, even after 4 h. Remarkably even after a few minutes of up-
take considerable amounts of ion were localized within the stele.
With Tl+, on the average no particular stelar cell type was la-
belled preferentially. On the other hand autoradiograms of Rb+

Figs 4 — 9. Autoradiograms of cross-sections of the root.
Fig. 1. J04T1 distribution after 10 min of absorption from 0.15 mM T^SO^. Spec, act
3-I0IJ Bq.mol"1. PFD with Se z~ (see table 1). Exposure 3 wk. 45 mm from root tip.

1 Fig. S. 2O4JI distribution after 30 min of absorption from 0.1 mM TI2SO4. Spec. act.

I.5-1013 Bq.mol"I.PFD with Cal (see table 1). Exposure 7 d. 30 mm from root tip. (During
! development the film has become somewhat shifted to the upper left)
'„ Fig. 6. As S. but 4 h of absorption. Spec. act. 7-1O12 Bq.mol"1. Exposure 3 d . 12 mm
j! from root tip.

Vj Fig. 7. l3;"Cs distribution after 30 min of absorption from 0.3 mM CsCl.Spec. act. 4-I012

f Bq.mol"1. PFD with cobaltinitrite (see table I). Exposure 8 wk. 50 mm from root tip.
[• Fiff- 8. 86Rb distribution after 30 min of absorption from 0.2 mM RbCl. Spec. act. 2.5-
I I0 I J Bq.mol"'. PFD with cobaltinitrite (see table I). Exposure 10 d. 15 mm from root tip.

s Fig. 9. As 8. but 4 h of absorption. Spec. act. 4-1012 Bq.mol"1. Exposure 10 d. 50 mm
I from root tip.
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and Cs+ at all uptake times often revealed dense, almost massive
patches in the stele; usually these were located against the xy-
lem vessel walls (figs 7, 8).

Absorption by the basal root zone

Uptake of Rb+ within 30 min for total root systems of intact
plants (grown on dilute nutrient solution) was 10% higher than
for the same material excised and rinsed before uptake (table 4}.
Most probably this difference is irrelevant (Hooymans 1968b) and
due to the fact that both series were successively run.
Anyhow, the relative uptake into the basal 3 cm of both sets of
roots was exactly the same.

The influence of pretreatment on the length of the lag-phase
(fig 10a. *>)

When roots of intact plants were pretreated for 5 min with K+
(86Rb), followed by a 85 min period on CaS04, total uptake from
the same K* solution equalled that of the control, apart from
the slight difference in K+ content at time zero. Loss of K+

during the CaS04 treatment was only about 1 nmol.g" . The dis-
tribution of K+ between root and shoot differed slightly in both
sets, the controls showing a somewhat higher rate of upward trans -
location. The pretreatment certainly did not shorten the lag-
phase of upward translocation. (In this root material start of
upward transport was unusually gradual.)

Table 4

Comparison of uptake o£ Rb+ into basal and apical root parts, ei ther in the
intact plant or excised. Absorption time 30 min. Experiment in quadruplicate

uptake (iimol.g"1)

SEM

Z

excised

apical

5.14

0.26

57.6

basal

3.78

O.OS

42.4

total

8.92

0.24

100

in the

apical

5.70

0.12

57.6

intact

basal

4.19

0.12

42.4

:>lant

total

9.98

0.07

100

DISCUSSION

Technical aspects

Comparison of our fig 1 with fig 1 of Hooymans (1968a) shows
that Rb+ uptake is not qualitatively different in plants raised
on a very dilute nutrient solution for 3 out of 8 days and plants
grown on dilute CaSO+ throughout for 11 days. The same holds
for the comparison of Tl+ uptake by plants raised in the light
on a dilute nutrient solution (fig 3), and by excised roots of
seedlings grown in the dark on dilute CaS04 (Bange and Van Iren
1970). Hooymans (1968a) also showed that there is no signifi-
cant difference between uptake of Rb+ into roots of decapitated

"i
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1 2 3 4 5 6 1 2 3 4 5 6

Fig, 20 a — b* Influence of pretreatraent with K + on the length of the lag-phase of up-
ward translocation in plants grown on dilute CaSO^ solution (light-dark regime). 3 rep-
licates. Bars denote range.

a. control. Uptake into the root and translocation to the shoot of K+, labelled with
^ R b , from a solution containing 0.3 mM K+ as sulphate, 2 mM CaCl2, and 0.2mM Ca(HCO3)2.
h_. same as c but pretreated for 5 rain with uptake solution followed by 85 min with 2 m>l
CaS04. For comparison, the controls of fig 10 a are represented by dashed lines.

and of intact plants. Though pertaining to excised roots, the
data of table 3 are consistent with the irrelevance of the pre-
sence of the shoot for root Rb+ uptake during at least several
hours. Therefore there is no reason to take into account the
different background of the plant material used in the various
experiments of this study except for quantitative differences.

In the autoradiograms some differences appeared between the lo-
calization of Tl + on the one hand and Rb+ and Cs on the other.
In the cortex the difference was insignificant although distri-
bution was somewhat more even with Tl+. In the stele the dense
patches, found with Rb+ and Cs+, mainly near the xylem vessel
walls, were absent with Tl+. Before attributing these differ-
ences to different physiology of uptake and transport we did
some control experiments. Gelatin slabs (20%) containing differ-
ent concentrations of Tl+ or Rb+ were cut into strips, 6.5 mm
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thick and 2 nun wide, and subjected to various PFD procedures.
After PFD with selenide, strips with Tl+ at concentrations up
to 10 mM (which is about the maximal average tissue concentra-
tion) yielded autoradiograms that were completely homogeneous
except for a slightly higher or lower labelling of the edges
over a distance of 5 to 10 urn. At 50 mM incidentally a single
heavily labelled dot was found. On the other hand, strips con-
taining Rb+ showed inhomogeneous labelling after PFD with co-
baltinitrite, i.e. in many cases most of the label was found
in patches, 3 to 10 um in diameter, their number increasing to-
wards the edges of the strip. Similar patches were found when
strips containing Tl + had gone through the PFD procedure with
cobaltinitrite but in their distribution were no detectable gra-
dients. When, after uptake of Tl +, root material was subjected
to PFD either with selenide or cobaltinitrite, the same differ-
ence became evident. For the cortex both methods gave the same
result but in the stele the use of cobaltinitrite in several
cases resulted in densely labelled patches which sometimes were
located in the xylem vessels; such patches were absent after se-
lenide precipitation. Precipitate in the endodermis was more
dense with cobaltinitrite. Thus especially the gelatin controls
reveal that there is no reason to assume dislocation of Tl+ dur-
ing the preparation of autoradiograms by use of PFD with selenide
(or iodide), at least at the tissues level. However, when cobalt-
initrite is used to precipitate either Tl+ or Rb+ or Cs+, dislo-
cation is possible. Since the overall distribution of Tl+, Rb+,
Cs+ within the cortex of our material was always the same, irre-
spective of the precipitant used, these results can be regarded
as reliable. The dense patches within the stele that are found
only after precipitation with cobaltinitrite, must be regarded
as artifacts. Probably the explanation of the different reli-
ability of these localizations is to be found in the phenomenon
of eutectic thawing. This phenomenon has already been suspect-
ed to interfere with effective immobilization of ions in frozen
tissue (Van Iren and Bange 1978). In the cortex the process of
precipitative freeze dissolution can proceed relatively unham-
pered and be completed within seconds. Thus, the time available
for the formation of areas of eutectic thawing, their intercon-
nection, and the diffusion of ions within them is very limited
in this tissue. The adaxial endodermal walls, which are (at
least partially) thickened and suberized in (semi-) mature tissue,
together with the Casparian strips certainly have a larger resis-
tance to the passage of the PFD front. Therefore, within the ste-
le dislocation due to eutectic thawing might occur in the case
of the relatively large and slowly diffusing cobaltinitrite ion
but appears virtually absent with the small selenide or iodide
ions. The endodermis may have an intermediate position. It
seems feasible that its denser labelling, especially in the pas-
sage cells, as found for Tl+ with selenide and iodide, was rein-
forced in the case of cobaltinitrite by dislocation of ions from
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the stele. Alternatively, differences in the probability of het- X\
erogeneous nucleation and in rates of homogeneous nucleation ~Q
could underly the differences in localization as well. Anyway :<
these results reduce the optimism uttered by Van Iren and Bange 'f>
(1978) with respect to the more general applicability of the PFD J
method, which then seemed justified on the basis of the results p
witU Tl +. It also illustrates the hazard in regarding a certain L-;
localization result as reliable without comparison of the results |
of different techniques or variations in the same technique or ^
without careful control experiments. Jr

Physiology ' \

The results of our localization experiments cannot be compared '
directly with those obtained for K+ in corn roots by Lauchli et .
al. (1971) by means of X-ray microanalysis after freeze substi-
tution. Apart from the difference in plant species, our materi-
al always was on CaSO4 at least 24 h before the start of the ex- i
periments, whereas the plants used by Lauchli et al. came direct-
ly from a dilute nutrient solution containing K+. For instance,
their observation that after 3 h uptake from a KC1 solution, the . "
cortical vacuoles contain more K+ than the cytoplasts, is contra-
ry tq our results, but could be explained from the difference in
pretreatment. The high K"1" content of the stelar parenchyma cells
observed by these authors could not be confirmed by our results,
also for reasons mentioned above. Thus our results do not sup-
port their conclusions, but do not contradict them either.

The autoradiograms show that during the lag-phase of upward trans-
location the whole cortex is loaded simultaneously with K+ or its
analogues. Even after a few minutes considerable amounts of the
ions studied can be found already within the stele. So the first
hypothesis mentioned in the introduction can be rejected: the lag-
phase is not the result of the cortical cell layers being loaded
successively in a centripetal direction.

The second hypothesis is that the lag-phase results from a suc-
cessive and basipetal loading of the root as a whole. This as-
sumption requires that the basal parts of the root have a low ca-
pacity to absorb ions directly from the medium but are able to
collect ions released to the xylem sap by the apical parts (or
ascending from the apex via the symplast). If so, interruption
of these supplies by cutting should result in a much lower upta-
ke, diffusion into the cut xylem vessels being too slow to inter-
fere. The data of table 4 demonstrate that the uptake by excised
basal parts is not different from their uptake in the intact roit .
system. So, most probably their way of loading is also the same j
in both cases, viz. directly from the medium. Therefore, the se- f j
cond hypothesis can be rejected as well. j

The third hypothesis is that induction of the mechanism(s) re- ; \
sponsible for upward translocation underlies the lag-phase. In . !

i i
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;.f the experiment represented in fig 10, one series of plants receiv-
•? ed a 5 min pretreatment with (labelled) K+, 85 min before the up-

take experiment proper started. The result of the pretreatment
-; was an initial root content of exogeneous K+ of 0.85 umol.g .
V This amount was present in the cytoplasm of the root cells during
I the subsequent 85 min of CaS04 treatment: leakage was negligible
K (measured), as were transfer to the vacuole (Bange 1977), and
•) transfer to the shoot (measured). So during the pretreatment the
1 average concentration of exogeneous K+ in the cytoplasm was about
;: 17 mM, the volume of the cytoplasm being roughly 5% of the root
v volume. If the upward translocation mechanism(s) were induced,
; such an amount would most probably be sufficient to start and
; maintain the derepression of the operons concerned. It should be

noted that at much lower external concentration such root contents
are attained after larger absorption periods, nevertheless the
length of the lag-phase is the same as at higher concentrations
(results obtained with Rb+ by Hooymans 1968a). Thus one would
expect upward translocation to start almost immediately at the
beginning of the uptake experiment proper, though"at a low rate,
due to the low K"1" content of the roots. Fig 10 shows that this
is not the case, and that normal filling of the cytoplasm (sym-
plasm) has to be completed first.
It is hardly possible to reconcile this result with the third
hypothesis which we therefore reject. A similar hypothesis
could be built on known influence (in general inhibiting) action
of phytohormones, viz. abscisic acid (see Behl and Jeschke 1979)
and cytokinins (see Pitman 1977). A small amount of any ion,
that is translocated after a lag-phase, then should 'induce' a
switch in the hormonal balance in the stellar cells, resulting
in upward translocation only after the lag-time. This hypothe-

: sis can be rejected on the same grounds as the former.

| Although the cause of the lag-phase has not been resolved by this
study its results are relevant to some features of radial and up-
ward transport. However, they do not resolve the question at
which membrane(s) ions are ultimately released from the symplast
to the ascending sapstream because we only found quantitative
differences in the distribution of ions within the stele before
and after the start of upward translocation.

In the first place the rapid radial equilibration observed re-
. quires a rapid radial transport system. As stated in the intro-
; duction apoplastic diffusion deserves no consideration, so the
j symplast must be involved. Diffusion in the symplast would seem
j rapid enough but special organelles may also play a role. A ge-
) neral function In transport of the endoplasmic reticulum has been
'• recognized before. It probably forms a continuum through the
I. whole symplast by traversing the plasmodesmata (see Robards 1976,
; Robards and Clarkson 1976). It is known or supposed to transport
\ various substances like a-aminobutyric acid (Brautigam and Miiller

1975), products of protein synthesis (see Rougier 1976), and
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; auxins (e.g. O'Brien and Thimann 1967). Van Steveninck (1974),
£ Stelzer et al. (1975), and Van Iren and Van der Spiegel (1975)
I- have given experimental evidence for its possible role in ion
)V transport.

I The rapid radial equilibration implies that the ion content of
f the cytoplasm adjacent to the membrane(s) responsible for upward
}< translocation begins to rise (almost) immediately after the start
f: of uptake at the periphery of the root. Nevertheless, upward
i* translocation does not reflect this rise but starts much later,

i.e. after a lag-phase that is independent of the external con-
centration and thus, of the cytoplasmic ion content. Therefore,
only induction of the upward translocation mechanism could recon-
cile these observations with the assumption that the cytoplasm
is a simple homogeneous compartment, from which the upward trans-
port mechanism, once induced, takes the ions. Since the eviden- :
ce tells against induction (see above), it is obvious that the
cytoplasm cannot answer the above description.

The fast radial equilibration further implies that the vacuoles
of the root cells can be considered as one homogeneous popula-
tion since at any moment, all tonoplasts face (on the average)
identical cytoplasmic conditions.
However, Bange (1977, 1978, 1979) found, in complete analogy to
upward translocation, a lag-phase in vacuolar Rb+ accumulation.
The length of this lag-phase also appeared independent of exter-
nal circumstances like concentration, presence of Ca+, etc. He
likewise inferred that the tonoplast transport does not draw sim-
ply upon a homogeneous cytoplasmic ion pool.

Apart from the lag-phase there are other similarities between up-
ward transport and vacuolar accumulation of K+ in low-salt bar-
ley roots. Both processes show a much stronger discrimination
with respect tot he deviating dimensions and other properties of
the analogues of K+ than the absorption mechanism of the epi- and
hypodermis. Table 2 shows that, within the series K+, Rb+, Cs+,
and Tl+, the lowest rate of uptake into the cytoplasm (Tl+) is
still 70% of the highest (K+ or Rb+). The rates of both vacuolar
accumulation and upward transport decrease in the same order, but
to a much larger extent. Also the way in which the four analo- ;
gues interfere with each other in both transport processes, is
similar. Apart from the mutually competitive behaviour of the
four ions, both vacuolar and upward transport of a 'slow' analo-
gue are stimulated by the simultaneous transport of a 'fast' one.
Thus, vacuolar Tl+ accumulation in the presence of increasing Rb+ .
concentrations shows a marked optimum curve (Bange and Van Iren
1970; the fact that in that publication the lag-phase of vacuo- .
lar accumulation was not considered does not interfere with this i
conclusion). By the same token Rb+ transport to the vacuole ap- 2
pears to be somewhat enhanced by the addition of K+ (Bange, un- v
published observations). The very low rate of upward transport i
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of Tl+ from a solution containing 0.1 mM Tl+ (see results ad fig
3) vas more than doubled when 0.2 mM Rb+ was added to the medium
(G-rritsen, unpublished results). The fact that 8 6Rb + is a good
tracer of vacuolar and upward K+ transport (see Results: time
curves), rests on the same phenomenon.

All these similarities could be fitted into the test tube hypo-
thesis in which transfer of ions to the xylem sap is looked upon

1 as transport into the vacuole of a semi-mature xylem duct cell
: ; that is open at the upper end (Hylmo 1953, Anderson and House

1967, Davis and Higinbotham 1976). However, experimental evi-
: dence against this proposition has been advanced by L'auchli et

al. 1978.

The similar relations between the transport rates at the tono-
plast and near the xylem vessels of K+ and its analogues as well
as the similar mutual interactions of two analogues indicate that
both transport processes are biochemically similar. For both the
stimulation of the transport of a 'slower' analogue by the si-
multaneous transport of a 'faster' one indicates that transport
is mediated by a structure with more than one binding site for
IT1*. Binding of a 'slower' analogue probably leads to some dete-
rioration of the structure, which can find relief from the si-
multaneous binding of a 'faster' analogue (see also Bange and
Van Iren 1970).

As has been elucidated above, the results presented in this pa-
per strengthen the evidence from earlier kinetic work by Bange
and coworkers (see Bange 1977), by LUttge and Pallaghy (1972),
and by MacRobbie (1975) that with respect to ion transport the
cytoplasm of plant roots should not be looked upon as a homo-
geneous ion pool from which the mechanisms involved in vacuolar
accumulation and upward translocation pick up ions at a rate that
depends directly on the concentration (cq. activity) in the pool.
A role of the endoplasmic reticulum has been suggested (see above)
and may be speculated on. Ions entering the epidermal cells by
way of the uptake mechanism in the plasmalemma might be deliver-
ed to this system that would provide for rapid radial migration
through the whole symplast. During the first few hours (the lag-
phase) , K+ and its analogues might be delivered predominantly to
the bulk of the cytoplasm (symplasm), and after this period main-
ly to the vacuoles and xylem vessels by way of highly discrimi-
native mechanisms. Within this concept also the remarkable com-
petition (Hooymans 1976) between the delivery to these spatially
so separated structures becomes more comprehensible. However,
the signal triggering the rather abrupt change in delivery re-

j mains obscure. Concentration as such deserves no consideration

| because the length of the lag-phase is independent of concentra-
tion. Unfortunately, at the moment it is difficult to approach
these problems directly by experiment.
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