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Abstract. 

A scanning proton microprobe (SPM) has been used to 

determine the distribution of Cu and other elements in kinroera 

ryegrass roots grown in solution cultures. Cu was found to be 

localized on or near the surface of the roots in randomly 

distributed discrete zones. The distribution of Cu was part ia l ly 

correlated with those of Fe, P and Ca and possibly indicates 

some form of association; co-precipitation in a precipitate 

of ferric phosphate or hydroxy-oxide i s favoured. 
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Introduction. 

The ability of plants to accumulate copper and other 

heavy metal elements in their roots when grown in solution -

cultures containing an excess of the jnetal has been observed 

for some plant species including citrus (Smith 6 Specht, 1953], 

subterranean clover (Hallsworth et_ al̂ ., 1965), tobacco (Struckmeyer 

et al_., 1969), red clover (Hill, 1973), bush beans (Wallace & 

Romney, 1977), perennial ryegrass (Jarvis, 1978), white clover 

(Jarvis, 1980) and annual ryegrass (Jeffery, 1981). For example, 

Jeffery (1981) found that when the concentration of copper in the 

solution culture was very low (1 ppb) the copper taken up was 

evenly distributed between the tops and the roots, but with 

increasing copper concentration a greater proportion was 

retained in the roots: in a 0.8 ppra solution, 93% of the 

copper was retained. 

It would appear that plant roots influence, by some 

retention mechanism, the amount of copper that is translocated 

to the tops, but the mechanism or cause for the immobilization 

in the roots is not clear. Investigations of the forms and 

distribution of copper *n roots of plants are required, but, 

other than short term studies, few attempts have been made. 

Jarvis (1978, 1980) found that a large proportion of the copper 

iv perennial ryegrass and white clover was associated with 

the cell wall friction; probably the copper had been immobilized 

by either forming strong linkages with organic compounds in the cell 

walls or precipitation in sparingly soluble compounds (Jarvis, 1978). 



2. 

This paper reports studies of the distribution of 

copper and some other elements in the roots of annual ryegrass 

using the Melbourne Proton Microprobe (MP). The scanning 

proton microprobe (SPM), f i r s t developed by Cookson (Cookson-et a l . , 

1972) has aw enhanced sensi t iv i ty for. the detection of heavy metal 

elements in biological t issue because- i t s background radiation 

i s orders of magnitude lower than that associated with the bean 

of an electron microprobe (Legge 1980). MP (Legge et^al_., 1979) 

has been successfully employed in several botanical studies 

(Legge ( Mazzolini, 1980; Mazzolini e_t al_., 1981, 1982) and 

currently a spatial resolution of 2 -* 1 urn can be achieved. One 

of the main features of MP i s the system of data col lection 

and handling (Legge 5 Hammond, 1979) which provides quantitative, 

simultaneous, multi-elemental analysis in both spectral and 

mapping representations. 

Materials and Methods. 

All root tissue was taken from Kinunera ryegrass 

[Lolium rigidwn) seedlings which had been raised in a modified 

Long Ashton culture solution as described by Hewitt (1966), with 

Fe supplied regularly as FeSOi,. Plants were grown i n i t i a l l y for 

7 days in half-strength culture solution without added Cu, then 

for a further 14 days in full-strength solution containing 

either 0.1 ppm Cu (for optimum growth) or 0.8 ppm Cu (for 

toxic i ty) . The culture solutions were aerated, adjusted 
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regularly to a pH between 5.8 and 6.0, and housed in a 

growth cabinet operating on a 16 h (25°C, 200 pE m~ 2 sec"1) 

day and an 8 h (15 C) night. 

Selected roots were excised and rinsed with distilled 

water. They were then wrapped in aluminium foil, immersed in 

liquid nitrogen and freeze-dried at -30 C for 24 h. The roots 

were cut into segments which were approximately 1 cm long and 

self-supporting segments were mounted directly over an 

aperture in the target holder through which the proton bean was 

passed (Fig. 1). Since the targets were self-supporting, no 

backing material was required, thereby eliminating a possible 

source of background contamination. 

Each target was irradiated for 20 to 40 min with 

a 100 pA beam of 3 MeV protons focused to a spot of 14 x 9 ym2; 

the area irradiated during each of the scans varied from h to 3^ mm2 .The 

data collected during the first and last few minutes of the 

irradiations were found to be statistically identical 

indicating no preferential loss of elements under the 

scanning conditions used. 
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Results. 

The total proton induced X-ray emission (P.I.X.E.) 

energy spectrum collected during the irradiation of a ryegrass 

root grown in culture solution containing 0,8 ppm Cu is shown 

in Fig. 2. The region scanned includes a root tip and an older 

root segment 1 cm back from the same tip. The spectrum 

shows discrete peaks which correspond to the K X-rays of each 

particular element detected in the target. These peaks are 

superimposed over a continuous background of bremsstrahlung 

radiation (arising mainly from knock-on electrons in the target 

matrix) which is almost negligible in the heavy metal region 

of the spectrum. The Cu peak is clearly visible, indicating 

the probe's sensitivity for this particular study. The X-rays 

from elements with atomic numbers below that of phosphorus 

were strongly absorbed by a beryllium attenuator (130 >jm thick) 

positioned in front of the detector. 

The spatial distributions of the elements (Maps) 

from the region of the root scanned are shown in Fig. 3. The 

maps for K, Mn, Fe, Cu, and Zn were derived from the K peaks, 

the Ca map was derived from the K- peak since the Ca K and 

K K- peaks overlap; the P, S and Cfc maps were derived from the 

combined K + K. peaks because these cannot be separated. It 

should be noted that the signal to background ratios for S, Ct, 

Ca, and Mn are all approximately 1, and therefore about 50 percent 
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of the distribution of each of these naps can be attributed to 

background radiation rather than elemental content. This does 

not affect the conclusions of the following qualitative 

discussion because this background is fairly smoothly 

distributed as shown by the Drenanstrahlung map of Fig. 3. The 

effect of background will be taken into account more fully in 

the later quantitative analysis. A photomicrograph in reflected 

light of the irradiated region plus elemental scans for P, K, 

Ca.Fe and Cu are also included in Fig. 3, A scan (multiple line-scan 

or Y-modulation display) is a quantitative, 3-dimensional representation 

of a map where the third axis represents intensity. 

The maps, scans and photomicrograph of Fig. 3 indicate 

that there is an apparent localization of Fe on or close to the 

root surface. The distributions of Cu and P, and 

Ca, are similar to that of Fe. The maps for K, Cl, S 

and Mn on the other hand appear either to be more uniform or, in 

the case of K, to show more concentration towards the central region 

of the root. The statistics for Zn are insufficient for meaningful 

interpretation. The map labelled "Brem" gives the spatial 

distribution of 3 keV bremsstrahlung radiation with a window of 

150 eV. The absence of Ar in biological targets means that the 

characteristic X-ray energy spectrum is free of discrete peaks 

near this energy. Furthermore the events within the above 

window have an insignificant contribution from the Gausian 

tails of the adjacent X-ray energy peaks for C9. and K, and can 
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thus essentially be attributed to the bremsstrahlung radiation. 

The dominant contribution to brerasstrahlung at this energy i s 

from the deceleration of knocked-on secondary electrons in the 

target matrix, and the intensity of the radiation (for thin . 

targets) i s directly proportional to both the target thickness 

and density. Since the bremsstrahlung map does not show an 

increased intensity along tha thin edges of the root i t can be 

assumed that the density of the matrix in the outer Tegions 

of the root does not increase suff ic ient ly to account for the 

intense localizations found in the Fe, P, Ca and Cu maps. 

Qualitative visual interpretation of these maps suggests* that 

the distribution of Cu may be part ial ly correlated with those of 

P, Fe and Ca. 

Before the above observation can be quantitatively 

substantiated, the effect of a "semi-thick" target must be 

considered. As the proton beam penetrates into such a target, 

i t looses a significant amount of i t s i n i t i a l energy and hence 

the cross-section for X-ray production decreases. This 

variation, together with X-ray attenuation in the biological 

matrix, results in a general decrease in the differential yield 

of detected X-rays for each particular element as the depth at 

which they are produced increases. The differential yields of 

X-rays for several elements and of 3 keV bremsstrahlung have 

been calculated for a hypothetical matrix compored of (CH2)n and an X-ray 

vake-off angle of 45 . These are shown in Fig. 4. The results were derived 

from a polynomial f i t (Johansson 6 Johansson, 1976) to experimentally measured 
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X-ray production cross-sections, from a classical calculation 

of brerasstrahlung yield (Ogier et al., 1966) and from tabulated 

mass attentuation coefficients (Theisen & Volleth, 1967). The 

variation of yield with depth is very similar for K, Ca, Mn.'Fe, Cu 

and Zn. In contrast, the yields of P and to a lesser extent S and 

CI decrease sore rapidly with increased depth than those of 

other elements. This is due to the greater attenuation of the 

low energy X-rays of P, S and CI. 

The horizontal scale of Fig. 4 is expressed in .terms 

of mass per unit area. If the density is known and can be 

assumed to be uniform throughout the root, this scale can be 

converted to tissue thickness in micron. The densities of 

similarly treated dried root segments that were not required 

for the analysis were found to be approximately 0.2 g/cm3. 

Each mg/cm2 thus corresponds to a tissue thickness of 50y and 

the abscissa of Fig. 4 can be scaled accordingly. 

It can be seen that the depth at which the 

differential yield drops to half of that detected at the surface 

is 100 ym for P compared to 250 to 300 vm for K, Ca, Fe and Cu. 

Since the diameter of the root segraents analysed is typically 

about 350 vm, preferential weighting is given to those tissue 

layers close to the surface facing both the detector and 

irradiating beam. This weighting factor is similar for K, Ca, 

Fe and Cu but can vary substantially foT P, S and Ci, However 
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the effect of this variation is not large enough to obscure 

overall trends in the distributioi. of elements. For the 

extreme case where the elemental accumulation in the roots is 

restricted to a thin outer shell, the detected yields for all 

elements would be higher along the edges than in the central 

regions of the root. For the other extreme case, where the 

elemental distributions are uniform throughout the root, the 

detected yields would b-i higher in the central regions than 

along the edges. This is shown schematically in Fig. 5 where the 

two circles represent imaginary cross-sections through two root 

segments, one of which has a uniform elemental distribution while 

the other has a distribution which is restricted to an outer 

shell. The depths for which the detected yield falls to 50% of 

its initial value are indicated by dashed lines for P and Fe. These elements 

were chosen as representative of the two extremes in the 

variation of detected yield with increasing depth into the 

tissue. Beneath the schematic root cross-sections of Fig. 5 are 

four graphs showing the theoretical detected yield as a function 

of beam position across the root for the two elements and the 

two types of distribution. 

If the X coordinates are displayed for each element 

detected in a typical region (a) of the map labelled "line" 

in Fig. 3,-a set of virtual elemental line scans can be 

produced. The set of line scans for this region was extracted 

:'.••<• sorted data and is shown in Fig. 6. The line scans 

for P, Ca, Fe and perhaps Cu are very similar to those yields 



9. 

expected if the distribution of these elements were restricted 

to an outer shell. On the other hand the yields of S, C*., K 

and bremsstrahlung follow those expected if the elemental 

concentrations were uniform thrcjgliout the root or more 

concentrated in the central region. 

The representations of the data so far presented 

(eleaental Baps and line scans) do not allow differentiation to 

be Bade between those X-rays characteristic of a particular 

element and the background continuum radiation in the sane 

energy region. For P, K, Fe and Cu, the characteristic X-ray 

peak to background ratio is very high (see Fig. 2) and in these 

cases the background contribution is negligible. The peak to 

background ratio for the other elements detected in the 

ryegrass is lower (in some cases as low as 1:1) and, for these 

elements, the background must be removed before accurate 

comparisons of elemental distributions can be made. 

Because a background subtraction can be performed 

only on a spectrum with good statistics, the scanned area was 

divided into a small number of sub-regions running longitudinally 

along the root, and the total X-ray spectrum for each of these 

sub-regions was extracted from the sorted data. Each of the 

two root segments appearing in Fig. 3 was divided into 4 

sub-rtgior.c. where the two outer sub-regions contained most of 

thr zone*, of intense Fe localization while the two inner sub-

ntfions contained the more intense K concentrations. The 
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boundaries of these sub-regions are shown in Fig. 3 and Fig. 7. 

Also shown in Fig. 7 are the extracted spectra froa the four 

sub-regions of the older segaent of the root. Background subtracted 

counts for each of the X-ray energy peaks observed in the 

spectra of the sub-regions were calculated. Background 

subtraction was based on a linear interpolation of the 

breasstrahlung curve in the iaaedi?te region of each particular 

X-ray peak. To correct for the size and thickness variations 

of the sub-regions of interest, each set of background 

subtracted peak counts was normalized to the breasstrahlung 

radiation for that particular sub-region, because this is .roughly 

proportional to the aass of saaple within the sub-region. 

3 keV bremsstrahlung radiation was used in the normalization because 

its detected yield versus depth characteristics are conparable 

to those of the elemental X-rays of interest (see Fig. 4}. 

X-ray yields per unit aass for each of the sub-regions 

of interest were expressed as a percentage of the aaxiaua 

yield from the set of 8 sub-regions, and the results are shown 

in the histograms of Fig. 7. For Mn and Zn, the statistics 

were too poor for meaningful analysis. The sets of graphs 

quantitatively indicate elemental variations across the two 

root segments analysed. The histograms of sub-regions 1 to 4 

indicate a. very strong association between the elemental 

distributions of P, Ca, Fe and Cu in the older segment of the root. 

These elements are more concentrated in sub-regions (1) and (4) 

which contain a greater proportion of root surface. The 
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distribution of S, Ct and K, on the other hand, show the 

opposite trend. These elements have higher concentrations ir 

regions (2) and (3) which contain a greater proportion of the 

core of the root. The histograms of sub-regions 5 to 8 

indicate that the elemental content per unit mass for Ct, Ca, 

Fe and Cu is lower near the root tip than in the more nature 

segment taken 1 en from the sane tip; the content of P and K is 

about the sane and that of S is higher. The elemental 

distributions from near the tip generally appear to be more 

uniform than those from the more mature segment. 

Figures 8 and " show the elemental maps, regions of 

interest, and their elemental distributions for a ryegrass 

root tip grown in the same culture solution containing 0.8 ppm Cu 

and 10 ppm of Si; the Si helped alleviate the toxic effect of 

the high Cu concentration. Plants g: own in the solution 

containing Si exhibited less chlorosis and had higher crop 

yields than those grown in solutions without added Si. The 

data for a more mature segment of the same root (taken closer 

to the base of the plant) are shown in Figures 10 and 11. Both 

sets of data indicate a similar result to that found in Fig. 7. 

Again, in the mature segment, P, Ca, Fe and Cu are more 

localized in the outer region of the root whereas S, C£ and K 

are more concentrated in the central region whilst these patterns 

are far less apparent in the young, developing root tip. 
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Fig. 12 displays the elemental maps and a 

photomicrograph for a scries of segments taken from a root of 

a plant grown in the same culture solution with 0.1 ppm Cu and 

no Si and which gave optimum growth. Segments were taken from 

the entire length of a root and were arranged in order of 

maturity, with the oldest segment (i.e. furthest from the tip) 

on the right hand side. 

P ) Ca, and Fe were more concentrated in the older 

segments and again appear to be localized in zones, usually 

along the edges of the root. In contrast. K is more concentrated 

in the central regions of the root with more intense distributions 

occurring in the younger segments. Cu is clearly more concentrated 

in the older segments. There are insufficient statistics to 

identify zones of Cu accumulation, but there is evidence to 

suggest that Cu is not concentrated in the central regions of the 

root (in contrast to K). The statistics for S. CI and Mn -ere 

too poor to warrant mapping. 

Discussion. 
These results, obtained by the scanning of ryegrass 

roots with the SPM. provide evidence that Cu is held on or very 

near the surface of the roots. Furthermore, the Cu tends to be 

concentrated in randomly distributed discrete zones rather than 

evenly distributed over the surface of the root. Such a 

distribution pattern suggests that the Cu might exist in 

association with colonies of bacteria and/or as a precipitate. 

However, in view of the low concentrations of Cu involved it is 

most likely that the Cu is co-precipitated with some other element 
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or elements rather than as a stoichiometric precipitate such as 

copper phosphate. The strong association between Cu, Fe, P and Ca 

suggests that the precipitate could be a Ca phosphate, a ferric 

phosphate or a ferric hydroxy-oxide. 

Of these three precipitates a Ca phosphate is the 

least likely, since calcium phosphates do not precipitate from 

the culture solution at pH6.0, they are acid soluble, and 

treatment of these roots with 0.01 M HCt for 10 min removed only 

12% of the Cu. Of the suggested Fe precipitates, ferric phosphate 

is the least soluble in acid and would be most unlikely to dissolve 

in the acid treatment. It is most likely to be the form with which 

the Cu is associated; particularly since the formation of the Fe 

phosphates in solution cultures is well recognized (Hewitt, 1966) and 

tests have shown that precipitation of an Fe phosphate in the culture 

solution by the addition of ferrous sulphate removes most of the Cu 

from solution (Uren and Edwards,unpublished data). 

Bacteria from seven common genera have been shown to adsorb 

colloidal Fe (Macrae and Edwards, 1972) and radioisotopes of Fe 

have been used to identify accumulations of Fe on the roots of 

barley (Clarkson and Sanderson, 1978) and peas (Branton and 

Jacobson, 1962) grown in culture solution. Most of the Fe associated 

with barley roots was bound to the outside surface of the epidermis, 

with zones of high Fe concentration frequently associated with clumps 

of bacteria existing in, or on, the polysaccharide material at the 

root surface. The accumulation of Fe on the roots was assisted by, 

but did not depend on microbial contamination, and occurred when 

both ionic and chelated Fe was supplied to the root. In the culture 

solutions used here, the ferrous ions are rapidly oxidized to 

ferric ions which in turn either rapidly hydrolyze and precipitate 

as ferric hydroxy-oxide or precipitate as a ferric phosphate. 

Whatever the precipitate is, it would seem that the root surface, 
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whether colonized by bacteria or not, provides a favourable 

site for the formation of the precipitate. 

Although there is no published evidence for ferric phosphates 

being capable of adsorbing Cu strongly, there is considerable 

evidence that hydrous ferric oxides arc (McBride, 1981). Also 

because phosphate enhances the adsorption of Zn2* onto hydrous 

oxides of Fe such as goethite (Stanton, 1964), phosphate is likely to 

favour the adsorption of Cu2* onto freshly precipitated hydrous 

oxides of Fe. 

This discussion, although heavily biased in favour 

of a co-precipitated form of Cu, cannot preclude the possibility 

that the Cu is closely associated with organic constituents in 

the cell wall fraction, as shown by Jarvis (1978, 19S0). 

However, the method used by Jarvis would have been likely to 

include any precipitated form of Cu on the root surface in the 

cell wall fraction. 

The accumulation of Cu on the surface of roots may be 

an artefact of solution cultures, where Cu, Fe and P concentrations 

are relatively high in comparison to the concentrations normally 

occurring in soil solutions. And, although Jarvis (1978) found 

that Cu was retained by roots of perennial ryegrass in soil 

culture,the degree of retention by the roots was not nearly as 

marked as in solution cultures. 
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Conclusion. 

The SPM is a comparatively sensitive instrument which 

can be successfully used to determine the distributions and 

associations of elements in the roots of plants. The work 

repo? ted here shows that much of the Cu retained by the roots 

of Wimmera ryegrass grown in solution cultures is located in 

zones of high concentration on or near the surface of the 

roots in close association with Fe, P and Ca. It is highly likely 

that much of the Cu has co-precipitated in an insoluble ferric 

phosphate or hydroxy-oxide. 
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Figure Captions. 

Figure 1: A schematic diagram of the target frame showing the 

orientation of the root segment, proton beam and 

X-ray detector. 

Figure 2: P.I.X.E. spectrun collected during the irradiation 

of a ryegrass root. The plant, grown in a culture 

solution containing 0.8 ppm Cu, exhibited severe 

chlorosis. A 100 pA beam of 3 MeV protons, focused 

to a spot of 14 x 9 um2, was scanned for 45 min 

over an area of approximately 1,5 mm2. 

Figure 3: Elemental maps, scans,line scan region (a), regions 

of interest (shapes) and photomicrograph from the 

root of the chlorotic plant. 

Figure 4: Differential yield of characteristic X-rays (for 

several elements uniformly distributed in a 

hypothetical hydro-carbon matrix] and of 3 keV 

bremstrahlung, expressed as a function of the 

depth at which the radiation was produced. These 

yields have been normalized to the differential 

yield produced at the front surface of the matrix. 

Figure 5: Imaginary cross-sections through two root segments 

for which the distribution of a particular clement 

of interest is either uniform throughout the root or 

-restricted to an outer shell. Beneath the cross-sections 

for each distribution are the expected X-ray yields 

for Y and Fe plotted as a function of beam position 

across the root segment. 

Figure 6: Elemental line scans from the region (a) shown 

the map labelled "line"' of figure 3. 
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Figure 7: Extracted spectra and plots of elemental yields 

relative to bremsftrahlung yields for the regions 

of interest shown in the "shapes" display of figure 3. 

Figure 8. Elemental maps from a ryegrass root tip. The plant 

was grown in a culture solution containing 0.8 ppm Cu 

and 10 ppm Si. The Si partially alleviated the chlorosis. 

Figure 9: Regions of interest for the root tip shown in 

figure 8 and their relative elemental concentrations. 

Figure 10: Elemental maps from a segment taken close to the 

base of the same root shown in figure 8. 

Figure 11: Regions of interest for the root base shown in 

figure 10 and their relative elemental concentrations. 

Figure 12: Elemental maps and photomicrograph from a series of 

segments taken from a single root. The plant was 

grown in a culture solution containing 0.1 ppm Cu. 

(Conditions for optimum growth). 
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