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Abstract 

In a model system using intact spruce trees (Picea abies [L.] Karst.) we followed the path of magnesium, calcium 
and potassium during uptake into the root and during long-range transport into the shoot, by multiple stable isotope 
labelling. The roots of two- and three-year-old spruce trees originating from soil culture were removed from the 
soil and, in part or in toto, exposed to labelling solutions containing the stable isotopes 25Mg or 26Mg, 41K and 
42Ca or 44Ca. Optical-emission-spectroscopy (ICP-OES) of plant fractions and labelling solutions was combined 
with the quantitative analysis of stable isotope ratios in sections of shock frozen, cryosubstituted material using 
the laser-microprobe-mass-analyser (LAMMA). This combination allowed us to distinguish, both in bulk samples 
and on the cellular level between (i) the fraction of elements originally present in the plant before the start of the 
labelling, (ii) the material taken up from the labelling solution into the plant and (iii) any material released by the 
plant into the labelling solution. 

In single-root labelling experiments, roots of three-year-old spruce trees, grown in nursery soil, were exposed to 
various pH conditions. The exchange of Mg and Ca with the labelling solution was nearly 100% in the cell walls 
of the mycorrhized finest roots. This exchange was only slightly affected by a step down to pH 3.5. The absolute 
Mg and Ca content in the cell walls was moderately reduced by incubation at pH 3.5 and strongly reduced in the 
presence of A1 at this pH. After a pH 3.5 and 2 mM AI treatment we found AI in the xylem cell walls and the cortex 
cell lumina at elevated concentrations. To analyse the combined effect of high AI and high proton concentrations 
on the long-range transport, we used a "split-root system". The root mass of an intact two-year-old spruce tree, 
grown in mineral soil, was divided into even parts and both halves incubated in solutions with two sets of different 
stable isotopes of Mg and Ca (side A: no A1, 25Mg and 42Ca; side B: +A1, 26Mg and 44Ca) and 41K on both sides. 
We observed a large uptake of Mg, Ca and K into the plant and a pronounced release. The net uptake of all three 
elements was lower from the Al-doted solution. In cross-sections of the apical shoot we found after a seven-day 
labelling period about 60-70% of the Mg and Ca and 30% of the K content in the xylem cell walls originating from 
both labelling solutions. The clear majority of the Mg and Ca label originated from the Al-doted side. 

Introduction 

The uptake of the macro-nutrients under conditions 
simulating possible causes of the "new type forest 
decline" was investigated in Norway spruce (Picea 
abies). This species is seriously subjected to the "new 
type forest decline" and covers 3.7 million hectares 
in german forests (36% of the total forest area, BML, 
1992). The decline was originally reported in Ger- 
many for Abies alba as early as 1977 (Schtitt, 1977) 

and later for other conifers - including Norway spruce 
- and broad leaved trees as well. The available evi- 
dence points to two generally favoured types of possi- 
ble causes: (i) direct effects of air pollutants on leaves 
or needles and (ii) indirect effects of air pollutants via 
changes in the chemical and ecological condition of the 
soil. Direct effects of air pollutants on leaves, respec- 
tively needles, as the primary factor responsible for 
the observed damages may be restricted to some few 
heavily stressed forest stands (BMFT, 1990). Whenev- 
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er air pollutants have been shown to provoke various 
stress reactions, i.e. in needles of spruce, these effects 
are modulated by the water and mineral uptake of the 
affected trees. In the majority of forest decline stands 
indirect effects via the soil seem to be major factors 
(e.g. Hiattl, 1991; Kreutzer and G6ttlein, 1991; Schulze, 
1989; Ulrich, 1981; Zech and Popp,1983; Z6ttl and 
Hiittl,1985). Therefore, for both lines of thought, a 
detailed knowledge of the influence of the chemical 
condition of the soil on the uptake of water and miner- 
al nutrients in trees is of vital importance. 

Both, the early reported proton input, in turn lead- 
ing to an increasing acidification of the soil frequently 
associated with an increased concentration of A13+ and 
Al-complexes (Ulrich, 1981), and the high nitrogen 
input into the soil (Mohr, 1994), are reported to have 
considerable impact. Before the advent of acid rain 
research toxic effects by low pH and A1 on root struc- 
ture, plant growth and nutrient uptake have often been 
reported, especially in the field of agricultural science 
(e.g. Clarkson and Sanderson, 1971; Foy, 1984; Foy 
et al., 1978). Adverse effects of low pH and AI were 
shown for trees, particularly those grown in hydropon- 
ic cultures (e.g. Evers, 1983; Hecht-Buchholz et al., 
1987; Junga, 1984; Rost-Siebert, 1983, 1985; Schae- 
die et al., 1989; Stienen and Bauch, 1988; Tischner et 
al., 1983). In many acid soils throughout the world alu- 
minium is the most important growth impeding factor 
(Rengel, 1992). A number of different possible mecha- 
nisms ofpH- and Al-toxicity are under discussion (e.g. 
Foy, 1984; Huang and Bachelard, 1993; Jorns, 1988; 
Marschner, 1991; Rengel, 1992; Ryan et al., 1993; 
Schimansky, 1991; Taylor, 1991; Wagatsuma et al., 
1987). There are rare studies where, opposed to the 
reported adverse effects, A1 stimulation of growth or 
nutrient uptake of plants have been reported (Asp et 
al., 1991; Cumming et al., 1985; Foy, 1984; Huang 
and Bachelard, 1993; Mulette, 1975). 

The displacement of bivalent cations like Ca 2+ and 
Mg 2+ by AI from adsorption sites, e.g. cell walls and 
membranes - generally discussed as Al-antagonism - 
may be of crucial importance for the influence of A1 
on the nutrient supply of plants. Good evidence exists 
that the long-range transport into the shoot is influ- 
enced by adsorption processes, antagonistic effects, 
the formation of complexes, and the physiological 
state of the plant (e.g.: Bradfield, 1976; Dambrine 
et al., 1993; Ferguson, 1980; G01pen et al., 1993; 
Isermann, 1969, 1978; Thomas, 1967, 1969; Tttrk et 
al., 1993; Wieneke, 1969, 1974; Wieneke and Ftihr, 
1973). Evidence for displacement of bivalent cations 

from the cell walls in roots has been reported in sev- 
eral studies (e.g. Bauch and Schr6der, 1982; Godbold 
et al., 1988b; Jentschke et al., 1991; Murach, 1984; 
Rademacher, 1986; Schr6der et al., 1988; Ulrich, 1981; 
Wilkinson and Duncan, 1993). The mechanisms of Mg 
and Ca uptake into the root and the influence of low 
pH and Al-ions have not been sufficiently clarified yet. 
It seems obvious that these mechanisms and the long- 
range transport can only be understood if the study 
includes analytical methods allowing access to the cel- 
lular level. 

This study presents data on the uptake of the macro- 
nutrients of Mg, Ca and K in mycorrhized finest roots. 
We first analysed the element distribution in cross- 
sections of finest roots using microprobe techniques 
in the starting material. We then compared these find- 
ings with the element distribution after a pH step down 
experiment and after a combined step up in A1 and 
proton concentration. Similar conditions might occur 
on natural stands subjected to pollution. Later we fol- 
low the Mg, Ca and K label into the shoot after double 
labelling in a split-root system. The use of stable iso- 
topes allows us to differentiate in these experiments 
between (i) the fraction of each element originating 
from the plant before the start of the experiment and 
(ii) the material released into the labelling solution and 
(iii) the material taken up from the labelling solution 
during the exposure period. 

Materials and methods 

Plants 
Seeds of Norway spruce (Picea abies [L.] Karst.) orig- 
inating from the German provenance Harzvorland / 
Westerhof (division: 840-03, 840-10 and 840-13) were 
germinated and seedlings were raised in sandculture 
for three months. Single seedlings were planted in 1 L 
pots and grown for one, respectively two years, in a 
greenhouse. The two types of soil were (i) a nursery 
soil with a high nutrient content and (ii) a mineral soil 
taken from a depth of 10-30 cm at the well described 
forest location "Postturm" (for a detailed analysis see: 
Michaelis and Bauch, 1992). The element composi- 
tion of the soil solutions was determined according to 
Rademacher (1986) at the time of depotting. We found 
the following concentrations, given in mM in the nurs- 
ery soil: 7,13 Ca, 1.67 Mg, 5.42 K, 1.10 Na, 0.06 
AI, pH of the solution: 5.90, pH of the soil (in KCI): 
6.36 and in the case of the mineral soil: 0.40 Ca, 0.25 
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Table 1. Naturalisotope composition oftheele- 
ments Ca, Mg and K (after Weast, 1989) and com- 
position of the stable isotope label, according to 
the supplier. Composition in % of total number of 
atoms. Only the relevant isotopes are shown 

Isotope 40 42 44 

Ca-(natural) 96.941 0.647 2.086 

42-Ca-label 11.21 87.70 0.90 

44-Ca-label 2.90 0.06 97.00 

Isotope 24 25 26 

Mg-(natural) 78.99 10.00 11.01 

25-Mg-label 2.29 96.90 0.81 

26-Mg-label 1.82 1.08 97.10 

Isotope 39 41 
K-(natural) 93.258 6.730 

41-K-label 4.2 95.8 

Fig. 1. Schematic diagram of the single-root labelling experiments. 
The composition of the labelling solution was: 1 mM each 25MGC12, 
41KCI, 44CaC12, NaC1. For the pH and the A1 additions see the text 
below. 

Mg, 0.73 K, 0.86 Na, 0.40 A1, pH of the solution: 3.49, 
pH of the soil (in KCI): 3.34. The reported experiments 
were carried out at the end of the natural growth period 
at the end of September. 

Stable isotope labelling 
The plants were transferred to a plant growth chamber 
with the following day/night cycle: day: 16 h, +23°C, 
60 % rel. humidity, 280 #E light intensity; night: 8 h, 
+15°C, 90 % rel. humidity, complete darkness. Slow 
light / dark changes for dusk and dawn were within one 

2% 

+AI 

Fig. 2. Schematic diagram of the split-root labelling experiments. 
The composition of the labelling solutions were 0AI: 1 mM each 
25MGC12, 41KC1, 42CAC12, NaCI; +AI: 1 mM each 26MGC12, 4t KCI, 
44CAC12, NaC1 and 2 mM A1CI3. 

hour. After a 10 day period the labelling experiments 
were started. Plants were removed carefully from the 
soil. Any visible adhering soil was removed using a fine 
brush, if necessary under stereomicroscopic control. 
The last cleaning step was an approximate 10 s rinse in 
distilled water. Only plants where no wounding of the 
root system could be detected under stereomicroscopic 
observation were used. The presence of rhizomorphs 
or hyphae penetrating into the soil were rarely detect- 
ed. The cleaned roots were then labelled according to 
two protocols, (i) "single-root labelling experiments" 
and (ii) "split-root" or "double labelling" experiments. 
In both cases highly enriched stable isotope prepara- 
tions of magnesium, calcium and potassium, obtained 
from Medgenix, Dtisseldorf, FRG, were used. Table 
1 shows the detailed relative isotope composition of 
the enriched labels as compared to the natural isotope 
abundances. The relative isotope composition as spec- 
ified by the supplier could be confirmed by LAMMA 
measurements within the accuracy of our procedure 
of 1%. As this precision is lower than the precision 
obtained by the instrumentation of the supplier, we 
show the supplier's specification. 

For the single-root labelling experiments (Fig. 1) 
roots from three-year-old spruce seedlings, grown in 
nursery soil, with a height of approximately 25 cm 
above ground, were prepared as described above. A 
15 % to 20 % fraction of the root was subsequently 
incubated for 24 h and 48 h, respectively, in 20 mL 
labelling solution of 1 mM each 25MGC12, 41KC1 and 
44CAC12 in the presence of 1 mM NaC1. The part of the 
roots that was not subjected to labelling was wrapped 
in a protective layer of wet cellulose. Where indicated, 
aluminum was added to 2mM as A1CI3. The labelling 
solutions were aerated and in the case of the 48 h 
incubation exchanged once after 24 h. 
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Two-year-old Norway spruce, grown in mineral 
soil, with a height of approximately 10 cm above 
ground, were chosen for the double labelling or split- 
root experiments (Fig. 2). The younger, smaller plants 
were selected because of the high cost of the labelling 
in the larger volume and the use of the precious minor 
stable isotope 42Ca. The root system was cleaned as 
described al~ove and divided into halves named 
"OAI" and "+AI". Labelling was performed 
under the same conditions as above, except that 
both sides were incubated in a 20 mL solu- 
tion with two sets of different stable isotopes 
of Mg and Ca ("OAI":I mM each 25MGC12, 
41KCI, 42CAC12, NaC1; "+ AI": 2 mM AICI3 added to I 
mM each 26MGC12, 41KC1 and 44CAC12, NaCI). Potas- 
sium double labelling was not possible, since besides 
39K only one major stable isotope, 41K, is available. 
Labelling was for seven days, and all solutions were 
exchanged every 24 h. Since measurements of the 02- 
partial pressure in the exchanged solutions demonstrat- 
ed at least 50 % saturation, the labelling solutions were 
not aerated. 

Shock-freezing and cryosubstitution 
All the following manipulations were carried out rapid- 
ly. Under stereomicroscopic control we took samples 
of 1-2 cm length. These were blotted on filter paper 
and shock-frozen by immersion into liquid propane, 
that was near its freezing point at a temperature of 
~-190°C. The propane (~30 mL) was kept frozen in 
a brass container that was cooled by liquid nitrogen 
(,,~- 196°C). It was liquified prior to the sample immer- 
sion by dipping a somewhat warmer metal rod into the 
cryogen. Shortly after the rod was removed the liq- 
uid propane reached its freezing point (fp.:~-190°C) 
again, indicated by a freezing front at the edges of the 
container. This procedure assured the lowest possible 
freezing temperature of the quenching liquid. After at 
least 30 s the shock-frozen samples were taken out of 
the propane, the major part of the adhering propane 
was removed, and the samples were transferred within 
the cold nitrogen gas phase into 20 mL polypropylene 
scintillation vials (Packard, No. 6008117) containing 
10 mL water-free acetone with 0.5 % OsO4 and kept 
for 3 days at -80°C. The samples were slowly warmed 
up to -20°C within some 24 h and to room temperature 
(+20°C) within 16 h. 

Embedding and ultramicrotomy 
The cryo-substituted samples were embedded after 
thoroughly removing residual OsO4 by a fivefold rins- 
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Fig. 3. LAMMA spectra of positive ions obtained from cortex cell 
walls in 0.5 #m thin sections of shock-frozen and cryo-substituted 
Norway spruce mycorrhizae. The major isotopes of Mg, Ca and K are 
clearly visible (see Table 1). Na is monotopic at muss 23. The upper 
spectrum (a) originates from an unlabelled control sample. The lower 
spectrum (b) was obtained from a spruce root sample after incubation 
in a labelling solution containing the stable isotopes 25Mg, 44Ca and 
41K, at 1 mM concentration. Note the change in the isotope ratios 
for the labelled elements in the lower spectrum. The insert shows 
part of the same spectrum at expanded scale. The dynamic range of 
the spectra is large enough to quantitatively determine the smaller 
peaks of the less frequent isotopes e.g. 4*Cajust visible here or 42Ca 
that cannot be resolved in this graph. U = voltage at detector; a.m.u. 
= atomic mass unit. 

ing step in water-free acetone in a low viscosity medi- 
um, modified after Spurr (1969) and Mascorro et 
al. (1976): viscosity 20 centipoise, 5 g ERL 4206 
(vinylcyclohexene dioxide), 10 g HXSA (hexenyl suc- 
cinic anhydride), 0.4 g Araldite RD2 (DY026), 0.15 
g DMAE (dimethyl aminoethanol) (all obtained from 
TAAB). The samples were infiltrated in a graded series 
of embedding medium to acetone ratios (1/3; 1/1; 3/1; 
1/0; 1/0) for 8 hours each step. Polymerization took 
place under exclusion of oxygen in "easy molds"; 
LKB #2208-156/180 with 5.6 or 8.0 mm diameter. 
After polymerization the blocks were trimmed to the 



required size, just slightly larger than the samples to be 
analysed. To facilitate sectioning for optimal orienta- 
tion of the samples, these blocks were re-embedded in 
the following embedding medium: viscosity 200 cen- 
tipoise; 54.5% (w/w) DDSA (dodecenyl succinic acid 
anhydride); 25% Epon 812; 20% Araldit CY212; 0.5% 
2,4,6-tri- (dimethylaminomethyl)-Phenol (all obtained 
from SERVA). The re-embedded blocks were trimmed 
to final dimensions, using a diamond milling cut- 
ter. Sections, 0.5 #m thick, were cut on a "Ultra- 
cut", Reichert-Jung ultramicrotome, using a glass knife 
without floating liquid, since floating the sections on 
liquid would result in material loss or redistribution 
(Harvey et al., 1976). 

LAMMA analysis 
Sections were analysed using the laser-microprobe- 
mass-analyser LAMMA 500 (Leybold, KNn, FRG). In 
brief, the LAMMA 500 is a laser light miroscope with 
a high energy pulse laser fitted to a time-of-flight mass 
spectrometer. A small area in a 0.5 #m thin section, 
mounted on a 3 mm copper grid, is selected for analysis 
under light microscopic control and then evaporated by 
a flash of UV light (256 nm). In our samples the lateral 
resolution was 1-2 #m. 

The evaporated material is analysed in the attached 
time of flight mass spectrometer. (For a detailed 
description see: Heinen et al., 1980; Hillenkamp et 
al., 1975). The resulting voltage signal at the detector 
is processed, and the area under the peak is expressed 
in relative units. Quantitative analysis giving abso- 
lute amounts of material is nearly impossible. Relative 
measurements, comparing LAMMA signals at differ- 
ent locations within one section, or comparing dif- 
ferent samples, can be performed with high accuracy 
and were employed here. Using LAMMA we analysed 
both the relative element concentration and the isotope 
ratios on thin sections. The isotope ratios from a single 
spot analysis for each element, taken from a labelled 
specimen, do not necessarily represent the true ratio 
of material present before the onset of the labelling 
and the true percentage of label taken up from the 
labelling solution. As shown in Table 1, the "old", 
originally present material (e.g. Mg consisting of the 
natural mixture of the isotopes 24, 25, 26) and our 
labels (e.g. 25Mg containing a small fraction of 24Mg 
and 26Mg) consist of a mixture of isotopes. Within the 
spectra measured by LAMMA (Fig. 3b), each peak 
of a given atomic mass unit is composed of a mixture 
of isotopes of different origin. These distinct fractions 
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can be deconvoluted in a matrix correction algorithm. 
Using this procedure we computed in all spectra the 
fractions of the material present before the labelling 
and the material originating from each label. The cor- 
rection procedure is described in detail in Fain and 
Schr6der (1987). For each point of analysis (e.g. cell 
type) defined below and for each experimental condi- 
tion (e.g. pH value) we analysed at least two different 
root samples of each plant. From each of these root 
samples we analysed 30-50 LAMMA spectra from 3- 
4 sections, resulting in 60 to 100 spectra per plant and 
per point of analysis. In the split-root experiments we 
analysed three samples from different areas of the root 
halves. In this case we averaged all spectra taken from 
one root half. In the single-root labelling experiments 
we used two or three plants per condition. In these 
cases we show the averages of all spectra from these 
plants. The data for the pH 6.7 to pH 3.5 conditions 
were pooled. In this case we show the mean of the 
averages from the spectra of each plant. In all cases we 
show twice the standard-deviation of the mean accord- 
ing to Peter's formula: SD(M) = 1.25 x (NE i [Xi-X M 1) 
/[N x (N-l) 1/2] (Squires, 1971). XM is the mean val- 
ue of a number N of single spectra Xi. Assuming that 
the distribution of the data is Gaussian, the twofold 
standard-deviation of the mean includes the true value 
with a 95% probability. 

Quantitative multi-element analysis of bulk samples 
The tissue samples were first ashed at high pressure and 
then resuspended according to Rademacher (1986). 
The liquid samples were analysed directly in diluted 
form. All bulk samples were analysed by ICP-OES 
(inductively coupled plasma optical emission spec- 
troscopy; comp. Michaelis et al., 1985) using an ARL 
model. The isotope ratios of these samples were deter- 
mined with LAMMA. Since LAMMA can only ana- 
lyse small areas of a few #m 2, 50 #L aliquots from 
all samples were sprayed onto nitrocellulose support 
films on copper grids, and the resulting microdroplets 
were analysed by LAMMA analysis after drying. 50 
spectra were averaged to determine the isotope ratios 
of the samples. 

Results 

When finest roots of spruce trees were shock frozen, 
cryo-substituted and embedded under our conditions, 
we observed good structural preservation within the 
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Fig. 4. Cross-section of spruce mycorrhiza. The arrows indicate the points of LAMMA analysis. l.C: cell wall in direct contact to the soil 
or the labelling solution; 2.C and 4.C: cortex cell walls; Lu: cortex cell lumen; Xyl: cell wall of primary xylem cells. The calibration bar 
represents 50jhm. 

limits of the light microscopic resolution and the typi- 
cal appearance of ectomycorrhizae (Fig. 4). All of the 
finest roots were monotypically mycorrhized except 
for very rare unmycorrhized cases that were discarded. 
A single-layered Hartig net extends to the endodennis 
layer, while the surrounding hyphae mantle is typically 
small. 

To get a first impression of the relative element dis- 
tribution for a number of elements, we processed roots 
without any further treatment for microprobe analy- 
sis. One example of the LAMMA spectra obtained 
is shown above (Fig. 3a). Within the samples of the 
finest roots, we selected those areas where the primary 
xylem just started to appear developed, showing 10-20 
lignified xylem cells within a complete cross-section. 
Points of analysis (see Fig. 4) were the cell walls that 
seerned most representative for the radial distribution 
of the analysed elements. 

In addition, we analysed the lumina (Lu) of the 
cortex cells from the second to innermost cell layer. 
We found no obvious difference between the data for 
the lumen measurements in different cortex locations. 
Therefore we pooled the data from the lumen mea- 
surements. The element content of Mg, Ca, Al, K and 

Na, as measured by LAMMA, is shown in Figure 5 
as control values for the following experiments. With 
LAMMA we cannot determine the absolute amount of 
material present, therefore the relative element distri- 
bution is shown. The analysed areas in the cell walls of 
the cortex do include fungal hyphae as can be seen in 
Figure 4. The 1 pm lateral resolution of the LAMMA is 
not sufficient to resolve these structures in the analysis 
(see discussion). We found a characteristic distribution 
of high levels of Ca in the cell walls with a gradient 
along the cross-section. Al is present primarily in the 
outer cortex cell walls. Mg is more evenly distributed 
at low levels in the cell walls. The isotope ratios of the 
elements Mg, Ca and K were determined from these 
spectra and were found to agree well with the tabulated 
and expected values within 1% of the total sum of all 
isotopes of each element. 

A step up experiment in proton concentration 

The roots of three-year-old Norway spruce grown in 
nursery soil were removed from the soil and labelled 
for two days as described above (see Fig. 1) by incu- 
bation in various labelling solutions with pH values of 
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Fig. 5. Radial element distribution in the apoplasm of mycorrhizae from three-year-old Norway spruce grown in nursery soil. The roots were 
labelled by a 48h incubation of the roots in solutions with pH values ranging from pH 6.7 to pH 2.5 (two plants each per condition) and in one 
case for 24 h at pH 3.5 and 2mM A1C13 (three plants), containing the stable isotopes 25Mg, alK and 44Ca (each 1 mM). Points of analysis were 
as shown in Figure 4: cell walls in direct contact with the solution of the first, outermost cortex cell layer (1 .C), of the 2nd cortex cell row (2.C), 
the innermost cortex cell row adjacent to the endodermis layer, typically the 4th cortex cell row (4.C), and the cell walls of the primary xylem 
cells (Xyl). Since no significant difference between the data from pH 6.7 to pH 3.5 was found, the data from these experiments were pooled. 
The mean values and twice the standard-deviation of the mean are plotted. Control root samples were taken from three plants without any other 
handling. Each element analysed is shown separately as indicated in the figures 

pH 6.7, pH 5.6, pH 4.5, pH 3.5 and pH 2.5. As the 
pH of  the soil solution was near pH 6 this resulted in 
a step up in proton concentration, except for the pH 
6.7 condition. The plants were allowed to modulate 
the pH in the labelling solutions, as the solutions were 
not buffered. As expected, the pH changed during the 
experiment.  The pH of  the solutions with a starting 
value of  pH 6.7 to pH 3.5 changed within the incuba- 
tion time of  48 h uniformly to 6.7-7.2. In the case of  
the incubation in the labelling solution at pH 2.5 the 
observed pH at the end of  the labelling period was pH 

2 .9 -pH 3.0. 

Relative element distribution within the apoplasm 
To obtain the radial relative element distribution with- 
in the apoplasm, we took L A M M A  spectra from cell 
walls in cross-sections from this pH-step experiment 
and compared the results in Figure 5 with the data of  
the starting material. We could not detect any signifi- 
cant difference between the datasets obtained from the 
different experiments with pH values from pH 6.7 to 
pH 3.5. Therefore we cumulated these data into one 
single line in this graph for clarity. As compared to the 
starting material, we found in the outer cortex cell row 
a noticeable, and in the second cortex cell row a pro- 
nounced reduction in the Mg levels in the cell walls at 
pH 6.7 to pH 3.5. The Ca levels were changed slightly 
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Fig. 7. Relative element content in the lumina of mycorrhizae 
before and after a pH 6.7 to pH 3.5 treatment during stable isotope 
labelling. The conditions of incubation and of analysis were identical 
to the ones in Figure 5. 

under these conditions. No change was detectable for 
the A1 distribution under these conditions. However, 
at pH 2.5, the extreme end of the range of the low 
pH treatment, rather large differences to the starting 
material and the material from the pH 6.7 to pH 3.5 
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Fig. 8. Relative aluminum concentration in the lumina of my- 
corrhizae before and after a pH 6.7 to pH 3.5 and a pH 3.5 + 2raM 
A1C13 treatment during stable isotope labelling. The conditions of 
incubation and of analysis were identical to the ones in Figure 5. 

were observed (Fig. 5). Incubation at pH 2.5 caused 
a major increase in the concentration of A1 well into 
the cortex and into more centrally located cell walls 
of the mycorrhizae. A1 rises in the xylem about 10-20 
fold relative to the original content, In addition, the 
K content decreased and the Na content increased in 
cell walls of the cortex and the primary xylem in these 
samples after the pH 2.5 treatment (for restrictions in 
the K and Na measurements see discussion). 

Fraction of Mg, Ca and K in the apoplasm, originating 
from the label 
We now used the same spectra to determine the fraction 
of label within the total amount of Mg, Ca and K in the 
cell walls of mycorrhizae (Fig. 6). In the case of Ca we 
found under all conditions a surprisingly high 100% 
value for the exchanged fraction, as shown in Figure 6, 
indicating a fully quantitative equilibration of the Ca 
originally present in the cell walls with the Ca in the 
labelling solution. This is in contrast to the exchange of 
potassium, where only approximately 40% of the total 
element is the label. This low percentage of exchange is 
consistent within all pH values used here. The percent- 
values for the labelled fraction of Mg vary with the 
position of the analysis and with the treatment. (As will 
be discussed below, this may be due to an interference 
of an Mg signal from other structures.) 

Analysis of the cortex cell lumen 
Together with the analysis in the apoplasm shown 
above we took measurements in the lumen of the cortex 
cells on the indicated locations 2.C and 4.C in Figure 4 
on the same sections. The Ca and the Mg values appear 
to be the reverse of the content in the apoplasm. The Ca 
concentration is low and the Mg concentration is high 
(Fig. 7). The incubation in pH 6.7 to pH 3.5 results in 
almost no change in the concentration of the analysed 
elements, including AI (Fig. 8). Again, since no differ- 



ences among the data for the different pH conditions 
were detectable, the data from these experiments were 
pooled. The exchange between the labelling solutions 
and the lumen of the cortex cells is also high in the case 
of  Ca, where we determined a 85% + 15% fraction of  
Ca from the label, while the exchange of  Mg is small 

(< 10%). The labelled fraction in K was always similar 
to the values found in the apoplasm. In contrast, the 
concentrations for Mg, Ca, K and Na in cross-sections 
from mycorrhizae incubated in pH 2.5 were reduced to 
less than 1% of  the control values. Therefore no iso- 
tope ratios were determined. The fine structure within 
the cytoplasm in the cortex ceils of  the roots - that 
was visible in the starting material and in the material 
after the more moderate pH treatment - could not be 
detected in these samples, which is compatible with the 
assumption that the cell structures in the lumen were 
destroyed. 

The effect of 2 mM AI and pH 3.4 in the labelling 
solution 

We analysed the effect of  2 mM AI added to a labelling 
solution o f p H  3.4. We observed in preliminary experi- 
ments, that the plant induced pH change in the labelling 
solutions, noticed above, was abolished under these 
conditions. The pH of  the labelling solutions changed 
during the incubation period merely from pH 3.4 to 
pH 3.5. However,  as the effects on the Mg and Ca 
content in the apoplasm of mycorrhizae seemed quite 
strong already after one day, we decided to reduce the 
time of  exposure in this experiment to 24 h to avoid 
prolonged stress due to the long exposure to the low 
pH. The element distribution (Fig. 5) in mycorrhizae 
of  this treatment shows the expected dramatic increase 

in A1 content in the cortex cell walls as well as in the 
corresponding lumina (Fig. 8). The second effect that 
can be measured is a pronounced loss of  Mg and Ca 
from the apoplasm of  the mycorrhizae. The content of 
Mg and Ca was much less than that found after incuba- 
tion in solutions of  pH 6 .7-pH 3.5 without added AI, 
even after the shorter exposure time. We also found a 
large increase in Na in the 2.C and 4.C position in the 
cortex cell walls. The exchanged fractions (Fig. 6) of  
Mg and K are strongly decreased in the mycorrhizae 
from the A1 experiments but not significantly reduced 
in the case of  Ca. However, as the exposure time was 
shorter compared to the pH 3.5 experiment without AI, 
this effect may at least partially be due to the shorter 
incubation time. 
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Fig. 9. Fractions of label in Mg, Ca and K in mycorrhizae from 
a split-root double labelling experiment. The roots were removed 
from the soil, split into halves and labelled as shown in Figure 2 
with two sets of labelling solutions, one control (0A1, labelled with 
25Mg, 41K, 42Ca) and one containing 2mM AICI3 (+A1, labelled 
with 26Mg, 41 K, 44Ca). LAMMA point measurements were taken as 
shown above. In the case of Mg and Ca both sides were labelled with 
different isotopes. Analog to the single-root labelling experiments 
shown in Figure 6 we show here for both roots the fraction of the 
label originating from the incubation solution to which each root 
was exposed (the upper traces, marked as 0AI and +AI). In addition 
we show the fraction of the second label, to which the roots were not 
exposed, originating from the opposite labelling solution (the lower 
traces, marked as 0Al-opposite and +Al-opposite). Since in the case 
of potassium only one label is available, we cannot distinguish the 
origin of the label and therefore show two curves only. The fractions 
of label are expressed as percent of total element, consisting of (i) 
label one, (ii) label two and (iii) the original element fraction, present 
before the labelling. 
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Fig. 10. Uptake and release from both labelling solutions (0A1 and 
+AI) during the 7 day lasting split-root experiment. The absolute 
element content and the isotope fractions of Mg, Ca and K in the 
labelling solutions were determined using ICP-OES and LAMMA. 
Changes in the fraction of the label and in total element content 
during the experiment were used to calculate the absolute uptake and 
release from and into the labelling solution, expressed in #g. The 
"net" values shown are the difference between uptake and release. 

The effect of A1 on the exchanged fraction of label 
in the lumen of the cortex ceils was small. Compared 
to the pH 6.7-pH 3.5 conditions we found a similar 
large fraction of Ca exchanged (68%) and a similar 
small exchanged fraction of Mg (6%). The fraction of 
exchanged K was smaller than without the addition of 
AI, again similar to the values found in the apoplasm. 
However, this may also be dependent on the shorter 
exposure time in this experiment. 

A split-root experiment to study the influence of Al on 
ion uptake and long-range transport 

In order to analyse the effect of A1 on element uptake 
separate from other accompanying effects, we devel- 
oped a split-root system optimized for the direct com- 
parison of conditions. In order to reduce unspecific 
stress due to changes of conditions we selected plants 
from a soil with a low pH similar to our previous 
conditions and a lower nutrient content. The closest 
condition we could find that was similar to a natural 
stand were two-year-old Norway spruce grown in min- 
eral soil from a forest stand with a pH 3.5 in the soil 
solution. The design of the experiment is shown above 
in Figure 2. Here we show in a single case study the 
results obtained from the analysis of one single tree. 
In this split-root double labelling experiment 2mM A1 
was added to the labelling solution only on one side. 
The labelling solutions differed in the stable isotopes 
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Fig. 11. Total element content in the dry weight of plant fractions, 
taken at the end of the 7-day split-root experiment. For the root we 
show the two halves incubated in the control solution (0AI) and the 
M-doted one (+AI) separately. The concentrations were determined 
by ICP-OES. 

of Mg and Ca in both incubation solutions. In these 
experiments we observed no root-induced pH change 
of the labelling solutions. 

Fraction of label in mycorrhizae 
It was reassuring, though not surprising, that the same 
results as seen in the single-root labelling experiments 
were obtained when we analysed the relative element 
distribution of Mg, Ca and K in cross-sections of my- 
corrhizae from this experiment. We obtained the same 
distribution patterns and similar values for the analysed 
elements. However, additional information on the lev- 
el of the mycorrhizae was obtained by the analysis of 
the fraction of label in root cross-sections. Figure 9 
describes LAMMA microprobe analysis of thin sec- 
tions from mycorrhizae similar to the data presented 
above, but now from two labelling sides. The data show 
the labelled element fractions in the cell walls of the 
inner cortex cells and of the primary xylem which orig- 
inated from either the AI dotedsolution or the undoted 
solution. The analysis shows that after 7 days only a 
minor effect of A1 on the exchanged fraction of Ca and 
Mg in the cell walls of mycorrhizae occurred, whereas 
the labelled fraction of K is higher on the A1 doted side. 

It was rather unexpected, that we could detect 
in cross-sections of mycorrhizae of one side a quite 
noticeable fraction of those Mg and Ca isotopes, which 
clearly originated from the opposite side of labelling 
(lower traces in Fig. 9). This effect is quite large for Mg. 
Up to 26% of the total Mg found in the primary xylem 
of mycorrhizae incubated in the control solution with- 
out any aluminum added originates from the labelling 
solution on the opposite side. The effect seems to be 
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Fig. 12. Fraction of label in the one year old part of the shoot, 
originating from the control root (0AI) and the Al-doted root (+A1) 
after the split-root double labelling experiment. Averages and one 
standard deviation of 80 LAMMA spectra from cross-sections in the 
cell walls of earlywood and latewood. 

under the influence of Al both in the case of Mg and in 
the case of Ca. The Ca amount is smaller but still highly 
significant, since we can detect the isotopes with high 
precision and the standard deviations are very small. 
Unfortunately, in this experiment we cannot determine 
the origin of the K label, as only one stable isotope was 
available for labelling. 

Uptake and release as determined from the labelling 
solutions 
We determined by ICP-OES and LAMMA the abso- 
lute element concentrations and the isotope ratios of 
all solutions before and after use. Both the unidirec- 
tional fluxes of uptake and release and the resulting 
difference, the net flux of the labelled elements were 
computed from the consumption of the solution (10.3 
mL from the undoted side and 9.8 mL from the A1 
doted side) and the changes in concentration and in the 
isotope composition. The absolute amounts taken up or 
released during the 7--day labelling period, are shown 
in Figure 10. For all three elements shown the uni- 
directional fluxes are large, compared to the net flux. 
The presence of A1 largely increased both unidirec- 
tional fluxes of K, decreased both for Ca and slightly 
decreased the Mg uptake and increased Mg release. 
These changes resulted in a decrease of the Mg net 
uptake and inverted the direction of the net flux in the 
case of Ca and K from a net uptake into a net release. 

Element concentrations in plant fractions 
In parallel to the analysis of the labelling solutions, we 
analysed the absolute concentrations of Mg, Ca, A1 and 
K in fractions of the needles, the shoot axis and the two 
root halves from the two labelling sides by ICP-OES 
(Fig. 11). In the root fractions a clear difference in the 
element content of Ca and a minor difference in M g and 

K can be detected. The root half, that was not exposed 
to the AI doted solution, apparently did contain a high 
amount of A1, typical for plants from this stand and 
soil. Exposure to the A1 doted solution did increase 
this value substantially, as expected. The Ca and K 
concentrations are highest in the needles while the Mg 
concentration is generally lower and about even in the 
needles and in the shoot axis. 

The stable isotope label in the shoot 
A quick check of the isotope ratios in the plant frac- 
tions used for the bulk analysis shown above (data not 
shown) indicated a strong labelling. This enabled us 
to detect the label by microprobe analysis in cross- 
sections taken from the cell walls of earlywood and 
latewood in the youngest shoot area. After the 7-day 
labelling period approximately 60% of the total Mg 
content, 65% of the Ca and 30% of the K in the xylem 
cell walls of the apical shoot were derived from both 
labelling solutions. Figure 12 shows the measured frac- 
tions of the label and distinguishes the origin of the 
label (not possible for K), whether it originated from 
the AI doted or the undoted labelling solution. For both 
Mg and Ca the fraction of label originating from the 
A1 doted solution is significantly higher. 

Discussion 

One advantage of stable isotope labelling is, that we 
can work as close as possible to natural conditions. 
This includes that no misleading element substitutes 
are necessary (e.g. Rb instead of K; see Marschner and 
Schimansky, 1968). We are not restricted to radioactive 
isotope laboratories and experiments at natural sites are 
possible. Here we used intact plants in growth cham- 
bers to obtain the highest possible chance for reproduc- 
tion of the experiments. The plants were grown in soil 
and the roots were fully mycorrhized. Plants without 
mycorrhization did not seem suitable, since under natu- 
ral conditions Norway spruce -like most European for- 
est tree species- are mycorrhized (Allen, 1991, 1992; 
Kottke and Oberwinkler,1986). The mycorrhization 
with a single selected fungal species would be advan- 
tageous for this type of study. This is possible in the 
culture of smaller seedlings under sterile conditions, 
where the inoculated fungus can be maintained in the 
mycorrhizae (see: Jentschke et al., 1991; Kottke et 
al., 1987; Kuhn et al., 1988). Such attempts failed for 
forest trees, if they were grown for longer periods of 
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time in soil culture. In these cases (e.g. Feil, 1989) 
and in the one presented here spontaneous monotypic 
mycorrhizae developed. 

On the cellular scale we demonstrated good struc- 
tural preservation after shock freezing and cryosubsti- 
tution (Fig. 4). Ice crystal damage is below the limits 
of the lateral resolution of the microprobe analysis. 
However, this does not necessarily imply the absence 
of redistribution or loss of diffusible material. Loss or 
redistribution can only be minimized if cryosections 
of shock frozen material are analysed (see: Steinbrecht 
and Zierold, 1987). Plant samples of the large volumes 
required in this study cannot be obtained with these 
techniques. We therefore used a cryosubstitution pro- 
tocol that was shown previously in another system to 
keep Ca in place (Fain and SchrOder,1985). The solu- 
bility of Mg and Ca in dry acetone is very low. Isotope 
labelling offers one inherent control for the absence 
of redistribution. If roots are only shortly immersed 
in Mg and Ca label we measure the natural isotopic 
abundance throughout the sample. In contrast, we find 
only the labelling isotopes in the extracellular material 
of the first cell layer, in direct contact with the labelling 
solution. We take this as strong evidence that no relo- 
cation of the labelled elements occurs. Moreover, we 
could show using the radioactive tracer 45Ca, that loss 
of Ca during our specimen preparation protocol is low, 
if present at all (Kuhn, 1993). Since the solubility of Al 
in the solvents involved is lower than that of Mg and 
Ca, we assume minimal loss of this element. In the case 
of the monovalent ions Na and K we may expect some 
loss. Therefore these data should be taken with caution. 
Despite this, the data for Na and K from cryosubstitut- 
ed samples are shown, since the high fraction of "old", 
unlabelled K corresponds well with the large release 
of K into the labelling solutions. This large fraction of 
"old" K could at least in part originate from a back- 
transport of K from the shoot. The pronounced pH 
and A1 dependent Na effect seemed relevant enough to 
show, even after taking into account that the quantifi- 
cation is vague in view of the possible loss of material. 
This effect should be taken as a qualitative change. 

We were surprised by the strong labelling well into 
the shoot from the only 1 mM concentrations in the 
labelling solutions. These are still within the range 
of values that can be found in soil solutions of var- 
ious forests: Na ,,~ 0.96 mM[0.17-2.9], Mg ~ 0.25 
mM[0.08-1.17], K ~ 0.36 mM [0.10-1.56], Ca ~ 0.6 
mM[0.07-2.0], pH ~ 4.3[3.5-5.9] (Ah-layer; mean 
value and range in brackets; according to Scheffer and 
Schachtschabel, 1976). If we incubate the roots from 

the nursery soil (with even higher Mg, Ca and K con- 
centrations) in the labelling solutions we create a step 
down in the nutrient concentration, even though most 
likely not all of the Mg and Ca in the soil solution 
will be in free ionic form. The cost to use the same 
high concentrations for the labelling solutions would 
be prohibitive. Nevertheless, incubation of the roots in 
labelling solutions at the same pH (6.7) or at pH values 
down to pH 3.5 results in only a slight change of the 
Ca and K concentration in the cell walls of the cortex 
and the xylem. The Mg concentration is only affected 
in the cell walls of the outer cell layers. 

At pH 6.7-pH 3.5 we find a quantitative exchange 
of Ca in the cell walls of both the cortex and the xylem. 
The exchange of Mg in these locations is very high as 
well. The exchange of Mg is complete in the outer cell 
layer and in the xylem. In the second to fourth cortex 
cell layer the measurements show an approximately 
30% unexchanged Mg fraction. Possibly there are at 
least three pools in these analysed areas. One pool is 
the actual cell wall material, the second one is in the 
fungal hyphae within the cell walls and the third pool is 
contained in a small amount of cytoplasmic material, 
possibly adhering to the cell walls or in plasmodes- 
mata. We are not able to physically resolve these in 
our LAMMA measurements and therefore these pools 
are all analysed together within the cell walls. The 
material from the lumen may be concentrated along 
the inner edge of the cell walls. Since we know that 
the Mg exchange in the lumen is smaller than 10"%, 
this would reduce the observed changed fraction. Any 
Mg in the "old" Mg fraction may originate from these 
sources, or it may originate from other parts of the 
plant. This would also be true for K. The exchanged 
fraction of K was much smaller than that of Ca and Mg 
under all conditions. 

The step down experiment to pH 2.5 did lead to a 
destruction of the cortex cells. This finding is relevant, 
since the pH localized in the rhizosphere may be up 
to two pH values lower than the pH measured in the 
soil (Marschner and R0mheld, 1983). In various forest 
stands pH values lower than 3.0 are reported for soil 
solutions (e.g. Rademacher, 1986). Dramatic shifts in 
soil pH occur especially after drought periods (Murach, 
1984). As one might expect after the destruction of the 
cytoplasm, the exchanged fraction of the Mg label 
went up to 100%. Under the assumption that the pH 
2.5 treatment did not change the cell wall structure, 
this result can be taken as supportive evidence for an 
unrestricted movement of Mg in the cell walls within 
the cortex. The pH 2.5 step results in a relocation of 



AI. We find a reduction of A1, originally present in 
peripheral cortex cell wails and a pronounced increase 
of A1 in the inner cortex and the primary xylem where 
it would be available for the long-range transport. At 
this position it may be more relevant for phytotoxic 
effects than if restrained to peripheral cortex areas (see 
Puhe et al., 1986; Radermacher, 1986). 

Loss of both Mg and Ca from cell walls exposed to a 
combination of low (soil) pH and high A1 concentration 
(Bengtsson, 1992; Godbold et al., 1988a; Jentschke et 
al., 1991; Schr6der et al., 1988) has been reported pre- 
viously. Our data are in agreement with these findings. 
We also demonstrate that A1 present in the incubation 
solutions can be found in the lumina of the cortex cells 
and in the primary xylem. The size of the exchanged 
fraction of Ca however is not affected by the reduction 
in the total concentration. The larger fraction of unla- 
belled, "old" Mg after A1 treatment shown in Figure 6 
may in part be explained by Mg originating from the 
shoot or from unlabelled other parts of the root system. 
This is supported by the split-root experiment where 
we found a higher fraction of Mg from the correspond- 
ing root labelled with a different isotope. Cycling of 
water from root to root (van Bavel and Baker, 1985) 
and cycling of amino-nitrogen (Cooper and Clarkson, 
1989) have been reported before. However, Mg cycling 
was not accessible to analysis until now because of the 
lack of a suitable tracer. 

The data shown from the split-root experiment are 
obtained from one single tree. The reported case is the 
first complete dataset combining microprobe and bulk 
analysis obtained from a series of experiments with a 
range of various A1 and nutrient concentrations. Addi- 
tional data from 6 trees, originating from experiments 
with comparable nutrient and AI concentration, were 
similar for (i) the observed release, (ii) uptake and (iii) 
the labelled fractions in the shoot and in the needles 
(data not shown). 

The analysis of the labelling solutions illustrates in 
all experiments both a large uptake for Mg, Ca and 
K and a large release for Ca and K. A large release 
of "old" material would be expected from accessible 
binding sites within the apoplasm of the root. Analysis 
of the incubation solutions, collected after the first and 
second day of incubation, shows the expected large 
fraction of 24Mg, 4°Ca and 39K, the unlabelled, origi- 
nally present material, released by the roots (data not 
shown). This is in agreement with the data shown for 
the 100% exchange of Mg and Ca in the apoplasm 
of the mycorrhizae (Fig. 6) within the same period of 
time. However in the solutions from the third to the 

147 

seventh day of incubation we still find a large frac- 
tion of "old" Mg, Ca and K. This can only in part be 
accounted for as coming from secondary roots since the 
total amount of Ca in roots of control trees was smaller 
than the total amount of "old" Mg and Ca released into 
the labelling solutions. This may indicate cycling from 
the shoot. 

The large uptake as determined from the analysis of 
the incubation solutions is matched by the high fraction 
of label in the shoot (Fig. 12). We found a higher uptake 
from the A1 doted solution for both Mg and Ca. This 
is in contrast to the observed lower net uptake from 
the labelling solutions and reported adverse effects of 
A1 on the uptake of these nutrients in long-time experi- 
ments (see: Foy, 1984; Schaedle et al., 1989). We could 
reconcile these opposing findings if we assume that AI 
blocks negative binding sites in the apoplasm in the 
root and the shoot. Facilitated apoplasmic movement 
of bivalent ions in cell walls by A13+ or other compet- 
ing ions has been previously reported (Clarkson, 1984; 
Huang and Bachelard, 1993; Isermann, 1969; Liiuchli, 
1976; Ltittge and Higinbotham, 1979). In this way each 
individual ion would travel faster along the long axis 
of a vessel as it is not retarded by constant binding and 
release from binding sites. The label and the originally 
present material as it is now released from its bind- 
ing sites would appear faster in the shoot than the label 
and original material from the undoted side. This could 
result in a transient "flooding" of the shoot with Mg and 
Ca. This effect would be independent from any other 
mechanism involved in the long-range transport e.g. 
transport inhibiting AI effects. We still might observe 
this effect under conditions where the long term total 
transport rate of Mg and Ca were increased, unchanged 
or decreased, depending on the time regime. 

The combination of isotope labelling and micro- 
probe analysis with bulk element analysis was very 
powerful in tracing the element uptake and transport. 
In contrast to previous studies where the unidirectional 
fluxes between root and environment could not be dis- 
tinguished, we can separately measure uptake, release 
and cycling simultaneously for several elements in one 
physiological experiment. 
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