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Th e nuclear m icr opro be is a microanal yti cal to ol capable of quantitati ve
stu dies of elemental distributi on at the ppm level w ith a spatial resolution of
the order of 1 ñ m . T his sensitiv ity is adequate for most elements of interest ,

and the spatial resolution is acceptable for studies of elemental distribu tio n
in organs, tissues, and cells. T he main techniques used in plant science are
particle induced X -ray emission using protons, proton backscattering, scan-

ning transmissio n ion microscopy , and particle induced gamma- ray emission.
Sp ecimen preparation is the most di £cult part of analysi s, and only cryotech-
niques are recommended presently for all typ es of microanaly tica l studies.

PACS numb ers: 89.60.{k, 41.75. {i, 07.78.+ s

1. I n t rod uct io n

The nucl ear micropro be is one of the m icroanalyti cal to ols, whi ch al low in-
vesti gati ng elementa l concentra ti ons and di stri buti on at ppm level. It has been
successful ly used in basic and appl ied plant sciences for m ore tha n 20 years [1{ 4].
Mi cro analysis using nucl ear m icroprobe is now a well -establ ished techni que, al -
tho ugh perhaps not as expl oi ted in bota ny as in other Ùelds like geology and
m ateri als science.

Potenti al appl icati ons are in plant physi ology | in studi es of the ro le played
by parti cular elements in funda menta l physi ological processes; in plant nutri ti on;
intera cti ons between elements incl uding elementa l deÙciency and to xi cit y; inf or-
m ati on on tra nsp ort, sequestrati on, and f uncti ons of minor and tra ce elements.
Mi cro analysis could provi de a l ink between anato mical studi es and plant phys-
iology and i t has pra cti cal im pl icati ons in appl ied sciences | agricul ture and
horti cul ture.
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Eco-physi ological studi es is another area where m icro-parti cle induced X- ray
emission (m icro-PIXE) is successful ly used, documenti ng responses of pl ant ti ssues
to envi ronm enta l stress, parti cularl y caused by heavy m etals occurri ng natura l ly
and intro duced by pol luti on. Kno wl edge of local izati on and quanti Ùcati on of to xi c
elements in a plant indi cates possible pathw ays of tra nsport and m echanisms of
deto xi Ùcati on and can assist in understa ndi ng pl ant adapta ti on to hosti le envi ron-
m ent.

Since last bota nical revi ew [4] m ore results have been publ ished coveri ng
bro ad range of appl icati ons e.g. pl ant response to envi ronm enta l stress caused by
unba lanced nutri ent com positi on in phyto pl ankton [5], sal ini ty [6{ 11] and heavy
m etals (i n lichens [12, 13], mycorrhi zas [14{ 18], tree rings [19], seeds [20{ 24], sea-
grasses [25], and pl ants hyp eraccum ulati ng heavy meta ls [26{ 28]). The physi olog-
ical studi es were conducted on Si [29], Ca [30], Al [31], and Fe [32, 33].

Kno wl edge about adv anta ges and restri cti ons of the ion-beam techni ques
wi th inf orm atio n where they could be successful ly appl ied wi l l al low increasing
num ber of appl icati ons.

2. D escr i p ti on of t he f aci l i t y

Nucl ear m icro probe uses analyti cal signals generated in a specim en by fo-
cused ion beam s. In m ost biological appl icati ons proto n beam s of energies 2{ 4 MeV
are used wi th a spati al resoluti on of the order of 1 ñ m . Generati on of beam s of
such energies requi res an accelerato r, typi cal ly single ended or ta ndem Van de
Graa˜ accelerator. The m ostly used techni que is PIXE, uti l izing characteri stic
X- ray radiati on for elementa l m icroanalysi s. X- rays are typi cal ly detecte d in en-
ergy dispersion m ode (ED S) and the range covered in one run can theo reti cal ly
extend from Na to U. The l im it on the low atom ic numb er side is related to the
absorpti on of characteri stic X- ray radiati on in the wi ndow of an Si(Li ) or HPG e
detecto r used. Com plementary techni ques such as pro to n backscatteri ng (BS) and
scanning tra nsmission ion m icroscopy (STIM) in the on-axi s or o˜- axi s m ode of
operati on pro vi de addi ti onal inf orm atio n on specimen m atri x com positi on and i ts
areal density , necessary for quanti ta ti ve elementa l analysis. Mea surements of se-
lected l ight elements (F, Li , B) below the PIXE range can be perform ed using
parti cl e induced gamm a-ray emission (PIG E).

The m ain strengths of nucl ear m icroprobe l ie in i ts sensiti vi ty , mul tiel e-
m enta l character of analysis, and easy quanti Ùcati on. The detecti on l imi ts can
be down to ppm (part- per-m i l l ion) level and in a bi ological m atri x, com posed of
l ight elements, are usual ly lower tha n in other typ es of specim ens. Sim ul ta neous
quanti ta ti ve studi es of major, m inor, and tra ce elements are possibl e. Very easy
beam steering m akes the scanni ng nucl ear micropro be an instrum ent wi th uni que
capabi l iti es for two- dimensional elemental m appi ng of m inor and tra ce elements.
Hi gh scanni ng speedsare recomm ended to m ini mize specim en dam age (m ostl y due
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to heat deposited by beam ). Easy constructi on of elemental maps at sensiti vi ty
levels m atching concentra ti ons of tra ce elements in plant parts presents uni que
research opp ortuni ti es. However, not every exi sting faci l it y has equal capabi l i ti es
of analysis due to vari ous data acqui siti on system s used. T rue elemental im aging
wi th elementa l m aps whi ch are inherentl y resolved of elemental overl aps, wi tho ut
background inÛuence and quanti ta ti ve [34, 35], is parti cularl y useful .

3 . Sp eci m en pr ep ar at io n

El ementa l analysis and local izati on requi res tha t the m ateri al under consid-
erati on is mainta ined as close as possible to i ts functi onal sta te (i n vi vo) , and thi s
appl ies to al l microanalyti cal techni ques.

Pro per specim en sam pl ing and f urther preparati on are the cruci al part of
m icroanalysis and, accordi ng to present kno wl edge, only cryotechni ques are rec-
om mended. The descripti on of the cryotechni ques can be found elsewhere [36{ 38].

It is im porta nt to stress puri ty at a ll stages of sam pl ing and prepa rati on
because of hi gh sensiti vi ty of PIXE techni que to detect elements at ppm levels. It
is also crucial to m inim ize ti me between sam pl ing and cryoÙxati on. The analyses
usi ng nucl ear micropro be are done in vacuum of the order of 1 0 À 5 mbar (except
special cases of using externa l ion beam ). It means tha t water has to be removed
and the specimens have to be im mobi li zed in the deÙned functi onal sta te. The
typi cal scheme of di ˜erent ways of specim en preparati on is shown in Fi g. 1.

Fig. 1. Scheme of di ˜erent typ es of preparation proto cols for nuclear microprob e anal-

ysis.
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The m ost recom mended is path I usi ng di ˜erent cryotechni que pro to cols.
The best, but also m ost di £ cul t part is cryosecti oning, due to hetero geneity of
pl ant non-m eristemati c ti ssues (vi rtua lly structurel ess vacuoles and stro ng pl ant
cell wal l ) in com parison wi th anim al and hum an ti ssues.Onl y two research groups
achi eved success in thi s Ùeld so far [39{ 43].

Path I II presents well known conventi onal chemical prepa rati on for l ight and
electron m icroscopy. These invasive procedures are general ly based on Ùxati ons
in chemical soluti ons, sta ining, dehydra ti on, and embedding in plasti c resin (in
am bient and hi gher tem perature) f or longer ti me. It is evident tha t some elements
are added and som eare wa shed out or redistri buted (e.g. [17]). Lossesand addi ti on
of elements even when they are not elements of interest in parti cular studi es (e.g.
l ight, m atri x form ing elements) coul d indi rectl y inÛuence the concentra ti ons.

Path I I is a com pro mise between pro cedures I and I I I and shoul d be appl ied
wi th cauti on.

The other possibi l i ty is when externa l beam is used. In thi s case large speci-
m ens can be measured and in pra cti ce no special prepa rati on is requi red. Ho wever,
thi s opti on is seldom used as the resoluti on of analysis drasti cal ly deteri orates and
is of the order of f ew tens of ñ m.

The specimens are usual ly m ounted on a very thi n pl astic foi l (e.g. Form var,
Pi oloform , nyl on) free of elementa l impuri ti esand carb on coated to prevent charge
bui ld-up duri ng analysis. Someti m es a specim en is m ounted between two layers of
foi l .

It is im porta nt to m inimize ti mewhen dry specimens are exposed to hum idi t y
in ai r and they shoul d be stored in desiccato r pri or to analysis.

4 . Exam p les of ap pl i cat io ns

Three exam ples of appl icati ons | f rom pl ant physi ology, pl ant response to
patho gen and plant response to pol luted envi ronm ent | are presented. In every
case only elementa l m aps are shown, as the com plete inf orm ati on cannot be ob-
ta ined using onl y points or even linear tra verses. Ana lyses were perform ed using
the nucl ear m icro probe at the Na ti onal Accel erato r Centre, Faure, South Af ri ca.
Qua nti ta ti ve elementa l m aps were obta ined using 3 MeV proto ns and dyna mi c
anal ysis m etho d of imaging . Al l specim ens were cryoÙxed, freeze-dri ed, m ounted
on Form var Ùlm s and carbon coated. Mo re deta iled descripti on of analyti cal pro-
cedure can be found elsewhere [44].

4. 1. Mechani sm of element al uptake

Zi nc is one of essential m icronutri ents as a component of numb er of enzym es.
Mecha nism of zinc upta ke is sti l l not well understo od and it is not determ ined
whether i t is a passive or acti ve pro cess. Young roots cross-secti on of Phaseolus
vul gar is L. (Fabaceae) were inv estigated [45]. The resul ts cl earl y indi cate high
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Fig. 2. Quantitative elemental maps show ing distribu tion of Zn, Fe, Ca, and K in the

ro ot cross- section of P haseolus vul gar i s L. ( Fabaceae) . Concentrations in mg kg À 1 dry

mass. Maximum concentration should b e treated as Ñ to those indica ted by the scale.

concentra ti ons of zinc in the cortex, whi le low concentra ti ons are present inside
the endoderm is (Fi g . 2). Zi nc is not tra nsported to the xyl em and thi s might
indi cate a passive absorpti on mechanism. The maps of elementa l distri buti on show
hi gh concentra ti ons of zinc in the cell wal ls, thus indicati ng an adsorpti on phase
rather tha n upta ke into cyto plasm. Com parison of the localizati on of zinc wi th
m ore m obi le elements showed tha t pota ssium wa s m ainly insi de the endoderm is
whi ch might be an evidence for an acti ve tra nsport across the endoderm is into
the conducti ng ti ssue of xyl em. In contra st, zinc tra nsport appears to be a passive
pro cess.

4.2. Plant resi stance to pat hogen i nfecti on

D isease resistance in plants is often expressed as the hyp ersensiti ve response
(HR ), a rapid, local ized plant cell death tha t is associated wi th the restri cti on of
patho gen growth.

A resistant genotyp e of wi ld plant (Lagenar ia sphaerica (Sonder) Na udi n,
Syn. Lagenar ia mascarena Naudi n) from Cucur bi taceae has been inocul ated by a
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fol iar fungal patho gen (Sphaerot heca ful iginea (Schl echt. ex Fri es) Pol l ) [46, 47].
The accum ulati on of Ni , Cu, Zn, Mn, Fe, Ca, Ti , As, Sr as wel l as dras-

ti c depleti on of m acronutri ent levels (P, S, K) occurred in invaded region duri ng
the Ùrst four days. Six days after inoculati on, necroti c cells wi th hi gh level of
Mn (Fi g. 3) surro unded lesions. Si depositi on in concentra ti ons up to 23 wt. %
occurred after accum ulati on of most m etals in ful ly necroti c lesions. Cha nges of
elementa l distri buti on in ti m e suggest tha t m etal accum ulati on to phyto to xic lev-
els may contri bute to death of inf ected cells, and tha t subsequent Si accumul a-
ti on pro vi des an im perm eable, non- to xi c barri er protecti ng the surro undi ng un-
inf ected ti ssue. The enri chment of tw o selected, potenti al ly phyto toxi c, elements
(Mn, Ni ) as well as macronutri ent (Ca ) and the depleti on of macro nutri ent (K)
is shown in Fi g. 3.

Fig. 3. Quantitative elemental maps of C a, N i, Mn, and K in 6 day lesion caused by

Sphaer ot heca fuli gin ea (Schlecht. ex F ries) Poll. on resistant L agena ri a sphaeri ca ( L a-

genari a sphaeri ca (Sonder) N audin ( Cucurb i taceae)) leaf . Scale of intensity in mg kg À 1

dry mass. Maximum concentration should be treated as Ñ to those indica ted by the

scale.
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4.3. Plant response to pol lut ed envi ronment

Bi scut ella laevigata L. (Brassi caceae) , a rare perenni al meta llophyte pl ant
species kno wn mainl y f rom Centra l and Southern Euro pe, has a very restri cted
di stri buti on in Poland. These results focus on one known Pol ish lowla nd locati on
of B. laevigata on calam ine dum ps near Olkusz, Upp er Silesia and they are part
of bro ader studi es to understa nd m echanisms of plant adapta ti on to a hosti le
envi ronm ent, ri ch in heavy m etals [22{ 24]. Quanti ta ti ve elementa l m aps showed
tha t seed ti ssuewas deÙned by speciÙc elementa l al locati on patterns (Fi g. 4). The
hi ghest concentra ti on of Zn and other heavy meta ls wa s f ound in the endosperm .
Mo st probably endosperm works as a barri er acti vely contro l l ing elemental upta ke
and preventi ng access of to xi c amounts to embry onic parts. W i thi n embry onic
ti ssue, the hi ghest am ount of Zn was found in the radicle. These results show tha t
pl ants stri ctl y and acti vely select elements and thei r am ounts taken up by di ˜erent
ti ssues. Thi s mechanism is probably responsi ble for thei r survi v al.

Fig. 4. Quantitative elemental maps show ing distributi on of Zn, Mn, C a, and K in seed

part of Bi scutel la l aevi gata L. ( Br assic aceae) , a rare metallophyte plant from zinc dump

in Olkusz area (Southern Poland). C oncentrations in mg kg À 1 dry mass. Maximum

concentration should be treated as Ñ to those indicated by the scale.
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5. Co ncl usions an d r em ar ks

R ecom mended appro ach to perform analysis using a nucl ear m icroprobe is
to start wi th bul k techni que analysis and som eti mes wi th less sensiti ve electron
m icroprobe to avoid addressing probl ems whi ch could be solved by other, cheaper
and m ore easily accessibl e techni ques. T echnically thi s is not an easy instrum ent to
operate by a person wi tho ut exp erience. Theref ore appl icati ons in plant sciences
are an exampl e of mul tidi scipl inary research where cl ose col laborati on between
pl ant scienti sts and physi cists is cruci al and i t is a key to success.
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